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ABSTRACf
Fecal coliform bacteria (and pathogens), high flow rates, sediment, toxic heavy metals and organic
pollutants are most commonly associated with urban receiving water problems. Most beneficia! uses have
been shown to be adversely effected by urban runoff, including shell fish harvesting, fish and aquatic life
propagation, drinking water supplies, aesthetics and recreation. Most of the problems occur over long
penods of time and are not associated with individual runoff events, making cause and effect relationships
difficult to study.
The Storm and Combined Sewer Program of the U.S. Environmental Proteetion Agency has sponsored
severallong-term research projects to investigate these problems, along with data reviews to identify urban
runoff problems from available information. Current research efforts are stressing sourees and controls for
toxicants in urban runoff.
KEYWORDS
Urban receiving water impacts; urban runoff; urban stormwater.
INTRODUeTION
Many urban area receiving water problems have been identified. However, the seriousness of the issue is
highly dependent on the definition of what constitutes a problem. Most governmental agencies are most
concemed with water quality concentrations that exceed standards or other criteria. Unfortunately, urban
runoff behaves in different manners than typical municipal wastewater discharges for which many
standards were developed and proven. As an example, urban runoff occurs for relatively short periods of
time. Toxicant concentradons developed for continuous exposures would therefore have to be modified for
the much shorter exposure durations. Short-term bioassay tests using urban runoff have typically indicated
low toxicity (Pitt, 1979). However, monitored mass loadings indicate substantial discharges and
potentially greater toxicities for storm-induced discharges than shown with the short-term bioassay tests.
In contrast, long-term receiving water studies have found aquatic organism stresses indicating significant
toxicity problems with urban runoff (Pitt and Bozeman, 1982; Perkins, 1982 as examples). In genera!,
urban runoff problems, as identified in these long-term monitoring studies, ap:pear to be more related to
habitat destrucdon (due to high flow rates), sediment accumulation and chemtcal transformations of
materialsin the sediments. Very few short-term problems (such as fish kills) have been associated with
specific urban runoff events.
In another example, fecal coliform concentrations in urban runoff are very high (US EPA, 1983) and have
been shown to cause excessive concentrations that exceed water contact criteria at downstteam swimming
beaches (Yousef ~ ru., 1980; Field and Turkeltaub, 1981). A number of studies have directly monitored
bacterial p~thogens in urban runoff (Field, et äl., 1976; Olivieri, ~al., 1977; Davis, et äl., 1979). These
studies have shown that the assumed relationships between fecal coliforms and pathogenie bacteria
(typically Salmonella) may not be valid for urban runoff. Unfortunately, other pathogens (especially

Pseudomonas aeruginosa) are present in urban runoff in very high concentrations (Pitt and McLean 1986·
Bannerman, 1988) and are usually not monitored in sanitary surveys.
'
'
It has been difficult to directly link many of the obsexved urban receiving water problems to urban runoff
sources. It has taken special research projects that have involved long-term morutoring of the beneficia}
uses directly (such as aquatic life) to support the more conventional water quality analyses used to identify
the cause and effect relationships.
This paper presents a review of some of the studies that have examined available data to indicate urban
runoff problems, plus summaries of two long-term urban receiving water impact studies sponsored by the
Storm and Combined Sewer Program of the U.S. Environmental Proteetion Agency (EPA). A brief outline of
current EPA Storm and Combined Sewer Program studies concerning runoff taxicant sourees and their
control is also provided.
BACKGROUND
Heaney, et ru. (1980), in an evaluation of the literature pertainin~ to urban runoff effects on receiving
waters, found that well-documented cases of receiving water detrunental effects were scarce. Urban runoff
impacts are sametimes di.fficult to obsexve in urban areas because of the poor water quality conditions that
have already existed for long periods of time. Fish kills are the most obvwus indication of urban runoff
problems in many situations. However, because urban receiving water quality is so poor, the amount of
aquatic life in typical urban receiving waters is very stressed and limited in abundance and diversity. Ray
and White (1979) stated that one of the complicatmg factors in determining fish kills related to heavy
metals is that the fish mortality may lag behind the first taxie exposure by several days, and is usually
detected many miles downstream from the discharge location. The actual concentrations of the water
quality constituents that may have caused the kill could then be diluted beyond detection limits, making
probable sourees of the taxie materials impossible to determine in many cases.
Dissolved Oxygen
The most stuclied urban runoff effect has been dissolved oxygen in the receiving waters. Heaney, et .5!l.
(1980) found that worst case conditions do not always occur during the low flow periods following storms.
Urban runoff effects on dissolved oxygen, especially associated with runoff sediments, may occur at times
substantially different from the actual storm period.
Keefer, et al. (1979) examined the data from 104 water quality monitoring sites near urban areas
throughout the US for dissolved oxygen conditions. About one half of the monitoring stations examined
showed higher than average dissolved oxygen deficits occurring at times of higher than average streamflow,
or on days with rainfall. They found that for periods of steady low flows, the DO fluctuated widely on a
daily cycle, rangin~ from 1 to 7 mg/1. During rain periods, however, the flow increased, of course, but the
diurnal cycle of this dissolved oxygen fluctuation disappeared. The minimum DO dropped from 1 to 1.5
mg/1 below the minimum values obsexved during steady flows, and remained constant for periods ran~g
from 1 to 5 days. They also reported that as the high flow conditions ended, the DO levels resumed diumal
cyclic behavior. About 50 percent of the stations examined in detail would not meet a 5 mg/1 DO standard,
and about 25 percent of these stations would not meet the suggested 2.0 mg/1 standard for 4-hour
averages.
Another study that examined dissolved oxygen depletion on a regional basis was conducted by Ketchum
(1978) at nine Indiana cities. The results of this study was that wet-weather DO levels generally appeared
to be similar or higher than those obsexved during dry-weather condirlans in the same streams. Significant
wet-weather DO depletions were not obsexved.
The investigation of dissolved oxy~en depletions due to storm-induced discharges is complicated by many
factors. As an example, resuspenswn of contaminated sediments during high flows worsened and delayed
the dissolved oxygen depletions directly associated with storm related discharges in Milwaukee (Meinholz,
et al., 1979). Downstteam processes (deposition and resuspension, dilution from tributaries, changes in
BOD degradation rate, etc.) all mask the direct connections of obsexved dissolved oxygen conditions with
storm-induced discharges. Mass discharges of pollutants may therefore be a more appropriate indicator of
the magnitudes of oxygen depletion problems, instead of obsexved oxygen depletions.
The EPA Storm and Combined Sewer Program has found that mass discharges ofBOD5 and COD from wetweather runoff is about the same as the dry-weather discharges of these pollutants from municipal
wastewater treatment plants (Field and Turkeltaub, 1981). During storm periods, the wet-weather
discharges increase toabout 10 times as great as the dry-weather discharges. Because a large fraction of
these oxygen deplering materials are associated with floatable and senleable solids, physical processes play

an important role in actual mcygen depletion conditions. Also, the BOD in urban runoff is exerted over a
much lon~er period of time than many other wastewaters, making the BODs values a much smaller portion
of the ultunate BOD than in other wastes (Pitt, 1979). Therefore, the actual portion of the ultimate BOD
from storm-induced discharges may actually be even greater than indicated, based on BOOs mass balances.
Sediment Problems
Examples of heavy roetal and nutrient accumulations in urban sediments are numerous. The most common
mechanism of polluted sediments effecting the water column in urban streams is the resuspension of
previously deposited material. Resuspension of sediments in urban streams occur under conditions of highly
variabie flow. Many urban streams experience major flow variations. Large quantities of sediment can be
transported in the creek system by deposition, and resuspension, and subsequent redeposition. This
repet1tive process can result in polluted solids taking a long time to pass through an urban creek. The
transport of the pollutants is, therefore, difficult to relate to specific runoff events. Much of the suspended
pollutant material in an urban creek during a high storm flow may actually be resuspended sediment
material that had been deposited during previous storms.
A number of mechanisms are available to allow the transport of pollutants from sediments into the water
column. DePinto, et al. (1980) investigated the effects of oxygen levels, aquatic organisms, detergents, and
the chemical forms of nutrients in the sediment, on the desorption of phosphorus from sediments. Nalepa
and Quigley (1980) also examined the increased rate of sediment pollutant releases for many conditions
caused by aquatic organisms (including chrionomids, tubificid worms, and fresh water clams).
Due to the nature of urban runoff, long-term effectscan be very important. The characteristics of urban
runoff that create long-term sediment effects are the large quantities of polluted solids that originate in
various urbanized areas. These sediments can contribute to water quality problems at later dates when
they are washed into the receiving water. Pitt (1979), in his study m San Jose, found that urban runoff
oxygen demand affecting Coyote Creek can exert much greater biochemical oxygen demands 10 to 20 days
aftera rain event than during the fust few days aftera rain event. This increase in oxygen demand may be
as much as tenfold. Therefore, sediments having high oxygen demands can substantially affect overlaymg
dissolved oxygen concentrations many days after they are dei?osited by a speci.fic storm event. As
mentioned previously, Meinholz, et ru. (1979) found more cntical oxy~en deficits that were located much
further downstteam than predicted in Milwaukee due to the resuspens10n of contaminated sediments
during high flows.
Wilber and Hunter (1980), in their studies on the Saddle River near Lodi, New Jersey, found that
significant sediment enrichments of heavy metals in the lower Saddle River were affected by urbanization,
as compared to the more rural upper Saddle River. The increase in heavy roetal sediment concentrations
due to urbanization ranged from about three for zinc and copper to more than five for lead, chromium, and
cadmium.
Rolfe and Reinbold (1977) in their study near Champaign-Urbana, Illinois, also found that lead
concentrations were much higher in an urban stream Calmost 400 mg/1) compared to rural streams in the
same area. They also found a greater diversity of plants and animals in the rural streams than in the urban
streams.
Effects of Urban Runoff on Aquatic Organisms
Coyote Creek Study. This three-year monitoring study was conducted by Pitt and Bozeman (1982), under
sponsorship and direction of the Storm and Combined Sewer Program of the EPA. The objective of this
study was to evaluate the sourees and impacts of urban runoff on water quality and biological conditions in
Coyote Creek as it passed through San Jose, California. Coyote Creek is a small strearn, only being a few
meters wide and less than a meter in depth during dry weather. However, it drains a large watershed of
about 80,000 ha which contains two reservoirs in the nonurban upstrearn reaches. The upstream area is a
wildemess area that is free of alrnost all pollutant sources. The flows coming from the upstream areas are
therefore regulated and quite clean, but the downstteam urban flow contributions are highly variabie and
polluted.
During the field program, 41 stations were sarnpled in both urban and nonurban perennial flow stretches of
the creek. Short and long-term sampling techniques were used to evaluate the effects of urban runoff on
water qualizy, sediment properties, fish, macroinvertebrates, attached algae, and rooted aquatic vegetation.
In many cases, very pronounced gradients of water and biological quality indicators were observed.
lnformation collected during this study indicated that the effects of organics and heavy metals in the water
and in the polluted sediment, were probably most responsible for much of the adverse biological conditions
observed.

Within the urban area. many constituents were found in significantly greater concentrations during wetweather than during dry-weather (chemical oxygen demand, organic nitrogen, and especially heavy metals
-lead, zinc, copper, cadmium, mercury, iron, and nickel). Lead concentrations were found to be more than
seven times as great in the urban reach than in the nonurban reach. Lead concentrations exceeded the
water quality criteria for both livestock and aquatic life uses. Water quality for most constituents upstream
of the urbanized area was fairly consistent from site to site, but the quality changed markedly as the creek
passed through the urbanized area. Urban reach dissolved oxygen concentrations were about 20 percent
less than in the rural reach.
Lead concentrations in the urban area sediments were greater than those from the nonurban area by a
factor of about six. Large differences were also found between the urban and nonurban area
concentrations for both sulfate and phosphate. During the first survey, the dilierences between urban and
nonurban sediment concentrations were much greater than later surveys; sulfur, lead, and arsenic were
found to have substantially greater concentrations (4 to 60 times greater) in the urban area sediments than
in the nonurban sediments. Seasonal and yearly changes in sediment concentratien dilierences between
the urban and nonurban creek reaches were therefore important. Both variabie stream flows and urban
runoff discharges from year to year were probably responsible for these sediment quality variations with
time.
Some evidence of bioaccurnulation of lead and zinc was found in many of the samples of algae, crayfish
and cattails analyzed. The measured concentrations of the metals in the organisms exceeded
'
concentrations in the sediments by about six times. Concentratiens of lead and zinc in the organisms
exceeded water column concentrations by factors of about 100 to 500 times. Lead concentradons in urban
area samples of algae, crayfish, and cattails were found to be two to three times as high as in nonurban
area samples, whereas zinc concentrations in urban area algae and cattail samples were about three times
as high as the concentrations in the samples from the nonurban areas. Lead and zinc concentrations in fish
tissue were not noticeably different between the urban and nonurban area samples.
Introduced fishes often cause radical changes in the nature of the fish fauna present in a given waterbody.
In many cases, they become the dominant fishes because they are able to out-compete the native fishes for
food or space, or they may possess ~eater toleranee to environmental stresses. In general, introduced
species are most abundant m aquat1c habitats modified by man while native fishes tend to persist mostly in
undisturbed areas. Such is apparently the case within Coyote Creek.
The nonurban portion of the study area was dominated by native fish species, such as hitch, three spine
stickleback, Sacramento sucker, and prickly sculpin. Collectively, native species comprised 89 percent of
the nurnber and 79 percent of the biomass of the 2379 fishes examined from the nonurban reaches of the
study area. In contrast, native species accounted for only seven percent of the nurnber and 31 percent of
the biomass of the 2899 fishes examined from the urban reach of the study area.
Mosquitofish dominared the collections from the urbanized sectien of the creek and accounted for over twothirds of the total nurnber.of fish collected from the area. This fish is particularly well adapted to withstand
extreme environmental conditions, including those imposed by stagnant waters with low dissolved oxygen
concentrations and elevated temperatures. The second most abundant fish specie in the urbanized reach of
Coyote Creek, the fathead minnow, is equally well suited to tolerate extreme environmental conditions.
This specie can withstand low dissolved oxygen, high temperature, high organic pollution and high
alkalinity. Often thriving in unstable environments such as interminent streams, the fathead minnow can
survive in a wide variety of habitats.
In general, the abundance and diversity of taxa were greatest in the nonurbanized sectien of the stream.
The benthos in the upper (nonurban) reaches of the creek consisred of 14 different specie, primarily of
amphipods and a diverse colleerion of aquatic insects. Clean water forms were abundant in the nonurban
sections of the creek and included amphipods (Hyaella azteca) and various genera of mayflies, caddisflies,
black flies, crane flies, alderflies, and riffle beetles. In contrast, the benthos of the urban reaches of the
creek consisred of only two specie, the most common being pollution tolerant oligochaete worros
(tubificids). Tubificids accounted for 97 percent of the benthos collected from the lower (urban) portion of
Coyote Creek.
Bellevue Urban Runoff Study. Pitt and Bissennette (1984) summarized the many aspects of urban runoff in
Bellevue, Washington that were studied duringa four-year program sponsored and directed by the EPA
(Corvall;s Lab, Storm and Combined Sewer Program, and the Water Planning Division- NURP). The
Universllj of Washington (Pederson, 1981; Richey et al., 1981; Perkins, 1982; Scott et al., 1982; Sloane,
1982) rA"Ttducted a series of studies to cernpare the biologica! and chemical conditions in urban Kelsey
Creek wiu. rural Bear Creek. Conveyance of stormwater, open space and resource preservation,
recreational, and aesthetics beneficia! uses were all degraded to varying extents in the urban creek,
eeropared to the rural creek.

The urban creek was significantly degraded when compared to the rural creek, but still supported a
productive, but limited and unhealthy salmonid fishery. Many of the fish in the urban creek, however, had
respiratory anomalies. The urban creek was not grossly polluted, but flooding from urban developments
had increased dramatically in recent years. These increased flows have dramatically changed the urban
stream's channel, by causmg unstable condirlans with increased stream bed movement, and by al tering the
availability of food for the aquatic organisms. The aquatic organisms are very dependent on the few
relatively undisturbed reaches. Dissolved mcygen concentradons in the sediments depressed salmon embryo
survival in the urban creek. Various organic and metallic pnonty pollutants were discharged to the urban
creek, but most of them were apparently carried through the creek system by the high storm flows to Lake
Washington.
The fish J?Opulation in Kelsey Creek had adapted to its degrading environment by shifting the species
composit10n from coho salmon to less sensit1ve cutthroat trout and by making extensive use of less
disturbed refuge areas. Studies of damaged gills found that up to three-fourths of the fish in Kelsey Creek
were affected with respiratory anomalies, while no cutthroat trout and only two of the coho salmon of the
many sampled in Bear Creek had damaged gills. Massive fish kills in Kelsey Creek and its tnbutaries were
observed on several occasions durin~ the project due to the dumping of taxie matenals down the storm
drains. Instream embryo bioassays mdicated that coho embryo salmon survival was significantly greater in
Bear Creek than in Kelsey Creek, but no difference was found when using rainbow trout embryos. Kelsey
Creek also had higher water temperatures (probably due to reduced shading) than Bear Creek. This
probably caused the faster fish growth observed in Kelsey Creek.
There were sismificant differences in the numbers and types of bentbic organisms found. Mayflies,
stoneflies, caddisflies, and betties were rarely observed in Kelsey Creek, but were quite abundant in Bear
Creek. These organisms are commonly regarded as sensitive indicators to environmental degradation. The
bentbic organism composidon in Kelsey Creek varied radically with time and place while the organisms
were much more stabie in Bear Creek.
These aquatic organism differences were probably most associated with the increased peak flows in Kelsey
Creek caused by urbanization and the resultant increase in sediment carrying capacity and channel
instability of the creek. There was also the potenrial for accumulation of taxie matenals in the stream
system affecting aquatic organisms; but only low concentradons of toxic matenals were found in the
receiving waters.
Kelsey Creek had much lower flows than Bear Creek during penods between storms, especially during the
summers. Urbanization in the Kelsey Creek watersbed caused much greater flows during rains, but reduced
flows during dry weather. These low flows may also have significantly affected the aquatic habitat and the
ability of the urban creek to flush taxie spilis or other dry-weather pollutants from the creek system.
CURRENT STUDIES
Current EPA Storm and Combined Sewer Program sponsored and directed research projects are examining
the sourees and control of toxicants found in urban runoff and storm-induced discharges. The above
discussion indicates the variety of receiving water effects that may occur from storm-induced dischar~es . In
many cases, the discharge and sedimentation of toxicants may be responsible for many of the benefic1al use
degradadons found. These new projects therefore emphasize the identity of the souree area locations
responsible for discharges of these compounds and their most efficient control methods.
Toxicity and chemical tests, in conjunction with lirerature information, are being used to investigate the
effectiveness of several general control practices (such as sedimentation, flotation, filtradon, basic
liquid/solid partitioning, photo-degradation, and ·aeradon) . These tests willexamine the benefits of typkal
treatment processes to reduce toxicity and potenrial taxie pollutant components of storm-induced
discharges (also including combined sewer overflows).
Preliminary taxicity results have found that souree area runoff samples vary widely in their relative
toxicities. As an example, a residential roof runoff sample has been found to be the most taxie of all
samples examined to date, possibly b~cause of the relatively high concentradons of soluble heavy metals
(especially zinc) that may have leached from galvanized metal roof gutters and downspouts. This sample
also contained the highest concentrations of DDT observed so far. Other samP.les that had relatively high
toxicities were from automobile service facilities (oil change stores, automobile repair facilities, etc.),
unpaved inqustrial parking and starage areas, and paved industrial streets.
Many of the toxicants being examined have been found in the samples analyzed to date. Heavy metals are
the most commonly detected toxicants. Pyrene, fluoranthene, and 1,3-dichlorobenzene are the most
commonly detected organic toxicants.

CONCLUSIONS
The effects of storm-induced discharges on receivin~ water aquatic organisms or other beneficia! uses is
very site specific. Different land development pracnces may create substantially different runoff flows.
Different rain pattems cause different particulate washoff, transport and dilution conditions. Local
attitudes also define speci.fic beneficia! uses and desired controls. There is also a wide variety of water
types receiving urban runoff, and these waters all have watersheds that are urbanized to vanous degrees.
Therefore, it is not surprising that urban runoff effects are also quite variabie and site speci.fic.
Attempts to identify urban runoff problems using available data have not been conclusive because of
differences in sampling procedures and the common practice of pooling data from various sites, or
conditions. It is therefore necessary to carefully design comprehensive, long-term studies to investigate
urban runoff problems on a site specific basis. Sediment transport, deposition, and chemistry play key roles
in urban rece1ving waters and need additional research. Receiving water aquatic biologica! conditions,
especially compared to unaffected receiving waters, should be studied to support Iabaratory bioassays and
lirerature information.
Receiving water effect studies need to examine beneficia! uses directly, and not rely on published water
quality criteria and water column measurements alone. Publisbed criteria are usually not aJ?plicable to
urban runoff because of the interminent discharge nature of urban runoff, the unique cherrucal spedation
of its components, and interlerences with runoff solids.
The two West Coast studies summarized in this paper both found si~cant aquatic life beneficia! use
impairments in urban creeks, but the possible causes were quite different. The Coyote Creek study found
major accumulations of toxic sediments in the urban reaches of the creek, while the Bellevue study found
very little toxic material in the sediments. The Bellevue urban creek had a very large carrying capacity for
sediment and high flow rates which apparently flusbed the toxic sediments throu~h the creek and into Lake
Washington. Fish kills were observed m Bellevue, but they were associated with illegal storm drain
discharges during dry-weather.
The long-term aquatic life effects of urban runoff are probably more important than short-term effects
associated with speci.fic events. The long-term effects are probably related to the deposition and
resuspension of toxic sediments, or the inability of the aquatic organisms to adjust to repeated exposures to
high concentrations of toxic materials or hi~h flow rates. Long-term effects may only be expressed at great
elistances downstteam from discharge locanons, or in accumularing areas (such as lakes).
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EVALUATION OF POLLUTANT LOADS FROM URBAN NONPOINT SOURCES
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ABSTRACT
In preparation of remedial action plans for areas of environmental concern in the Great Lakes
Basin, the magnitude of pollutant contributions from point as well as nonpoint sourees need to
be assessed. For screening evaluations of urban nonpoint souree pollution, a statisticallybased method was applied in one of the areas of concern. This method computes the annual
pollutant load as a product of the annual runoff and the mean pollutant concentration derived
from a lognormal distribution of concentrations.
Approximate confidence intervals can be
determined for the mean concentration and used to compute confidence intervals of the loads.
For the conditions studied, the probabilistic method produced load estimates which were sufficiently accurate for comparisons of pollution sourees and tormulation of the remedial
strategy.
KEYWORDS
Urban runoff pollution; nonpoint sourees of pollution; runoff pollutant loads; probabilistic
modelling; the Great Lakes Basin.
INTRODUCTION
In spite of recent improvements in control of point sourees of pollution, the water quality
goals and designated uses are unattainable in many waters without some control of nonpoint
souree pollution (Humenik et al., 1987).
Consequently, the development of remedial action
plans has to consider all "Pöllutant contributions from point as well as nonpoint sourees.
While the evalustion of point souree contributions is relatively straightforward, the evalustion of nonpoint sourees is much more intrieste.
This follows from the fact that nonpoint
souree pollution originates over broad areas, pollutant fluxes are intermittent, and the mode
of their conveyance is often not amenable to analysis by conventional hydraulic techniques
(Vigon, 1985 ).
Among nonpoint sources, urban runoff was reported as the second most frequent cause of pollution of surface waters, af ter agriculture (Anon., 1986 ), and the incidence of such pollution
impacts is particularly common in urban rivers and lakes. Consequently, urban runoff pollution and its control received much attention during the last 20 years and many procedures for
determination of urban runoff pollution loads have been developed and reported in the literature (U.S. EPA, 1983; Johansen et al., 1984; Hemain, 1986; Huber, 1986; Harremoes, 1988;
Taske r and Driver, 1988; Marsalek and Schroeter, 1989).
Such procedures we re typically
applied in isolation from investigations of urban point sources. In the following, a probabilistic method for evalustion of annual runoff pollution loads is presented and advantages of
its application in conjunction with known point souree loads are demonstrated.

METHODS FOR EVALUATION OF URBAN RUNOFF POLLUTION
Level of Analysis
In a top-down approach, the selection of a procedure for assessing pollutant sourees should
reflect the needs of water management planners and decision makers. Ideally, the main selection criteria should be the effects of computed results on decision making and the costs of
procedure application (Reckhow et al., 1985).
According to the study objectives, three
distinct types of analysis are ieëognized in urban runoff studies; planning, design/analysis
and operation. The discussion that follows focusses on the planning-level analysis which is
used for evaluations of broad policy measures, such as appraising urban nonpoint souree loads
relative to other sources, or the targeting of problem subareas.
The corresponding tools
should be simple, inexpensive to apply, and should use input data which are mostly available
from the existing data bases (Barnwell and Krenkel, 1982).
Characterization of Urban Runoff Pollution
Screening analyses employ various types of runoff quality data depending on the pollutants of
concern and their impact on the receiving waters. For urban runoff, the types of impact were
classified by Harremoes (1988) as acute and cumulative effects. Acute effects are short-term
effects which typically result from a single event of duration measured in hours. Examples of
such effects include bacteriological contamination (Harremoes, 1988) or dissolved oxygen
depletion (Hvitved-Jacobsen, 1982) caused by combined sewer overflows.
These effects can
be evaluated by extreme event statistica and their full evalustion is beyond the scope of
those screening procedures which use intergrated or temporarily-averaged outputs inappropriate
for non-conservative constituents. Cumulative effects are characterized by a gradual build-up
of pollutant mass and concentrations in the receiving water leading to environmental damages
after some threshold levels have been exceeded. Typical examples of such effects are those
associated with transport of nutrients or toxic substances in stormwater discharges
(Harremoes, 1988).
In this case, the main interest focusses on the loads accumulated over
extended time periods and the use of screening methods producing integrated or temporarilyaveraged outputs is justified.
Screening Procedures
Urban runoff loads can be estimated by field measurements, detailed computer modelling, and
statistically-based screening procedures.
Even though the best estimates of runoff loads
would be obtained from extensive field measurements, this approach is impractical because of
the associated costs, time requirements, and the lack of prediction capability for future
catchment conditions.
Similarly, the utility of detailed computer modelling in screening
evaluations is limited by the need of model calibrations (Huber, 1986).
Consequently, the
emphasis is placed on screening procedures which typically use a statistica! approach in estimation of runoff loads. Four types of such procedures are discussed below.
Data bases.
Difficulties with refinement of deterministic descriptions of urban runoff
quality led to a statistically-based analysis of runoff quality and its impact on receiving
waters (U.S . EPA, 1983; Di Torro, 1984; Hemain, 1986; van der Heijden et al., 1986; Harremoes,
1988). To facilitate this approach, data bases were established with s~h objectives as to
characterize urban runoff, evaluate its potent ia! as a significant contributor to water
quality deterioration, and assess selected runoff control measures (U.S. EPA, 1983). Runoff
quality characteristics were determined for median and percenti1e urban sites and these data
were recommended for screening evaluations of runoff quality in areas similar to those studied
(u.s. EPA, 1983 ) .
Unit area pollutant loads. Numerous urban unit area pollutant loads, defined as the pollutant
mass exported from a unit area of certain characteristics over the period of one year, were
proposed and their selection can be aided by the wa tershed matching process (Reckhow et al.,
1985), The unit loads repreaent a workable concept, particularly in the hands of experienced
users.
Limitations of this procedure arise from its applicability only to the pollutants
exerting cumulative impacts on the receiving waters (Harremoes. 1988). difficulties to assess
errors in computed loads. and limited availability of unit loads for basic parameters only.
Regression load equations. Regression load equations were initially developed to explore the
observed data (Hemain, 1986) and later recommended for transposition to other areas for
predictions.
In a recent example of this approach. Tasker and Driver (1988) derived linear

regression models for estimating storm runoff event volumes, event pollutant loads, event mean
pollutant concentrations, and mean seasonal or annual pollutant loads. For the ten pollutants
studied, the average predietien errors ranged from 56 to 334 percent. For predictions within
the same catchment with limited data, Hemain (19'87) estimated the errors in annual loads as
±50 percent. Even though such predietien errors are appreciable, they may be acceptable in
comparisons of sourees or for designing a field ~ampling program.
Methods using statistically described runoff volumes and quality . In these methods, pollutant
loads are computed as products of runoff volumes and some characteristic concentrations,
described by statistical measures or probability distributions. Marsalek and Schroeter (1989)
evaluated annual loads of selected toxic substances in urban runoff from mean annual runoff
volumes, computed for various land uses, and the corresponding mean concentrations which were
obtained from a data base . Johansen et al. (1984) computed the annual loads in combined sewer
overflows from computed annual overflow-volumes and mean concentrations obtained by weighted
aversging of observed pollutant concentrations in overflows and stormwater. Harremoes (1988)
used probability dis tributions of storm rainfalls and chemie al oxygen demand ( COD) concentrations to derive the probability distribution of COD event fluxes in both combined and storm
sewers.
In general, these methods are flexible in meeting various user objectives and are
suitable for screening evaluations of pollutant loads. Error estimates, which are important
for comparisons of sources, were not reported for any of the above methods. A probabilistic
metbod yielding such information is presented in the next section.
PROBABILISTIG SCREENING METHOD FOR URBAN RUNOFF LOADS
Background Information
Concerns about the impairment of water uses in the Upper Great Lakes Connecting Channels
(UGLCC) area (Water Quality Board, 1987) led to a comprehensive study of pollution sourees in
this area and development of a remedial action plan. Such sourees included point sources, in
the form of treated municipal and industrial effluents, and nonpoint urban sourees in the form
of urban runoff discharged either as stormwater or combined sewer overflows. Although the
studies were done in three cities (Marsalek and Ng, 1987), only the results obtained in the
City of Sault Ste. Marie are presented here .
The City of Sault Ste. Marie has a population of about 85,000 inhabitants and is located along
the St. Mary's River.
The principal industry in this city is the primary manufacturing of
steel and iron. All pollution sources, including surface drainage conveyed by storm sewers,
discharge into the St. Mary ' s River, which serves as an outfa11 of Lake Superior. The mean
discharge of the river, 2,100 m3/s, shows very little variation. Water uses of the St. Mary's
River include navigation, power generation, water supply, wildlife habitat, and transport of
stormwater and wastewater effluents. Water quality in this river has been of some concern,
particularly the levels of industrial chemieals and polynuclear aromatic hydrocarbons (PAHs).
Besides the concerns a bout the ambient water quality in the river ltself, it is recognized
that some pollutants travel through this connecting channel to the downstream lakes.
Souree Load Evaluations
Actual evaluations of individual sourees should progress from
sources, because point sourees can be evaluated fairly easily and
ful in evaluations of nonpoint sources.
For general studies of
area, a common list of constituent& of interest was established
are shown in Table 1.

point sourees to nonpoint
the data obtained are helpwater quality in the UGLCC
and the relevant parameters

Point souree loads. Point souree loads were established in the study area by field surveys
and sampling of all effluents. For this purpose, continuous discharge data were available and
mean effluent concentrations were established by collecting 24-hour flow-poportional samples
for seven days during each of several sampling campaigns.
Estimates of load uncertainties
were not available, but in view of the extensive sampling, they should not be excessive. The
annual point souree loads are listed in Table 1 (King, 1988).
Nonpoint souree evaluation.
The only significant nonpoint sourees existing in the study
area were urban sourees and, in particular, discharges of stormwater.
Consequently, it
was required to evaluate stormwater annual loads for the parameters listed in Table 1.
Considering the fact that the constituents of interest exhibit cumulative rather than acute
impacts, the use of annual loads is acceptable.

TABLE 1

Annual Pollutant Loads From Urban Sourees in Sault Ste. Marie
(point souree data after King, 1988)
Nonpoint (Runoff) Load (kg/yr)

Constituent

1

Ammonia (as N)
Total phosphorus
Cadmium
Copper
Iron
Lead
Mercury
Nickel
Zinc
Cyanides
Oil and Grease
Total phenols
Hexachlorobenzene (HCB)
PCBs
PAHs 2

Point Souree Load
(kg/yr)

Hean

2,360,000
44,000
25
296
658,000
2,260
2.1
666
13,300
26,600
3,663,000
3, 722

95% Confidence Interval

7,570
3,200
54
530
113,000
2,020
0.37
350
3,420
33
33,300
178
0.0059
0.39
90

o3
o3

252

All concentrations are extractable readings.
A complete list of 17 PAHs (EPA Priority Pollutants)
3 Zero loads were assigned to undetected constituents.
2

5,860
2,480
41
420
80,000
1,120
0.34
290
2,850
21
28,600
139
0.0054
0.27
33
was

reported

9,780
4,130
71

680
161,000
3,670
0.44
430
4,110
51
38,700
229
0.0064
0.57
245
by King

(1988).

Evaluations of runoff pollution loads is analogous to river load calculations for which
several methods with varying degrees of sophistication have been developed.
In a typical
case, it is required to estimate the annual load from flow records available for the whole
period and constituent concentrations available for a limit ed number of days or events.
Reviews and evaluations of suitable computational methods were presented by Dolan ~ al.
(1981), El-Shaarawi et al. (1986) and Brown (1987). These methods included the direct average
method, the flow- weighted-concentration method, and the regression method.
In the direct average method, the average load is obtained by multiplication of the mean
measured daily flow by the mean of observed concentrations.
In the flow-weightedconcentration (FWC) method, the average load is multiplied by the ratio of mean-sample and
mean-population flows to adjust for potential differences in flow distributions of the sample
and flow data . This method is sometimes further modified by including a varianee constant,
proposed by Beale (Dolan et al., 1981), to account for potentlal bias associated with covariance between the load andflö;': The regression method follows the FWC method and an exponent
factor is added to account for potentlal bias associated with the correlation between concentration and flow, and in its modified version, a varianee constant similar to that decribed
for the FWC method is also added (Brown, 1987).
Furthermore, all these methods can be
applied to stratified or unstratified data sets.
Although the advantages or acceptability of individual methods can be demonstrated for specific data sets, such findings are not generaL For example, Brown (1987) obtained the best
results with the simple flow-weighted-concentration method, but Dolan et al. (1981) obtained
the best results by including the Beale' s estimator.
Consicl ering th;" ~rcity of data in
urban runoff studies and the widely reported statistical independenee of event volumes and
event mean concentrations (U.S. EPA, 1983; Harremoes, 1988), the load computations based on
the direct-average methods are of particular interest. It was demonstrated by El-Shaarawi ~
al. (1986) that the direct-average method produces an unbiased estimate of the mean load if
there is no correlation between the flow and concentration .
The annual runoff load can be estimated as
n
Ll

•

N

L Vi

(1)

C1/n

i•1
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l.

L2

•

NV C

R

c

(2 )

where L is the annual load of a particular constituent, V is the event runoff volume, C is the
event mean concentratien (EMC), subscript i • 1,2, ••• ,N denotes individual events during the

Ic

Iv

year, n is the number of events sampled, V • LV i/N , ë •
1 is the total annual
1 /n, and R •
runoff.
Note that for V1's the mean is calculated from N events, butCis estimated from
samples of n events (n<N).
Although eq. (2) is a better estimator of the mean load than
eq. (1) (El-Shaarawi et al., 1986), in the absence of correlation between V and C, both equations produce identical results.
Considering the fact that the annual runoff R can be determined fairly accurately, either by
measurements or by computer simuJations, the main task in applying eq. (2) is the determination of the mean concentration C. It is generally recognized that urban runoff EMCs are not
normally distributed and some values may be below the detection limit (censored data). Under
such circumstances, it is advantageous to approximate EHCs by a distribution model which can
be used to draw interences about the sample mean and, i f required, to treat censored data.
For urban runoff EMCs, the use of lognormal distribution has been widely reported (U.S. EPA,
1983; Di Torro, 1984; Harremoes, 1988) and the applicability of this distribution to
particular data sets can be verified by standard statistica! tests.
Assuming that (lnCi) is normaly distributed wi th mean u and varianee s 2 • then ei
Ci) is lognormally distributed with mean a and varianee b2 defined as
exp (u+ s 2 /2)

a
b

2

-

a

2

(exp s

2

-1)

=

exp ( ln
(3)

( 4)

For the estimate of the lognormal mean a, an approximate confidence interval can be written as
(El-Shaarawi, 1989)

a exp

0 5
2
4
{-Z1-a/2 [5 /n + 2 5 /(n-1)) • }

~a~ a

4
0 5
exp {Z1-a/2 [5 2 /n + 2 5 /(n-1)) • }

(5)

where Z1-a/2 is the tail value for the normal distribution corresponding to the (1-a) contidenee limits and s is an estimate of s.
The main advantage of the above confidence interval
is the fact that it always yields positive values.
For independent flow and concentration data and the 95 percent confidence interval, the load
confidence interval is estimated as
R alower 95% C.L. ~ L ~ R a upper 95% C.L.

(6)

where subscripts refer to the lower and upper confidence limits of a.
The procedure described above was applied in the study area where urban runoff was studled at
a number of sites with various land use. Such data were originally used to estimate loads for
individual land use areas and, by summation of such sub-loads, the total load was obtained
(Marsalek and Ng, 1987 ). lt was noted that ditterences among the data sets from areas with
various land use were not statistically significant and this is consistent with recent findings from other studies (U.S. EPA, 1983).
Consequently, all data were aggregated into a
single set and used to produce estimates of mean concentrations and their confidence limits
which are shown in Table 2. Using these concentration data, runoff loads were also calculated
and presented in Table 1 with point souree loads .
The spread of confidence intervals varled for various constituents. For some, such as phosphorus, they were fairly narrow and represented about 1.3 and 1/1.3 times the mean.
For
others, such as PAHs, they are fairly wide and represented 2.7 and 1/2.7 times the mean . If
such uncertainties are unacceptable, further investigations may be required and in fact this
was done for PAHs.
Expected annual loads may be affected by the annual runoff and correlations between the annual
runoff concentration and volume. Further research is required before a reliable procedure for
expected loads can be recommended.
Souree Load Comparisons
Following the evalustion of nonpoint sources, the loads from all sourees were added and shown
in the form of relative contributions in Fig. 1.
The relative contributions of pollutant
sourees in Fig. 1 indicate that among the 15 constituents studied, eight loads are predominated by point sources, four are comparable and three are predominated by stormwater.

TABLE 2

Pollutant Concentrations in Urban Runoff
Concentrations in Urban Runoff
Study Area

Constituent

Mean

Unit

Ammonia (N)
Total P
Cadmium
Copper
Iron
Lead
Mercury
Nickel
Zinc
Cyanides
011 and Grease
Tot al phenols
HCB
PCBs
PAHs 4

(mg/L)
(mg/L)
(11g/L)
(l!g/L)
(mg/L)
(mg/L)
(llg/L)
( 11g/L)
(mg/L)
( 11g/L)
(mg/L)
( 11g/L)
(ng/L)
(ng/L)
(l!g/L)

NURP 1

95% Confidence Interval

0.582
0.246
4.1
40.9
8. 72
0.155
0.0283
27 . 1
0.263
2.5
2.56
13.7
0.452
30.2
6.95

0.451
0.191
3.1
32
6.1
0.086
0.023
22
0.219
1.6
2.20
10.7
0.417
21.0
2.6

-

-

Ambient
Water
Quality
Criteria 3

Data Bases

0.752
0.318
5.5
52
12.4
0.282
0.034
33
0.316
4.0
3.0
17.6
0.491
43.5
18.9

0.42
43
0.182
0.202

1.5
27

0.2
5
0.3
0.02
0.2
25
0.03
100

0.146
0.05
22
0.490

1

8.9
13.1

6.5
10

1 After U.S. EPA (1983).
2 After Marsalek and Schroeter (1989).
3 International Joint Commission and the Province of Ontario criteria for whole water samples
(except Hg - dissolved only) .
4
A complete list of 17 PAHs (EPA Priority Pollutants) reported by King (1988).
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Discussion of Results
The screening-level load estimates for stormwater indicate that even appreciable uncertainties
in such estimates may be acceptable in water management studies.
It was of interest to
compare the load estimates given in Table 1 with those produced by other comparable methods
such as more detailed calculations for individual land uses, and the methods based on general
data bases (U.S. EPA, 1983; Marsalek and Schroeter, 1989).
The load estimates calculated from eq. (6) agreed wel!, on the average wi thin several percents, with those computed by consirlering the individual land uses (Marsalek and Ng, 1987).
This was largely expected because both methods used the same data set and somewhat similar
methods of analysis. The probabilistic method leads to a better evalustion of uncertainties
in the load estimates arising from variations in the concentration data and simpler data
processing. In comparison to other screening methods, both these methods are flexible in the
selection of constituents studied, but the need for field sampling leads to increased coats.
The application of these methods can be simplified if the point souree loads are known - they
are helpful in establishing the acceptable uncertainties and the extent of field sampling in
terms of number of samples and parameters studied.
Another possibility in evaluation of runoff loads is to use nmoff characteristic data from
general data bases and calculate loads as products of the local annual runoff and general
characteristic concentrations, which are available for four common parameters from the U.S.
EPA ( 1983) data base and for eight parameters from other studies (Marsalek and Schroeter,
1989). A comparison of runoff characteristics in the study area with those from the general
data bases is shown in Ta ble 2. Because the loads would be obtained by multiplying the concentrations in Table 2 by a constant, it follows that the use of the data bases would produce
loads comparable to those obtained from field sampling for total phosphorus, the seven metals
studied, and PCBs. Only in the case of RCB, there would be a significant disagreement.
It appears that for common parameters, various screening methods based on local data or
general stormwater quality data would produce comparable results, certainly for water management purposes.
It should be emphasized that the general data we re collected in urban areas
with characteristics similar to those of the study area.
For less common parameters, the
utility of general data bases somewhat diminished.
Concentrations of these parameters are
strongly affected by local sourees and some local sampling is needed to document such influences.
The development of pollution ahatement strategy requires consideration of all sourees and
feasibility of their mitigation to achleve the desired effects in the receiving waters.
In
most cases, the ahatement of point sourees is technically more feasible and economical,
because of concentration of point souree flows at a single point, higher concentrations of
pollutants more amenable to effective treatment, and availability of trestment processes. In
the study area, the point sourees clearly predominate loadings of ammonia, oil and grease, Fe,
TP, Zn, cyanides, phenols, and Rg.
With the exception of Rg, occurring at very low levels,
pollution control orders were issued by the regulatory agency for discharges of all these
constituents (King, 1988).
Among the remaining seven constituents, point and nonpoint sourees produced comparable loads
of Pb, Cu, Ni, and PARs, and the relatively low loads of Cd, PCBs and RCB were predominated by
stormwater.
Probabilistic approaches to evalustion of the impact of urban runoff on the
receiving waters were developed in recent years (Di Torro, 1984; van der Reijden et al.,
1986). I t was felt that these approaches were not warranted in this study, because of high
discharges and dilutions in the receiving stream, good quality of water in the outfall of Lake
Superior, the nature of the water quality criteria used, and the ongoing control of point
sources.
Consirlering the high dilutions of runoff in the receiving stream, in excess of 100
times even for peak runoff flows, it appears that the ambient water quality criteria listed in
Table 2 would be met under most circumstances. The only exception may be two PARs, benzo[k)fluoranthene and benzo[a]pyrene, which may require dilutions of 200 times to meet the genral
guidelines from snother jurisdiction (King, 1988).
Such dilutions may not be always available and further studies of PARs in the receiving water may be required.

CONCLUSIONS
Planning-level estimates of pollutant loadings from urban nonpoint sourees can be obtained
by using a simple methodology based on simulated annual runoff volumes and probabilistic
distributions of constituent concentrations derived from limited field data.
For common

constituent&, this methodology yields resul ts consistent wi th those obtained from general
stormwater quality data bases. For uncommon constituents (e.g., toxic trace substances), the
utility of general data bases diminishes, as strong local sourees may control the loads.
Application of this screening procedure in the Upper Great Lakes Connecting Channels area
showed that, for most constituents, the point sourees controlled the overall loads discharged
to the receiving waters. The attainment of water quality objectives in the receiving waters
required pollotion control orders for seven constituents. For most constituents with significant runoff loads, stormwater may require dilutions up to 50 times to meet the ambient water
quality objectives and such dilutions are generally available.
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ABSTRACT
Are first described the french actions which have been developed during the last 20 years in
order to prevent various pollution impacts upon receiving waters. However, the remaining high
level of pollution partly explains the recent attention paid to urban storm water pollution.
Are then exposed the main elements that are encountered to day when studying such a kind of
pollution : weight of existing sewer systems, reliability of urban runoff pollution impacts
estimates, present gap between field demand and researchers actual knowledge. Consequently is
proposed a methodological approach dealing with two levels of investigation : the practical
one and the research one.
KEYWORDS
Storm water pollution; pollution impacts; urban drainage; sewer networks;
INTRODUCTION
After some fifteen years of research on urban runoff pollution characterization and
modelling, it has appeared that much more attention should be paid to storm water impacts
upon receiving water bodies. As a consequence, researchers have begun to overdiversify their
efforts while many questions remained when regarding previous works.
Now it seems necessary to sum up the situation in order to revisit some theoretical and
experimental aspects for which a general agreement does not yet exist.
The following arguments, partly based on the french experience, aim to justify such
"break". They are supposed to promote a discussion into the researchers community.

a

THE FRENCH CONTEXT
Since the early 60's, the water bodies quality survey and restoration has been a constant
care of a lot of french ministries, agencies and institutions. One of the first strong action
has been devoted to the control of localised pollution sourees by treatment plants for urban
and industr~al wastes treatment. Some twenty years later general reports tall us that results
are something far from the efforts ••• At now, dornestic and industrial french pollution should

be considered as equivalent to a 100 millions inhabitants pollution. Treatment plants have
been built in order to control 60% of such a pollution. However, due to general efficiency
level of actual facilities, the pollutant removal is no longer greater than 30% (Desbordes,
1987).
Such a rather desillusive result may be analysed through the historical development of sewer
networks and pollotion control methodelogies and techniques. Most of the actions have focused
on sewers outlets and treatment plants, while sewer networks themselves were supposed to be
well designed and pollotions wel l known. In fact, most of sewer systems appear as incredible
complex pipe structures, modified time after time, that cannot be simply classified into
combined or separative systems. However, treatment plants have been designed presuming that
such systems belonged to a precise type. As urbanization was growing up, false connections
gave uncontroled combined sewer overflows (even under dry weather conditions), or treatment
plants overloadings during wet weather periods. Moreover, thousands of small cities and
villages received treatment facilities they could not well managed and which, consequently,
had bad impacts upon receiving water bodies.
During the last five years, a lot of sewer networks "diagnosis" studies have clearly
demonstrated the strong incidences of sewers and small treatment plants failures when
regarding general pollotion level of receiving waters. However, sewers repairing and
restoration is a huge economical and political headache that cannot be solved in a few years.
At the same time, studies related to urban runoff pollotion have pointed out a lot of other
pollotion sourees that have not been taken into account in the past when designing land uses,
sewer networks and treatment plants. At now, it is considered that such a problem could be a
limit in the efficiency of water bodies quality improvement works if only based on rather old
However, urban
runoff po llotion removal and control create new
sewerage concepts.
administrative problems that are just timidly taken up regarding regulations and standards
for storm water quality control and impacts (RESEAU, 1988).
Finally, it appears that urban storm water pollotion problem must be attacked from an
environmental point of view, and that we must probably first think before act as
environmental concepts are note yet well appraised. Before entering into practical proposals
regarding regulation, structures and processes for water bodies pollotion removal and
control, we must answer a lot of questions dealing with scientific, technical,
socioeconomical, and even educational and cultural aspects of the whole problem. With the
exception of some typically french administrative elements, we can assert that all the
countries in the world must face the same kind of problems. They could take advantage of a
mutual meditation in order to more quickly bring up efficient solutions.
URBAN STORM WATER POLLUTION IMPACTS OVERVIEW
Three main el ements can be identified when talking about urban storm water pollotion impacts
upon receiving waters : the weight of existing sewerage systems, the reliability of impacts
characterization and estimates and the gap between field demand and researcher's knowledge.
Weight of Existing Sewerage Systems and Practices
In France, as in many other countries, the sanitary concept of urban sewerage has been first
proposed by chemists and doctors. Such a concept has been almost the only one till the 50's.
It required a fast draining of all kind of polluted waters out of the city. According to that
basic rule, combined sewer networks have been established. Necessary overflows structures
were justified by dilution of waste waters during rainfall events. Such a dilution was
supposed to limit bacterial contamination of receiving waters and health hazards. Storage and
infiltration of storm waters were prohibited.
Due to fast growing up of urbanization in the middle of the 50'S, combined sewers became
overloaded, overflow structures throwing out wastes even under dry weather conditions. At the
end of the 60's, treatment plants were quickly developed in order to proteet water courses
quality. In suburbs areas separative sewer systems were established for a better control of
runoff increases, so were the first runoff detention ponds. The hydraolie concept of urban
seweragé was on the way.
However, many a problem is still remaining due to existing sewer networks.

In combined systems, reducing frequency of overflows is difficult because lack
the neighbourhood of main sewers and overflow structures for creating new starage
Sometimes, little free spaces may be found closed to the exi sting treatment
France, such works can receive financial supports according to regulations
combined sewer networks efficiency improvements.

of space in
facilities.
plants. In
related to

In separative sewer systems, problems mainly arised from storm drainage. While detention
ponds may be established in new urbanized areas, flows and volumes thrown in receiving waters
are much more higher and r andom so that runoff quality cannot be contraled by classical
treatment facilities. Moreover, runoff pollution is rarely subject to juridical and financial
regulations, even if ideas are evolving slowly (RESEAU, 1988) . One of the main and difficult
to solve problem, in France, is related to false and "deceitfull" connections which can put a
serieus strain on the system theoretical advantages.
At last, the weight of existing sewerage facilities and practices should be considered as
heavier because most urban drainage networks are partly comb i ed and partly separative.
Reliability of Impact Estimates
Right estimates of storm water impacts are needed in order to convince decision makers of the
necessity of improving sewerage facilities performances. Moreover, such estimates mu st be
reliable enough for selecting the right, if not the "best", solutions to a given problem.
Unfortunately, impact is many faceted and some of its aspects are uneasy to quantify. For
example, how to evaluate damages caused by aesthetic pollutions (floating materials, turbid
waters ••• ) in any public site ? As far as water quality is concerned, impacts quantification
remains a difficult task due to several ways that can be followed to measure water quality
deterioration : Chemistry, Microbiology, Bactériology, Ecology, • • • Each of these approaches
calls for specific water quality indicators such as concentrations, species diversity
indices, mortality rates
These indicators only partly quantify water quality whereas
impacts estimate requests some aggregate indexes.
On an other hand, water quality responses to storm waters combined sewers overflows are
measurable on two timescales, at least : short term (acute) effects regarding dissolved
oxygen or bacteria, and long term (chronic) effects regarding nutrients or some toxic
substances. Moreover, sediments accumulation closed to and downstream of the sewers outlets
can cause localized acute effects following their resuspension under storm flow conditions.
In addition, they impose longer term delays on stream recovery rates because of the toxic
materials contained in the sediments inducing permanent alterations of the ecosystem (Ellis,

1988).
For these reasons, it remains uneasy to build up an exper imental programme dealing with an
estimate of storm water and combined sewers overflows discharges impacts upon rece1v1ng
waters (Lijklema et al., 1988). Another field problem is to consider separately the effects
of a point discharge and these of upstream outlets. How to make a distinction between damages
caused by sewers overflowing, by treatment plants overloading, by the sudden change of
hydraulic conditions and by upstream water body quality alteratien ? This problem will be
particularly difficult to solve in the case of little streams. Hydraulics conditions are a
small matter in lakes and wet ponds. On the other hand, such receiving waters will be more
sensitive to nutrients accumulation.
So, evaluating receiving water impacts of sewer systems discharges requires to develop a
reliable "whole effluent" taxicity methodology and an experimental design that can be adapted
to site specific conditions. Such a methodology should lead to establish wet weather criteria
that could consider exposure durations, time interval between runoff events and the chemical
forms and bioavailability of toxicants (Ellis, 1988).
The Gap between Field Demand and Actual Knowledge of Researchers
At now, people are more and more concerned about environment quality. In the same time , acute
pollutions of water bodies, by incidents or due to heavy storms are more and more frequent.
So, local authorities worry about functionning of their sewerage facilit i es. They ask
technicians in charge of sewer networks and treatment plants for taking emergency actions in

order to fastly and conclusively remove these troubles. Faced with such a probl em for which
field experience is still poor, technicians turn to researchers for help. They request
answers in term of management practices. They want to know what structures should be
immediatly built up.
At now, researchers are not able to give accurate solutions. The first reason is the lack of
standards or criteria that should be satisfied, regarding both the performances of the new
facilities and the quality of receiving waters. The second, and probably main reason, is the
limit of present knowledge that are still far from the field concerns. Of course, most of the
phenomena involved in receiving waters quality decrease, and most of the releven~ parameters
have been identified : runoff pollution, solids dynamic in sewers, effects of sediments in
receiving waters,
bioavailability of toxicants, etc... Nevertheless performances of
investigation tools, say measurements and mathematical models, are still poor. We are not
able to explain the whole phenomena comp l exity. Consequentl y, it's not possible to perform
accurate simulations at now. So, design of works and decision making remain still out of
reach.
As already told, field experience is not very helpful. Efficiency of existing overflows
treatment structures is only measured by concentratien reduction rates (Rupperd, 1986).
Moreover, field experience remains rather scarce, despite large efforts engaged, for example
by the U.S. Environmental Proteetion Agency : Storm and Combined Sewer Programme (Field,
1986), Nationwide Urban Runoff Programme (E.P.A., 1983). These researches lead to a lot of
scientific reports and guides that can be considered as references.
TOWARDS NEW RESEARCH PROGRAMMES
A lot of researches devoted to storm water pollution are very pecular to local practices and
specific experimental conditions. Their results cannot be transfered without care. Recently,
the researcher's community has been aware of approaching the problems in all their various
aspects, including economical and administrative ones. At now, we should examine our
knowledge level in order to define some research priorities taking in mind that we are
looking for answers to environmental questions that could be generalised to most of the
cities in the world. Such a common work should probably help us in reducing the necessary but
costly investments as usual in environmental studies.
Urban Runoff Pollution Background
Due to wars and to plenty of other troubles, human societies often present amnesia symptoms.
Regarding urban runoff pollution, it can be said that the european sanitary movement, at the
end of the 19 th century, already pointed out the noxiousness of such a pollution as a result
of roofs and streets washing by rainfalls (Daverton, 1922). However, sewer networks
implementation and urbanization problems have finally held back the question for almost a
century. Even if some scarse researches were done since that pioneer time the problem has
been again exposed in the 70's. Now, some worldwide state-of-art reports allow us to
summarize what we knowon the topic (Torno et al., 1986) (C.H.O.).
Characterization. Most of the above mentioned studies aimed at runoff pollution loads and
concentrations estimates. Results indicate that runoff pollution is a real problem. However,
loads and concentrations show a very large range of values due to a larger range of
experimental conditions : time and space sampling intervals, sampling methodelogies and
devices, elirnatic conditions, sewer networks types including bad design and functionning,
land uses and human activities, local practices and regulations ••• Apart from general trends
and ideas, results from one study to another cannot be precisely compared in order to define
rather universal ways of research. The most difficult problem is probably dealing with
combined sewer overflows : in that case, pollution measurements integrate a wide variety of
upstream parameters combinations, regarding sewers hydraulics and pollution transport. Even
for a given site, such combinations are not stationnary ones ; so that urban runoff
characterization would need very long and costly measurements in order to get s ignificant
statistical results, regardless of the usually random rainfall process.
As usual in environmental sciences, urban runoff pollution modelling may be
performed by many ways. However, models can be classified into two broad groups. According to
Huber (1986), deterministic models are theoretically "physically-based". They are establ i shed
in conneetion with some well known physical laws regarding general postulates (such as mass
conservation) or given physical theories (mecanics, hydraulics, chemi sty •• • ).

ModellinR ~

Unfortunately,that last theories are mainly dealing with continuous medias. That is t o say
that knowing the physical properties of a given runoff pollution process in a "representative
element" of a given medium would allow us to know the process over the whole medium by
integrating the elementary (differential) equations of the process. Urban media are mainly
heterogeneous so that "representative elements" cannot be easily found in most cases.
Applying a physical theory based on continuity and homogeneity hypotheses to urban runoff
pollution processes is generally the concern of a "conceptual" way of modelling, inthefact
that processes are supposed to comply with the starting theoretical hypothesis. The universal
aspects of the theory is no longer valid, and modelling must be supported by important and
precise experiments on each site to be studied.
"Statistically- based" (or empirical) models are belonging to the second broad group (Hémain,
1986). From a numerical point of view, they are generally limited to a given experimental
site, even if they can give general trends which can be verified on many sites. They can be
precise tools when they can comply with the general sampling theory. Due to the broad variety
of experimental conditions, as mentioned above, their results cannot be compared precisely.
Moreover, data reliability is of primary importance for such models, and once established
they should not be used outside of their experimental field.
At now, should several models yield similar results, one should retai n the simplest model
with the smallest number of variables and well known experimental conditions.
Impacts upon receiving waters. While a lot of studies have been devoted to runoff pollution
modelling over catchments or in sewer networks, less studies are dealing with pollution
impacts. Of course, some general aspects are well accepted today, such as time scales for
runoff quality problems, impacts on dissolved oxygen, heavy metals impacts, sediments
influences ••• (Hvitved-Jacobsen 1986). However, because rece1v1ng waters are the most
downstream part of the environmental problem, storm water pollution impacts are the results
of a broadest range of upstream parameters combinations. So, extrapolating some specific
resu lt from one site toanother shou ld often be considered as a "cristal ball" prediction •••
Apart from rather small and closed water bodies, where some pollutants cumulative effects can
be estimated, impacts of storm water pollution on open water bodies cannot yet be precisely
isolated from other upstream sourees of pollution which widen the whole environmental
problem.
Future Research Needs
During the last five years one of the major objectives of the most significant national and
international conferences or seminars was to identify those areas where future research is
still needed. Now, when facing up to a given urban runoff pollution research one should first
answer to questions such as : "What is actually known on the subject ? What must be measured
? Where it must be measured ?" ••• In most cases, the answers should probably be : "We know a
very few and we have not yet the right sampling devices and methodology !"
Such answers shou ld be considered first as rather desillusive. In fact, we think that they
could stimulate our thought in order to find new research ways that shoul d not be considered
as "emergency exits" ••• Urban storm waters impacts constitute a complicated environmental
problem which probably need some new ways of thinking and working.
Talking about characterization of urban storm waters pollution needs some standardization
efforts in experimental designs regarding : limitation of the number of pollutants pathways
to be simultaneously studied at a given site ; distinction between storm and combined sewers
studies ; range of time intervals to be considered
sampling and analysis methodelogies and
techniques •••
Now a big problem is still rema1n1ng : what part sewer networks and treatment plants play in
pollution problems ? The more downstream the more complicated these problems are. Research
efforts are needed in such domains as sediments transport in sewers, pollutants pathways in
inlet, overflow or special structures and treatment plants under wet weather conditions. Such
medias look much more geometrical than are catchments surfaces ; so, theoretical modelling
could be efficient if supported by ad hoc experiments which are yet to be di scussed according
to our knowlèdge.

As a result of the above remarks, we think that generalized conclusions are not yet on the
way. Many kinds of experts in such domains as fluid mechanics, chemistry, biology, ••• have
first to try to work together, defining a common language for impacts studies, having in mind
that none of them could say that he better knows how to do. We personal l y dont knowhow to do
the best, but we are convineed that discussion cou ld make things much more clear than they
are at now.
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ABSTRACT
The use of separate sewerage systems to sotve pollution probtems associated with combined systems
is examined. Overflows from combined stormwater-sewar systems have been found to be ene of the
major causes of receiving water pollution. Experiences in two countries which have predominantly
one system ar the ether provided a basis tor comparison. Wet weather overflow was found to be a
major problem with similar quality of overflow produced 1or both systems. Minimising overflows was
feasible, however proper and integrated control of stormwater and sewage flows, related to receiving
water impacts is indicated as the best solution. The use of separate sewerage systems to solve
poltution problems may nat be justified.

KEYWORDS
Storm-sewerage overflows, separate sewerage overflows receiving water pollution, stormwater,
sewerage, sewage, non-point pollution.

INTRODUCTION
Separate sewerage systems are frequently seen to be the solution to receiving water pollution
problems associated with combined stormwater-sewerage systems. The main probtem with combined
systems is the regular overflows, which occur during or following storm events. The stormwatersawarage system is unable to handle the additienat stormflows and overflows are provided to avoid
overtoading the system.
The saparatien of stormwater and sawarage systems theoretically allowed the more polluted sewage
to pass on to the treatment plant, whilst the less polluted stormwater runaft was conveyed directly to
receiving waters. However , separate sewerage systems can and do have overflows which provide
reliet trom excessive stormwater infiltration or illegal inflow. Additionally stormwater runoff is generally
polluted, and can approach the pollution levels of raw sewage.
Overflows trom combined stormwater-sewerage systems are recognised as a significant souree of
pollulion to receiving waters. Assuming that 5% of total pollutants are diverted in the overflows and
that 90% of~ pollutants are removed by the treatment plant, then overfl~ws amount to more than 50%
of the yearly discharge of pollutants compared to the treatment plant (Lmdhotm, 1975) ..
This paper compares the oparation of separate sewerage overflows with combined system overflows.
The aim is to show the similarity of their operatien having regard both to quantity and quality aspects.

THE COMPARISON • OVERFLOW OPERATION FOR SEPARATE AND
COMBINED SEWERS
Two separate studies have been undertaken, one in France, the other in Australia specifically
investigating the operatien of overflow structures for:
a combined stormwater-sewerage system
a separate sewerage system.
Australia has possibly the most developed degree of separate sewerage systems with approximately
85% of all systems being of this type. France by camparisen has the reverse situation with the majority
of systems being combined.
Even though there are distinct ditterences in catchment areas, rainfall characteristics and the systems
themselves, a camparisen of the operatien of overflows for bath systems was considered useful.

THE LYON

COMBINED STORM·SEWER SYSTEM

A representative catchment in Lyon, France's second largast city was fully gauged and monitored
continuously for over one year. The popuiatien is around 1 1/2 million covering an area of 60,000
hectares. Most of the area is relatively flat. Typical overflow structures are of the side weir type and
there are approximately 200 major overflow structures.
The area selected for study is generally medium to high density residential development consisting of
five storey apartments blocks. Most roads are served by 2 meter diameter high ovoid storm-sewer
conduits.
Three gauges and three water samplers were situated on an overflow structure to maasure
respectively the arriving flow, the flow passing downstraam for treatment and the overflow. The three
discharge meters allow for continuous maasurement of flow heights, veloeities and discharges. Most
importantly flow veloeities are directly measured at 3 points using 6 ultra-sonic emitter/receivers for
each gauge. Errors in discharge maasurement were less than 5%. A rain gauge is located centrally
within the catchment
Combjned System Overflows
Figure 1. shows the recorded overflows for the period from September 1984 to July 1985 Rainfalls
producing these overflows were investigated and found to be typical of previous years. Only one
minor overflow was recorded for the five winter months from December to April. The major overflows in
terms of discharged overflow volumes occurred at the cammencement of summer. Four minor
overflows were due to maintenance operations.
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Figure 1. Recorded cornbined system overflow events for Lyon, France
(September, 1984 to June, 1985)

Eighteen overflow events ware minor (in volume). Of the 4 major overflow events 3 occurred within a 2
day period. Most significantly, 12 overflows were conneeled events, that is, the first overflow occurred
foliowed by another overflow within 24 hours. Two of the overflow events we re significantly affected by
backwater effects in the overflow conduit (due to a rising river level), whilst tour overflow events were
affected by backwater effects downstraam of the overflow structure.
The most important factors affecting the overflow volume we re :
- duration of overflow (most important)
- rainfall intensity and
- storm duration.
Maximum upstream discharge was nat found to be related to overflow volumes.
Water Oualjty of Gombjned System Overflows
The arriving flows and the overflow were not found to be significantly different in concentrations of
pollutants. However considerable variatien in water quality results during events, and the limited
amount and time series of results required that average values be adopted. The average values of
BOD, GOD and SS were 42, 145 and 170 mg/1 and, interestingly, these concentrations were similar to
these of the dry weather sewage. A first flush effect was found, with GOD showing the most
predominant effect.
Duration of overflow was the main factor affecting annual overflow pollulion leads using sensitivity
analysis. Average pollutant loadings for BOD, GOD and SS measured during overflows were
considered to be satisfactory tor total overflow pollutant estimates.
ln-line system starage was measured as equivalent to 10 minutes for a typical one year frequency
storm event. lt was found that additienat overflow structures (with downstraam control) could more fully
utilise available in-line starage and reduce overflows.
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Figure 2.

Overflow frequency for combined system of Lyon, France
(September, 1984 to June, 1985)

SEPARATE SEWERAGE SYSTEMS, SYDNEY
Over twenty catchments in Sydney have been monitored over the past ten years, most for relatively
short periods , although some of the larger overflow structures are monitored continuously. Since
reasanabie data has been collected on the downstraam major separate system sewage overflows,
more attention is now being focussed on the medium and small overflow structures and the receiving
water inputs due to bath overflows and urban stormwater runoff.
~-

The popuiatien of Sydney is approximately 3 million. Virtually the whole of Sydney has separate
sewerage and stormwater systems, serving an area of 160,000 hectares. The sewerage system
discharges to over 20 treatment plants. Many sewer overflow structures are unknown in terms of their

location and operation. however it is estimated that the total is in the vicinity of 3,000 with about 80 of
these being major structures.
On average most catchments have slopes of between 5 % and 10 %, are low density resident i al
development, with the typical age of systems ranging trom 5 years to 40 years old. Most residential
roads have 225 mm or greater gravity sewer pipes leading to collectors or trunk sewer pipies of about
1.2 to 2.0 meter diameters. Overflow structures are mostly of the hole in the wall type for small pipes or
side weirs for the medium and large overflows. The largast structures are typically siphans for better
control and regulation.
Separate System Overflows
Major overflow operations For the tour major overflow structures, frequency of overflows was
estimated to occur between 20 and 50 times annually with typical durations exceeding 12 hours. More
importantly. he re are severe dissolved oxygen deficits in receiving waters 10 days aft er significant
rainfall (SPCC, 1980).
Other relevant findings were that:o

the magnitude of wet-weather pollution in receiving waters depends on the intensity,
duration and extent of rainfall, which influences the volume and duration of both stormwater
and sewer overflows.

o

during peak periods of stormwater entry, overflows trom major structures are relatively less
polluting than stormwater flows. However, the contribution of sewer overflows to total
polJution of the estuary should not be under-estimated: first. because large volumes of
sewage continue discharging forsome time after stormflows cease and, secondly, because
overflows occasionally result trom rainfall in suburbs remote trom the location where the major
overflow is located.

The relative water balance for the catchments studied is shown in Figure 3. lt appears that the
considerable infiltration losses for pervious areas represents a large proportion of the sewage inflows.
Detailed studies of sewerage infiltrationlinflow are presently being conducted.
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Figure 3. Approximate water balance for Sydney showing the proportion of
rain overflowed from the separate system.
Medium to smalloverflow oparation As with the major overflow structures the total number of overflow
events was estimated to exceed 20 per year. based on a developed relationship between rainfall
(intensity-frequency-duration) and overflow durations and volumes.
~

For one event, during August 1986, over three days of continuous sewage overflow (full pipe flow)
was recorded at Cup and Saucer Creek. Based on ten equivalent overflow structures being located
upstream of Cup and Saucer Creek (in fact there are more but many are smaller in diameter). total
polJution loads from sewer overflows were greater than loads from stormwater for this storm event.

For average catchment.s (average age, landuse and nature of catchment), the minimum rain depth
threshold tor overflows to occur was between 9mm/hr (11 0 mm/12hrs Loftus), and 5.0mm/hr tor a one
hour event at Mortdale. For older, higher density developed catchments, overflows were recorded for
al most all minor storm events greater than 5mmlhr (Cooks River).
On ave rage, individual overflow structures accounted for approxlmately 1% of the total ralnfall to
overflow volume proportion. The maximum total rainfall to overflow volume proportions ware 9.6%,
and 6.2% forthe two largast overflow structures on the Cooks River (catchment area numbers 6 and 7
respectively in tigure 4).
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Figure 4. Relativa rain proportion as separate sewage overflows for Sydney
catchments numbers 1-9, during 1988 and 1989.
Duration, intensity of rainfall and antecedent malsture condition were the main parameters determining
whether overflows occur and the volumes of overflow. Dilution of overflows occurred for large storm
events or long storm durations due to flushing of the sewerage system and/or flushing by the
receiving water, however the laad of pollutants was considerable when expressed as an annual total or
laad per surface area of the catchment (see Table 3).
Aesthetic and odour problems are associated with most overflows irregardless of dilution, storm
intensiity or storm duration. Two distinct categories of overflow structures were found for separate
sewerage systems:
-large, where up to 12 mm of the rainfall depth overflowed the system ( or up
to 19% of the total rainfall over the catchment is overflowed)
- small, where between 0.25 and 1 mm of the rainfall depth overflows trom the
system ( or between 1% and 5 % of the total rainfall is overflowed)
Freguency of Separate System Overflows Related to Becejv!ng Water Impacts
The number and frequency of overflows can be related to Tabla 1. As most Sydney catchments
require between five and ten millimeters of rainfall prior to overflow, then between two and five
overflows occur monthly or around three overflows per month occur on average for the whole year
basedon the rain data from Tabla 1. When this is related to receiving water Impacts whlch last around
ten days, then recelving waters can be lrnpacted for between twenty days, or up to the whole month
for certain times of the year. This is dependent on a number of factors such as time since last event,
antecedent catchment malsture condition, and duration of event. Nevetheless indications are that
receiving waters are significantly water quality irnpacted tor major times during any one year.
The experimental procedure wasbasedon deterrnining the total annual volume of overflow. The major
factor influenclng annual overflow volumes was found to be (as in Lyon) the duration of overflow,
foliowed by rainfalllntensity and storm duration. For both the major overflow structures and the medium
to small overflow structures, manual flow gauging and sampling was carried out with duration of
overflows being specifically noted. Caretul selection of storm events, using long duration versus short

duration events for various rainfall intensities enabled threshold values of rainfall (intensity and
duration) to be determined related to overflow occurrences. Annual average rainfall data was used to
delermine overflow events and the relationship determined was calibrated with observed events.
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COMPARISON OF RESULTS • SEPARATE AND COMBINED SYSTEM
OVERFLOWS
o Similar numbers of overflow events were found (for the study period of around one year over 22
events tor France and between 20 and 50 times for Australia).
o Duration of overflow events was much Jonger in Sydney (12 hours average) compared with Lyon (3
1/2 hours) . This is related to higher rainfalls generally for Sydney as well as higher in-fine starage
capacities for Lyon.
o Total annual overflow durations were significantly different; approximately 100 hours for Lyon and
between 200 and 500 hours for Sydney, due to differing rainfall characteristics and system
characteristics in both countries.
o One major overflow event was recorded for both locations over the one year study periods:
- 18 hours overflow duration for Lyon
- at least 60 hours duration for Sydney.
o The proportion of annual overflow versus annual treated flow was very difficult to estimate in both
countries due to numerous overflow structures being located along smaller lines - this indicates that
overflow volumes detennined trom this study may be very conservative for both countries.
o Concentratiens of separate sewerage system overflows, separate stormwaters and combined
stonnwater-sewerage overflows were camparabie as shown in Table 2.
TABLE 2, Average ccncentraticns of sewer overflows, stcnnwater aod combinee
sewer-stormwater overtlcws
Pollutant Laad (mg/L}
PARAMETER

Sydney
Sewer Overflow
Stormwater

Lyon
Combined
system overflow

BOD

59

47

42

COD '

180

132

145

ss

186

141

170

TABLE 3.

Aonual aod Speeitje Pollulion Loads Erom Combjoed Stonn-Sewer Overflows
(Era nee)
Pollutant Load (kg/ha}

PARAMETER

Sydney
Sewer Overflow
Stormwater

Lyon
Combined
system overflow
(kg/ha)

BOD

29 .5

141

12.6

COD

90

396

43.5

ss

93

423

51 11

The distinct ditterences between Sydney and Lyon in terms of both higher stormwater pollutant loads
and higher separate system overflow pollutaot loads are attributable to higher proportions of
uacavered areas in Sydney, higher slopas and higher iotensity storms. 1t must be ooted that the
camparisoa of sewage overflows versus stormwater for Sydney in table 3 is distorted because all
stormwater except trom small storms, have sewage overflows contributing to the stormwater quality. lt
was oot possible to fiod areas where sewage overflows we re oot present in the catchmaats studied.
A number of major ditterences should be noted in respect to the camparisoa of systems in dittering
countries:-

for Lyon the catchmentand overflow structure are at the most upstream point of the area serving
the treatmeot plant.

-

tor the Sydney catchments there are maoy upstream overflow structures of smaller size thao the
major overflow structure located further down the catchment The unknown location and oparation
of these upstream overflow structures was estimated at between 10 and 40 dependiog on the size
of catchment

-

Lyon is served by a uniform syste'T' of conduits whereby most roads have approximately 1.5 to
2.0 m high ovoid pipes at reasonably flat grades, while Sydney's sewerage system has pipes
varying between 225 mm to 2.0 m in diameter at mild to steep grades.

CONTROL MEASURES TO REDUCE OVERFLOWS
Eor separate sewer overflow problems, generally no single control maasure will reduce or prevent
overflows for all situations. The optimum solution will involve a number of integrated alternatives such
as re-examining design methods (especially wet-weather flows) in conjunction with system storage,
storm characteristics and overflow volumes. The possibility exists to control separate sewerage system
overflow pollutaot loads by locating overflow sructures such that they empty into either dry datention
or wet ratention basins, aod thus significantly reduce pollutants by detention/retention settling. These
strategies are to be more fully examined at the oext stage of the present study.
Eor combined storm-sewer overflows integrated solutions are also required as no one salution cao fully
control overflows. In line storage is feasible as it occurs at present within maoy of the lines. Proper
design of overflow structures, especially weir height, is seen as the first step as it cao be acheived
simply and at minimum cost. Proper determination of flows and system capacity is necessary,
indicating the need tor computer modelling of system oparation prior to any management or control
investigation. Jo fully utilize in line pipa storage, it was found that the installation of tnore overflow
structures was necessary. This would enable steppad starage down the system, which would result in
less overflow duratioo and frequency ,and should minimise receiving water impacts for major times of
the year.

CONCLUSIONS
For the experimental catchments studied in bath France and Australia :-

the eperation of separate sewerage systems is similar to combined stormwater-sewar systems due
to considerable storm inflows into the separate system.

-

the annual frequencies of overflows are similar.

-

quality of overflows is similar.

-

one major overflow event was recorded tor bath catchments tor the ene year period.

-

annual pollutant loads trom separate system overflows are higher than combined system overflows
due to catchment and rainfall ditterences tor bath countries. .

-

the annual overflow durations tor separate sewerage systems were found to be many times those
tor combined systems indicating that separate sewerage systems may be worse than combined
systems.

-

dittering rainfall characteristics undoubtably caused more and langer overflows in Australia but
equally the considerable in-line starage capacity of the Lyon system was found to prevent or
significantly reduce overflows.

-

the use of separate sewerage systems to solve the pollution problems associated with combined
systems is questionable.

Further work is required to study such factors as relativa impacts of minor and major overflows on
receiving waters, and the use of stormwater starage for separate sewer overflows.
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ABSTRACT
There are few
phenomenas in
one considered
of the pollution

years ago, the research in France was not interested by Combined Sewer Overflow
storm weather. The water of urban runoff have been always supposed "clean" and
that the dilution of effluent of dry weather in the storm water decrease the impact
generated by overflows.

Actually, after urbain developments and verifications of an important pollution involved by urban
runoff, the problem is considered differently. Indeed, some quality studies of receiving waters show
that combined sewer networks represent an important pollution souree for the naturel environment,
due to the increasing of the relative effect of combined sewer overflow discharge into rec eiving
waters.
Thus, combined sewer overflow have until recently been the least known part of the sewer system.
In this present communication, methodology to estimate combined overflows has been elaborated
after exploitation of data resulted from ten french concrete case studies where such problems are
observed.
This study has been realized in four steps :
1 -. A bibliography study have allowed to discover the actual state of the problem in terms of existant
methods concerning both experimentation and modelling and to define the neects of the research.
2 - Ten french studies have been selected, analysed and exploited to define the different methods
used by study offices, and to show methodological lacunas from the observations and results
realized. Elementsof improvement have been proposed.
3 - Methods and new propositions have been defined and coherent methodological diagram has been
realized to compar and test these methods.
4 - Computer tools have been conceived and tested in the ten study cases.

KEYWORDS
Combined overflow ; Pollution load ; Combined sewer network ; Receiving water ; Methodological
diagram ; Calculation of overflows.

INTRODUCTION
!

The pollution generated by the direct discharge of combined sewer systems in case of rain is a problem
which has long been neglected, the serious nature of which - in terms of impact on the receptive
medium - has only started to be perceived over the last few years in France.
Combined discharge into receptive water has increased over the last decades. In relation with the

rapid rate of urbanizat~on in the sixties and seventies, new surface areas have been conneeeed to
ancient sewage systems, with a limited capacity, thus leading to an increase in the volume discharged
by the rain outfalls, and consequently to an increase in the polluCion burden. In order to develop
a responsible policy in town water quality management, the most accurate knowledge possible is
required in the field of combined discharges, in termsof both quality and quantity.
For this purpose, we have conducted a methodological study, which is preseneed in this report, with
the purpose of contributing elements to respond to this problem. In a first stage, a bibliographical
study has enabled us to outline the present state of knowledge concerning discharge from combined
systems, and the related pollution. Following this, ten French studies on various sites were examined
and analyzed in order to establish a synthetic representation of the various methodologies applied
in evaluating the unitary discharges, and to exploit the results obtained. A concept related methodological
framework was established, reflecting a certain number of methods which afford an estimation of
the volumes discharged by this type of combined system.
BIBLIOGRAPHICAL STUDY
This study (Cherrered and Chocat, 1987) reveals two types of approaches :
- an experimental approach based on observation and in-situ measurements,
- a modeHing approach based on theoretica! simulation roodels (statistica! or deterministic)
requiring both adjustment and verification with measurement data.
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Pil. 1 : Schematic repreaentatlon of different experlmental and modelllng methodo to eatlmate comblned overflowo.

The choice of a particular method is essentially defined with respect to the objectives to be reached,
and to available means.
Tbe experimental metbods

These methods consist in realizing measurements either directly on site or in the laboratory, after
taking samples. The essential advantage in measurement campaigns of this type consists in acquiring
a better understanding of the operating and discharge process for combined systems which integrate
the quality aspect.
Measurement methodology. The selection of a measurement methodology is based upon five important
criteria (Cherrered and Chocat, 1987) :
- the objectives of the study,
- the selection of measurement parameters,
- the means at hand,
- the time available,
- the characteristics of the site selected for the study.

-> direct reistion
--> undlrect reistion

selection criteria
of study site

If
we
present these criteria
in a more interactive manner,
we obtain the diagram in Fig. 2.

Experiments
seen
in
standing
litterature have
been
realized
with highly variabie measurement
devices and methodologies.

Pta'. 2 : Selection criteria of a messurement methodology

For the measurement devices, we have noticed the diversity in flow measurement systems and in
sample collecting methods (from the manually performed bucket type sample taking to automatic
sample collectors, collecting discreet or averaged samples which are time or flow related, taking
samples on the sewer surface or bottom, etc).
Modelling

It is henceforth clear that this aspect of the problem should be considered (impact of overflow on
receptive waterways) on the same level as the hydraulic system (capacity of the system). Several
attempts have been made to date, w!thin which different models have been used (Cherrered and
Chocat, 1987) (Hemain, 1979). Present day knowledge of this problem appears to have the capac ity
to explain most of the hydrological and hydraulic phenomena related to the problem, at least the
most significant ones, such as the accumulation and transportation of polluting agents resulting
from trickling rain and from the transfert of these pollutants into the system. This knowledge has
enabled the rnadelling of the various processes, but the shortcoming resides in the calibration and
verification of these models.
Me1euremenu

THE SITU A TION IN FRANCE

The situation has reached. the
point where the problem relating
to
combined
discharges
has
only been taken
into account
within the last years. Thls is
particular
highlighted
by
in
the lack of experimental data
required to control the phenomenon
(Chocat
and
Cherrered,
1989).
The
analysis
and
exploitation
of ten studies, recently realized
in France on ten different sites,
have
enabled
the
definition
of a methodological chart reflecting
the different approaches applied
for the evaluation of effluents
discharged through the combined
sewage
system,
or
discharged
by its outfalls (Fig. 3).
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The approach based on measurements

This procedure can be used at three levels within the system
a. By exploiting the heights or flow rates and concentrations seen in pollutants. This metbod requires
the permanent monitoring of the discharge during the whole study period, in order to cover the
largest possible number of rain related events. In genera!, this monitoring is performed using
two types of devices : multiple level sensors, the principle of which consists in recording the
time during which the sensors installed on each outfall are submerged, or liquid level recorders
enabling the measurement of the water heads on the weirs.
b. At the level of points located upstream (outfalls on catchment areas) and downstream (pu rification
station) of the discharge devices. The discharge rates are calculated with the following relations :
Vd
where : Vd
Vp
Vep

= Vp + Vep -

Va

Md

=C.

: volume discharged
: volume generated by the site
: volume of uncontrolled water

Vd
: volume accepted at the purification station
: pollutant concentration
: mass of pollution discharged

This metbod can only overestimate the upstream discharge, as it presupposes that whatever is
not processed by the purification station overflows upstream of said station. On the other hand,
the reliability of a metbod of this kind depends on the number or measurements completed during
the study period. The more the raining periods are perfectly covered during the study period,
the better the estimation. As a result, when a fairly long period is concerned, which in general
cannot be entirely covered by the measurements because of their high cost, the results obtained
only supply orders of magnitude.
c. Approach based on measurements within the receptive media.

I

Combtned aewer network

It consists in collecting samples
upstream
and
downstream
of
the significant discharge points,
and in analyzing them.
In theory the difference between
the
polluting loads respectively
measured downstream and upstream
would correspond with the load
discharged by the storm outfalls
(Fig. 4).
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This metbod would be of interest in at least two cases :
- when the measurements on the system are complex in their performance, and require considerable
means;
- when the modelling of the sewage system is complex and difficult to perform.
The very particular aspect of this metbod is that it enables the direct measurement of the effect
of the discharges on the receptive medium. Hence the importance of defining what we are interested
in : the value of the pollution or its effect on the receptive medium ?
The system operation simulation approach

Basic methodology.
The
fundamental
approach
consisting
in modelling the performance of the sewage
system is represented in Fig. 5.
notatlon :

The data and the "transforming fac tors"
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hand, the selection of an adequate model depends on the type of raw input data available, and on
the form which it is given, also on the type of results required (global, punctual, extreme values,
etc). Generally speaking, when the model used does not supply the results in the required form, a
further analysis (often statistica!) is completed and the so called "raw" model outputs.
PROPOSAL OF A CONCEPT RELATED METHODOLOGICAL
THE ESTIMATION OF COMBINBD DISCHARGES

FRAMEWORK

POR

This is a concept related diagram (Fig. 8) which results from three essential criteria :
- The definition of the targeted objectives ;
- The formalization of the pluviometric data to be simulated ;
The availability of the data required for the application of defined methods, to wit the eperating
and calibrating data for the mode ls used.
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These criteria are interdependent and can in t urn depend on other criteria such as the temporal
flow evaluation scale, the nature of the em itting and receptive media and the morphological and
structural characteristics of the system being studied.
Definition of the objectives and flow evaluation modes

ln each combined discharge estimation study , the main objective is always the will to proteet the
quality of the receptive media. The quantity of discharged pollution must be estimated in a form
enabling the definition of the type of impact and the requirements in control and processing which
enable it to be remedied.
<.

ln every case, it can be of interest to look at :
- the discharge into the system, in a global manner ;
- part of the discharges (for instanee for a particular outflow) according to the impact area
considered.

On the other hand, these discharges can be determined in three formats which appear to be the most
significant as against the initia! objectives :
- Evaluating the qualitative variations in the discharges in the course of a rain related event
(pollution measuring devices). In the proposed simulation methods, this criterion has not
been taken into account, as the existing roodels which enable lts performance are both complex
and difficult to use, in view of the available data. This criterion enables an evaluation of
the flow in classes of overflow volumes or rain related events, and consequently the definition
and characterization of the most polluted part of the water, for instanee to avoid purposeless
treatment or transfer of the water to the purification station.
Estimating the discharge resulting from one or several rain related events to evaluate certain
rapid (impact) effects. This criterion also enables the rain level to be classified in t e rms
of "impact degrees", the classes can be characterized by pluviometric variables.
Evaluating the discharge over a fairly long given period which can vary between one season
and several years. This evaluation enables seasonal fluctuations to be taken into account
and supplies a criterion for comparison between two installation solutions, and between
one site and another.
Methoeis defined - Principles

Formalization of pluviometric data. Simulated pluviometric data result from
and analysis of raw data.

the interpretation

These last mentioned are generally available in three farms :
- global characteristics of the height/intensity /duration type ;
- recording histograms realized on the basis of pluviographs available on paper or magnetic
tape;
- intensity/duration/frequency (IDF) curves.
On the basis of these data, these types of simulation can be considered (Fig. 6) :
Continuous simulation of a chronological recording of rain observed in time related steps
1::. t (a few minutes to one hour) ;
- Simulation of all rainfalls really observed without consictering the dry weather : the rainfalls
are simulated in series ;
- The simulation of only the rainfalls representative either of the pluviometry or of the impact
on the receptive medium. These rainfalls can be real or fictitious.

eerles of real
obcerved rainfalls

raln data reprecentatlve of raln
gauglng and Impact

Ptg. 6 : Poaalbllltlea to offend Input raln data

ModeHing the raiD to overflow conversion

The selection of simulation roodels depends on the availability of the data required at the le vel of
the ten sites retained for the test, and for the comparison between methods.
This metbod is founded on the two following principles :
- simplified modelling of the study sites,
- methods based on the hydraulic simulation (Fig. 7).

hydraulic models

I
volume X pollutant
concentration

Fig. 7 : Principle of defined methods

Two types of models have been retained (Fig. 8) :
the current model simulating the dribbling of rain water on the catchment basins and the
discharge into the system ;
the storage model assimilating the network with a reservoir with a discharge orifice + a
weir.
Presentation of the methods
These methods differ between each other on three levels (Fig. 8) :
- at the level of input rainfalls ;
- at the level of system modeHing ;
- at the level of the processing of volumes and evaluation modes for the flows obtained.
A summary comparison between the different methods is presented in Table 1, where symbols St
and M1 correspond with the paths defined in Fig. 8.
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CONCLUSION

In this report, we have presented only the different analysis stages realized to define methods to
estimate combined overflows, that can be applied and tested on concrete cases.
The tests are again outstanding and we have obtained some results, but we can not publish it because
they are not complete so not significant yet.
Meanwhile, this analysis permits us to establish the following things :
- The poverty of informations about the quality of combined overflows. So it is important
to realize measurements to construct a data basis required for to realize searchs ;
It is difficult to apply the existing qualitative models, because they need important data.
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THE QUALITY OF SEWAGE FLOWS AND SEDIMENT IN DUNDEE
R M Ashley, B P Coghlan and C Jefferies
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ABSTRACT
Inter-related studies are underway in Dundee to investigate the nature, or1g1ns, disposition
and movements of sewer sediments and associated pollutants. These studies, funded mainly by
the Water Research centre, have provided support for a proposed subjective classification
system for combined sewer sediments based on visual appearance, occurrence and polluting
strength. Data obtained from samples of suspended sediments at either end of a 175m length
of the main Dundee sewer during dry weather and storm flows have been used to carry out a
mass balance for the length over a one month period and, despite the obvious limitations, the
results compare surprisingly well with the observed changes in the volume of bed deposits
along the l ength for the same period.

KEYWORDS
Combined sewer sediments; classification; sediment transport; physical and chemica! properties;
mass balance.

INTRODUCTION
A concerted programme of studies investigating the performance of the Dundee combined
sewerage system has been underway since 1986. This programme has a number of facets as
described elsewhere (Goodison et al, 1989 and Jefferies et al, 1989). These relate to both
the hydraulic performance of the system and quality aspects . The quality studies have been
funded primarily by the UK Water Research centre as part of the River Basin Management
programme and the continuing commitment by the UK water industry to develop sewer flow quality
models to complement the existing flow models (Henderson et al, 1987). The main studies have
been directed since 1987 to a number of inter-related investigations of the sediments found in
the Dundee sewers, the origins and transport of these sediments and their associated chemica!
and biologica! properties.
The main programme has over some two years, studied the build-up of sediments in a 175m length
of the main Dundee interceptor sewer. This runs through the main retail area of the city and
drains an area to the north wes t of 340 hectares with a population of 14 ,590. This length of
sewer which is approximately circular and has a major dimension of 1500mm, may be isolated and
drained, so facilitating the study of sediment deposits in-situ. Sixteen longitudinal profile
surveys were ,~arried out during the two year period, more than 70 samples of sediment were
taken and analysed in the laboratory, and 66 sets of up to 24 samples were taken
simultaneously from each end of the sewer during dry weather and storm flow conditions. The
results presented here are an initia! appraisal of these data.

CATCHMENT DETAILS AND SAMPLING
There are no major industries within the catchment; mostly motor trades, electronics and food
processors , with one dye works and a hospita!. The area is approximately 40% average
impermeability with a main drainage slope of 2% and steep slopes to the north - at up to 4% in
places. There has been a long history of sediment accumulation in the interceptor sewer,
which was constructed in 1886. Figure 1 shows the average depth of sediment as recorded in
the 175m sewer length during the study. Just prior to the start of the period some cleaning
had been carried out in the sewer immediately downstream and the silt trap (Goodison et al,
1989) at the head of the system (some 200m upstream) had been cleaned out. The compl~
length was cleaned out in October 1988, and in September of that year a major sectien of sewer
upstream was also cleaned. The Figure shows a gradual rise in the average depth of deposits
from June 1987 to July 1988 with some periods exhibiting a net erosion. Deposits are again
becoming established following the clean out in 1988.

Fl~l

In conjunction with thesediment longitudinalprofile surveys, two sampling sites were
established, one at the head of the length and the ether at the downstream end. The length of
sewer selected wasvirtually straight in alignment, with a reasonably constant gradient
averaging 1 in 1446. The sewer has good access via manholes every 25m or so and can be drained
by opening a gate at the mid-point. Gates at the head and downstream may also be used to
isolate the sewer. One disadvantage has been that drain-downs using the central gate result in
reverse flows occurring in the second half of the sewer.
The sampling sites each had provision for up to three automatic 24-bottle SIRCO samplers
together with a DETECTRONIC sewer flow survey unit to measure velocity and depth. The sampler
intake tubes were installed permanently in the sewer and were rigid 10mm diameter uPVC,
cantilevered out from the wall angled downstream at about 25° from the line of the sewer. The
three tubes were located at different heights within the depth of flow expected under storm
conditions. The rigid angled sampler tubes were found to suffer least from fouling by rags
and also enabled samples to be taken from a known position within the flow depth.
Unfortunately due to equipment problems, sewer cleaning, and lack of rainfall over the past
twelve months, only one storm has so far been monitored using samples drawn from multiple
depths at both ends of the sewer length. The results presented here refer to single samples
taken simultaneously at both ends of the sewer with intake tubes placed 250mm above the sewer
invert.

LABORATORY ANALYSIS
Tests carried out on samples of sediment and sewage for physical and chemica! characteristics
have been based on standard techniques. Sewage samples taken using the automatic samplers
have been analysed for suspended solids, total solids, COD, 5-day BOD, Ammoniacal nitrogen
(NH~), conductivity, pH and temperature.
Because of the relatively small sample size (220ml),
tests for volatile solids were found to be valueless. Subsequent 'bulk samples' drawn using
samples of ten litres in size have indicated that the small 'sampler' samples enable volatile
fractions to be ascertained and give comparable results under dry weather conditions for the
chemical characteristics. For example approximately 50% of the total and 29% of the dissolved
solids ha~e been found to be volatile under dry weather conditions. Partiele size analyses
have not been successful when applied to sewage samples.

Analysis of the sewer sediments has proved to be less straightforward. Ideally each of the
above tests should be carried.out together with in-situ density and partiele size
determination. As the standard chemica! tests are aqueous based, their application to sewer
sediments has been achieved by first making any samples more homogeneous by blending using an
industrial blender. This also has the advantage of stripping pollutants that may adhere to
the surface of the solid inert particles contained in the sample. This process has been shown
to result in sample analyses that are more repeatable (Crabtree et al, 1989), although it is
probable that blending results in samples that indicate a higher chemi ca! pollutant load than
could occur in an actual sewer when sediments are re-entrained and washed out by storms. The
results from blended sample tests for the various load fractions may not therefore be
appropriate for sewer flow quality models such as MOSQITO (Moys et al, 1989) as these tests
would produce an exaggeration of the potential polluting load that could result from sewer
sediment disturbance.
It has proved impossible to collect undisturbed samples, even with the sewer drained down, and
samples of approximately one litre have been taken which retain the interstitial liquid .
Analyses have then been carried out on the undrained sample.

SEWER SEDIMENTS
A classification system has been proposed for sewer sediments by Crabtree (1988) and this is
based on samples from Dundee and a number of other sites in the UK. This is a five-fold
classification system based primarily on a subjective assessment of the sediment appearance
and location within the sewer system. Types A to C are found in the invert of sewers. Type A
being the coarse granular gritty (non-cohesive) material most commonly found. Type C deposits
have been observed in Dundee as a thin layer of largely organic sludge which sits in the
boundary layer above the Type A deposits, and moves in bed-load fashion under the influence of
a small bed shear. The Type B sediments, which are a concreted form of Type A are rarely seen,
and have not been observed in· the main Dundee sewers. The pipe-wall slimes found mostly at
dry weather flow levels are the Type D class, and these highly polluting deposits of fats and
grease are found extensively in Dundee.
The main deposits in the interceptor sewer have been visually identified as conforming to
these class types , but in varying mixtures. Figures 2 to 5 show the range of physical and
chemica! properties related to the perceived class found in the seventy sampl es of sewer
sediments tested. All tests showed a large variability even when samples were taken in close
proximity, indicating that the deposits are highly variable in nature.
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These results suggest that with perhaps the exception of COD, a visual perception of sediment
classification within the broad bands specified is justified, both for partiele sizes and
chemica! properties.
The build-up in deposits of sediment in the Dundee interceptor sewer during the period from
24th June 1987 to 5th July 1988 is shown in Figure 6. This s hows that the deposits
accumulated mostly in the upper half of the sewer length, with erosion occurring and
subsequent stabilisation from a chainage of about 125m. The samples described above were
drawn from various parts of the sewer length, and there was no apparent predominanee of
depos it typ e ~ other than a mix of Type A and C allalong the length.
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DRY WEATHER FLOWS
Sets of 24 simultaneous samples drawn from each end of the sewer length have been used to
determine average patterns of dry weather flows. The chemical characteristics of the flows
have been founct to be much less consistent than the solids in suspension. The usually gooct
correspondence between the solids in suspension at both upstream and downstream moni tori ng
sites is also not reflected in the chemical characteristics of the sewage samples. Figure 7
shows the a verage DWF pattern of flow anct mass of solicts for a summer weekday. This has been
averaged using both upstream (site 99) and downstream (site 98) data. The c umulative mass
plot for the same data, Figure 8 , clearly shows an increase in solicts being transportect at
both sites from about 0800hrs, with very little transport occurring in the early hours of the
morning. The increased solids transport corresponds to a velocity change from O. l-0.15m/s to
about 0.3m/s. There is an apparent difference in total mass of solids transported into and
out of the length suggesting a possible deposition of 45kg per day (dry weight) of solids, but
this figure is within the limits of measurement error - as shown by the same relative
discrepancy between the cumulative flow measured at each end of the sewer length . Overall it
can be concluded that there is probably a daily balance between the i nflux anct efflux of
solids in suspensionfora summer weekctay. These total daily figures represent a 'foul' flow
production of solids of 60 g/head day for a flow of 329 1/head day .
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The equivalent cumulative curve for winter weekdays , also shown in Figure 8, indicates that
whilst the flow remains overall much the same between summer and winter, there is a very much
lower transport of solids, equivalent to a per capita production of only 28 g/head ctay. It is
believed that seasonal changes i n population are unlikely to be of sufficient magnitude to be
responsible for the difference. Assuming that the per capita production of solids anct fo ul
flows is reduced in the winter months, then the similarity in total daily flows may possibly
bè attributed to higher rates of i nfiltrati on in th e winter as suggested by the steeper part
of the cumulative flow curve in the early hours of the morning, offsetting the lower dornestic
water usag~ within the catchment.
The data from other days also show that there are variations in DWF patterns between weekctays
and weekends for both summer and winter days , with the winter days exhibiting the greatest
v a~iabili ty.
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STORM EVENTS
Nine storm events have been monitored wi th samples taken simultaneously from each end of the
interceptor sewer study length. Additional storm events have also been monitored
inadvertently during dry weather periods, but with a coarser sampling interval. Some storm
samples have also been taken at one end only of the length, or at ether sites (Jefferies et al
1989). So far only one storm has been monitored successfully by samples being taken at
multiple depths at each end of the sewer length. Some of the data from the storm of the 6th
of July are shown in Figures 9 to 11. The storm of the 6th caused severe surcharging
of the main sewers, but only for a period of about an hour.
Figures 9 & 10 show that there is goed correspondence between both the mass and concentratien
of solids in suspension as measured simultaneously at both ends of the sewer length. This
correspondence holds for all monitored storm flows resulting from rainfall above a few
millimetres. There is also evidence of a first flush, with a peak concentratien occurring
about 15 minutes befere the storm flow peak. No first flush is observable for some of the
ether events.
The COD (mg/1) for the 6th July exhibits a greater variation .than the solids for the period
covered , and the correspondence between the two ends is also less goed than for the solids.
There is, however, evidence of a first flush peak at each end, and despite the two COD peaks
measured at the upstream site on the recession of the storm hydrograph, the correspondence
is quite goed. Combination of the COD concentratien with the flow shows a similar peak with
flow of total oxidisable lead to that for solids in suspension. Samples were taken for some
time following this short, 59 minute storm, and it takes only some three hours for the solids
being transported to return to near dry weather flow levels.

MASS BALANCE
A tentàtive appraisal of the application of a simple mass balance to the interceptor sewer
study length has been carried out by consictering one of the periods between longitudinal
profile surveys of the sediment bed. The period from 8th June to 5th July 1988 (Figure 6)
shows a net loss of sediment in the length of 0.635 cu.m. which corresponds to an in-situ
mass loss of 940kg assuming the average deposited bed specific gravity of 1.48. The summer of
1988 was unusually wet and t here were five storms during this period. Of these, two were
monitored, with samples taken from each end of the sewer length. A further two storms were
also monitored on the 6th and 16th of July, just outside this period, and the data from these
have been used, together with that from the ether storms, to estimate the mass transport during
the unmonitored storms. The four storms for which full data are available are detailed in
Table 1.
TABLE 1
Date

1.7.88
4.7.88
6.7 .88
16.7.88

Storm Data Recorded for Jull 1988

(hr)

MASS .
(DWF)
(kg)

STORM
MASS
IN
(kg)

STORM
MASS
OUT
(kg)

113
50
35
24

185
260
355
360

115
287
4141
389

169
731
3960
330

Total
Ra in
(mm)

Average
Intensity
(mm/h)

ADWP

1.5
3.1
4.0
11.3

0 . 07
1.6
4.0
0.7

DIFFERENCE
(kg)
-54
-448
181
59

By interpolation fromthese data thesediment movement due to the additional unmonitored storms
was estimated as shown in Table 2. The influx and efflux masses showed most correlation with
rainfall intensity rather than volume or ADWP.

TABLE 2
Total
Ra in
(mm)

Date

21.6.88
25.6.88/
26.6.88
2.7 . 88

0.1
12.9
11.8

Estimated Sediment Movement

(hr)

STORM
MASS
IN
(kg)

STORM
MASS
OUT
(kg)

0.4

360

305

220

85

1.75
0.84

110
2

380
390

860
360

-480
30

Intensity

ADWP

(mm/h)

DIFFERENCE
(kg)

The algebraic sum of the differences for the period from the 8th June to the 5th of July gives
a net erosion of 867kg dry weight of suspended solids. The average loss on drying is 42%,
hence the total mass of solids being transported out of the length by the storms as measured
by sampling the solids in suspension is 1495kg. This is approximately 150% of the measured
loss in bed deposits of 950kg for this period . The difference may possibly be due to some
deposition occurring during the dry weather flow periods. However as discussed above, the
averaged measurements of DWF deposition for a summer day do not conclusively show that within
experimental uncertainty, deposition occurs .
The comparison between the suspended load mass balance and the change in bed deposits is
surprisingly good considering the crudity of the field measurements, and is likely to be
somewhat fortuitous because of the assumptions of in-situ density and loss on drying, and the
necessity to interpolate to determine an estimate of the sediment mass movements for the
storms when no samples were taken. Any bed-load transport into and out of the study length
has notbeen monitored, and unless this was in balance for each event, this would also
introduce an unknown sediment loss or gain. Similar assessments are currently being made for
all storms for which samples were taken during the period of the study, and it is hoped that a
more representative relationship between sediment mass balance and rainfall/flow can be
determined . Additional studies are also underway to measure bed-laad transport using the silt
traps (Goodison et al , 1989).

CONCLUSIONS
The results from initial analyses of data collected over a two year period to study sediment
properties, transport and deposition/erosion in a main combined sewer in Dundee have been
presented . These have shown that the subjective sediment classification system suggested for
use by the UK Water Research centre is a viable basis for characterising combined sewer
sediments in terms of physical and chemical properties with regard to pollution leads and
hydraulic constriction .
The transport of sediments in suspension bath into and out of a 175m length of sewer during
dry weather and storm flows as measured by taking samples of sewage at regular time intervals,
have been found to be comparable in terms of first-flush and overall characteristics. There
is a much greater variability in the chemical characteristics between the two sections and it
can therefore be concluded that in this length of sewer there is a degree of uniformity in the
transport of suspended sediments, whereas the. dissolved pollutants are more spatially
variable.
There is no consistent pattern for erosion or deposition within the sewer length as a
consequence of storm flows. Similar storms in terms of volume, intensity or ADWP, may result
in a net erosion or deposition. Notwithstanding this, the application of a simple mass
balance to the measurements of solids in suspension at the inlet and outlet to the sewer
length has shown surprisingly good correspondence with observed changes in the deposited bed
volume.
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MICROBIAL ASPECTS OF SEWAGE AND SEWAGE SLUDGE IN DUNDEE,
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ABSTRACT
Studies of the populationsof coliforms and faecal streptococci in sewage and sewer sediments
have been carried out in Dundee. Samples have been obtained and tested by standard methods
from five storm and five dry weather flow events. The tempor.al variation of bacterial
populations and concentrations during both types of flow regimes found are discussed in
relation to flow rates and other relevant parameters. Average daily variations of bacterial
concentrations are proposed for dry weather flows. No consistent pattern of bacterial
population variation was found for storm events. No interpretation of the data for sediments
was possible.
KEYWORDS
Sewage; Sludge; Bacteria; Total coliforms; Faecal coliforms; Faecal Streptococci.
INTRODUCTION
A programme of sewage and in-sewer sediment sampling has been underway in Dundee since 1987.
This has been entirely funded by the UK Water Research centre. The primary purpose of this
work is to obtain fundamental data on the movement and behaviour of pollutants within a
combined sewer system under both foul and storm conditions. As part of this study a series of
ten sets of samples were collected from the main interceptor sewer in Dundee between November
1988 and April 1989. Relatively little data are available on bacterial populations in
combined sewer systems (Payne & Moys 1989). Consequently, in addition to the physical and
chemical testing carried out on all samples of sewage and sediment in the main programme,
bacterial counts were also made on the set of ten.
At the study point the population served is approximately 14,590 (Ashley et al 1989,
Goodison et al 1989) and the catchment is entirely urbanised, land us e being mainly for
residential and commercial purposes. The interceptor sewer suffers to a considerable degree
from the deposition of sewage solids due to slack gradients. This results in the accumulation
of a sewage sludge for considerable lengths within the sewer. The sewer can become surcharged
under extreme flow conditions, although this did not occur during the periods of sampling
discussed herein.
SAMPLING OF SEWAGE AND SEWER SEDIMENTS
A total of five dry weather flow and five storm events were sampled and tested for bacterial
content. Sampling was by an Epic 1011 24 bottle portable sampler programmed to take discrete
samples of approximately 300ml via a lOmm diameter tube. The city centre location required

that the sampler should be suspended within a standard manhole as the area under study is
heavily trafficked. The inlet tube is made from rigid plastic and was set at an angle into
the flow thereby virtually eliminating the risk of blockage due to ragging. Dry weather flow
samples were taken at one hour intervals whereas storm event samples were obtained at
intervals varying between three and ten minutes. The storm event samples were triggered both
automatically and manually since the contributing catchment is steep and has a rapid time of
concentratien however biological data were obtained in most cases only after the peak
flowrate. The flowrate was measured using standard in-sewer flow survey units.
Sludge samples were collected from below the sewer flow in the v i cinity of the sampling point
throughout the sampling period and tested for biological, chemical and physical parameters .
SEWAGE AND SEDIMENT ANALYSIS
Following colleetien of the liquid samples , 10ml amounts were decanted into sterile universal
containers and storedat 4°C in the dark. The remainder was kept in the sampler's plastic
bottle and used for chemical and physical tests. All filtratien for bacterial testing was
completed within 12 hours of colleetien of the set for dry weather flow and 4 hours for storm
sets. No allowance was made for possible changes in bacterial counts due to delays between
sampling and testing. However most samples were subjected to an equivalent delay and since
survival is variable (Van Donseland Geldreich 1970), the errors in numbers are assumed
constant.
For bacterial analysis the standard membrane-filtration technique was used (Standing
Committee 1983). Following dilution in 1% sterile peptone water (Oxoid), three separate
ten-fold dilutions of each sample were filtered onto 0.45um membrane filters. The filters
were then placed onto either sterile absorbent pads saturated with membrane lauryl sulphate
broth (Oxford MM615) for the enumeration of coliforms or Slanetz and Bartley agar (Oxoid
CM377) for the enumeration of faecal streptococci. Following a four hour resuscitation period
at 30°C, coliform plates were transferred to either 37°C or 44°C for 14 hours for the
presumptive enumeration of total coliforms and faecal coliforms respectively. Faecal
streptococci were presumptively identified on filters incubated on Slanetz and Bartley medium
following 48 hours incubation at 44°C. No confirmatory tests were carried out for either
species.
The pollution parameters measured in the aqueous phase of the samples included biochemica!
oxygen demand (BOD), chemical oxygen demand (COD), total suspended solids (TSS) and
ammoniacal nitrogen (NH4). All tests followed standard methods.
Sediment samples were collecteq in jars containing approximately 3kg from which the sewage
had been practically eliminated. Approximately one half of this quantity was placed in a high
speed blender to produce a homogenous sample (Ashley et al 1989), to reduce partiele size and
strip off as much pollutant material as possible from the solid particles. 100ml of the
blended sediment was taken and diluted to 10% before testing using the techniques described
above .
DRY WEATHER RESULTS
The data from the five dry weather flow sets were combined and the average total coliform,
faecal coliform and faecal streptococci counts are shown plotted against time of sampling in
figure 1. For all species, bacterial counts were low during the early morning. A sharp rise
in the number of faecal coliforms and faecal streptococci occurred around 07 . 00 hours, peak
recovery of both species being at approximately 10.00 hours. The average number of total
coliforms also showed a dramatic increase at this time but the peak value was obtained much
later in the day at about 14.00 hours. A second smaller peak was noted for both total and
faecal coliforms at around 20.00 hours.
These data are consistent with other results (Gameson 1978) and we believe that they show
typical daily variations in bacterial counts during dry weather flows in winter and spring.
The ratio of faecal coliforms to faecal streptococci gave values greater than 4 throughout
the 24 hour sampling period indicating, as would be expected, that the pollution was mainly
of human rather than animal origin. Good correlation was also shown between the numbers of
faecal str.eptococci and faecal coliforms c ultured indicating that delays in sampling had not
seriously affected the recovery of faecal coliforms which are known to be more susceptible
to environmental effects than the gram positive cocci.
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In order to standardise values, flows are expressed as percentages of the average dry weather
flow. The variations in percent DWF together with total and faecal coliform counts are shown
in figure 2. The flowrate resulting from the arrival of fresh dornestic sewage reached a peak
at 10.00 hours and coincided with the peak recovery of faecal coliforms and faecal strepococci.
Total coliform numbers however, continued to rise to a peak at 14.00 hours, despite the rapid
decline in faecal co1iforms and faecal streptococci.
The presence of high numbers of coliforms in the absence of faecal bacteria is indicative of
contamination with soi l or decaying vegetable matter as opposed to human or ani mal
contamination. The differences in the variatien throughout the 24 hour period of the three
bacterial types measured suggests that changes in the populations can be related to the
sewage sediment which is known to be present in the sewerage system. We believe that these
observations indicate the movements of sediment containing previously deposited coliforms into
the aqueous phase of the sewage thus causing an increase in total coliform recovery.
High flowrates were maintained until 22.00 hours after which a gradual decrease in flow was
recorded. It is to be expected that this would occur as the proportion of foul flow decreases.
It can be seen that, in contrast to the flows which remaio reasonably constant for twelve
hours in the day, the bacterial counts all show marked peaks.
Linear regression of TSS versus Percent DWF yielded a correlation coefficient of 0.73 (see
table 1). Similar analyses were carried out between bacterial counts and percent DWF. All
three sets of bacterial data showed some degree of correlation at low percent DWF values .
The best correlation was obtained between total coliforms and TSS . The average tota l
coliform counts are shown plotted against total suspended solids in figure 3.
No significant correlation could be made between bacterial counts and any of the ether
pollution parameters measured (data not shown).
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TABLE 1
Flow
Faecal
Faecal
Total
Faecal
Total

coliforms
coliforms
coliforms
coliforms
coliforms

Regression Coefficients
Total suspended solids
Faecal Streptococci
Total suspended solids
Total suspended solids
Flow
Flow

0.73
0 . 69
0.55
0.50
0.32
0.43

STORM EVENT RESULTS
Five storm events were monitored. These events, while being relativel y minor, ie short
duration and low flow volume , were considered to be fairly typical of events which might
cause minor pollution from combined sewage overflows in the United Kingdom . Brief details
of the events are shown in table 2.
TABLE 2
Date

Times
TSS
(mg/1)

17/11/88
13/12/89
9/3/89
12/3/89
11/5/89

15 . 40
18 . 40
11.36
13.38
9.35
11.30
18. 32
22.22
13.56
17.32

Details of Storm Events
Maximum values
Flow
T-Col
F-Col
(per dl x 1E+6)
(1/s)

Rainfall
(mm)

ADWP
(h)

400

570

87

6.1

8.1

112

1700

455

135

4.9

2.2

12

140

420

19

4.3

6.0

18

520

600

42

9.8

3.8

38

800

850

210

77

5.2

456

Thornton and Saul (1986) have identified two types of first foul flush in storm events, type
A having peak concentrations of pollutants less than DWF val ues and type B greater. The
number of storm events observed in this study precludes a generalisation of the bacteria
counts into typical profiles as has been done with the standard water pollution parameters
for which more data are available. Additionally, due to differences in flowrate , rainfall
and event duration, results cannot be averaged as with the dry weather flow data. However
a number of observations can be made on the storm event data.
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Figure 4 shows a typical plot of the data obtained. There is strong evidence of a first foul
flush effec~ in this event with the TSS having a very high maximum close to the peak fl owrate,
receding to a typical average of 150mg/l corresponding to a reversion to dry weather fl ow.
Similar increases might be expected to occur with the bacterial parameters meas ured, however
the peak TSS concentratien is not reflected in the bacteriol ogical data. The faecal
coliform count remains reasonably constant at around 3 million per dl and if anything shows

a tendency to rise towards the end of the event . The total coliform count exhibits more
fluctuation than faecal coliforms with two minor peaks at times which show no correlation
with flowrate. It can be concluded that the total coliform count shows considerable
fluctuation during a storm event and that faecal coliforms show very little variation at all.
SEDIMENT DATA
In the bacteriological examination of sediments the recovery of organisms will be greatly
affected by the ability or otherwise to dislodge bacteria attached to particulate matter .
The counts of total coliforms varied from 0.91 to 2630 million per dl with an average of
650 million for the eleven samples for which data were available. In general it can be
stated that the counts vary depending on when the sediment was taken. Those taken after
longer antecedent dry weather periods tend to be higher. The results however are not
necessarily consistent and the recovery and survival of bacteria would appear also to be
dependent on the physico-chemical nature of the sediment.
CONCLUSIONS
The principal aim of the study was to determine whether variations in the bacterial content
of sewage effluent and sewer sediments could be correlated with parameters such as flowrate
and time . It can be concluded that such a correlation can be made for dry weather flows
and a daily variation for winter and spring conditions is presented here. No consistent
variation could be determined for the storm events studied.
A study of the dry weather flow bacterial data has shown that deposition and erosion of
in-sewer sediment can be inferred for different times of the day. Between 10.00 and 22.00 hrs
both flow and total suspended solids remain relatively constant. During this period however
the total and faecal coliform counts reach peaks at different times suggesting that during
the first part of the period fresh sewage solids are being washed down but at later times the
previously deposited sediment bed is eroded . Between 22.00 and 10.00 hrs the bed deposits
accumulate.
The sediment results are not consistent, both recovery and survival of the bacteria are very
dependent on the physico-chemical nature of the sediment.
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ABSTRACT'

Biogeochemical processes, affecting metal spedation in a gullypot system and at stormwater outfalls, are
investigated. Ionic Pb and Cu species released from road sediments by acid rain are scavenged by dissolved
organic materialand suspended solids as aresult of a rise in pH through the road/gullypot system. Cadmium
and Zn tend to remain in the dissolved phase. Bacterial activity and acid dissalution produce increases in
dissolved metal in the gullypot liquor and it is these metals which contribute to the early storm profile. Metals
in basal gullypot sediments are readily mobilised during high volume/intensity storrns. The resulting
stormwater contains dissolved ionic forms of Cd and Zn, while Pb is mostly adsorbed to suspended solid
surfaces. Copper also binds to solids, although approximately 50% is transported by dissolved organic material
(molecular weight ~ 1000-5000). For the separation of directly toxic metal species, anodic stripping
voltammetry at polymer coated electrades is preferred. Lead and Cu are present as iron/humie colloids and
organic complexes respectively, which are not directly toxic to algae. Cadmium is predominantly ionic and
inorganically complexed and therefore directly toxic. It is recommended that the highly toxic lipid soluble
metal species should be analysed in stormwater.
KEYWORDS
Metals, speciation, gullypot, stormwater, anodic stripping voltammetry, toxicity.
INTRODUCTION
Stormwater runoff flushes heavy metals from impermeable surfaces and discharges them in both solid and
dissolved form directly to a receiving water body. The resulting heavy metal loadings may represent a
significant amount of the total metal entering local receiving waters (Ellis et al 1986). Nevertheless, the
evaluation of the controls on, and the impacts of, toxic heavy metals discharged to urban receiving waters by
stormwater runoff has received relatively little attention.
Spedation analysis on metals in urban runoff provides information relevant to the biologica! and geochemica!
processes in stormwater. These processes give rise to species transformations throughout the whole storm
drainage system. More importantly, certain metal species, such as ionic and lipid soluble forrns, exert a greater
toxicity toaquatic organisms. Camparisans of bioassay analysis (using algae) with physicochemical spedation
measurements, have shown a number of direct correlations (Morrison and Florence 1988). Although the
comparisons for the entire range of aquatic organisms have not been made, it can be argued with certainty
that ionic metal species represent a highly taxie form to aquatic organisms (Bascombe et al 1988).

EXPERIMENTAL
Catchment characteristics
Processes affecting metal spedation were studied in the immediate vicinity of a roadside gullypot. The
gullypot, which has a standing volume of 42 litres and drains a 390 m2 asphalted surface, is situated in a
parking lot at Chalmers University of Technology, Göteborg, Sweden.
Metal spedation was determined for discharges sampled from the stormwater outflow pipe of two urban
catchments. One residential catchment was chosen in England and one in Sweden; both catchments are
suburban housing areas developed for central city population overspiU during the 1950-1970 period. Oxhey
(UK) is a 250 ha, 18% impervious, residential catchment, situated in the north west fringes of Greater
London. Bergsjön (Sweden) is a 16 ha, 42% impervious multi-storey residential catchment in the north eastern
suburbs of Göteborg.
Full details of the instrumentation for collection of rainfall, road sediment and stormwater, and continuous
monitoring of pollutants are described in Morrison (1985).
Metal spedation analysis
For the gullypot and stormwater samples an analytical spedation scheme was devised, which separates the
dissolved fractions on the basis of their complexation strength and the suspended solid phase according to
ease of metal release. The spedation scheme has been fully described elsewhere (Morrison 1985). The soluble
phase is divided into three fractions known as the electrochernically available, chelex removable and strongly
bound fractions, respectively. The three different fractions obtained sequentially for the particulate phase are
termed exchangeable, carbonate and hydrous metal oxide and organic fractions, respectively. The three
fractions derived from both of these phases represent metal species of decreasing bioavailabilty.
Gel filtration chromatography was used to separate each sample into molecular weight ranges of 100-5000
(Sephadex Fine G25) and 500-30000 (Sephadex GSO). Further details of the procedure and calibration have
been described elsewhere (Morrison and Diaz-Diaz 1988).

CHEMICAL AND PHYSICAL PROCESSES AFFECTING METAL SPECIATION
A number of cantrolling processes for metal spedation have been identified by a detailed study of metal
transport through a gullypot system (Morrison et al 1988). Metals in precipitation, which result from the
dissalution of readily soluble airborne solids (Harrison 1983), are generally only present in low concentrations
and tend to be swamped in stormwater by the abundance of metals in road dusts. However, an intrinsic
characteristic of N E uropean rainfall is acidity (for instance, at the gullypot site the pH range was 3.8-4.9)
which assists the solubilisation of road dust associated metals. Most of this released dissolved metal remains
as free ionic and weakly complexed inorganic/organic species in road runoff.
Metals attached to road sediments were found (by the analysis of mass flow data) to bewasbed off the road
surface and flusbed through the gullypot, either at the end of the dry period or after short term starage in
the gullypot. During transport through the road surface/gullypot system, ionic metal is dramatically affected
by changes in pH and dissolved organic carbon concentration. Poorly buffered rainwater is rapidly neutralised
on contact with road dust derived organic and inorganic salts. Further buffering occurs in the gullypot. As a
direct result of the rise in pH, ionic farms of Cu and Pb rapidly adsorb to suspended solids, although Cd and
Zn tend to remain in solution. Release of dissolved organic carbon in the gullypot liquor allows further
remaval of ionic Cu and Pb by complexation. Consequently the ionic metal species found on the road surface
are transformed to organically complexed and suspended solid associated species by the time they pass into
the gullypot outflow (Morrison et al 1988).
The gullyp'ot contents, which camprise both retained rainwater (liquor) and road sediment (basal sediment)
with its associated interstitial water, make a significant contribution to sewered flow during the prelirninary
stages of a storm event. These contents undergo significant biogeochemical changes, particularly during
prolonged antecedent dry periods, with evidence of anoxic conditions (Harrop 1984). Anaerobic degradation

of chamber sediments can result in the release of soluble organic compounds which allows the accompanying
release of dissolved metals. The release of dissolved metal into the gullypot liquor follows an exponential
curve according to equation (1) and is relatively rapid during the first few days of a dry period. The
relationship can bè interpreted by a double redprocal plot of dissolved metal concentration against time
(Morrison et al 1988) and for Cd this provides values for the maximum dissolved metal concentration and
time0.5 of 9.7 1Jgl·1 and 76.9 h, respectively.
(metal]

maximum [metal] x time

=

(1)

time0.5 + time
where time0.5
metal

= time to reach half maximum metal concentration
= dissolved metal concentration at time t

When the gullypot contents are disturbed at the onset of storm activity the enriched gullypot liquor and
interstitial water are overturned and released. These waters can have a high metal concentration, depending
on the available metals in the basal sediment and the length of the preceding dry period. Typical maximium
(metal] ranges for the gullypot were; zinc = 79-407 IJgl·\cadmium = 4-13 IJgl·\ lead = 120-192 /Jgi·\
copper = 278-455 IJgl·'. In addition, significant levels of dissolved organic carbon (up to 41 mgl.1) and
suspended solids (up to 2145 mgl.1) are observed.
Further releases of metal, in excess of the incoming road runoff, occur under heavy flow conditions (for
example, during high intensity summer storms) when the gullypot basal sediment is overturned and released.
An example of the release of Pb associated with basal sediment is shown in Figure 1.
METAL SPECIATION IN STORMWATER
Me tal spedation analysis of urban runoff from catchment outfalls in England and Sweden generally show the
fractional distribution illustrated in Figure 2. The proportioning of the metal fractions was fairly camparabie
between individual storm events and catchments, although considerable in-storm variation can exist. Both Zn
and Cd were found to be mainly present in the soluble phase with a predominanee of ionic species. The high
toxicity of Cd combined with its tendency to remain as ionic species makes this metal a considerable threat
to receiving water biota and to general water quality.
Lead is predominantly suspended solid associated with, on average, only 12% found in the dissolved phase.
However, the suspended solid phase is largely dominated by Pb species which are weakly adsorbed to solid
surfaces. This form may be released into the water column when suitable conditions for solubilisation occur,
such as heavy discharges of chloride during snowmelt or under reducing conditions in sediments.
Copper is fairly evenly distributed between the soluble and insoluble phases, with 34% present in weakly
complexed dissolved forms. It should be stressed though that the Chelex-100 ion exchange procedure used
to determine ionic metal may remove Cu from Cu-fulvic acid complexes, which are non-toxic to algae
(Florence et al 1983).
Analysis of the molecular weight distribution of dissolved organic material in stormwater, by gel flitration
chromatography, shows the presence of two organic fractions at :::: 1000 and 3000 daltons respectively
(Morrison and Diaz Diaz 1988). Both these fractions have copper complexation characteristics and
undoubtedly dissolved Cu in stormwater preferentially associates with these organic fractions.
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Fig. 1. Contributions of road runoff and gullypot contents to
suspended solid Pb loadings in gullypot outflow
ISOLATION OF TIIE TOXIC METAL FRACTION IN STORMWATER
The ultimate justification for all speciation measurements is to identify those metal species which are likely
to have adverse effects on biota. In lower organisms such as algae, interactions of metal species with
individual cells are important. As the primary impact of metals will be at this trophic level, this is where the
thrust of speciation-toxicity studies should be placed.
Table 1 summarises the spedation methods which seem to provide most promise in deterrnining the toxic
metal fraction. Bioassay is the definitive means of deterrnining metal toxicity to aquatic organisms, but it is
time-consurning and imprecise and, particularly in urban runoff samples, it may be affected by toxic pollutants
other than metals, e.g. hydrocarbons.
<

ASV is still the most favoured spedation metbod because of its inherent capability, both of sparating
dissolved metal species and of analysis at low metal concentrations with little or no sample pretreatment.
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Fig. 2. Metal spedation distribution in stormwater

The versatility of ASV is demonstrated by the response of different electrode types to the Cu complex of
NTA which has been shown to he non-toxic from bioassay studies (Morrison and Florence 1988). This
complex is labile to a hanging mercury drop electrode, quasi-labile to a mercury film electrode (MFE) and
inert to a Nafion-coated MFE (Morrison and Florence 1989). The Nafion polymer coating on the MFE is
negatively charged and rejects the negatively charged Cu-NTA complex, giving a more realistic estimation
of the non-complexed toxic Cu levels. However, in stormwater neutrally charged Cu-fulvic acid complexes
would be expected to dorninate and these are reduced at the Nafion-coated MFE (Morrison and Florence
1989). A more satisfactory separation of the Cu-fulvic acid complex is obtained at a cellulose acetate-coated
MFE, the cellulose acetate coating preventing the electrochernical reduction of the non-toxic Cu-fulvic acid
complex by size exclusion.

TABLE 1 Spedation methods for determining toxic metals

Spedation metbod

Species analysed

Comments

Bioassay

Toxic metal species
may be affected by other
toxic pollutants

Time consuming, imprecise

Ion selective
electrode

Free metal ion
enough, > 10-6M

Not usually sensitive

Dialysis

Dialysis with receiving
Metal species that
resins (Morrison 1987)
can traverse a
dialysis membrane
underestimates metal
bioaccumulation (Morrison
and Florence 1988)

Ion exchange
(a) Chelex-100

Separates colloidal
and strong
complexes

Overestimates toxic metal
fraction (Florence et al
1983)

(b) Aluminium
hydroxide resin

Retains metal
complexes with log
stability constant
> 10

Estimates toxic fraction
for Cu, but not for Zn,
Cd or Pb (Morrison and
Florence 1988)

ASV

Ionic and certain
weakly complexed
metal species
(Morrison and Florence
1988)

Under specified
conditions may estimate
the toxic fraction

Solvent extraction
(eg octanol)

Lipid soluble
complexes
separate highly toxic
lipid soluble species

Solvents with suitable
dielectric constants

Metal spedation measurements, using the different electrodes, for a stormwater channel sample (Morrison
and Florence 1989) are presented in Table 2. Cadmium was labile to both the Nafion-coated MFE (55%)
and the cellulose acetate-coated MFE (29%) which indicates the presence of ionic and inorganically
complexed metal. Lead was only weakly detected at the Nafion-coated MFE at a deposition potential of0.65V, whereas at the MFE, it was 6% labile. Iron/humie colloids carry a net negative charge and the
negatively charged Nafion may therefore exclude these colloidal complexesof Pb, although they aretosome
extent reduced at the MFE. The low lability of Pb to the cellulose acetate-coated MFE is due to colloidal
associated Pb exclusion on the basis of size rather than charge. Copper was found to be less than 0.2% labile
to the cellulose acetate-coated MFE, which confirrns that inorganic forms of Cu are almost completely
absent.

TABLE 2 Metal spedation fora stormwater channel sample. determined
b.y ASV at coated and uncoated MFEs in O.OlM phosphate buffer. pH 7

Metal concentration, J.'gl·1
Cadmium

Lead

Copper

Total dissolved

0.45

0.95

MFE
labile
labile, -1.2V

0.07
0.03

0.05
0.12

0.04
2.7

Nafion-coated MFE
labile
labile, -1.2V

0.25
0.25

<0.02
0.07

0.1
0.7

Cellulose acetate-coated MFE
labile, -1.2V

0.12

0.04

< 0.03
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LIPID SOLUBLE METAL SPECIES
Lipophilic organometallic species such as methyl mercury are usually extremely toxic, undoubtedly as a result
of their ability to diffuse rapidly across the biomembrane. As little as 2 J.'gl·\ as the 8-hydroxyquinoline
complex, is highly toxic to the marine diatorn Nitzschia closterium (Florence et al 1983) whereas this diatorn
can normally withstand an ionic copper concentratien of up to 30 J.'gl·1• Lipophilic metal species have
bioconcentration factors between 106 and Hf in fish whereas ionic metal is transported across the cell
membrane at a slower rate and provides bioconcentration factors of between 1Q2 and lOS (Morrison 1989).
Lipid solubility has been estimated in water samples by solvent extraction using solvents with similar dielectric
properties to a lipid bilayer, for example, octanol or butanol/hexanol (Florence 1986). The high toxidty of
lipid soluble metal complexes, despite low concentrations, means that they may be an important consideration
for stormwater samples. At present we are investigating this possibility.
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ABSTRACT.
Measured absolute concentrations and the distributions of sedimentation
rates (DSR's) of suspended solids (SS) and heavy metals in Combined Sewer
overflows (CSO's) show a streng variatien between events. These variations
can be explained partly by a relationship between the maximum discharge
rate during an overflow and a) the concentrations of ss and the heavy
metals Pb and Zn and b) the fraction of the DSR with high settling rates
and the associated Pb concentrations. However no unambiguous relationship
between the DSR for the ss concentrations and the associated heavy metal
concentrations has been detected. In contrast to the general experience a
specific association of heavy metals with the fine fraction (low settling
rates) in the ss of CSO's has not been found. The measured DSR's of ss and
heavy metals have been used as input to a rece~v~ng water quality model.
The simulated response is satisfactory, with regard to ss concentrations
but not for heavy metals.
KEYWORDS
Combined Sewer Overflows; Suspended Solids; Heavy Metals; Distribution of
Sedimentation Rates; Receiving Water Quality Modelling
INTRODUCTION.
Previous research on combined sewer overflows (CSO's) has shown that the
suspended solids (SS) concentrations in overflowing waters are much higher
then in these of effluents of sewage treatment plants. Hence cso•s are
major contributors in the pollutional load discharged into receiving
waters. Concentratiens of over 500 mg/1 ss have been measured in
overflowing water (DeFilippi and Shih, 1971; Field and Struzeski, 1972;
STORA, 1984; NWRW, 1986). The pollution of the receiving waters as a
result of the discharge of ss includes the following effects:
- Enhanced concentrations of ss lead to deterioration of light conditions,
which may cause damage to the submersed flora.
- As a result of bio-degradation of the organic fraction of the SS
(frequently > 50%) a depletion of the dissolved oxygen concentratien is
expecteq. Two processes are involved:

a) Degradation of poorly and non-settling solids in the water-phase.
b) Enhanced Sediment Oxygen Demand (SOD) as a result of a newly formed
layer of readily degradable material (Harremoës, 1986).
- Suspended Solids are known te be carriers of micro-pollutants such as
heavy metals, which tend te accuroulate in the sediment after settling.
Aquatic organisms may be detrimentally affected, when exposed te toe
high concentratien levels of these micro-pollutants (Visser, 1987) .
- Furthermore it is known that bacteria and viruses are attached te SS in
cso-water. It has been shown that especially the sediment near the
outlet is more or less continuously contaminated with fecal coliforms
due te the long survival times in the sediment (Lijklema et al, 1987) .
The short term processes involved in the spreading of pollutants around
and downstream of the point of discharge are (a) advective transport, (b)
dispersive transport, (c) sedimentation and (d) resuspension. The
processes a,b and d are site specific processes which are heavily
influenced by flow conditions and the local geometry of the receiving
water. The process of settling however, is less site specific and more
universa! although a certain variatien related te the composition of the
pollutant lead (particle size distribution, organic fraction, density of
particles) must be expected. Hence experiences with settling at ene site
can be used te a certain extent for predictions elsewhere.
Aalderink et al . (1986) showed that a description of the sedimentation
through a first order linear differential equation with the averaged
sedimentation rate does net yield satisfactory simulations.
Hence in this research the emphasis has been on measuring the settling
properties of the SS lead from CSO events in order te gain insight in the
process of sedimentation. The ultimate goal is te translate this knowledge
into a receiving water quality model for the predietien of the
distribution and fate of polluting compounds after the occurrence of
overflow events.
LOCATION.

The combined sewer system of the village Loenen in the Netherlands serves
approximately 2000 inhabitants and drains an impervious area of
approximately 16 ha. In case of surcharging due te heavy rainfall the
system spills over into a detention pond (fig 1) by way of a single
overflow.
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Schematic representation of the detention pond divided
into three imaginary compartments, with monitoring
platforms P1 and P2

The water level in the sewer system is registered by a pressure sensor.
Upon surpassing the crest level of the overflow weir, an automatic
sampling equipment is triggered. The overflowing water of eight events in
the period november 1986 - october 1987 was sampled proportionally te the
overflqwing volume. In the receiving pond samples were taken at constant
time intervals at platforms P1 and P2 (fig. 1) during and after four of
these overflow events.

MATERIALS AND METBODS.

Measuring DSR's involved sampling from a settling tube at selected time
intervals andjor depths, in order to subdivide the suspended particles in
a number of fractions with different sedimentation rates. In this research
most of the samples were subdivided in 6 fractions. The principle of
measuring the distribution of sedimentation rates using settling tubes is
illustrated in figure 2. At time T=O a settling tube of height H=40 cm and
diameter 0=8 cm is filled with 2 liters of the representative sample of
the overflowing water. At time T=Tl, and at time T=T2 samples of 100 ml
(in duplicate) are taken from respectively settling tubes No.1 and No.2 at
a depth Ds.

TaO
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Principle of measuring the distribution of sedimentation rates using settling tubes.

It can be assumed that these samples will contain only particles with
settling rates below respectively Ds/T1 and Ds/T2. Next the samples are
filtered over a 0.45 ~m membrane filter and ss concentrations are obtained
by weighing after drying at 105 ·c for a period of 2 hours. In order to
determine the heavy roetal concentrations associated with ss, the filters
are destructed with an exes of HN0 3 and HCl (1:4), fellewed by atomie
absarptien spectrophotometry (AAS-graphite furnace for Cu, Pb and Cd, AASflame for Zn). This procedure has been fellewed for five different
combinations of sampling time and/or depth as shown in table 1 and results
in cumulative distributions of settling rates of the SS and associated
heavy metals for the cso event.
Table 1 Sampling scheme of settling tubes for the

assessment of the distribution of sedimentation
rates (DSR) and the mean sedimentation rates
tube

sampling
depth

sampling
time

nv.

[m]

[min]

maximum
settling
rate
[m/d]

1
2
3

0.30
0.30
0.30
0.30
0.10

13.5
27.0
54.0
216.0
288.0

< 32.0
< 16.0
< 8.0
< 2.0
< 0.5

4

5

mean
settling
ra te
[m/d]
64 . 0
22.6
11.3
4.0
1.0
0.25

MODEL DESCRIPTION.
The receiving detention pond has been modelled as a six oompartment system
in two layers. Transport of mass is allowed between all adjourning
compartments except horizontal advective (A) and dispersive (D) transport
in the bottom layer (figure 3). This layer is to be stagnant, in
accordance with observations. The rising and falling water level yields a
changing volume of the upper layers of the compartments and is accounted
for by a storage term (DH) in the differential equations.
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Transport between compartments in the receiving water
quality model of the detention pond where:
A
= advective transport
D
= dispersive transport
S
= sedimentation
Qov = overflow rate (time variable inflow)
Qs
= seepage rate (constant inflow)
Qout = outflow rate (dependent of the water level)
DH
= storage term

The process of sedimentation is commonly modelled as a first order linear
differential equation as shown in equation 1.
dSS/dt

=

-(v./H).SS

ss

=
=
=
=

suspended solids concentratien
mean sedimentation rate
water depth
time

v.
H
t

( 1)

[g/m3]
[mj day)
[m]
[day)

In previous research on the effect of CSO's, also conducted at the
detention pond in Loenen (Aalderink et al . , 1986), it turned out that the
description of the settling process by equation 1 is not satisfactory.
This was explained by the fact that the SS is an inhomogeneous mixture of
particles with different sedimentation rates. The particles characterized
by high settling veloeities will settle first, which leads to a gradual
decrease of the mean settling velocity. Hence a second order description
was used (eq.2):
dSS/dt
kv.

=
=

-(kv./H)

.ss 2

proportionality constant

(2)

[ (mj day) 1 (g/ m3) )

Although this formulation improved the simulation results, the description
is empirica! and physically not meaningful . Furthermore it becomes
impractical when one wants to study the fate of pollutants attached to the
suspended material. Hence the concept of the distributed settling rates
for the particles was expressed in the model by equation 3 :

dSS/dt

=

=
=

(3)

ss concentratien of fraction i
mean settling velocity of fraction i

[g/m3]

[mjday)

With this concept the measured distribution of sedimentation rates of
suspended solids can be used as an input to the model . The total SS laad
is subdivided into a number of fractions, each characterized by its mean
settling velocity.
The mean sedimentation rates are defined as the geometrie means of the
boundary values of the measured distribution (table 1) .
RESULTS OF DSR MEASUREMENTS.

The overflow characteristics and the measured mean event concentrations of
suspended solids and the heavy metals are summarized in table 2 . The
measurements show a streng variatien for bath the concentrations of ss and
heavy metals . All measured cadmium concentrations in the cso samples were
less then the detection level (0.5 ~g/1). This is a positive result that
indicates that cso•s are nat an important souree of cadmium pollution at
this location.
Table 2 Characteristics of the sampled overflow events:
overflow volume (Vcso), event duration (Desa),
mean event discharge rate (Qavg) and maximum discharge rate (Qmax), mean event concentrations of
suspended solids (SS) and associated heavy metal
concentrations capper (Cu), lead (Pb) and zinc
(Zn).
overflow characteristics
cso
date
No ddmmyy
CS01
CS02
CS03
CS04
CS05
CS06
CS07
cso8

191186
nov-86
191286
120587
220787
180987
200987
151087

mean event concentrations

Desa
Qavg
Qmax
ss
Cu
Pb
Zn
[min] [m3jmin] [m3 jmin] (mg/1] (J.Lg/1] (~g/1) [~g/1)
780
400
380
1113
754
1560
3730
884

248
84
65
175
142

4.5
9

24
21.5
6

19
22
33
120
15

71
62
70
242
197
268
828
65

88
100
66
105
26

32
26
17
62
79
106
326
35

112
64
62
346
371
463
961

For a camparisen of the measured DSR's the cumulative distributions of ss
and heavy metal concentrations were normalized by div iding them by the
mean event concentrations (table 2) followed by differentiation per
fraction producing the contribution of each fraction of the DSR as a
percentage of the total laad of SS and heavy metals. The resulting
normalized DSR's are presented as bar graphs in figure 4. These graphs
show a streng variatien of the distributions of sedimentation rates
(DSR's) over the overflow events as well as over the different pollutants
of the cso discharge. In some cases the DSR of ss is similar to the DSR of
the heavy metals (CS04 and CS06) indicating that heavy metals are divided
proportionally over the fractions of the suspended solids. In ether cases
it seems that the poorly and non settleable fraction of the SS laad is
enriched w~th heavy metals (CS05 and CS07), while the readily settleable
fraction is poor in heavy metals .
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SIMULATION RESULTS.

With the forementioned water quality model four cso events (CS04, CS05,
CS06 and CSOS) have been simulated. First the transport parameters were
assessed by fitting the simulated response curves of the Electrical
Conductivity (EC) to the measured response curves of platform 1 (figure 1)
using the Simplex optimization method (Nelder and Mead, 1965). These
parameters are the thickness of the stagnant sublayer and a coefficient
descrihing the dispersive exchange of mass between the top layer and the
bottorn layer. This resulted in a best fit with a mean event deviation o f
less then 10% for each simulated response curve (example fig. Sa).
The measured distributions of sedimentation rates have been used as input
for the receiving water quality model. It should be stressed that for
these simulations no additional curve fitting has been performed. The
simulation results for the ss concentrations were more or less
satisfactory for all events. There is a tendency for a slight
underestimation of the measured ss concentrations. This may be c a used by
flocculation effects in the settling tubes during the measureme nts of t he
DSR.

When flocculation occurs during these measureroents, this will result in an
underestimation of the slowly settling fraction of the DSR which in turn
will lead to an underestimation of the tail of the response curve . As an
example the siroulation results for CSOB are presented in figure 5 .
It is clear that without additional curve fitting the siroulation of the
response curves of the heavy metal concentrations Cu and Pb are
satisfactory. However the siroulation results of the heavy roetal concentrations following the events CS04, CS05 and CS06 were less satisfactory
and in some cases very poor indeed. The heavy roetal concentrations
following event CS06 are strongly underestiroated by the siroulation results
while the opposite was found for the siroulated Cu and Pb concentrations
following event CS05.
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DISCUSSION.
A regression analysis between overflow characteristics and measured
concentrations showed a positive correlation between maximum discharge
(Qroax) during overflow events and the concentrations of ss and some of the
heavy metals associated with ss. This correlation is explained by the fact
that high overflow discharge rates are a result of high rainfall
intensities which will cause a more intensive washout of accumulated
pollution froro the iropervious area. Also, with increasing strearo
veloeities in the pipes, settled material will be scoured more readily.
One has to keep in mind that the different pollutional compounds arise
from different sources. For instanee lead (Pb) is thought to originate
from rootorized traffic and zinc (Zn) from eerrosion of galvanized fences
and gutters, whereas the copper pollution of the overflowing water sterns
mainly from the dry weather flow. This means that the aforeroentioned
relationships will not be equally strong for the concentrations of all
compounds in the cso discharge.
When the fractions of the DSR's are related individually to the maximum
discharge during overflow events only the readily settleable fractions

(Vs > 32 [m/d)) of the SS lead and the SS related Pb lead seem to be
related with Qma~. An explanation is that the leads of SS and Pb result in
part from scouring of coarser particles whereas the increased lead of Zn
due to heavy rainfall is distributed uniformly over the fractions of the
DSR. The mean event concentratien of Cu associated with SS seems to be
independent of the maximum discharge rate.
CONCLOSIONS.

The measurements of the DSR's of suspended solids show that generally the
lead of SS discharged by CSO's exist for 30% to 50% of readily settleable
particles (Vs > 16 [m/d)). This means that a large part of the ss lead
will settle near the outlet . The settleability of the lead of ss is partly
related with the maximum overflow discharge rate. The heavy metal
concentrations in CSO's exhibit a streng variatien in their distribution
over the different fractions but a substantial part of the discharged
leads of Cu, Pb and Zn (30% to 50%) is associated with the readily
settleable fraction. It has been shown that a relationship exists between
the dynamics of the overflow events and the mean event concentrations of
Pb and Zn. A positive correlation exists between the maximum discharge
rate and the Pb fraction with high sedimentation rates.
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Abstract
As a result of the urbanization, the pollutant discharges from sourees such
as treatment plant effluents and polluted stormwaters are responseble for
an unacceptable water quality in the receiving waters. Specially, combined
sewer systems through overflows may produce a great damage due to a shock
effect. To reduce these combined sewer overflow discharges, the mostly
applied method, is to build stormwater storage tanks.
During storm wa:ter runoff, the hydraulic load of waste water treatment
plants increases by additional retentien storage. This might decrease the
treatment efficiency and thereby decrease the benefit of stormwater storage
tanks. The dynamical dependenee between transport, storage and treatment is
usually not taken into account. By the planning of treatment plants and
calculating storage capacities, this dependenee must be accounted for to
minimize the total pollution load to the receiving waters.
A numerical model will be described that allows to continuously calculate
the BOD discharge. The pollutant transport process within the networks and
the purification process within the treatment plants are simulated. The
results of the simulation allow to statistically balance the efficiency of
stormwater tanks with the treatment plant capacity and to optimize the
dimensioning and the operatien of combined sewer systems and treatment
plants.
Introduetion
The treatment capaci ties of waste water treatment plants are much lower
than the transport capaci ties of c ombined sewer systems. To reduce peak
flows and to minimize the pollutant discharge, storage tanks can be
constructed . The dimensioning of a tank has to be carried out
as
economically as possible.
Design cri ter ia for overflows, nowadays often based on threshold values
related to volume, frequency, duration and pollution load. The filling and
emptying processes of storage tanks and the overflow processes have to be
analysed with the respect to their influence. The treatment plant discharge
under storm condition, is not taken into account. By increasing the storage
capacity, the stored storm water, which after the rainfall is relieved to
the waste water treatment plant, actually deteriorates the treatment
efficiency and increases the pollutant discharge in comparison to the
normal dry weather load.
Through l~ngterm simulation, the behaviour of storage tanks, overflows and

analysed.
The
plant
can
be
statistically
waste
water
treatmemt
characteristic behaviour of various starage capacities and waste water
purification sytems, can be taken into account by specific system
parameters.
Simulation concept
A mathematica! model which describes the temporal evolution of the system
through functions, can quantify the effects on the combined sewer systems.
A simualtion of the behaviour of the whole system, gives a better
understanding of the relationships between the transport, starage and
treatment of storm runoff. Each modification of the state of the syst em is
called a process. The processes which are simulated in the modelization,
are shown schematically in Figure 1.
The main parts of the waste water system are:
Atmosphere,
Surface,
Urban Canals,
Combined Overflows,
Waste Water
Treatment Plant and Receiving Water.
The eause-effect of the transport
and degradation of substrates, can be
varried in the different parts of the waste water system.
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Fig. 1. Systematic of the rainfall-runoff process
(the relationship between the different parts of the system)

The Precipitation-Runoff-Transport-Process (P-R-T-Process) describes the
quantity
process.
~he
Pollutant-Transport-Purifikation-Process
(P-T-P-Process) describes the quality process~
For the simulation of the P-R-T- and P-T-P-Process, a hydrological model
KOSIM/MWSIM is presented. For the simulation of the surface runoff
(equation 1) and sewer transport (equation 2), a continuous reservoir model
was used. The pollutant concentrations of storm waters (equation 3,4) and
sanitary sewage were superimposed (equation 5). The inflow hydrographs are
routed through the storage tanks and further through the treatment plant.
Figure 2 shows schematically, the flow direction of a single sludge system.
The waste water treatment process is simulated as an activated sludge
process (equation 6,7 , 8). The yield coeffizient Y describes the dependenee
between the concentratien of dry solids and dissolved substrate.
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The biologica! remaval of suspended solid (SS) is depending on the
hydraulic load of the sedimentation tank (equation 9) (LINDHOLM), under the
assumption of an equivalent of 1 mg SS per 1 mg BOOs.
Case study
A continuous time series of five
hypothetical combined sewer system.

years

of

runoff

was

modeled

for

a

catchment parameters:
impervious area 100 ha, average storm runoff pollutant concentration= 30 mg
BODs/1, average yearly amount of the precipitation= 846 mm, average runoff
coefficient psie= 0.85, central starage tank befare the treatment plant .
demografical data:
Population density= 100 pejha, daily amount of sewage per inhabitant 200
1/(pe day), sewer infiltration water flow= 100% of dry weather flow, sewage
pollutant concentration= 400 mg BOD/1
waste water treatment plant:
Maximum allowed inlet is 2 * dry weather flow= 205 1/s (2Qs,14+Qf)
surface laad of the clarifier = 0,6 m/h, aeration tank= 1016 m3.
variatien of parameters:
The specific starage volumes of the detention tank were investigated for a
range between 0 and 100 m3jha . Sludge loading rates between 0.15 and 0 . 50
kg BODs/kg dried matterjday were assumed <~ Figure 3). The maximum allowed
inlet to the treatment plant was varied between n=1,5 (195 1/s) to n=2,5
(245 1/s) (nQs 14 +Qf) (-+Figure 4). The surface load-rate on the clarifier
was taken between 0.4 and 0.8 m/h (~Figure 5). The application of
percolatien
was
investigated
by
changing
the
average
runoff
coefficie~t(~Figure 6).
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Results
The total pollution discharge of combined sewer systems to receiving waters
can be decomposed into treatment plant effluent and combined sewer
overflows. The total pollution amount is shown in the figures 3-6. It will
be noted that the total pollution discharge of BOOs gives small benefits by
increasing the storage capacity. This result is only possible, when the
whole system has been simulated. If the storage capacity is smaller than
3,5 m3/ha, the total pollution discharge decreases by increasing the
maximum inlet to the treatment plant. In case of great capacities (greater
than 15.5 m3/ha) the maximum inlet to the treatment plant can be reduced.
The efficiency of the clarifier is very important for the total pollution
discharge. The benefit of the tanks can be reduced and in extreme cases, it
even comes to a negative benefit, with the respect to the total pollution.
The effect of the infiltration of the overflow quantity and the pollution
discharge from the treatment plant is much higher than the effect of the
additional storage capacity. In figure 7, the volume of the dete ntion tanks
for various systems is shown. Under the assumption that a total pollution
discharge of 196 kg/hajyear to the receiving waters, the volumes of
detention tanks are different .
Conclusion
A model is presented to optimize the dimensioning of the detention tanks
within the netwerk by taking into account the total pollutant lead from the
whole sewage system (combined sewers and treatment plant). The procedure is
based on the minimization of total BOOs discharges to receiving waters.
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ABSTRACT.

A simple model, based on tanks in series, for the estimation of mean annual
loads and frequency distributions of loads from combined sewer systems is
presented. The input data, dry weather flow, dry weather quality and storm
water quality are estimated from treatment plant influent data. Two similar
methods for the estimation of flow average storm water quality were tested by
using treatment plant influent data generated by the model and comparison with
the model input. Both methods are based on daily maas balances, but differ
slightly with respect to the averaging procedures used. The performance of
both methods is about the same. They show a small bias but the variability
introduced is small as compared to the variatien occurring in real storm water
quality data. Application of one the methods on field data revealed no
distinct relationships between the flow averaged storm water quality
concentratien and the dry weather period or the total daily rain depth. By
combination of continuous and Monte Carlo simulation techniques the model can
be used to estimate mean annual loads and frequency distribution of loads from
combined sewer overflows. For the extreme events a large 90 % confidence
interval was found due to the large variations in storm water quality.
KEYWORDS.

Combined sewer overflows, Continuous Simulation, Monte Carlo Simulation,
Estimation of Storm Water Quality.
INTRODUCTION.

The statistica! properties of urban storm water pollutants are very important
for the description of their impact upon receiving water bodies. nepending on
the rates of the underlying processas in the receiving water, the mean annual
load (for slow processes) or the frequency distribution of the loads (for high
rate responses) should be known in order to evaluate the effect upon the
receiving waters (Hvitved-Jacobsen, 1986, Aalderink et al., 1985 and Lijklama
et al., 1988). Due to the stochastic nature of storm events, the aasesament of
the magnitude and characteristics of urban runoff loads is not easy. Intensive
maasurement of flows and direct sampling of overflow concentrations are
needed. Long records of measured loads are required to estimate average annual
loads or the statistica of extreme events.
An alternative for this time consuming task is the use of storm water quality
models. An estimation of the statistica! characteristics of the pollutant
loads can be obtained by either a statistica! or a deterministic approach. The
statistica! approach, in which the distribution of the characteristics of the
rainfall (intensity, duration, volume and antedecent dry weather period) are
transformed directly to the distribution of the detrimental effects, has been
tested by van der Heijden et al. (1986). Benoist (1989) showed that this
methodology is not promising, due to the correlation that exists between the
input variables used in the transformation roodels (i.e. intensity en duration
of rain storms). The deterministic approach has been applied in saveral
pollution ~mission roodels developed thus far.

This paper discussas the complications of the application of existing storm
water quality roodels on Dutch sewer systems. An alternative simple approach
will be presented, that is more suitable for the Dutch conditions .
A methad te estimate the quality input variables for this model from the
analysis of treatment plant influent data will be demonstrated and an
application of the model will be shown. Special attention will be payed te the
stochastic properties of the quality under dry and wet weather conditions .
CONTINUOUS MODELLING OF STORM WATER QUALITY.
Well known and widely applied storm water quality roodels are e.g. the EPA's
Storm Water Management Model (Huber et al., 1981) and the model SAMBA
(Johansen, 1984), a module of the Danish MOUSE package. Frequency
distributions and mean annual leads are obtained using continuous simulation
techniques. Historica! time series of rain data are used as the input of these
roodels and the stati~tics of the resulting l eads are determined. The two
roodels mentioned above differ completely in the level of detail used in the
description of the runoff quality. In SWMM a very detailed description has
been used, incorporating processas such as accumulation of pollutants on the
impervious area, the wash off of constituents and settling and scour of
suspended solids in the sewer system. The calibration of a model based on a
detailed deterministic description is difficult. A great number of unknown
parameters should be estimated. Calibration is generally performed on a
limited number of singleevents (Maalel et al., 1984) and fellewed by
continuous simulation. Such a calibration on a few events may lead te serieus
errors, because a considerable variatien is found in the parameters due te the
inherent randomness introduced by the hydrological and ether factors (Huber,
1987).
The SAMBA model is based upon a simple approach. A simple mixing model for
storm water runoff and dry weather flow is used, with a fictional storm water
quality that represents the po llutant wash off from the catchment and the
interceptor scour. Hence the model uses a constant value for dry weather flow
and quality and for storm water quality is used as well .
The results of a comprehensive nation wide study in the Netherlands (Gast,
1988) however, show a large variatien in the observed concentratien of the
runoff quality. No distinct relationships were found between the quality and
the characteristics of the storms, only a weak correlation was found between
the mean event concentration and the maximum inflow intensity during 30
minutes. This lack of correlation can be explained by the typical situation in
the Netherlands. The Dutch sewer systems are exceptionally flat and large
conduits are being used to increase the starage in the system. During dry
weather flow settling of suspended solids and associated pollutants will
occur. High flow veloeities during storm events will cause resuspension and
flushing of conduits in some parts of the system, but the pollutant plug may
net always reach the outfall during the event. During the next event, which
may be small, this plug can be discharged. Such phenomena can explain the
large variatien in storm water quality and the fact that no distinct
relationships have been found between f.i. the preceding dry weather period
and the mean event concentration. Hence a detailed deterministic approach is
net considered appropriate for the Netherl ands and that is why we choose a
simple description similar to the one used in SAMBA. The developed model
incorporates the variations in dry weather flow and storm water quality and is
outlined in the next section.
MODEL CONCEPT.
The starage in the Dutch sewer systems is large due te the large diameters of
the conduits used. Hydraulic gradients are small and most systems are
essentially networks with saveral loops. Hence backwater effects and flow
reversal during wet weather conditions are normal phenomena in most systems.
This means that flow routing methods like the modified time area approach used
in the Samba model or the kinematic wave methad used in the SWMM TRANSPORT
bleek (Huber, 1983) are net appropriate. For both methods the flow directions
have to ~e fixed. Particularly in the case where an overflow structure is net
situated in the main trunk, but somewhere upstream in the system, this will
lead te serieus problems and the schematisation of the system must be adapted .

For the dynamic simulation of these systems a dynamic pipe flow model, based
upon the full St Venant equation must be used. However, this methad is very
time consuming and hence less suitable for continuous simulation techniques .
For this reasen a simple approach is used. The sewer system is described as a
number of tanks in series. The starage capacity equals the internal starage of
the part of the system represented by the tank and the interceptor capacity is
equal to the capacity of the conduit connecting the tank to a downstraam tank
or to the pumping capacity. For each tank the following equations apply:
i
= MIN[ (Q\.. (t)+(Vi(t)-Vi0 )ldt; Qii]
( 1)
Q oud t)
= Qi0 (t)+Ai R I(t)+ÊQjout(t)
Qi tu(t)
( 2)
j•l
i
= Qii.u ( t) -Qi out ( t) -dVi I dt
( 3)
Q ovf
dVildt

= MIN[ (Viaax_Vi(t) )ldt; Qii.u ( t) -Qi out ( t) )

( 4)

Vi( t+dt)

= vi ( t) +dt ·dvi ldt

( 5)

i
i
V(t),
Vo,
Vi-.x volume, min . volume left and stora~e in tank i (m3 )
i
i
total inflow and outflow tank i (mIs)
Qiiut ~out
dry weather flow and overflow discharge (m3 1s)
Q Dit Q ovf
QI
interceptor capacity (m3 1s)
1
A , R
connected impervious area (ha), runoff coefficient (-)
I(i)
rain intensity (m3 ls, ha)
dt, n
time step of calculation, number of upstream tanks

If the inflow into the tank is greater than the interceptor capacity the tank
starts to fill up. When the starage capacity is exceeded, the overflow starts
to function. If the inflow becomes smaller than the capacity of the
interceptor, the stared volume is eropties into the interceptor. This concept
is illustrated in fig 1, which is a schematisation of the sewer system of
ehaam, a village in the South of the Netherlands.
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Schematisation of the sewer system of ehaam, using a tank in
series model.

This schematisation has been derived by cernparisen with the results of a
dynamic simulation of the real sewer systems, using a design storm of constant
intensity . Upon examinatien of the output the total system was divided into 3
tanks. From a water balance for each tank the connected impervious area was
calculated and the starage capacity was determined as the volume of water in
the system at the crest level of the weir within the tanks.
The quality part of the model is based on a simple mixing model, like the one
used in the SAMBA model (Johansen, 1985). For each tank the following equation
holds:
dei I d t =

QiD ( t ) • eiD ( t ) +Qis ( t ) • eis ( t ) +ËoJ out ( t ) • e j ( t ) j•1
Qiout(t) Ci(t)-Q\vt(t) •Ci(t)-ei(t) •dVildt

~oncentration in tank i (glm3 )

dry weather and storm water quality (glm3 )
storm water inflow into tank i (m3 1s)

(6 )

The dry weather flow and quality and the storm water quality are the mai n
input variables of the model . In the next two sections a method for the
aasesament of these input variables from treatment plant influent data is
presented.
AHALYSIS OF DRY WRATHER FLOW AND QUALITY.

A historica! record of 6 years of treatment plant influent data has been
analyzed. The volume of sewage treated per day was recorded every day . Flow
weighted samples of the influent to the treatment plant were taken every t wo
weeks . A daily composita sample was taken on two succeeding days . The sampling
was done on different days of the weeks, including the weekends . The daily
total rain depth was measured also. From the total record the dry weather flow
conditions were selected. The daily flow was considered to repreaent dry
weather flow if the total rain depth on that day and the day befare was less
or equal to 3 mm .
Table 1 shows some characteristics of the dry weather flow quality. The
variatien in the suspended solids concentratien is high. For chloride the
variatien is much smaller. The large variability in · the suspended solids and
related constituent concentrations can be explained by the inhomogeneity of
the waste water, which randers representative sampling difficult. There is no
significant correlation between the flow rate and the constituent
concentrations . All correlation coefficients are less then 0.1. The average
concentratien and the median value are for all variable (ex cept for suspended
solids) about the same, which means that the distributions are not very
skewed. A D'Agostino test (Gilbert 1987) on normality showed for all
constituents, except for suspended solids , that the data can b e described by
a normal distribution at a 90 % significanee level.
Table 1.

Statistica! characteristics of the dry weather flow quality
COD
mg/1
Sample size
Average
Median
Standard deviation
Coeff. of variatien
Correlation between
flow and quality

BOD
mg/1

122
125
755
278
743
275
147
59
0.19 0.21
-0.08 -0 . 01

Kj-N
mgN/1

Tot-p
mgP/1

119
118
72.1 17.8
71.7 17.5
12 . 8
4.2
0.18 0 . 24
-0 . 10 -0.09

ss

Cl
mg/1

mg/1

110

116

93

392

93
355
8
192
0.09 0 . 49
0 . 10 - 0 . 07

A nonparametrie Mann-Kenda11 test showed that the flow rate has no significant

trend . No seasonality on a monthly scale was found . However the data show a
significant variatien within a week (fig. 2). On Mondays the average flow is
sornewhat higher than during the rest of the week and during the weekends the
daily treated volume is much less. The variations in the daily flow is about
the same for all days of the week . A test on normality on the flow data showed
that the daily treated volume on a certain day could be described as normally
distributed.
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Fig. 2. Daily variatien of dry weather flow .

The analysis of the dry weather data should be considered as an example data
analysis protocol, resulting in the statistica! properties of the dry weather
flow and quality, which can be incorporated in the model described above and
in the estimation methad for the storm water quality outlined in the next
section. The data should be tested on trends and seasonality. Average
concentrations and standard deviations should be calculated and the data must
be described by some distribution function.
ESTIMATION OF STORM WATER QUALITY.

Mueller and Andersen (Mueller et . al., 1979) presented a methad for the
estimation of combined sewer runoff and overflow characteristics from
treatment plant data. They used a daily mass balancing technique, dividing t he
day in a wet and dry period. Applying a flow and mass balance over both
periods they estimated the flow weighted runoff and overflow concentrations.
Irrespective wether the system is overflowing or not, a mass balance during
the wet period yields:
( 7)

The index w refers to the wet period.
The use of eq. 7 implies that the net starage of water over a day can be
neglected and that the overflow concentration, if occurring, is equal to the
influent concentratien of the treatment plant . Integration of eq. 7 over a day
period and assuming that the dry weather flow is fairly constant within a day
results into two roodels depending on the sampling strategy followed at the
treatment plant. If flow weighted sampling is used the overflow concentratien
can be obtained from:
( 8)
Vp-(1-a.) •V0
Covf' Cp, Co

Vp, V 0
a.

flow weighted overflow, treatment plant and dry weather flow
concentratien ( g/m3 )
total daily treated volume, daily dry weather volume (rn3 )
wet fraction of the day (-)

Using eq. 7 for both sampling strategies the equation for the runoff
concentratien yields:

ës =

a.•Vo
ëovf

•

(Covt-Co)

(9 )

Vs

flow weighted storm water concentratien (g/rn3 )
total storm water volume (m3 )
Mueller and Di Toro (Mueller et. al., 1981) tested the methad on the data of
the 26th Ward Treatment Plant of the New York City Environmental Proteetion
Agency. They used a simple model for the sewer system and generated long time
series of treatment plant data. An equal volume composita sampling strategy
was applied, similar to the one used at the treatment plant. Samples were
taken 5 times a day and the results of the daily maas balance method were
compared to the input of the model. The results showed a significant bias for
the estimated runoff concentratien and the variatien in the estimated
concentratien was rather prominent. The coefficient of variatien was about 1 .
The same rnethod was used in this study. The model described by eq . 1 to 6 was
applied to the sewer system of Chaam. A constant storm water quality BOD
concentratien of 100 mg/1 and the characteristics of the dry weather flow and
BOD concentratien were used (see table 1). A 12 year historica! time series of
5 minutes <. rain data was used as an input to the model. For the purpose of the
test the runoff coefficient was set equal to 1. The estimates of the BOD storm
water concentratien using eq . 9 were cornpared with the input concentratien of
100 rng/1. To investigate the sensitivity of the method for variations in dry

weather flow and quality, the standard deviations of flow and concentratien
were varied. The results are presented in table 2 .
The estimates show a small positive bias and the variatien is much smaller
then was found in the study by Mueller and Di Tora, which might be expected,
because the f l ow proportional sampling does take the variatien in flow within
the day better into account. The standard deviation of the results decreasas
strongly if the days with smal! rain depth are excluded from tbe analysis. The
additional variability introduced by introduetion of variable dry weatber flow
and quality is smal! as eeropared to tbe variability innate to tbe metbod. Tbis
inherent variability is due to the errors made by neglecting the net stared
volurne over a day and the fluctuation of the flow witbin a day.
Table 2.

Estimated Storm water BOD concentrations, using the metbod of
Mueller and Di Tora.
Assurned variations in dry weather flow and quality

Min . rain depth
analyzed in rnm
(N

3
5
7
10

)

(852)
( 547)
(386)
(212)

STD BOD 0 mg/1
STD QD 0 m3/min

STD BOD 30 mg/1
STD QD 0.028 m3/min

BOD 60 mg/1
QD 0 . 056 m3/min

Mean
105.8
1 05.9
105.6
104.6

MEAN
105.5
106.1
105.9
105.0

MEAN
105.3
106.1
106.1
105.3

STD
16.2
12.7
10.6
8.4

STD
18.1
14.2
11.8
9.1

STD
21.5
16.7
13 . 7
10 . 4

Tbe metbod of Mueller and Di Tora requires information on tbe wet
tbe day. For most Dutcb locations only the daily rain depth is on
the treatment plant and no information on tbe wet fraction of tbe
availabl e. Hence a more simple approach was tested as well, wbicb
information on tbe daily rain depth only.

period of
record at
day is
requires

Integration of eq. 6 for 1 tank over a day yields:
(10)
D(V•C)

tbe net starage of mass over a day

If no overflow occurs and the net starage over a day is neglected eq . 10
yields:
Vp•ë;-Vo•ëo

Cs=------

(11)

Tbe difference between eq. 11 and
eq. 11 no distinction between dry
balance is applied over the whole
same data generated by the model.

the metbod of Mueller and Di Tora is tbat in
and wet periods is made. A flow and mass
24 hour period. Eq. 11 was applied on the
The results are surnrnarised in table 3.

Table 3. Estimated Storm Water BOD concentration, using the simple
metbod
Assurned variations in dry weather flow and quality
Min rain deptb
analyzed in rnm
(N

3
5
7
10

)

(852)
(547)
' ( 386)
(212)

STD BOD 0 mg/ 1
STD QD 0 m3/min

STD BOD 30 mg/1
STD QD 0.028 m3/min

Mean
105.1
104.4
103.5
101.8

MEAN
104.0
103.9
103.4
102.4

STD
13.8
10.1
8.0
6.6

STD
18.7
14.0
10.6
8.0

BOD 60 mg/1
QD 0.056 m3/min
MEAN
104.1
104.0
103.6
102.6

STD
21.6
16.0
11.2
8.6

Again the estimates show some positive bias, which decreasas when days with
smal! rain depth are omitted. The variations are somewhat smaller than found
in the metbod of Mueller and Di Toro. Both metbod show about the same
performance. The standard deviation of the estimates is in the order of 9 %
when the variability of the dry weather flow is considered. This is small as
compared to the natura! variations to be expected to occur in the storm water
quality. These errors even may be smal! with respect to the maasurement
errors. Both metbod show a smal! positive bias, which should not be considered
as a problem.
APPLICATION ON REAL DATA.
The metbod according to eq. 11 was applied on the 6 year record of treatment
plant data. To reduce the variability introduced by the metbod only days with
a total rain depth of 7 or more mm were included in the analysis . The results
are shown in table 4.
Table 4.

Estimated storm water quality from bistorical treatment plant data.
Days with a total rain depth less then 7 mm. are omitted.
COD

Mean concentratien mg/1
Standard deviation mg/1
Coeff. of variatien
Number of samples

462
258
0.56
27

BOD · Kj-N
120
71

0.59
29

27.7
11.8
0.43
24

Tot-P
5.1
2.1
0.42
23

Cl

ss

47.2
12.1
0.26
25

299
168
0.56
29

The results show large variations in the estimated runoff concentrations . For
suspended solids and related constituents the variations are largest, for
Chloride a smaller coefficient of variatien is found. Compared to the errors
made by the metbod of analysis (table 3) the variability in the real data is
much higher. Although the number of samples is small we checked for
relationships between the storm water concentratien and the dry weather
period. No distinct correlations ware found. Further no relationships between
the daily rain depth and the storm water concentratien seemed to exist. This
shows the true stochastic nature of the runoff quality. Especially the high
variability for the suspended constituents shows that the runoff quality
characteristics are controlled by stochastic processas and that a
deterrninistic description of resuspension and sedimentation will be very
complicated and not suitable for continuous simulation.
ESTIMATION OF OVERFLOW LOADS.
The model (according to eq. 1-6) was applied on the sewer system of Chaam. The
12 year 5 minute rain data record served again as an input to the model. A
runoff coefficient of 0.8 was used and initially averaged values of dry
weather flow, dry weather quality and storm water quality were used. In total
104 overflow events occurred in the 140 month period. The mean annual loads
for phosphorus and Kjeldahl nitrogen were calculated and the frequency
distributions of the BOD load was determined. The results are given in table 4
and figure 3.
Tab1e 4.

Estimated mean annual overflow loads of total phosphorus and
Kjeldahl Nitrogen for the sewer system of Chaam.
Using model with
average input variables

Total P in kg P/y
Kjeldahl Nt in kg N/y

Mean
20.0
104.4

STD
11.0
57.7

Using monte carlo
simulations
Mean
19.7
104.8

STD
10.8
58.0

To investigate the effect of the variability of the input variables the
technique of continuous simulation was combined with Monte Carlo simulation .
The statistica! characteristics of the dry weather flow (fig . 2),
concentratien (table 1) and storm water quality (table 4) were used. Figure 3.
gives the frequency distribution of the average BOD load for each event,
resulting from 100 simulations. There is hardly any difference between the
frequency distribution resulting from the simulation using the average
conditions and the one resulting from averaging the monte carlo simulations .
The 90 % confidence limits for these averages is also given. For the extreme
events the 90 % confidence limits are very wide. This means that for events
with a long return period the uncertainty in the BOD load is very high due to
the great variability in the storm water quality.
The influence of the variations of the input variables on the estimated mean
annual loads is small. So, for this estimation the average values for the
input variables can be used .
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Estimated frequency distribution of BOD load from the sewer
system of Chaam (1 using average input variables, 2 average
loads using monte carlo simulation, 3 90 % confidence interval
for the average loads from the monte carlo simulations).

CONCLUSIONS AND DISCUSSION.
For flow weighted composita sampling the estimation metbod for the storm water
quality introduced by Mueller et al. , 1982 and the simple method presented
here both show about the same performance. Because detailed rain data are not
available -at most treatment plantsin the Netherlands only the simple daily
mass balance technique can be used.
The method introduces a small bias ( < 2%) in the estimated storm water
quality, which is not considered to be a problem. The variability introduced
by the metbod is much smaller than the one found in real data. Application on
real data did not reveal distinct relationships between flow average runoff
concentratien and daily rain depth or antecedent dry weather periods.
Application of a combination of continuous and Monte Carlo simulation provides
the opportunity to include the effects of the variability in the input
variables into the statistica! properties of the estimated loads. For this
application no correlation between the input variables were found . If the
analysis of the treatment plant data shows that there is a certain dependency
between for instanee the dry weather period and storm water quality, this
dependency can be incorporated readily into the model framework. Also non
normal distribution functions for the stochastic behaviour of the input
variables can be included without difficulty.
The model results show that the effect of the variability of the input
variables on the mean annual loads is small, so average values can be used for
the input variables and it is not necessary to run Monte Carlo simulations .
For the estimations of the frequency distribution the variability of the input

variable is reflected in the large uncertainty in the loads for the extreme
events.
This study only presented one example of the method proposed. The results seem
promising and the method can be used as a engineering tool for the aasesament
of the effects of cornbined sewer overflows upon receiving waters. A more
systematic approach based on the model and the statietics of the input
variables should be developed in order to asses the inherent errors of the
method and relate them to the characteristics of the sewer system and the
variations in dry weather conditions. Also some more attention should be payed
to the resulting variability of the overflow loads. The predicted statistica
of the loads should be compared to measured overflow loads for one of the
locations of the nation wide program on urban runoff performed in the
Netherlands.
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ABSTRACT
It has become evident that emission control standards for stormwater overflow
design alone are very practical, but not at all sufficient to guarantee ecologically balanced quantity and quality characteristics of receiving natural
water bodies. The momentaneous quality and quantity of both, stormwater overflow and the receiving water should be considered at the same time. One objective of the investigation was to apply a continuous complex hydrological (quantity) model for simulating combined urban and rural runoff processas to a small
catchment in Northrhine-Westphalia to get more information on its suitability
as a modern planning tool. The study focussas on the general applicability of
the method proposed, data availability, the estimation of model parameters and
the reliability of results produced. Another objective was to solve a practical
engineering problem with the methodology proposed. The results show that the
method can be used to produce a sample of simultaneous overflow/riverflow
events, which subsequently can be evaluated statistically. Data availability
and computational efforts are suitable for general application.
KEYWORDS
Complex continuous hydrological modeling; combinedurban and rural runoff; data
necessities; parameter estimation.
INTRODUCTION
Physically based hydrological mathematica! models have a long history in water
resources and sanitary engineering. Due to different engineering disciplines
involved, lacking computer facilities and missing scientific background, urban
and rural hydrology have mostly been considered separately for the last decades . Highly sophisticated submodels for planning purposes had been developed,
which served for the optimum design and operatien of subsystems . The major
submodels covered urban, agricultural and natural areas .
During the last decade first attemps were started to combine submodels in complex packages. As examples the HSPF (USEPA,1984), the SWMM (Huber et al,1983)
and the STORM {HEC,l987) packages contain modules for the combined simulation
of urban and rural runoff. After it had become evident that the complex view of
connected urban I rural water systems is absolutely necessary to proteet our
natural water bodies from further degradation, first practical applications
were started.
In 1985 the regional state office for water and waste management (StAWA) in
Lippstadt in cooperation with the State Agency for Water and Waste (LWA) in
Northrhine-Westphalia (FRG) was confronted with a new problem.
One of the oldest parts of the heavily industrialized Ruhr area drained into
Seseke River {320 km**2) . This left more than half of the river system behind
as an open 'sewer system, ending at a central treatment plant. The changing
economical structure of the area and a modified legal and political background
{improved water quality standards) led to the idea to separate urban and rural

runoff, providing cornbined sewer systerns with decentralized treatrnent plants
for urban areas. It is planned to change the formerly canalized river/sewer
systern to a river with natura! characteristics as far as possible under the
given boundary conditions.
The responsibility for the actual planning of the systern is the task of a river
authority (Lippeverband). The taskof the StAWA is to review these plans, that
of the LWA is to provide technica! and scientific assistance . In 1987 the authors started to test the applicability of a continuous complex model (NASIM)
for the solution of parts of the related planning problerns. Questions to be
answered were: a) what would the runoff behaviour of the system be without
urbanization, b) what is the effect of urban runoff on river flow and c) which
alternative rneasures can be taken to partly compensate hurnan impacts . Due to
the present state of the system, existing hydrographs are hardly suitable to
estirnate future natura! flow.
The paper reports about the application of the approach to a smal! subcatchment, the Braunebach with a catchment area of about 5 km**2.
OBJECTIVES
General Objectives
As rnentioned earlier, in this study only quantity characteristics are considered. In the past rnainly ernission standards have been used for design and control
purposes. In Northrhine-Westphalia at present criteria are used, which take
into account the maximurn allowable overflow volurne related to the total volurne
of net annual rainfall on irnpervious areas. The runoff characteristics of the
receiving water, if at all, are included by a single rnean value . During preliminary discussions most engineers and decision rnakers involved in the Seseke
Program agreed upon the necessity of a complex view of the problem, i . e . the
continuous consideration of cornbined overflow and riverflow; it was often argued, .however, that the state of the art and data availability do net yet allow
the application of cornbined ernission/immission roedeling approaches .
The general objective of the investigation reported was to learn about the
suitability of longterrn, continuous and cornbined urban/rural rnadeling by applying it to a practical problern. Detailed questions were:
- Are all necessary time series data available for high resolution longterm
modeling?
- Which sourees are available for parameter estirnation and what is the range
of plausible parameter values?
- What could the uncertainty be in model predictions ?
- Is the rnethod feasible from the cornputational point of view?
- Can the rnethod be used generally to forrnulate combined ernission/irnrnission
standards?
Specific Objectives
The superior planning objective is to reactivate the river by producing runoff
characteristics being as naturalas feasible (technically and financially) . Due
to the fact that the river system served as an open sewage collector, the natural flow characteristics can hardly be identified on the basis of bistorical
hydrographs from several runoff - gages, which have been operated for decades . To
design suitable rneasures for this reactivation of the river, knowledge of river
flow frorn all contributing areas is cornpulsory. Furtherrnore, the effect of the
reconstructed sewer systerns on open water bodies must be estirnated. The specif ic objectives of the investigation were to answer the following questions :
What will rural areas continuously contribute to river flow with ernphasi s on
lew flow in the dry season?
- What is the contribution of urban areas to river flow; how often and at whic h
magnitude will overflows spill into the river at which flow condition in the
river?
A special interest of StAWA Lippstadt was to find out, whether technical rneasures can be found to cornpensate additional urban runoff peaks to a large ex tent and how these s truc tures have to be operated to c r eat e a hydrograph i n the
river which would be sirnilar to that without any urbani zation .

COMBINED EMISSION/IMMISSION CRITERIA
The criteria used must combine sewer overflow and river flow . Initially in this
study two criteria were determined by means of the simulation method. These
are:
f (Qpo(tp)/Qr(tp)

I.

and

f

= frequency

(-)

Qpo

= peak of overflow at time tp

(1/s}

Qr

= natural riverflew at time tp

(1/s}

tp

=

time of overflow

( h)

II.
V0

= volume

of overflow event

(m3)

Vr

= volume

of riverflew

(m3)

Criterion I evaluates the m~x~ng relationship at the overflow location ; thus it
is a local criterion. Upstream overflows are considered . Criterion II integrates the flows at the overflow location and also accounts for upstream overflow
volumes.
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Fig. 1. Rainfall event 28. May. 1984
It has to be mentioned that for small basins the overflow events and natural
flow events are statistically dependant, for large river catchments they are
nearly independant of each ether, which is due to the spatial extension of
rainfall patterns. For any mere statistical approach this would have to be
accounted for. For the chosen longterm simulation concept it has no influence.
After further investigation it became clear that the influences could be summarized by computing the flow duration curves for the natural and the influenced alternative systems and their continuous mixing relationships. Figure 1
shows a typical overflow event, the undisturbed river flow and the effect of
additional ' storage on the overflow behaviour. The derivation of combined design
criteria was based on two continuous hydrographs along the river reach, one for
the potential natural system and one for the present or future combined urban I
rural system. All ether experiments could subsequently be performed based on
these two sets of hydrographs.

SIMULATION AND MODELING APPROACH
The model used (NASIM) is a continuous complex water balance model containing
mainly hydrological (linear differential) equations. Fig. 2 gives an overview
of the modeling concept. For full description we refer to Ostrowski ( 1982) and
the User's Manual by Hydrotec (1988) .
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Fig . 2. Concept of the simulation model (NASIM)
It is necessary, however, to explain some of the model features which facilitate the application of the proposed method. Of major importance is the use of
the time step. The model can be run with daily meteorological time series, but
also with continuous (digitized) time series. This is most important as the
larger catchments of receiving natura! waters can be modeled with a low temporal resolution, usually 1 day, urban catchments with highly dynamic behaviour,
however, must be modeled with short time intervals in the range of a few min utes. If the river catchment is smal!, time steps in the range of hours can be
applied using continuous input. Even with these economie advantages a longterm
simulation for the whole system is very time-consuming for the application on
micro-computers . As an alternative, partial series can be produced as a sample
for further statistics.
The presented results, however, are based on continuous simulation of the following systems:
- The natura! systems as it could be expected under average agricultural usage
- The proposed future system according to present planning rules
- An alternative future system with additional retentien facilities
The timestep was 15 minutes, the simulation period was the hydrological year
1984.
<,

APPLICATION
Fig. 3 shows the system investigated. The natura! catchment is decomposed into
8 subcatchments, the urban catchment consists of 50 elements to account for the

highly dynamic processes.
The river authority supplied continuous rainfall data from a station a few
kilometres away. The German National Weather Service (DWD) supplied meteorological data from a nearby weather station which allowed the computation of
potential evapotranspiration and daily rainfall data. Unfortunately the Braunebach runoff has not been gaged yet. Topographic maps in the scale 1:25000 were
used for the total basin, a soil map was available in the scale 1:50000. For
the sewer netwerk a recent detailed plan was available. All necessary hydraulic
and geometrie data were included in a preliminary design report. The geometry
of the river was roughly estimated during field trips.
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Fig. 3. The Braunebach catchment
PARAMETER ESTIMATION
Model parameters can be estimated between plausible limits. In general it can
be stated that the possible range of parameter values is small when the physical significanee of the parameters is high and information on physical properties is available. If sewer networks are not too old and often modified, the
knowledge of their physical properties is easily available. For rural catchments the most important factors are topography, landuse and soil properties.
For the Braunebach goed maps on all properties were available; information gaps
could be filled through field trips.
TABLE 1. Parameters for simulation of rural runoff

r----------------------------------:No :
Parameter definition
1
2
3
4
5
6
7

Maximum Infiltration (mm/h)
Hydraulic Conductivity (mm/h)
Soil Storage Capac1ty (mm)
' Effective Field Capacity (mm)
Interception Storage (mm)
Retentien Const . Surface (h)
Retentien Const. G.Water (h)

Information souree
Soil Map
Soil Map
Soil Map
Soil Map
Literature/Exper .
Neighbouring Gages
G. Water Maps

----------,
Values :
----------'
70 - 74
.2
190
130
2.0
1.0

- .25
- 260
- 180
- 3.0
- 2.2
950

TABLE 2. Parameters for simulation of urban runoff

r-----------------------------------------------------------------,
No
Parameter definition
: Information souree
Values :
-------------------------------:-----------------------------:
1
Pipe roughness (m1/3/s)
: Design Report
72
:
2
3
4

Impervious Area (%)
Retentien Constant (min)
In terception ( mm)

: Design Report/Maps
: Design Report
: Liter a ture I Exper.

10 - 50 :
2 - 6
:
.5 - 1.5 :

L-------------------------------------------------------------------J

Tables 1 and 2 give a survey of model parameters used, sourees of information
for estimation and their actual values used .
The model has been widely applied in the field of water resources master planning; consequently broad knowledge is available of the plausibility and sensitivity of model parameters. Comprising information on recent applications is
given by Ostrowski (1987)
RESULTS
Simulation results. Figure 4 and 5 show the results for two of the three overflow locations based on a continuous 1 year simulation run. Cernparing influenced versus natura! flow, the flow duration curves indicate an increase of
about 20% of the total flow volume due to urbanization. The increase mainly
occurs during shortterm and high intensity storms. The maximum annual flow is
only increased to a small extent. The additional retentien facilities do not
change the flow duration characteristics, on the contrary the peak is even
increased. This is due to the retended overflow, which is added to the natura!
flow, whereas direct overflows preeede the slower natura! peak. The flow duration curves also show, that the minimum flow is reduced as a consequence from
reduced groundwater renewal in urban areas.
The mixing duration curves show, that the maximum relationship between the
flows from combined urban/rural and the natura! system is about 73. The provided retentien basins could reduce this relationship to 45. Furthermore the mixing functions indicate, for how long and to which extent natura! flow conditions are highly disturbed.
Computational aspects The computational effort is high. For the investigated
systems the execution time for a system with 48 subcatchments and 50 transport
element was 7 hours/year, for the natural system it was 2 hours/year. The time
for the combined systems could be reduced to about 1 hour/year if partial series are used.
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Data availability .
Hydrometeorological data.
The data availability can be considered to be average concerning all input data except continuous rainfall records. To have a
longterm continuous rainfall record available in the Seseke catchment can be
expected. On statewide average the density of rainfall recorders is far less.
Maps.
Topographic and hydrological maps are available statewide. The soil
map, which is a major necessity for estimating runoff from rural areas, at
present is available for about 60 % of the state area, the rest is under preparation.
Hydraulic data.
Surveying of the present state of a sewer system is essential
for design purposes, what computational method ever is used. A major problem is
the geometry of natural water bodies. Only for a very few rivers in the state
recent surveys are available. Surveying the rivers, as part of the method proposed, can create severe financial problems.
Parameter estimation.
Estimation of parameters, often a major problem in model application, was easily possible due to sufficient data sourees and standardized estimation procedures for most sensitive model parameters (soil) developed on the basis of more
than 30 applications with gaged runoff.
Reliability of results.
When presenting model output without cernparing it to measured output, it is
usually considered as unreliable . It should be kept in mind, however, that this
is the case for more than 95% of all practical applications . Indeed the accuracy of results can be improved and the process of parameter estimation accelerated when runoff gages are available. To really quantify errors in the simulation, a complex sensitivity analysis would be necessary, which was beyend the
scope of this study. To get a first idea of the accuracy of runoff computed and
to verify r~sults produced, StAWA Lippstadt intends to install a temporary gage
at the outflow of the Braunebach catchment into Seseke River .

CONCLUSION
The dateriorating influence of urban stormwater on the ecologie state of the
receiving waters has long been recognized, most of the available planning
tools, however, are not suitable for considering longterm mean and extreme
mixing characteristics in the natura! water . A complex hydrological model containing modules for all major hydrological subprocessas was used to model runoff behaviour of both natural and urban areas simultaneously . The frequency of
the mixing characteristics of overflow and riverflew was determined by combined
continuous longterm simulation to receive a quantitative emission/immission
criterion. By cernparing runoff from an assumed natural watershad to different
planning alternatives, measures could be identified for compensating human
impacts to a considerable extent.
In contrast to existing emission standards the methodology provides knowledge
of the magnitude and frequency of disturbance of natural flow in receiving
water bodies. Following these ideas, the application of standardized design
rules for combined sewer systems should be replaced by the application of individual hydrological complex investigations .
Arguments that data requirements and planning costs are too high in comparison
to e . g. single or multi-event emission approaches are often heard. Our experience with longterm simulation is, that it is only little more labeur intensive
than conventional planning procedures, as in Northrhine Westphalia most time
series are provided by LWA for any potential user in a standard format. It
should be further taken into account that the method provides much more information for decision makers and that the additional costs are in the range of
the price forsome 50 meters of a sewer (for this example). And finally the
public sensitivity for pollution problems leads to a general acceptance for
improved and hence more expensive planning efforts.
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ABSTRACT
The State Agency for Wateranu Waste North Rnine-westfalia carries out an investigation of a
comparison for the evaJution of pollutant load calculation methods in cooperation with the
Institute for Hydraulic Engineering, Teennical University of Darmstadt, and the Institute fo r
Water Management, University of Hannover. Tne investigation consists of two parts:
1. Measurement projectsin the different configurated combined sewer systems of two partial
catchment areas
The aim of the measurement projects is to obtain a basis of measurement data for a
comparison of the calculation methods . It is also expected to obtain advanced knowledge
about the measurement techniques.
2. The comparison of pollutant load calculation methods with and without the possibility of
calibration for the both catchment areas
Fifteen different methods for the computation of pollutant load are compared. Tne compari son is subdivided in five phases.
The measurement projects are running successfully since 1987. The data basis for the calibration of the models are available for one partial catchment. The comparison of models without
calibration is alreadr finished .
KEYWORDS
Strom water; combined sewer systems; quantity-quality models; comparison of models; calibration of models; measurement projects.
I NOUCEMENT
In North Rhine-Westfalia (NRW), a state of the Federal Republic of Germany, pollutant load
calculation methods (PLCM) are increasingly submitted to the state offices for water and
waste management to be verified within the framework of water legislation. Such calculations
are also judged by the State Agency for Water and Waste NRW (LWA) in case of ass~ssment of
the waste water charge for discharged strom waters. The results of such calculatio~s ~re
considered with scepticism by water authorities because there ar~ a lot .of ~ncertainties .
inherent in the bases used for this purpose and generally recognized criteria for evaluation
do not exist.
A comparative presentation and evaluation of five relevant PLCM used in NRW on the basis of a
specific system was the first step for the elucidation of this problem on a theoretica! way .
The study was commissioned to the Engineering Hydrology and Hydraulics Department of the
Institute for, Hydraulic Engineering (IHH, Prof. Euler (+)). Teennical University of Darmstadt,
by the LWA in 1982 (Euler et al •• 1985).

HOwever, the problems of evaluation could not on ly be so l ved by theoretica! way. A comparison
between calculations and appropriate measurement data for different typs of sewer systems is
to be carried out. Therefore the LWA has carried on such an i nvestigation since 1984, that
consists of two parts:
1. Measurement projectsin the different configurated combi ned sewer systems of two defined
catchment areas
The aim of the measurement projects i s to obtain a basis of measurement data for a comparison of the calculation models. It i s also expected to obta i n advanced knowledge about the
measurement techniques.
2. Comparison of PLCM on the basis of calculations with and without the possibility of calibration for these two catc hments
Fifteen different PLCM are compared with each other befere and after model ca l ibration.
Subsequently the models will be verified on t he oasis of measurement data.
The Institute for Water Managemen t of Hannover University (IWH) is responsible for the deve l opment and realization of the measurement projects. The comparison of PLCM is carried out by
the IHH in Darmstadt. The conception and sc ienti fi c management of the project was incumbed on
Prof. Euler (IHH). After the death of Prof. Euler Prof. Sieker (IWH) i ncured t hese obligations.
OBJECTIVES
Primary the aim of the investi gation was to place a su rvey of the common PLCM for the di sposal
of tne municipalty and licencing off ices. However , the evaluation of the available PLCM will
not lead over the current state. The invest igat i on project should therefore contribute to
further development and improvement of the simui atien of PLCM by providing the measurement
data and experiences aquired from the model comparison.
Positive results are expected by first cognitions . The LWA therefore consi ders that PLCM are
an important instrument for an effective pollution control.
The measurement projects essentuall y contribute t o deepen the knowledge and pract ical experi ences with the current available measurement eq ui pments. The techniq ues of measurement will
become increasingly important with regard t o hi gher standard of reliab ili ty of pollutant load
calculations by appli cat ion of loca l measurement data.
MEASUREMENT PROJECT$
Selection of Sewer Systems
Cascaded storm water tanks with overflow and meshed comb ined sewer systems with backwater effects were classified as most essential network confi gurat ions. Sewerages of 14 cities were
analyzed by the LWA and by mea ns of a criteria ca t alogue selected:
- a catchment area in t he city of Solingen with three storm water tanks wi th overflow arranged one after anot ner parallel to a small brook whi ch is the receiving water.
- a catchment area in the city of Düsseldorf with a f lat, meshed sewer system in which backwater effects and sediments are occuring.
These two sewer systems show very different configurati ons of the network, which mignt oe conSldered to oe typical exa~ples of application for PLC~ .
02scr i ption of Test

Catc~~ents

Tne total s ize of the test area in Solingen cover s 300 ha. The catchment area itself is
185 ha, of whi ch 87 ha are impermeab le. A 11 5 ha large green plot along the brook is not directl y connected to the sewerage. The steep branched sewer network has about 700 sections of
sewer. The area has approx. 6000 inhabitants. Paralle l t o the small brook extends the interceptor which is interrupted by three eq ually constructed storm water tanks with overflow. Two
sma ller pprts of t he catc hment are predischarged by a combined sewer overflow and a sewer
with starage capacity and overflow (storage sewer).
The t est catchment area in Düsseldorf has a tota l s i ze of 184 ha, of which 126 ha are connected to t he sewer system and 63 ha are impervious.The flat meshed network has about 340 sec-

tions of sewer and about 14 OOOinhabitants are connected. It discharges
flow into the Rhine. Backwater and sediments can be observed.
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Fig. 1. Test catcnment areasin Düsseldorf and Solingen.
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Figure 1 gives a brief survey of the two catchment areas, facilities and instrumentations.
Operation and Progress of the Measurement Projects
In both catchment areas quantity and quality data are observed. Samples are taken by automatic
samplers which are controlled by a central microcomputer. In case of combined sewage f low
the control strategy bases on on-line analyzation of the rainfall-runoff-process to take single
samples. In case of dry weather flow 1-h-composite samples are taken. The basic analyzation
program covers COD, BOD and TSS.
In Solingen the regular measurements are running since autumn 1987 and wil! be finished 1989.
In Düsseldorf the measurement activities will start in summer 1989 and are planned to be finished by 1990 .

COMPARISON OF POLLUTANT LOAD CALCULATION METHOOS
Preparatien and Organization
Detailed data of sewer network and discharge structures of both test areas were documented in
a project folder and prepared for numeric models. The data sets were stared on diskettes and
intensively checked.
The project was published in a technica! journal and all interested institutions were invited
to participate (Euler, 1983, 1986). A public announced information seminar was the forum for a
presentation and discussion of the project. All participants had the opportunity for visiting
catchment areas and monitoring sites in Solingen and Düsseldorf.
The consultants had no secret of their scepticism, oecause they were expected to carry out the
calculations with a considerable unpaid expenditure. In order to minimize expenditure and costs
for al l participants the LwA restricted the comparison to significant different calculation
methods. Participants were selected with help of a questionnaire about their PLCM. The LWA made
an agreement with the selected participants about the realization and fee for the necessary
calculations.
After finishing each essential phase of the project a seminar is organized with all participants, in which results, conclusions and problems will be discussed.
Selection of Calculation Methods
The interested consultants and other institutions gave information about their PLCM in a questionnaire. 15 participants were selected who represent the present affered spectrum of different PLCM. Figure 2 gives a survey of the different submodels for rnadelling the components of
the rainfall-runoff-process and pollutant-transport-process. In figure 2 the value of the submadeis increase from left to right (Jacobi, 1988).
The single PLCM consists of combinations of differently detailled submodels for the various
subprocesses.
Conception of the Comparison of PLCM
The comparison of the 15 different PLCM is planned to be carried out in 5 phases. Phases 1-3
represent a relative comparison of the PLCM among one another, phases 4 and 5 an aosolute comparison with measured data. The calculations are carried out for both test areas in Solingen
and Düsseldorf with the same input data.
I.

RelatiNe
phase 1:
phase 2:
phase 3:

comparison
pollutant load calculations with a synthetic rainfall series
calibration of model parameters
pollutant load calculations with the synthetic rainfall series of phase 1 and
calibrated model parameters

II. Absolute comparison
phase 4: calibration of model parameters (as far as necessary)
phase 5: pollutant load calculations with a measured larger rainfall series
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Fig. 2. Different submodels for simulation of the rainfallrunoff-process and t he pollutant-transport-process.
The relative comparison gives information about the variation of results before and after calibration. The influence of calibration can also be pointed out for each PLCM. A sensitivity analysis of the parameters cannot be derived from the relative comparison. Phase 1 represents the
situation which mostly occures in practice, that is the calculation without calibration. Model
parameters therefore have to be estimated on tt1e basis of experiences. In phase 1 the participants will have the opportunity to familiarize themselves with both catchment areas and sewerages. Different interpretations or misunderstandings of input data are cleared up. The partieipants get intensive care and have the opportunity to discuss and eliminate the discrepancies
of their calculated results. In ohase 2 oarticipants calibrate their model parameters. For this
purpose they receive the measured quantity and quality data. It is not necessary to disclose
the choice of parameters of the model. In phase. 3 the calculations of phase 1 are repeated
with calibrated parameters of the PLCM.
Tne absolute comparison is the basis fora valuation of the quality of different PLCM. In
phase 4 participants get further calibration data if necessary for carrying out phase 5. After
a sufficient quantity of measurement data is available, the participants will receive measured
rainfall data and other boundary conditions of a longer time period as input data for phase 5.
The calculate~ results of phase 5 will be compared with measured data belonging to the same
time period.
All calculations are carried out by the participants themselves . Therefore their experience

with their models and the selection of suitable parameters comes into the comparison. Basis of
the comparison is thus an optima! standard of performance under practical conditions.
A survey of the conception of the whole project is given in figure 3. The exact schedule for
phases 4 and 5 depends on the progress of the measurement projects and other circumstances.
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Fig. 3. Structure diagram of the project.

Results of the Calculations
In both sewer networks control points were selected which make it possible to balance water
and pollutant flow at the discharge structures and for the whole and partial catchment areas.
Additional in phase 1 scnemes of the hydraulic substitution systems, detailled descriptions of
the PLCM and values of the used parameters were promoted. The outcome of the cata logue contains various redundant information which makes the checking possible. The results are submitted in printed forms and diskettes.
Checks and Interpretations of the Result s of Phase

1

Phase 1 has been finished for both test areas. lt is not possible to derive statements or
hints according to the correctness of single results and therefore no absolute valuation. To
valuate the occuring differences between the results, a coarse classification was made:
Admissible differences. Admissible differences of the calculation results occure as a consequence of d1fferences 1n the conception of PLCM, the mathematica! way of correct modelling of
subprocesses and the assumption of parameters.
Non admissible differences. Non admissible differences occure as a consequence of mistakes in
mathematica} modell1ng of subprocesses or in the hydraulic substitution systems, in programming and in the interpretation of the result s of the programs.
Because the occuring difference s can have the same order and can compensate each other it i s

not possible in every case to attach them to one of the groups without doubt.
The results had been checked in three steps
1. Check for coarse mistakes
mistakes in writing and dimensions, misunderstood questions, conformity of the results in
printed farms and on disk.
2. Check of plausibility
precipitation losses, comparison of runoff duration and sums, values of model parameters,
hydraulic substitution systems, etc.
3. Check of sums and balances
comparison of
- rain runoff volume with effective rainfall volume,
- discharged with runoff pollutant laad,
- runoff pollutant laad with dry weather pollutant laad and removed pollutant load,
- accumulated and removed pollutant laad, etc.
Discovered mistakes and discrepancies were discussed in detail with the respective participant.
All participants had the opportunity to correct their results.
A comparative description of the results was reported and discu ssed in an anonymous way during
an information seminar with all participants. Results will be published notbefare end of
phase 3.
General Conclusions of Phase 1
Phase 1 confirmed partially known general experiences:
1. Too high confidence in the correctnessof computer programs reduces to neglect simple checks
of the results.
2. User•s experience and qualification influence the quality of results substantially.
3. Modelling of hydraulic substitution systems for discharge and starage systems is a very
sensitive souree of mistakes.
4. Development of model s must be accompanied by extensive tests and checks.
5. Susceptibilities to error increase with more complexibility of models.
6. Variatien of results is much bigger relative to quality than to quantity.
7. For calibration and development of PLCM measurement data of high value is necessary. Calibration for practical purposes requires quantity data in any case, quality data is desirable. Development of models cannot renounce of more quality data.
Further Procedure
At the present time participants are werking on phases 2 and 3 for the test catchment of
Solingen. The LWA made calibration data available. From the measured data of the Solingen project the data input of 7 days was selected for calibration by following criteria:
- registration of nearly the same rainfall in the whole catchment area at each event,
-different intensities of rainfall,
-complete set of samples for each eventand plausible Iabaratory results,
- no relevant differences of redundant data,
- observance of the continuity criteria.
Forthetest catchment Solingen phases 2 and 3 will be finished in 1989. Subsequently phases 2
and 3 will follow forthetest catchment Düsseldorf. After finishing the measurement projects
and data processing phases 4 and 5 will be started.
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ABSTRACT

HOSQITO is the initial version of a sewer flow quality model being developed by Hydraulics
Research Ltd and the Vater Research Centre as part .of the UK River Basin Management programme.
HOSQITO I simulates the time-varying behaviour of suspended solids, biochemi ca! oxygen demand,
chemica! oxygen demand, ammoniacal nitrogen and hydrogen sulphide on catchment surfaces and in
sewer systems. The model produces discharge pollutographs for these determinands which can be
used as input to a river water quality model .
MOSQITO consists of four sub-models which represent washoff from catchment surfaces, foul
water inflow, pollutant behaviour in pipes and channels, and pollutant behaviour in ancillary
structures within drainage systems. These sub-models are linked to the flow simulation model
incorporated in the VALLRUS package which is the latest compute r implementation of the
Vallingford Procedure.
The rationale behind the model, its structure and its operational basis have been discussed
elsewhere (Moys and Henderson, 1988) and are therefore described briefly so that emphasis can
be placed on the aspects which follow.
Calibration and verification of the model are being carried out using data from a variety of
experimental catchments in the UK. These catchments have been selected to exhibit a wide
range of characteristics and include separate and combined sewer systems.
Results of the calibration work are presented together with illustrations of the pe rformance
of the various sub-models and the overall model.

KEYVORDS
Sewer, quality, modelling, surface washoff, sediments, data requirements.
INTRODUeTION
Intermittent discharges from combined sewer overflows (CSOs) have been identified as a major
cause of the deterioration in quality of many urban rivers, particularly those in long
established industrial areas.
(,

The effective design of sewerage rehabilitation measures to minimise rece1v1ng water impact
and also to limit any flooding hazard requires a number of analytica! tools and procedures.
This paper details the development and application of the initial version of a sewer flow
quality model, 'MOSQITO' which is integrated with the YALLRUS model in a software package for
the analysis of pollutant behaviour in urban sever systems.
Hydraulics Research Ltd (HR) have been contracted by the UK Department of the Environment to
develop the model in collaboration with YRc within its River Basin Management Programme.
HOSQITO OVERVIEV
MOSQITO is a water quality model for the Modelling Of Stormwater Quality Including Tanks and
Overflows. It simulates the movement of sediments and pollutants in separate and combined
sewer systems, and produces storm event loadings and discharge pollutographs for suspended
solids, BOD, COD and ammoniacal nitrogen.
The development of MOSQITO is taking place in two stages. The initial version (MOSQITO I),
released in April 1989, meets the basic requirement to produce a pollutograph model for sewer
flows. An enhanced version is currently under development.
MOSQITO is linked to the flow simulation model in the YALLRUS package. YALLRUS is the latest
computer implementation of the Vallingford Procedure for the design and analysis of urban
storm drainage. MOSQITO consists of four major sub-models, representing washoff from
catchment surfaces, the inflow of foul sewage, the behaviour of pollutants in manholes and
ancillary structures, and the behaviour of pollutants in pipes.
THE SURFACE VASBOFF MODEL
The surface washoff model represents the removal of sediments and pollutants from catchment
surfaces using a modified form of the model proposed by Price and Mance (1978). The effects
of gully pots are not modelled explicitly but have been taken into account during calibration.
Studies of sediment and pollutant behaviour in the UK suggest that the amount of material
vashed off catchment surfaces by rainfall is independent of the length of the antecedent dry
period . MOSQITO therefore assumes that the amount of material available for washoff is
unlimited, although it is possible to impose limits if required.
Pollutants are associated with sediments by the use of potency factors. These are
concentrations of pollutants in sediments, and there are potency factors for soluble and
insoluble pollutant fractions, vhich are subsequently treated separately in the below-ground
model.
Sediments can be eroded from the catchment surface by raiodrop impact, anderodedor deposited
by overland flow. The relative importance of these processes has been determined by
calibration. The input of solids from rainfall is assumed to be negligible. The equations
for suspended solids and soluble pollutant removal are solved numerically at each time step
using finite difference approximations for each differential term. Removal from each spatial
element is then calculated.
THE FOUL FLOV GENERATOR
The foul flow sub-model, FOUL, is a separate program which creates files of inflow quantity
and quality which are then read by the main program. FOUL is based on statistica! analysis of
data collected in nine catchments served by combined systems, plus additional data from sewage
treatment works.
Flow quantity and quality are calculated from catchment land use, population, and
'connectiv~ty' (the degree of separation in partially combined systems) using annual average
values for flow and for each pollutant . The calculated flovs and their quali ty are then
adjusted using a set of time dependent factors vhich take account of hourly, daily and
seasonal variation.

The annual average values and the time factors can be edited by the user if local data are
availab l e for the catchment under study.
TBE BELOV-GROUND MODEL
In the below-ground model, pollutants and sediments from the catchment surface are mixed with
those from the foul flow and transported through the drainage system . Additional pollutants
and sediments are derived from re-entrainment of sediments previously deposited in the system .
In MOSQITO I the quantity of previously deposited sediment and its physical and chemica!
characteristics are defined by the user in the input data. 'Standard' sediment
characteristics are available for users withno local sediment data of their own.
Pollutants in the below- ground model are modelled as dissolved or attached to sediments by
potency factors, as in the above-ground model. All pollutants are modelled as conservati ve
because storm flows generally pass through sewer systems quickly enough for biochemica!
changes to be insignificant.
Thesediment transport rate in MOSQITO I is determined using an
sediment transport model (Ackers, 1978). Sediment transport is
mobility number and a dimensionless grain size. Fine sediments
size below 1) are treated as a wash load and their behaviour is
Ackers-Vhite method .

adaptation of the Acke r s-Vhite
related to two par ameters: a
(with a dimensionless grain
not modelled using t he

Sediment deposits in pipes are modelled as two types :
(a)

an active layer on the pipe invert in which sediment is unconsolidated;

(b)

a storage layer on the pipe invert in which sediment is consolidated and exhibits a
cohesive shear strength.

Sediment is transferred to the flow by erosion of the active layer and from the flow by
deposition to the active layer. Once the active layer is exhausted portions of the storage
layer are allowed to pass into the active layer if the flow shear stress is sufficient, thus
crudely representing the cohesive behaviour of sewer sediments.
A constantly stirred tank reactor (CSTR) model is applied at nodes in the drainage system .
The erosion and deposition terms in the CSTR model are not implemented in MOSQITO I, and the
CSTR is thus equivalent to a simple mixing model.
CALIBRATION OF TBE SURFACE VASBOFF MODEL
Although most of the MOSQITO sub-roodels are physically based, there are a large number of
parameters which require calibration . Other roodels in the Vallingford Procedure have been
pre-calibrated for use in the UK, and this has been of considerable benefit to users both
financially and in terms of reliability of parameter estimates .
To calibrate the surface washoff model, the subroutines were embedded in an optimisation
procedure which operated on parameters of the sediment washoff model . This operated by
searching for the set of parameter values which resulted in the closest fit between observed
and simula t ed data.
The data used for calibration was collected over a 12 month period on three subcatchments,
each draining to a single gully-pot, on the Clifton Grove residential estate in Not t ingham.
Samples of gully inflow and outflow were taken and analysed for determinands including BOD,
COD, suspended solids and ammonia. Rainfall was also measured . Details of this work have
been given by Pratt and Fulcher (1987). Only the outflow data were used in calibration, thus
taking the effects of gully pots into account without modelling the processes invo l ved .
Calibration was carried out in two stages:
(a)

Estima~ion

of pollutant washoff parameter values.

(b)

Estimation of pollutant parameter values .

Three surface washoff parameters were considered. These were coefficients of rainfall
erosion, overland flow erosion, and overland flow deposition; referred to as APPT, AERO and
ADEP respectivel y. The calibration exercise showed that the most important factor in the
removal of material from catchment surfaces was erosion by raindrop impact. Erosion and
deposition from overland flow had negligible effect on the amount of material wasbed off and
AERO and ADEP were therefore set to zero, thus effectively switching off removal by overland
flow. An example of simulated washoff using APPT only is given in Figure 1.
The pollutant parameters estimated were potency factors for BOD and COD and soluble
concentrations for BOD, COD and ammonia. Potency factors were estimated using the
optimisation program and the prev iously calibrated sediment parameters. This metbod of
potency factor estimation is dependent on the accuracy of the sediment washoff calibration.
Two further methods were used to estimate pollutant parameter values: statistica! analysis of
data and pollutant washoff optimisation. None of the three methods gave very reliable
pollutant predictions. It was concluded that potency factor optimisation gave the best
results provided suspended solid s predictions were accurate .
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Preliminary verification of the calibrated surface washoff model against data collected at the
outfall for the whole Clifton Grove catchment indicates that suspended solids predictions are
low. A possible explanation for this i s that the automatic samplers used in the calibration
sub catchments were incapable of sampling solids efficiently.
The calibration exercise is due to be repeated, using a fresh data set from subcatchments in
Dundee. The Dundee data is being collected specifically for this purpose, whereas the
previously mentioned data was not and it is hoped that the opportunity to specify the precise
data requirements will results in a more successful calibration of the surface washoff model.
HOSQITO APPLICATION TO SURFACE VATER SYSTEHS
The complete model is currently being verified using data collected on three separately
sewered catchments, including the Clifton Grove catchment in Nottingham which was used in the
surface washoff calibration exercise.

Initial results indicate that suspended solids are underpredicted and a possible explanation
for this is that the estimates of the calibration parameters are lov. A second possible
explanation is that sediment deposits vere present in the system at the start of the monitored
events, and vere eroded by the storm flovs, thus increasing the mass of sediment discharged at
the outfall.
This second possibility has been investigated by placing an initial sediment depth in the
modelled system, and it has been demonstrated that this can result in accurate predictions of
suspended solids discharge (Figure 2). The possibility that the calibration parameter
estimates are lov cannot be ruled out, hovever, as raising the value of APPT can have a
similar effect. This problem vill be solved vhen MOSQITO is applied to further catchments and
sediment depths in pipes can be observed; or as a result of improved calibration using the
data collected in Dundee.
VALIDATION OF THE BELOV-GROUND MODEL
The routing of pollutants in pipes is based on a one-dimensional adveetion di spersion model
with souree sink terms to represent sediment deposition and erosion. The belov ground model
has been validated using analytica! solutions of the adveetion dispersion model and observed
tracer data .
Observations of dispersion insevers suggest that values of 0 . 1 to 1.0m 2 /s are appropriate.
This indicates that pollutant transport is adveetion dominated, since veloeities are typically
in the range 0.5 to 2.0m/s. Under these conditions, simple finite difference solutions of the
adveetion dispersion model can suffer from numerical ditfusion and instahilities at the
leading edge of the pollutant wave. MOSQITO uses the Holly-Preissman method (Holly and
Preissrnan, 1977) vhich suffers little from numerical diffusion.
Figure 3 compares MOSQITO results to analytica! solutions for a square- wave input of
pollutants vith a fixed dispersion of 1m 2 /s. The computational grid for the pollutant model
is the same as that for the flow model, and may not be ideal for pollutant routing. Figure 3a
shows the case in vhich the flow is 0.1% of the full bore condition. Although the numerical
salution does not exactly match the analytica! results, the fit is reasonab1e. Figure 3b
shows the surcharged condition, in vhich the flow is 10 times the full bore flow. The fit i n
this case is almost exact.
Figure 4 compares MOSQITO results vith experimental tracer data. The tracer data vere
collected from a 1.0m diameter sever, vith observations taken at tvo locations: 1.004
(upstream) and 1.006 (dovnstrëam). A feature of the tracer data is the higher concentrations
at the dovnstream location. This reflects the inherent difficulties in radioactive tracer
measurement . Although there is some doubt over the absolute accuracy of tracer
concentrations, calculation of the moments of each distribution indicates that dispersion does
increase dovnstream, and that the distributions are approximately normal.
MOSQITO was used to further investigate the significanee of dispersion. First, dispersion in
the model was disabled so that all pollutant transport was by adveetion (Figure 4a). This
resulted in over-predietien of the tracer peak, despite resi dual numerical diffusion caused by
the non-i deal grid spacing. Th is confirmed the significanee of dispersion. MOSQITO was t lu~n
used again, vith dispersion included in the model (Figure 4b). The dispersion coefficient was
calculated using an empirica! equation derived by Liu (1977) vhich has been shovn to be
accurate to one order of magnitude. The tracer peaks vere under-predicted, but the results
obtained vere closer to the observed data than before.
It was concluded that dispersion was significant in severs and therefore should be included in
MOSQITO. Further vork is required to improve the accuracy vith vhich dispersion coefficients
are determined .
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APPLICATION OF HOSQITO TO A COKBINED SEVER SYSTEM
I t is envisaged tha t the model vil l find most frequent practical application in severage
rehabilitation studi es and must therefore be capable of producing acceptable simulations of
pollu tan t loading vithout extensive site-specific calibration . A national calibration
programme is undervay in order to ide ntify a number of parameter values, and thus reduce
further data requirements. Model verification vi ll be achieved by a short to medium term
programme of sampling (or monitoring) of sewer flow quality over a range of f l ow conditions.
Such a programme will be integrated with a s hor t term f low (rate) survey.
HOSQITO is currently under test usi ng sever flov qua li ty data from a number of combined sewer
ca tchme nt s and one example of its application is presented here . The Higham Ferrers combi ned
sever system has a ca t chment a r ea of 18 ha and serves a population of some 2 ,700 . The system
includes 3 storm overflows and a s torage tank and suffers siltation in several sever leng ths .
A researc h exercise invalvi ng monitoring of flov a nd quality, during both dry weather and
storm periods, took place duri ng 1984/85 in whi ch time some 19 storm events were successfully
captured (Brooker and He nderson, 1987) .
Model si mulations of flov quality have been made for several storms using the available data
on dry weather flov quality and extent of sediment deposits. Figure 5 s hows the results of
one run vhich has prod uced an acce ptable si mulation. Though the field data are sparse, the
si mulatio n shows simi l ar val ues of TSS and COD, to the field data. For both determinands a
second peak in concentratien is s hown. This i s ca used by s love r routi ng of the flov through
a major branch in the sewer system.
I ni tia! test s imulations confirm that t he model is extremely sens1t1ve to the vo l ume of
sediment in the system prior to the storm considered . By running the foul flov model for the
knovn antecedent dry weat her period, sediment build-up in the system prior to the storm, can
be simulated. I n thi s way it is ho ped to acc urately set t he initia! conditions in the model,
for each storm.
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Figure 5 - Sediment and pollutant concentrations at a combined sewer overflow
CONCLUSIONS
The continuing calibration and verification of MOSQITO on experimental catchments will provide
a UK calibrated model. Vork to date, on both separate and combined systems indicates that
MOSQITO will provide an effective and accurate tool for rnadelling a number of crucial water
quality determinands in sewer systems. The model output is in the form of pollutographs and
is therefore ideally suited to provide inputs to river quality models aimed at simulating the
effects of intermittent discharges to watercourses. Thus it provides a suitable metbod for
designing and testing sewerage rehabilitation and upgrades, where receiving water quality is
an issue.
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ABSTRACT
Dissolved oxygen (DO) depletion in receiving streams during combined sewer overflows (CSO) is
a phenomenon which comprises dry weather processes, including photosynthesis, and wet weather
impacts. Duringa CSO event a distinction between immediate and delayed DO consumption in
the stream caused by biodegradation of soluble and particulate organics, respectively, is made.
Two DO models have been developed in order to simulate the combined dry weather and wet
weather effects. The first one is a simplified model based on the concept of an extended StreeterPhelps equation and the second one is an advanced model, which is made from two integrated
parts a hydrodynamic and a transport-dispersion model. The structure of the two models is
described and model results are compared and evaluated.
KEYWORDS
Dissolved oxygen; stream model; combined sewer overflows.
INTRODUCTION
DO depletion in receiving streams is a well-known impact of sewage disposal. Due to the fact
that the concentratien of degradable organic matter in combined sewage may he relatively high it
is not surprising that the potential effect of CSO's on the DO concentratien of receiving streams
may be harmful and often more important than the continuous discharges from e.g. wastewater
treatment plants.
In order to quantify and evaluate the potential impact of wet weather discharges to receiving
streams, the establishment of a relationship between CSO loads and stream DO depletion, and
a water quality criterion for overflow events is the main challenge.
lnvestigations have been carried out and theoretica! considerations made in order to overcome
these problems, (Hvitved-Jacobsen and Harremoës, 1982; Harremoës, 1982; Hvitved-Jacobsen,
1982; Johansen et al., 1984).

Based on these findings this paper describes and evaluates two levels of modeHing the CSO impact
on receiving streams. ·

FLOW AND TRANSPORT OF MATERlAL IN STREAMS
Open channel flow
The basic equations of unsteady flow in open channels (including streams) are the well-known
Saint Venant equations.
These two equations, a continuity and a momenturn equation, respectively, are based on two
fundamental laws of the physics: the law of conservation of mass, and the law of conservation of
momentum. On condition that
•
•
•
•
•
•

unsteady flow in open channels is one-dimensional
the pressure distribution is hydrostatic (shallow water condition)
the water is homogeneous and incompressible
the average bed slope is small
the friction can he determined as for steady flow (e.g. by the Manning formula), and
lateral inflows takes place in right angles to the stream

the Saint Venant equations takes the following form:
continuity

:
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Fig. 1. Definition sketch, open channel flow .

Transport of Material by Unsteady Flow
The theoretica! basis for mathematical modelling of one-dimensional transport of material by
unsteady flow in streams was elaborated by Taylor (1954).
When the transport of material is divided into 2 transport-processes:

• convective transport by the mea.n flow, a.nd
• dispersion due to turbulent diffusion
Taylor showed tha.t in the case of fully developed pipe flow, the longitudina.l dispersion of a
tracer which is fully mixed over the cross section will behave as a. Fickian diffusion process a.t
large distances from the point of injection.
With this concept the law of conservation of (material-) mass will take the following form:

8(A · C)+8(Q · C)=~ (K:~:· A8C)+q · C - s
&t
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q

referring to Figure 2:
average concentratien of matter over the
cross section (g · m - 3)
longitudinal dispersion coefficient
(m2 · s-1)
concentratien of matter in lateral inflow
(g . m-3)
sink term per unit length (g. s - 1 . m - 1)

Fig. E. Definition sketch, transport of
material by unsteady flow .

(3) is normally known as the transport-dispersion equation.
The sink term, s, specifies remova.l a.nd/or growth of matter caused by physical, biologica.l, or
chemica! processes.

SIMPLIFIED DISSOLVED OXYGEN STREAM MODEL
In case of a simplified DO model (DOSMOSIM) the stream flow is assumed to be steady and
uniform, i.e. the flow is constant, equal to the base flow a.nd the water depth is constant. Under
these conditions the law of momentum, equa.tion (2), will he reduced to:
(4)

where So

= bed slope in x-direction.

From equa.tion (4) the water depth ca.n he ca.lcula.ted when Q, M, So a.nd the cross section is
known.
The transport by dispersion is neglected in the simplilled DO model. Under these conditions the
law of consideration, equation (3), will he reduced to:
or

dG.
dt

s
A

-=--

dx =U
dt

for

where U = cross sectiona.l average strea.m velocity (m · s -

1) .

(5)

The diurnal DO variatien plays an important role for the DO balance in most Danish streams
due to the presence of aquatic plants. An equation which takes into account both photosyntheses,
plant respiration, and benthic processes under dry weather conditions can be interpreted as an
extension of the classica! Streeter-Phelps model (Streeter and Phelps, 1925):

for

dx =U
dt

(6)

where

c
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K2 c~

p
R

=
=
=

DO concentratien (g. m- 3 )
reaeration constant (s- 1 )
saturation concentratien (equilibrium DO concentration) (g · m- 3 )
P(t) = DO production rate of aquatic plants (g · m- 3 · s- 1 )
R(t) =
total DO consumption rate during dry weàther conditions due to organic matter
degradation in the water phase and at the bottom, nitrification and plant respiration (g · m - 3 · s- 1 )

A simple solution to equation (6) is as follows :
(7)

where
mean DO concentratien in the stream under dry weather conditions (g · m- 3 )
~C=

total DO fluctuation in the stream during day and night under dry weather
conditions (g. m-3)

t

(3
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is a model expression for the daily relative DO fluctuation (Simonsen and
Harremoës, 1978) where

a = relative lengthof day,
r = relative time of day,
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During wet weather, degradable organic matter, soluble and particulate, which is discharged
into a stream during an overflow event results in the following two types of effects on the DO
concentratien (Hvitved-Jacobsen and Harremoës, 1982) :
• Immediate oxygen depletion.
Removal of organic matter from the water phase takes place either by bacterial degradation
in t4e water phase itself, or by absorption caused by single organisms or biofilms at the
bottom. The DO depletion is simultaneously with the remove of the organic matter, (Figure

3).

• Delayed oxygen depletion.
Removal of the organic matter from the water phase takes place by physical or chemica!
adsorption to the bottorn or by sedimentation. The DO consumption takes place after the
removal process. The DO depletion is therefore delayed compared to the removal of the
organic matter from the water phase, (Figure 3).
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Fig. 9. Principle of a combined sewer overflow to a stream and the presence of organic matter
in the receiving system.

Due to the distinction between an immediate and a delayed oxygen depletion in the stream,
organic matter discharged from an overflow structure is divided into the following two fractions:
Li = GOD,ol and Ld = GODpart = GODtot - GOD,ol
where

L,

concentration of soluble organic matter in the stream
water resulting in an immediate oxygen depletion (g · m-3 )
concentration of partienlate organic matter in the stream
water resulting in a delayed oxygen depletion (g · m-3 )

GOD

chemical oxygen demand (g · m - 3 )

The following two expressions are a 1' order approach to the immediate and the delayed oxygen
depletion, respectively:

-A8 = K1 Li

(8)

(9)
1' order degradation constant in the water phase (s- 1 )
1' order degradation constant at the bottorn (s- 1 )
amount of adsorbed or settled organic matter- related
to an overflow event- per unit area of bottorn (g · m- 2 )

The transference of particulate organic matter from the water phase (Ld) to the bottorn (Lb) due
to adsorption and sedimentation is described based on the following mass balance in the stream
consiclering that the overflow takes place for x = x 0 :

dLb =hU dLd
dt

where ta

,

dx

= duration of the overflow event (s) .

for

x- zo
U :5 t

<

x- zo
U

+ ta

(10)

Theoretically, a 1' order removal rate for particulate organic matter, Ld, must be expected and
is experimentally verified (Harremoës, 1982) and (Hvitved-Jacobsen, 1982):

dLd
k
I
U dx = -hLd = - K Ld
where

(11)

k

1' order ra.te of a.dsorption or sedimen ta.tion ( m · s -l)

K'

1' order remova.l consta.nt for pa.rticula.te orga.nic ma.tter
in the wa.ter pha.se (s- 1 )

On condition that delayed oxygen consumption takes place for t > 'ü*o
result in the following expressions:
K I L I0 ( t ) exp ( -K1 ·
K4 Q
0
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a. concentra.tion of pa.rticula.te orga.nic ma.tter
a.t the point of discharge - a.fter cessa.tion
of the discharge - equivalent to the a.mount of
orga.nic ma.tter a.ctua.lly a.ccumula.ted a.t the
bottom downstrea.m the overflow structure

(g. m-3)

+ta, further calculations
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orga.nic ma.t ter discha.rged·
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mea.n va.lue of the overflow

Qb

-
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The DO consumption processes (8) and (9) for a CSO event can be added to equation (6) for
dry weather stream conditions to give the following extended Streeter-Phelps equation:
dx
for -=U

(14)

dt

Field investigations and theoretica! considerations have shown that the delayed oxygen depletion
is more important than the immediate one, i.e. K 4 Lb/h >> K 1 Li, (Hvitved-Jacobsen and
Harremoës, 1982). Consequently the fourth term in equation (14) can be neglected.
Basedon the solution to the DO model during dry weather conditions, equation (7), and equation
(12) and (13), the solution to equation (14) is as follows:
for t <
-

C(x,t)

=

«-«a

U

+ ta
(15)

Cm+~Cfp;L~(t) · (~ -1)- 1 (exp(-K 1 *ü*o)- exp(-K2 :PÜ«o))

fort >

*'Cr +ta

ADVANCED DISSOLVED OXYGEN STREAM MODEL
This model (DOSMO) consists of two integrated stream models, a hydrodynamic (HD) model
basedon equation (1) and (2), and a transport-dispersion (TD) modelbasedon equation (3). The
HD-model~ calculates the variations in space and time of the flow and water deptbs after which
the TD-model calculates the variations in space and time of soluble organic matter, particulate
organic matter and finally the DO concentration. In these calculations the different sink terms
in (3) are modelled according to equation (14) . This implies that a model, which calculates the

variations in space and time of the amount of particulate organic matter adsorbed and/ or settled
to the bottorn of a stream is a part of the entire TD-model. The method of solution is in all cases
the numerical method of finite differences.
HD-model
This model is basedon the Verwey ·v ariant of the implicit Preismann scheme. Referring to Figure
4 and Cunge et al. (1980) this scheme - after discretizations of the space and time derivatives in (1) and (2) leads to an algebraic system of 2N-2 linear equations with 2N-2 unknowns
(Qj+ 1 , yj+ 1 , j = 1, 2, 3, ... , N), when the flow is given at the upper boundary and water depth
is given at the lower boundary. Aftersome elementary eliminations this system of the equations
can be solved by the Double Sweep algorithm.
This scheme will treat most problems satisfactory with ()
per time step.
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TD-model
The TD-model in DOSMO is ba.sed on the implicit Stone & Brian scheme. Referring to Fig. 5
and Fischer et al. (1979) this scheme - after discretizations of the space and time derivatives
in (3) - leads to an algebraic system of N-2 linear equations with N-2 unknowns ( Cj+l, j =
2,3,4, . .. ,N -1), when Ci+ 1 (upper boundary) are known and c;v:~:_11 = CjV+ 1 (only convective
transport over the lower boundary). This system of equations can be solved by the Double Sweep
algorithm.
This scheme, which is unconditionally stabie and free of numerical dispersion a.s well a.s wiggles
in steady flow if the Peelet number Pe =(U· .ó.x) · K; 1 ~ 2 will- by experience- solve most
problems satisfactory.
To the TD-model in DOSMO finally a few comments:
• the longitudinal dispersion coefficient, K:c, is assumed to be constant,
• the sink term in (3) is discretized in the following way: s ~ 0.5 · (sj+ 1

+ sj)

• before calculating the DO concentration of the stream, DOSMO updates the amount of
particu1ate organic matter at the bottorn of the stream by the following simple model:
L"6 +1 = L"6 ,). + k · 0.5 · (Ld"+ 1 + L"d,)·) · .ó.t- K4 · L"6 • • .ó.t

,,

,,

,,

EXAMPLES
In the following examples DOSMOSIM and DOSMO will he compared based on the following
input data:

Rainfall data
A 33 year Danish rainfall record containing
1571 rain events > 3 mm (Johansen and Harremoës, 1979)

Catchment data
Reduced catchment area
Flow of wastewater
Li, wastewater
L;, runoff water
Ld, wastewater
Ld, runoff water

Sewer system data
Infiow, overflow structure
Time of concentration
Interceptor capacity
Vol. of overflow structure
DO conc. in overflow

1 ha
0.04 · J.Lm · s- 1
150 g · m- 3
30 g · m- 3
450 g · m- 3

120 g · m- 3

Stream data
Two rectangular channels are considered

"'bd
Qb = 0.1 m 3 · s- 1
M = 40 m 113 · s- 1
So = 0.05%
hb = 0.18 m

Qb = 0.05 m 3 · s- 1
M = 40 m 113 · s- 1
So = 0.1%
hb
0.16 m

Water temperature, 0
Mean DO conc., Cm
Total DO fluctuation, ó.C :
Long. disp.coeff., Kz

=

*)
90% of C, *)
*)
5 m 2 • s- 1

*) 8, Cs and ó.C is assumed to vary over the year
in a manner typical for small Danish streams.

calculated by the
time-area metbod
5 min.
0.14 · J.Lm · s- 1

Parameters
In DOSMOSIM as well as in DOSMO the immediate oxygen depletion is neglected, Kt = 0.

0 m3

Rearation const. K 2 (20° C)
3 d- 1
Removal const. for Ld, k
1.5 m · d- 1
Degradation const. K 4 (20°C) : 2.5 d- 1

90% of c~ (see
stream data)

Single events
g ·m·3

DO CONCENTRATION

12.0
10.0
8.0
6.0
40
TIME

2.0 +---t---+--+---t---+--+----..
0
240 480 720 960 1200 1440 MIN.
- - DRY WEATHER VARlATION
la
x = 6000 mi DOSMO
Ib
x =6000 mi OOSMOSIM
2o
x =8000 mI DOSMO
2b
x= 8000 mi OOSMOSIM

Fig. 6.

On Figure 6 it is shown how DOSMOSIM and
DOSMO fora singleevent calculates the variations in time of DO concentrations in 2 stations in stream A.
The rainfall event took place on June 7, 1964,
started at 15:23 and had a duration of 315
minutes. This event caused overflow during
290 minutes and the total quantity of particulate organic matter discharged was P =
35300 g.

Extreme eyents
For the 1571 rainfall events mentioned above the overflow volume, the duration of overflow and
the quantity of particulate organic matter in overflow volume has been calculated.
For the 55 rainfall events with the greatest overflow volume the global 1 hour minimum DOconcentrations bas been calculated in stream A and B by DOSMOSIM as wellas by DOSMO . On
Figure 7 these minimum DO concentrations are mutually compared (Al and Bl), and furthermore
compared (A2 and B2) with a recommended water quality criterion for extreme event statistica.
The criterion shown refers to trout fish water. For frequent events the criterion is equal to the
dry weather quality standard. For extreme events, i.e. a return period equal to 12 years, the 50%
lethal concentration (LC50) is selected as the terminal criterion.
Bl )
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Fig. 7. Comparison between calculated 1 hour minimum DO concentrations in stream A and B
using the DOSMOSIM and the DOSMO version of the DO model.

CONCLUSIONS
In case of CSO 's to a small stream with (almost) uniform flow the simplilled DO model, DOSMOSIM, i.e. equation (15), results in DO concentrations comparable to similar results from the
advanced DQ model, DOSMO, when the immediate oxygen consumption is neglected.
In this conneetion it should be mentioned, that the duration of computation will increase wit h a
factor of about 1000 per CSO event, when choosing DOSMO instead of DOSMOSIM. However,

it is important to stress that the advanced model is a valuable tool in order to simulate detailed
phenomena related toa single event.
Therefore, it can he concluded that DOSMOSIM- in case of proper prerequisites- should he
used for extreme event statistica while DOSMO should he chosen for singleevent analysis.
DOSMOSIM and especially DOSMO will he the basis for further analyses and computations.
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FLUXES OF OXYGEN EQUIVALENTS AND NUTRIENTS ACROSS
THE SEDIMENT-WATER INTERFACE AFTER COMBINED SEWER
OVERFLOWS
L.Lijklema, A.F.M.Meuleman and H.M.M.Bosgoed
Dept. of Nature Conservation, Sectien of Water
Quality Management, Agricultural University of
Wageningen, P.O.Box 8080, 6700 DD Wageningen,
the Netherlands
ABSTRACT
The fluxes of oxygen into sediments and the release rate of COD,
methane and nitrogen after deposition of fresh sewage sludge were
measured in an experimental laboratory apparatus. Effects of the
initial surface loading revealed a progressive contribution of COD
release to the flux of oxygen equivalents with increased loading .
Lower oxygen Concentratiens had the same effect. The actual
conversion rate of the organics in the sediments was lower than
the potential maximal aerobic degradation rate and higher than the
anaerobic rate of hydrolysis. Preferential oxidation of soluble
organics at the sediment interface over particulate material
limits the release of COD except for high loaded systems or at low
DO concentrations.
KEYWORDS
Sediments, Sediment Oxygen Demand (SOD), CCD-release, Combined
Sewer Overflow (CSO), aerobic degradation, hydrolysis.
INTRODUCTION
Effects of (combined) sewer overflows are partly immediate but in
part also delayed andjor indirect. The immediate effects are
mainly due to the physical phenomena of flushing and scouring and
to the high rate processes associated with the dissolved reactive
compounds in the discharged water. Delayed and frequently prolonged consequenses are predominantly due to particulate material
in the in the overflow. Except for the settling process itself and
the concomitant turbidity removal, which are short term processes,
the mobility and degradation rate of the coarser particles are
less than for dissolved and colleidal matter. Hence the effects of
suspended material discharged by CSO,s are mainly limited to the
vicinity of the outfall, where most of this mate-rial settles
whereas the dissolved species exert their influence upon the water
quality over a much wider area, especially in running waters . In
an earlier study on the effects of CSO'S we have discussed the

relationships between reactivity, extent and duration of effects
and flow conditions of the receiving waters in relationship with
the sampling strategies for hydrobiological effects (Lijklema et
al, 1989).

In contrast to the more or less constant effluent discharges of
wastewater treatment plants the transient discharges from storm
water sewers or combined sewer systems contain much higher
concentrations of particulate matter. Typical suspended solids
concentrations in effluents are in the range of 0-20 mgj l; in
overflows frquently the concentrations are well over 100 mgj l.
Moreover, the organic material in combined sewer overflows is more
reactive and biodegradable than the suspended solids in effluents.
In a properly functioning treatment plant the effluent contains
only highly mineralised and humified organic debris of bacteria .
The classical studies dealing with effluent discharges, such as
the Streeter Phelps analysis for DO, did not take into account the
contribution of the particulate material on the DO balance.
At most a BOD removal, not resulting in oxygen consumption, was
included in the model. More recently the delayed effect of the
oxygen consumption by the settled material has been included in a
modified Streeter Phelps model for the transient DO regime in
rivers subject to combined sewer overflows (Harremoës 1982) and
Hvitved Jacobsen, this Volume).
In. general the magnitude and duration of transient effects of
sediments upon the quality of the overlying water have received
little attention as compared to the more or less constant exchange rates for oxygen and nutrients in lakes and rivers not subject
to interrnittent loadings.
This study addresses the fluxes of oxygen and oxygen equivalents
and of nutrients across the sediment water interface due to
freshly settled solids from combined sewers.
MATERIALS AND METHOOS
The solids were obtained from the primary settling tank of a
wastewater treatment plant receiving predominantly municipal
wastewater . This material is thought to be representative of the
solids in sewer overflows, although the fraction of runoff from
impervious areas will certainly be lower than during overflow
conditions. However, it is difficult to collect sufficient material for comparative studies in which the effect of different
sediment loading rates -are to be compared. The variability in
composition of overflows is great anyway, so that a "representative" composition is difficult to assess and to obtain.
The studies were carried out in rather small closed vessels for
which it is easy to set up a mass balance; figure 1 . The sedi-ment
was applied to parallel reactors at different surface loa-ding and
after some time for settling a continuous flow of oxygen rich
water was led through the vessels. By aeration with air or pure
oxygen and control of the flushing rate the oxygen concen-tratien
in the water overlying the sediment could be maintained at desired
levels. Especially in high loaded systems the use of pure oxygen
turned out to be useful. The high SOD would otherwise require a
high flushing rate to maintain oxic conditions and this would
dilute the released COD and nutrients to such an extent that the
analysis and resulting mass balances would become inaccurate. From
the flow and the concentrations in inflow and outflow the net
oxygen consumption and release rates per unit sediment surface
area can be calculated. Also at the end of each experiment the
remaining coo and nutrients and heavy metals were analysed and the
decrease served as a check on the balance.

0
0
0

7

Fig.l. Experimental apparatus.
l.Influent 2.Aerationjoxygenation 3 . DO electrode 4. Pump
S.Reactor and sediment 6.Stirrer ?.Effluent
Metals were net measured in the effluent, the concentrations
being toe lew. As methane could be forrned and dissolve in the
water, this was also analysed in the effluent by gas chromatography. Initially a set up was used which allowed also for the
quantitative colleetien of gas evolving from the sediment, but
under the prevailing experimental conditions this did net occur
and the construction could be kept more simple.
All analytica! procedures were standard methods.
The maximal volumetrie aerobic and anaerobic degradation rates of
the sludge used in the experiments were measured separately in
batch reactors. The aerobic rate was measured simply by aeration
of a suspension in a stirred flask and at regular intervals
deterrnining the respiration rate by closing the vessel and
observation of the decrease in oxygen concentratien with an
oxygen electrode. The degradation rate measured in this way and
expressed in gram oxygen per gram sludge er per gram COD, is net
limited by diffusion of oxygen and can be considered te be the
maximal rate.
The anaerobic rate was measured in a stirred closed vessel
provided with a water loek and a gas collector. The production of
lower fatty acids in the suspension and of methane gas were
fellewed by gas chromatography of small samples withdrawn with a
syringe from the water (after settling) er the gas. The gas volume
was measured as well.
RESULTS AND DISCUSSION
The variability in the composition of suspended matter in the
overflows has been illustrated by the variations found in the
prirnary sludge used in different experiments. The COD content of
material collectedat three different dates was 0.98, 1 . 7 and 1.3
gram COD/ gram dry matter respectively. The nitrogen content
varied even more, bath with respect te dry weight and te COD.
Similar variability was found for the phosphate concentratien and
the content of the heavy metals lead and zinc .
'
overall mass
balances.

For several experiments an overall mass balance was made including the initial mass, the amounts released in different chemical
farms and the amounts remaining after terminatien of the
experiment, generally about 30 days. A typical example is shown in
Table 1.
TABLE 1

Sediment Mass Balance Over 22 Days

Initial dry matter (gjm 2
Oxygen Equivalents (gjm 2
Initial COD present
SOD
COD released
Methane released
Final COD
Rest; (% recovery)

)

130

380

1278

)

128
378
58
90
16.6
23.2
0
3
72
233
-18.6 (115) 28.8 (92)

1263
111
107
18
902
125 (90)

Nitrogen (mgjm 2 )
Initial total N present
Released as ammonia
Released as organic N
Final total N
Rest/ (% recovery)

3189
966
198
1982
43 (99)

9401
1681
1430
5190
1100 (89)

31449
4659
6000
22643
1850 (94)

Phosphorus (mgjm 2 )
Initial total P0 4 -P present
Released
Final total P
Rest; (% recovery)

936
559
317
60 (94)

2758
1623
842
293 (90)

9226
3527
4365
1334 (86)

The unbalance is in the order of 10%. The principal error is in
the estimations of the initial and residual quantities, because
comparatively small subsamples of an inhamogeneaus slurry must be
analysed. The released quantities are more reliable. The oxygen
balance shows that with increased initial loading of the sediment
also an increasing release of dissolved organic compounds (COD)
occurs. This is also reflected in the release of organic N, the
ratio organic N released to COD released is the same in the two
reactors with the highest loading. The SOD tends to level of with
increased loading. These phenomena are due to the limitation of
the diffusion of oxygen into the sediments. As a consequence the
aerobic boundary layer near the water interface will become very
thin and a steep gradient for anaerobically formed dissolved
organic matter will cause their release . Also during individual
experiments the proportion of COD release rate versus SOD
decreases, because upon progressing oxidation the aerobic layer
will increase in thickness. Athough in the mainly anaerobic
sediment much methane can be formed, only little is released. One
reasen can be that in the aerobic boundary layer methane is
readily oxidised by microorganisms. As will be discussed later,
the anaerobic degradation in our experiments was affected by
acidification, which inhibits the methanogenesis and at pH below
5 eventually the hydralysis and fermentation as well. This
explains the very limited release of methane and the absence of
the formation of gas bubbles. Further it can explain partly or
wholly that with increased loading also an increased fraction o f
the COD remains in the sediments after 22 days. If most of the
degradation of organic matter is anaerobic the total flux of

oxygen equivalents is controlled by the rate of this degradation.
This flux is the sum of SOD and of the release of COD (oxygen
demand, inclusive methane). The distribution of this flux over
SOD and COD release in different farms may vary with the oxygen
concentratien in the overlying water and the extent to which the
reduced substances are being oxidised in the aerobic boundary
layer. The total flux would remain equal to the rate of
generation of dissolved species in a system like ours, where no
accumulation or diffusion into deeper layers can occur.
Inhibition of methanogenesis would not affect the solubilisation
rate of oxygen demanding substances, but inhibition of the
hydralysis would and a concomitant reduction in the fraction of
COD degraded would arise. In a thick layer of fresh deposits
inhibition by acidification is more probable than in a shallow
deposit.
Alternatively the increased fraction of COD remaining at high
loading may arise from a higher specific degradation rate under
aerobic conditions for the particulate material . With increased
loading an increased fraction of the sediment has to be degraded
anaerobically and the depth averaged rate decreases .
From Table 1 it can further be inferred that the proportion of
nutrients regenerated from the sediments is roughly the same or
somewhat higher than the fraction of COD degraded . This indicates
an enhanced biodegradability for N- and P-rich compounds in the
sludge.
Nitrate has not been found in the effluents. This does not
exclude that nitrification has occurred, but the similarity in
the % recovery suggests that little or no nitrification and
denitrification took place. The absence of seeding of nitrifying
organisms to the sludge and the limited exposure time in the
reactors in combination with the thin aerobic layer are in
agreement with this conclusion.
In the experiments summarised in Table 1 also the initial and
final lead and zinc content were measured for the two highest
loaded systems. At an initial content of 0.38 mg Pb/ g dry matter
and 1.46 mg/g for Zn, very little was released at intermediate
loading and 12% of the Zn and 20% of the Pb at the high loading.
The trend makes sense because oxic sediments have a higher
affinity for heavy metals than anoxic sediments. However,
insufficient data are available to generalise this observation.
Dynamics
SOD and COD. Figure 2 presents an example of the change in SOD
and COD release rate after the application of the sludge. The
data points are the average of duplicate experiments with 270 g
dry weight, containing 451 g COD, per m2 • The most striking
feature is the rapid decline of the COD release rate. The initial
high values are partly due to the flushing of some fine, poorly
settling particles from the reactor. Initially the SOD is
virtually equal to the maximum value as controlled by the supply
of oxygen. During the first 8 days nearly all oxygen fed to the
reactor was removed by the sediments . This means that the
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Fig.2. Fluxes of oxygen equivalents across the sediment
water interface.
potential SOD of these experimental sediments is much higher than
the actual SOD of about 3.5 g o 2;mz ,day. It can be shown that for
steady state conditions in a vertically homogeneaus sediment with
zero order oxygen consumption the SOD is proportional te the
square root of the oxygen concentratien in the overlying water.
After day 8 the oxygen concentratien in the reactor increased
gradually te about 1-2 mg/1, indicating a potential SOD of 10 te
7 gjmz ,day at saturation. In reality such an active oxygen
consuming sediment will induce an oxygen deficit, thus reducing
its oxygen depletion rate, but its influence on the oxygen
balance can be substantial during a prolonged period. The square
root model,in which pare water ditfusion is rate limiting, formally does net apply te conditions without an oxic layer.
However, it will be clear that the initial potential SOD may be
even over 10 gjm 2 ,day.
The steep decrease of the COD release rate can be attributed te
the preferential oxidation of dissolved organic compounds
diffusing through the sediment water interface as eeropared te the
particulate material . Nearly all er most oxygen is consumed at
the interface for the oxidation of these readily biodegradable
organics and little is left te diffuse te the particles within
the sediments. This also corroborates with the observation of a
high SOD at very lew oxygen concentrations.
Oxygen eguivalents and aerobic/anaerobic degradation. It can be
argued that for a thin sediment layer, without buffering capacity
and opnfined at the bottem by glass, the total flux of oxygen

equivalents (SOD plus COD release, including methane) at any time
should be equal to the decline in the sediment COD see e.g. Di
Toro (1986). The sum of SOD and COD has been plotted in Fig.2,
the contribution of methane can be neglected. This sum now can be
compared with the maximum anaerobic and aerobic degradation
rates, which were measured individually. For this purpose in
table 2 the percentage of sediment COD conversion by oxidation
andjor solubilisation through hydralysis is compared for the
column experiments (figure 2) and the Completely Stirred Tank
Reactor experiments for the assessment of the maximal anaerobic
and aerobic degradation rates. All temperatures were 20 °c and
the data after 10 days incubation are compared.
TA~LE

Reactor

2

COD Conversion After 10 Days

% Oxid./SOD

7.5 SOD
Column
Aerobic CSTR 39.3 oxid.
Anaerob.CSTR 0

% Hydrol./COD rel.
5.3 COD
0
8.6

% methane
0
0
0.3

Total %
12.8
39.3
8.9

Several conclusions can be drawn from Table 2:
-The rate of degradation under aerobic conditions is much higher
than in the absence of oxygen.
-The rate of conversion of COD in the column is somewhat higher
than the overall rate in an anaerobic environment. This can be
attributed to the contribution of oxidation in a boundary layer
of the sediment .
-The COD released by a column is less than the potential production of COD by hydrolysis. This is increasingly so with the
progress of the mineralisation in time (Fig.2) or with lower
surface loading (Table 1) •
Temperature. In one experiment the thermostat failed and the
temperature rose from 20 to 23 °c. This induced an enhanced SOD
of about 22% with respect to the background level. This
corresponds toa temperature coefficient of 0.07, in agreement
with literature (e.g. Whittemore, 1986.)
Nitrogen. The nitrogen content of primary sludge varies, but is
much lower than in plant material settling in lakes and inducing
the SOD there. The N:COD ratio found was in the range of 1-3% by
weight which indicates a rnalar C:N ratio in the order of 20. The
ratio of N-released to (SOD+COD) tends to decrease in the columns
with time and is higher when the initial loading is higher also.
This behaviour is similar to the COD:SOD ratio and may be due to
the same cause: readily biodegradable organic compounds are rich
in nitrogen and hydrolised with preference. The initial ratio
N:(SOD+COD) was always higher than the ratio in the original
sludge. Also initially a substantial fraction was released as
organic N, but gradually mainly ammonium was released.
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STORM WATER RUNOFF HYDROCARBONS IN THE TAMA RIVER BASIN IN TOKYO
AND THEIR FATE IN THE RIVER
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Department of Chemica! Engineering, Tokyo University of Agriculture
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ABSTRACT
Stormwater runoff pollution in urban area have significant impact on aquatic
environment. The Nogawa river, which is a tributary of the Tama river in
Tokyo, f lows through a residential district.
In high water, alipha tic
hydrocarbons were found in the river water more than in normal water.
It
seemed that the hydracarbon in normal water was originated from gray water,
and these in high water was from emission from automobiles and/or resuspended
in bottorn sediment. Polycyclic aromatic hydrocarbons (PAH) were negligible in
river water during both normal and high water, whereas these were high in
bottorn sediment.
It is most probable that PAH was originated from ether
sourees than automobiles emission.
KEYWORDS
Stormwater; urban runoff; aliphatic hydrocarbon; polycyclic aromatic
hydrocarbon; river water; gray water; roadside dust; bottorn sediment
INTRODUCTION
Numerous chemieals originated from human activities are known to be discharged
into environment in various forms such as suspended particulate, dust and
mist. These substances are transported through atmosphere and a part of them
is deposi ted on land surface or directly on water surf ace.
In 'rainy days,
most of chemieals deposited on land would be washed off and be flowed into
water bodies nearby.
Although most part of stormwater runoff is introduced
into sewer system, a part of them is still discharged directly into river by
incomplete distribution of sewer system. It is true, of course, stormwater
overflow is still discharged into water bodies even in the sewered area. Some
of these chemieals are known to be degraded biologically, whereas ethers
remain in the bottorn sediments of the water. They may have significant impact
on aquatic ecosystem.
There have been reported a number of investigations on the importance of
stormwater runoff as a major pathway of chemieals from land crigin into
aquatic environment ( Browne, 1 980; Field et al., 1 980; Duda et al., 1 982).
However, there have been very few studies on the behavier of hydrophobic
petroleum hydrocarbons by stormwater runoff .
Souree of hydrocarbons to urban stremwaters include accidental spills,

deliberate dumping of waste oil and fuels, emission from engines, crankcase
drippings, fallout from atmospheric particulates, spillage of the products
during refining and transportation, natural seepage and natural bicgenie
sourees (Fam et al.,1987).
Brown ( 1985) has shown that the most probable souree of crankcase oil-like
petrochemical
hydrocarbons found in the sediments of the Hillsbrough river
was the stormwater runoff.
Walkeham (1977) has reported that the petro l eum
hydracarbon in the sediment in Lake Washington hordered by Seattle on the west
was almest from urban stormwater runoff and the contribution from naturally
occurring hydrocarbons appeared to be minor.
Hamilton et al. (1984) pointed
out that the plant wax hydrocarbons found in the suspended matter in the upper
Green-Duwamish river, Washington, were originated from algae and that a
secondary sewage treatment plant was a major point souree of hydrocarbons to
the river.
Jensen ( 1983) estimated the input and output of petroleum
hydrocarbons in a coastal marine area of Denmark, and reported that 21% of the
total weight of C12-C36 fraction have deposited on the sediment.
Sternstorm
et al. (1984) and Fam et al. (1987) investigated the hydrocarbons found in 15
watersheds in the San Francisco Bay area and reported that the hydrocarbons in
undeveloped areas were of bicgenie crigins and that the major anthropogenic
sourees of hydrocarbons in the stormwater runoff from urban areas were
originated from motor oil and diesel fuel.
Those reports are described that the hydrocarbons found in aquatic
environments such as river, lake and estuary were transported by stormwater
runoff from urban area where hydrocarbons exist in the form of smoke and soot
of the factory and emission of the incomplete cernbustion of automobiles during
cruising, deceleration and idling.
The objective of this investigation is to know the origin, the transport and
the fate of the petroleum hydrocarbons, i.e. aliphatic and polycyclic aromatic
hydrocarbon, with special emphasis on the contribution of stormwater runoff to
urban river.
MATERIALS AND METHOOS
The river
The Nogawa river is a tributary of the Tama river in Tokyo.
stretches from a spring to the Tama river and is running through a residential
area of suburban Tokyo.
Each sample, such as ri ver water, sediments,
stromwater, street dust was collected from the Nogawa river basin (Fig. 1 ) •
A 5 1 of water sample was collected in a glass bottle, and added with NaCl
(3%) and adjusted to pH2.0 with 1N HCl in situ and then brought back to
laboratory.
Pertoleum hydrocarbons were extracted from the sample by fractienation into
dichloromethane in separatory funnels.
The ratio of sample to dichloro• Supli"' Site
0 Spr i"' Water

Fig. 1.

Nogawa river and location of sampling sites.

rnethane was 10:3.
The dichlorornethane extract was dried over sodiurn sulfate
and excess dichlorornethane was evapolated by a rotary evapolator and/or by
Kuderna-Danish (KD) evaporative concentrator.
The final volurne was 2rnl.
Dichlorornethane extractable rnaterials, i.e. neutral fraction, in the sample
were charged toa glass column packed oversilicagel (1 .0 x 30 cm).
Aliphatic hydrocarbons were eluted with
30 rnl of n-hexane.
Polycyclic
aromatic hydrocarbons were e luted
with 30 rnl of n-hexane/benzene salution
(1 :1 v/v).
Each fraction was concentrated again by KD evaporator.
Aliphatic hydrocarbons were separated and identified
by gas chrornatography
(Shirnazu GC-14A) with a hydragen flarne ionization detector.
A capillary
glass column (0.25rnrn x 25rn ), packed withULBON HR- 1 01 (Chrornatopacking Center
Co.) was used.
Injector ternperature was 320oc and column ternperature was
prograrnrned frorn 6ooc to 2400c at 4oc rnin-1.
Polycyclic aromatic hydrocarbons were deterrnined by high performance
liquid
chrornatography ( Tosoh Co . , CCPE model) using a column packed with TSK gel
(ODS-BOTM, 0.46 x 25.0 cm) under room ternperature .
Eluate used was methanol water solvent (95:5,v/v) with the flow rate of 1 .Ornl rnin-1.
Fluorescence
detector (Shirnazu Co., RF-535 model)
with the wavelengh
of 295nrn for
excitation and 490nrn for ernission was used.
Solid samples such as sediment, street dust and highway dust were preserved in
amber reagent bottles at -2ooc.
.Sedirnents were centrifuged at 3000 rprn for
10 rninutes to remave water.
Prior to hydracarbon analysis, these samples
were oven-driedat 105-1100C for 2 hours to deterrnine dry weight and
incinerated at 600*25°C for 2 hours to deterrnine ignition loss.
Petroleum hydrocarbons in the solid sample were extracted by 75 rnl of
dichlorrnethane with rnortars.
The extract was pass ed through a glass fiber
filter (Whatrnan GF/F).
This filtrate was washed successively by 10% sodiurn
carbonate, then 15rnl of 1N sodiurn hydroxylate and 15rnl of 1N HCl, and,
finally, was neutralized by water.
The sample was dried over sodiurn sulfate,
and concentrated by KD evaporator.
The concentrate was charged to the column
of silica gel
and aliphatic and polycyclic aromatic
hydracarbon fractions
were separated.
The concentratien of each component was deterrnined by
the sarne procedure as water sample.
Microbial degradability of aliphatic hydrocarbons in river water was also
estirnated for octadecane (nC1sH37 : 0.025rnrnol 1-1 ), heneicosane (nC21H44: 0.065
rnrnol 1-1 ), heftacosane (nC27H56: 0.065 rnrnol 1-1) and triacontane (nC3oH62:
0.05 rnrnol 1- ). Hydrocarbons were ernulsifi ed by ultrasonicator in hot
distilled water and added into 10 rnl of river water in a test tube (2.5 x 20
cm). They were incubated at 20s1oc on a reciprocating shaker. The rernained
hydrocarbons were extracted with n-hexane and deterrnined by FID-gas
chrornatography.
RESULTS AND DISCUSSION
Runoff and Fate of

Aliphatic Hydrocarbons

The Nogawa river is flowing through a suburban residential area in Tokyo. The
area of the Nogawa basin is 46.3 krn2 with population of 410,000.
The water
is supplied frorn more than ten springs and gray water discharged frorn
residential areas without sewer systern in the river basin (13%). Average rate
of flow is 20x103 rn3 day-1 and 82% of thern originates frorn gray water.
Concentratiens of aliphatic hydrocarbons with carbon nurnber frorn 11 to 30 in
spring water, gray water and river water in normal water are shown in Fig.2.
Little hydrocarbons were identified in the spring water.
However, the
concentrations of hydrocarbons with carbon nurnber greater than 25 in gray
water was 1.5-2 tirnes higher than these inriver water. It is most probable
that aliphatic hydrocarbons in normal water are rnainly originated frorn gray
water which is diluted by the non-contarninated spring water.
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Concentratiens of aliphatic hydrocarbons in water samples.

The carbon number distribution of hydrocarbons in river water during high
water, was similar to that of normal water, whereas the concentratien was 1.53 times higher than that in normal water (Fig.2).
It is known that petroleum
hydrocarbons are discharged into atmosphere in the farm of smoke and soot of
factories and by emission of incomplete cambustion of automobiles.
They are
washed out by rain down to land surface and transported with stormwater runoff
from urban area (Herman, 1 981 ) •
Concentra ti on of hydrocarbons in stormwater
and runoff water sampled at the inlet into the Nogawa river are shown in
Fig.2.
Concentratien of hydrocarbons with carbon numbers less than 25 were
ca. 0.05~g 1-1 and those with greater than 25 were ca. 0.2 ~g 1 -1 in
stormwater.
These values are from one-tenth to one-twentieth of those in
river water during high water.
Therefore, the stormwater itself seemed to
have little impact on hydracarbon concentrations in river water during high
water level.
Concentratien of hydrocarbons with carbon number greater than
25 in runoff water was from 2 to 3 times as high as those in river water
during high water.
Concentratien of hydrocarbons with carbon number around
14 are one-third of those with greater than 25.
Lygren et al. (1984) reported that hydrocarbons are deposited within 100 m
from higway as small particles of dustfall in Norway.
In the Nogawa river
basin, hydrocarbons contents in stormwater was negligible.
Most hydrocarbons
in emission of automobiles, therefore, seemed not to suspend in atmosphere,
but adsorbed on fine particles of dust, greater than 10 ~m, and deposited on
raad surface or surrounding area.
Concentratiens of suspended solid (SS) and
volatile SS (VSS) in the water sample are shown in Table 1.
Runoff water
contained high concentra ti on of suspended solid and low VSS.
The SS
concentratien inriver water during high water was 1.5 times more than that
in normal water and about 40% of them was organic substances.
Hoffman et al.
(1984) reported that petroleum hydrocarbons were transported with runoff water
and, especially, most of the hydrocarbons were associated with the suspended
particles during high water in the estuarine water of Rhode Island.
Latimer
et al. (1986) reported that most of petroleum hydrocarbons in runoff water
adsorbed on SS.
Generally, urban runoff water contains various
particles of terrestrial crigin such as fine particles from asphalt and
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concrete pavements, and soil particles.
It is most likely, therefore, the
hydrocarbons discharged into the Nogawa river with runoff water may be
adosorbed onto SS and deposited on the bottorn of the river whichever the
original form were free in water or adsorbed on SS in runoff water.
The increase in flow rate during high water enhance resuspension of bottorn
sediments.
The petroleum hydrocarbons adsorbed to the sediment have impact on
hydrocarbon concentratien inriver water during high water.
Walkeham (1977)
has reported that surface sediments (0 to 20 mm) of Lake Washington contained
high concentratien of petroleum hydrocarbons compared to deep sediments ( >300
mm).
Most of the hydrocarbons in the surface sediment were likely to be
originated from petroleum or its refined products.
Jensen (1983) estimated
that 21% of C12-C36 fraction of petroleum hydrocarbons discharged into a
coastal area of Denmark, have deposited on the sediment.
We compared concentratien of aliphatic hydrocarbons in the surface soil of the
Nogawa Park, which was located near the sampling site in the Nogawa river, in
dust of roadside nearby, and in the surface of bottorn sediment in the Nogawa
river.
As a reference also determined the concentratien of hydrocarbons in
a roadside dust on route 20 with heavy traffic in contrast with the
residential district of the Nogawa basin.
As shown in Fig.3, little
hydrocarbons with carbon number of 27 and 29 were detected in the surface soil
of the Nogawa park, and were below 1 pg g-1.
Therefore, the contribution of
the hydrocarbons transported from the soil in the park seemed to be
negligible.
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Concentratien of aliphatic hydrocarbons in solid samples.

In the street dust, the distribution of hydrocarbons corresponded with that of
runoff water.
However, the concentratien of hydrocarbons with carbon number
around 14 were almost equal to those with greater than 25.
They were about 4
pg g-1.
Similar to the river water in high water, hydrocarbon concentratien
in the sediment wi th carbon number around 14 was negligible, whereas those
with greater than 25 were about 5 times as high as those in the roadside dust.
Simoneit et al. (1981) and Hamillton et al. (1984) reported that the wax with
carbon number greater than 27, which were found on the surface of leaves of
trees, and vascular plants, were predominant hydrocarbons in high water in
suburban river.
Hydrocarbons with carbon number greater than 25 in Nogawa
during high water may be transported also from the plant wax, and those with
carbon number around 14 may be disappeared by microbial degradation.
The concentratien of aliphatic hydrocarbons in route 20 ranged from 40 to 120
pg g-1.
The highest concentratien of hydrocarbons, about 300 pg g-1, was
noted in carbon number of 27.
It is known that major hydrocarbons in used
motor oil
are those with carbon number around 23, partiele hydrocarbons in
emission from diesel engine were mainly those with around 20 and those in
gasoline ~nd light oil were mainly those with around 14 (Simoneit et al.,1981;
Brown, 1985; Fam et al.,1987 ).
Microbial degradability of aliphatic hydrocarbons in river water was also
estimated because the hydrocarbons with carbon number around 14 found in

street dust and runoff water could not be detected in the river water and the
sediment.
Difference in microbial degradability with the chain length of
hydrocarbons and even or odd number of chain was studied by using aliphatic
hydrocarbons with carbon number of 18, 2 1 , 27 and 30.
As shown in Fig.4,
microbes in the river water degraded hydrocarbons preferably from short chain
length regardless of even and odd.
Under the experimental conditions adopted
here in this study, the microbia l degradation was finished within 1 day at a
rate ranging from 6.8 to 1 1 .7 ~g 1-1 min-1 , aftera lag time of 1 day for the
short chains and of 1.5 days for the long chain.
H1drocarbon concentration
with carbon number around 14 were l ess than 0.5 ~g 1- and those with greater
than 25 were ranged from 1 to 5 ~g 1-1 in river water during normal water.
Therefore, the hydrocarbons with carbon n umber around 14 found in the roadside
dust in normal water and in storm runoff water in high water, seemed to be
degraded in a short period of time by the microbes in the river water or the
sediments.
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Runoff and fate of polycyclic aromatic hydrocarbons
The contents of polycyclic aromatic hydrocarbons in each water samples were
shown in Fig.5.
These polycyclic aromatic hydrocarbons (PAH) here in this
study are sum of
benzo(a)anthracene (B(a)A), benzo(k)fluoranthene (B(K)F),
benzo(a)pyrene (B(a)P) and Benzo(ghi)perylene (B(ghi)P).
In normal water, 5-10 ng 1-1 of PAH was found in the gray water but was
negligible in spring water and river water.
PAH with rings greater than 4 is
rarely degraded even by the microorganisms isolated from the soil of oil field
as Heitkamp et al. (1988) reported, and is appeared to be highly adsorptive to
SS ( Herrmann, 1981; Hoffman et al., 1 982; Hoffman et al.,1984).
Fraction of
B(a)A adsorbed in SS ( Whatman GF/F· filtration) in normal water was negligible,
whereas 40% of B(k ) F, 64% of B(a)P and 42% of B(ghi)P were adsorbed onto ss.
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Concentrations of PAH in water samples

Even in high water, PAH was only ca. 1 ng 1-1 both in storm water and river
water.
PAH concentrations in runoff water ranged from 20 to 30 ng 1-1
It
seemed that PAH in runoff water was adsorbed to SS in
runoff water and
accumulated on the sediment as well as in normal water. Therefore, it is most
likely that PAH is adsorbed to SS in atmosphere and aquatic environment· in
form of dust, mist and suspended partiele matter etc. and to be accumulated on
land or sediment surface (Bate et al.,1987; Ellis et al.,1987; Prahl et
al.,1987).
PAH contents in soil of the Nogawa park, street dust and bottorn
sediment was shown in Fig.6.
PAH contents in park soil were ca. 5 ng g-1 dry
weight and in street dust and in roadside dust of route 20 were ranged from 20
to 40 ng g-1
In the bottorn sediment, B(a)A, B(k)F, B(a)P and B(ghi)P
contents were 78.5ng g-1, 55.8ng g-1, 32.2ng g-1 and 161.1ng g-1 respectively.
These values are from 3 to 5 times as high as these in the street dust.
However, these values were still lower than these reported by Takada et al.
(1984) in the sediment of coastal area in Tokyo Bay, i.e. B(a)A, B(k)F,~ä)p
and B(ghi) were 124ng g-1, 182ng g-1, 228ng g-1 and 235 ng g-1, respectively.
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Aliphatic hydrocarbon contents in roadside dustof route 20 was 10-30 times as
high as that in street dust of residential area, whereas the PAH contents were
almest the same.
Therefore, it is most probable that PAH are not originated
from emission of automobiles in the Nogawa river.
Hagenrnaier et al. (1986)
determined PAH concentrations in surface sediments of the River Neckar,
primary sludge of waste water and organic fraction of municipal refuse, and
PAH were originated ~artly from traffic and mostly from incompletely
cernbustion of woods at home.
Takada et al. (1984) reported that PAHs in the
sediment of Tokyo Bay originated from cernbustion product of fossil fuel and
the composition of PAH depended on the kind of fossil fuel, condition of
combustion, and pathway from occurrence etc ••
CONCLUSIONS
The origin, transport and fate of hydrocarbons in the Nogawa river basin, a
typical urban river running through residential area in suburban Tokyo, was
studied both in normal and high water.
The specific conclusions drived from
this study are as fellows:
(1) Aliphatic hydrocarbons found in the water of Nogawa river in normal
water, were originated mainly from gray water.
(2) Aliphatic hydrocarbons found in high water were originated
mainly from runoff water.
They originated from roadside dust such as
emission or dust of automobiles and were washed off into
stormwater
drain by stormwater.
The resuspension of sediment may also contribute in
high water.
(3) PAH, contents in roadside dust of route 20 with heavy traffic were the
same as these in street dust near the Nogawa river with light traffic.
The emission of automobiles, therefore, not the major souree of PAHs .
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ABSTRACT
A broad based approach has been used to assess the impacts of discharges to rivers from 47
surface water sewers, with the objective of determining whether such discharges are darnaging
to stream quality.
In order to study as many sites as possible, sampling, laboratory and data analysis
techniques were designed to be as simple and rapid as possible. This broad approach was
deliberately chosen to contrast with other UK studies in which a small number of sites have
been investigated in detail.
Three parameters were studied, all of which could reflect the effects of intermittent
pollution on stream quality during dry weather. These were the numbers and types of bentbic
macroinvertebrates upstream and downstream of the outfalls, the concentrations of metals in
algae upstream and downstream of the outfalls, and the concentrations of metals in sediments
upstream and downstream of the outfalls.
Information relating to the study catchments has been collected from local authorities and
by observation at the time of sampling. This information includes catchment areas, land
uses and receiving stream quality.
Methods used for site selection, sampling, analysis and data interpretation are described.
Results show that there is a smal! but significant fall in biologica! water quality
downstream of outfalls, but no consistent detectable impact on the concentrations of metals
in sediments or algae.
The biologica! effects are compared with the catchment characteristics to identify the
factors governing the impact, and upstream water quality is found to be an important factor.
Other factors influencing the impact are sewered catchment area and land use.
KEYWORDS
RIVER QUALITY; URBAN RUNOFF; INTERHITTENT DISCHARGES; RECEIVING WATERS;
INDICATORS.

MACROINVEREBRATE

INTRODUCTION
Pollution caused by discharges from urban drainage systems, both combined and separate,
should be taken into consideration when systems are designed. To make this possible, and
for the rational assessment of design alternatives, planning authorities require a means of
predicting the water quality effects of such discharges.

Current research in the UK is directed towards the development of simulation models capable
of analysing flows and pollutant loads in urban drainage systems. These models will
eventually be used by water quality planners in conjunction with river quality mode ls and
standards designed to take account of the intermittent nature of storm discharges. Until
these tools are fully operational. there is a need for procedures to estimate pollution
loads and their effect on receiving water quality. Such procedures exist for combined sewer
overflows. but there are no guidelines for separate surface water systems.
Urban runoff discharges to streams can have physical. chemica! and biologica! impact s . but
their intermittent and unpredictable nature makes impacts difficult to assess. Biologica!
monitoring has long been recognised as valuable in such cases. as stream flora and fauna
respond to all the stresses placed on them by intermittent discharges. Despite this.
biologica! techniques have not been widely used to assess the impacts of storm discharges.
Investigations of the impacts of surface water discharges on receiving stream quality have
mostly employed probabilistic methods. which rely on comparison of predicted in-stream
pollutant concentrations with water quality standards from which environmental quality is
inferred . There are few publisbed accounts of receiving water impact assessment usi ng direct
measurement of chemica! or ecological parameters. Those which have been carried out in the
UK have generally been restricted to a single site. and lack of coordination between
individual projects has made it difficult to campare results from different catchments. As a
result. there is little information in the UK on the effects of urban runoff discharges.
The project described in this paper was designed to provide planners with an indication of
the effects of surface water sewer discharges on receiving streams. The overall objectives
were to
a) Investigate. by a programme of field work. the impact of di scharge s from
water systems on receiving stream quality.

surface

b) Relate the findings from the field work programme to the characteristics of the
catchrnents studied.
c) Use the results from a) and b) to formulate s imple guidelines for estimating
discharge impact from knowledge of catchment characteristics.
The initia! aim of the project was to determine whether discharges from surface water sewers
had any measurable impact on stream quality. using commonly applied water quality indices.
This paper describes the methods used to investigate impacts. the results of the field work
programme. and the relationships found between measured impacts and catchment
characteristics. A full account of the whole project has been given by Payne (1989).
DATA COLLECTION AND ANALYSIS METHOOS
A broad based approach using chemica! and biologica! surveillance was chosen to assess
discharge impacts. by upstream/downstream measurements at 47 outfall sites in the
Severn-Trent Water Authority area (Fig. 1). At each site. upstream and downstream stations
were selected for the sampling of benthic macroinvertebrates. sediments and the a lga
Cladophora. Procedures employed for site selection. sampling and analysis are described
below.
Benthic macroinvertebrates were selected as the indicator organisms to be studied
because many indices exist to aid data analysis. there are simple s tandard
sampling methods. good taxonomie keys are available for identification. and their
wide distribution f aci litates site-to-site comparisons.
For chemica! analysis of stream water to be meaningful . samples would need to have
have been taken during storm events by automatic samplers. This was impractical for a large
number of sites. so plants and sediments were sampled as indicators of stream quality during
period s of di scharge. Metal s. which were known to be present in runoff in di ssolved a nd
particulate phase s . were determined on the sediment and algae samples.
No attemp~ was made to investigate the processes which produced observed impacts. and for
this reason neither quantity nor quality of discharges was mea sured.

Site Selection
Potential study sites were identified in consultation with local authority drainage
engineers and pollution control officers, and then visited to assess their suitability
according to the following criteria:
a)

the catchment should be separately sewered;

b)

the outfall should be to a river reach with a natura! bed;

c)

the river should be suitable for sampling;

d)

there should be no other major outfalls or overflows close to the study outfall;

e)

information on the study catchment should be available.

At each site, upstream and downstream sampling stations were chosen to be as similar as
possible in terms of light and shade, water depth, current velocity and substratum. This
minimised the influence of other factors so that any observed differences could be
primarily attrib~ted to the impact of discharges from the outfall.
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Site locations

Hacroinvertebrate samples
Bentbic macroinvertebrates were collected using an Aston Cylinder Sampler (Fig.2). This is
an open-ended stainless steel cylinder which is pusbed into the river bed to isolate an area
from which macroinvertebrates are removed. Water flows into the cylinder through an
aperture covered with a mesh screen, and macroinvertebrates are wasbed into a collecting net
on the opposite side of the cylinder. The sampler enclosed an area of 0.05m•. Four
samples, representing a total sampled area of 0.2m•, were taken at each station, in
different microhabitats if appropriate. The four samples were bulked and treated as a
single sample for the station. Animals trapped in the net were transferred to plastic
pails, and covered with river water for transport back to the laboratory. All samples were
analysed within three days of collection to avoid the need for preservation in formalin or
alcohol. Hacroinvertebrates were identified in the laboratory to family level, and
counted.
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Aston cylinder sampler

Sediment and Algae Samples
River sediment samples were taken using a plastic scoop. The top 5 to 10 cm was sampled at
four or more points across the channel, and the sampled sediment was wet-sieved to remove
material larger than 2 mm. In the laboratory, the sediment was air dried at 30°C and then
ground so that it passed through a 150 micron nylon mesh sieve.
Samples of the alga Cladophora were taken from plants across the channel by pulling off
the free-floating parts. The samples were washed in river water to remove sediment. In
the laboratory the samples were air dried and ground as for sediment sampl es.
Sediment and algae samples were refluxed with nitric acid and metals were determined on
the extracts by inductively coupled plasma. The meta l s determined were zinc, cadmium, lead,
nickel, boron, chromium, vanadium, beryllium, copper, silver, arsenic, and
selenium.
Catchment Characteristics
Information on the study catchments was collected from local authorities a nd from maps
and plans. The characteristics recorded for each catchment included sewered catchment area,
land use, and the receiving stream quality classification. Observations made at the time of
sampling were also recorded, and these included descriptions of discharges if overflows were
operating.
Interpretation of Biologica! Data
The problems of presentation and interpretation of biologica! data are wel! documented and
have recently been summarised by Hellawell (1986). Raw data are generally reduced to a
recognised index to aid comprehension. Such indices fall into three categories: pollution
indices, diversity indices and comparative indices. Indices of all three types were
considered for use in the project, and several were used in a pilot study designed primarily
for selection of appropriate procedures. The index found to be mo st valuable in the main
project was the Biologica! Monitoring Working Party (BHWP) Score (National Water Council,
1981). This is a simple system based on the presence or absence of macroinvertebrate taxa
and requires identification to family level only, thus reducing the time needed for sample
analysis. Individual families of macroi nvertebrates are allocated a score between 1 and 10
depending on their sensitivity to pollution (higher scores for sensitive families), and the
scores are added together to give the BHWP Score. Severn-Trent Water apply the following
"Gener all· Biologica! Description" as an aid to interpretation of BHWP Scores:
BHWP Score:

0-9
10-25
26-50

Unsatisfactory
Poor
Moderate

51-100
101-150
151+

Good
Very Good
Excellent

So that organism abundance could be taken into account at the family level, weighting
factors were applied to BMWP Scores, using the levels of abundance recognised by Chandler
(1970):
DESCRIPTION
Present
Few
Common
Abundant
Very abundant

NO. OF INDIVIDUALS
1-2
3-10
11-50
51-100
>100

WEIGHTING FACTOR
1
1.5
2

2.5
3

The weighting factors were applied to the individual scores before adding them together to
give the Weighted BMWP Score. The number of BMWP taxa present in each sample was also
recorded.
FIELD SURVEY RESULTS
Hacroinvertebrate Samples
A summary of the BMWP Scores and taxa counts is given in Table 1. BMWP Scores ranged from 7
(unsatisfactory) to 72 (good), with most in the range 26-50, indicating streams of moderate
quality. Overall, there was little difference in mean or median scores between upstream and
downstream stations; although differences at individual sites were often considerable.

TABLE 1

Summary of Taxa Counts and BMWP Scores

HEAN

HEDIAN

STD.DEV.

MIN

TAXA COUNT
upstream
downstream

7.85
7.36

8
7

2.22
2.34

3
3

14
14

BMWP SCORE
upstream
downstream

29.43
26.98

27
24

12.01
12.17

6
7

72
61

WBMWP SCORE
upstream
downstream

47.33
42.20

45
40

16.54
16.28

10
10.5

92.5
92

~

At 28 sites, the indices were lower downstream of the outfall; at 14 sites the indices
were higher; and at the remaining 5 sites the indices were either identical upstream and
downstream or indicated different effects. This distribution was tested using a Chi-square
test and found to be significantly different from the distribution expected if the outfalls
had no effect on water quality. The indices were further investigated using t-tests for
paired comparisons. The calculated t values indicated a fall in water quality significant
at the 10% level using taxa counts and BMWP Scores, at the 5% level using weighted
BMWP Scores. It was concluded that there was evidence of a fall in water quality downstream
of the studied outfalls, and that further data analysis including catchment characteristi cs
would be worthwhile. The results of this analysis are presented below.
Hetals in Sediments and Algae
Sediment samples were analysed from 45 of the 47 monitored sites, and Cladophora samples
were taken at 32 sites. Summaries of selected metals concentrations in sediment s and algae
are given in Tables 2 and 3 respectively.
Overall, there was little difference between upstream and downstream metal s concentrations
in sediments and algae. For each metal, it was demonstrated that concentrations in
sediments and algae were as likely to rise as fall downstream of the outfall. This was
confirmed by a series of t-tests on upstream-downstream pairs, which showed that there was
no significánt difference in metals concentrations in either sediments or algae upstream and
downstream of the outfalls.

Summary of Selected Metals in Sediment Samples

TABLE 2
MEAN

MEDIAN

STD.DEV

MIN

MAX

DF%

204.0
170.6

95
99

429.3
238.6

< 1
< 1

2800
1300

97.8
97.8

< 0.5
< 0.5

13.2
24.0

26.7
20.0

ZINC

upstream
downstream

CADIUM

upstream
downstream

LEAD

upstream
downstream

218.3
206.6

180
180

140.3
87.87

78
95

950
540

100
100

COPPER

upstream
downstream

64.53
37.24

18
16

240.3
66.73

< 1
< 1

1600
340

91.1
95.6

DF

u

< 0.5
< 0.5

Detection Frequency.

TABLE 3

All concentrations in mg/kg dry sediment.

Summary of Selected Metals in Algae Samples

MEAN

MEDIAN

STD.DEV

MIN

MAX

DF%

ZINC

upstream
downstream

379.9
399.5

280
345

316.6
363.5

37
47

1600
2100

100
100

CADMIUM

upstream
downstream

2.222
2.184

1.7
1.5

1.735
1.715

0.5
0.7

7.5
7.5

100
100

LEAD

upstream
downstream

193.7
178.2

130
120

185.5
154.0

< 1
< 1

970
820

96.9
96.9

COPPER

upstream
downstream

81.22
50.09

37.5
34.5

224.3
77.31

4

1300
460

100
100

DF .. Detection Frequency.

5

All concentrations in mg/kg dry algae.

Characteristics of Studied Catchments
A large amount of detailed information was collected on the catchments studied. The
effect of various characteristics on the observed impacts was assessed by dividing the data
set into categories based on some of the measured characteristics, as shown in Table 4.

TABLE 4 Summary catchment Characteristics

AREA (ha)
no of sites
mean area (ha)
LAND USE
no of sites
NWC CLASS

1
8
0.69
<

residential
21

1-10
19
5.38

11-50
12
18.5

industrial
4

no of sites

class 18
(good quality)
20

class 2
(fair quality)
17

DISCHARGE
no of sites

sewage
13

industrial
2

51-100

> 100

4
220

4

64
highway

mixed
18

4

unclassified
10
unidentified
5

clean
27

The catchments ranged in size from a third of a hectare to 500 hectares, with a median area
of 9.35 hectares. Most of the catchments were residential: 45% were completely
residential, and a further 13% were mainly residential. Large catchments were usually of
mixed land use. The receiving streams were NWC class 1B (good quality) or 2 (fair quality),
with the exception of 10 small brooks which were too small to be included in the
classification scheme. Class 3 (poor quality) and 4 (bad quality) rivers were not sampled.
At 13 sites there were foul sewage discharges, and most of these were observed during dry
weather. Industrial discharges were observed at 2 sites during dry weather, and for a
further 5 outfalls the effluent sourees were not identified but the discharges were not
clean.
THE EFFECT OF CATCHMENT CHARACTERISTICS ON OUTFALL IMPACT
The biologica! index used to assess the effect of catchment characteristics was the BMWP
Score. Metals concentrations were also analysed, but no significant upstream-downstram
differences were found and these results are not reported below.
The Effect of Catchment Area on Outfall Impact
Paired comparison t-tests were carried out on the upstream and downstream scores for each of
the area groups in Table 4. Downstream scores were not significantly lower than upstream
scores at sites less than 1 ha or sites between 1 and 10 ha. The 11 to 50 ha group
downstream scores were significantly lower at the 10% level, and the 51 to 100 ha group
score differences were significant at the 5% level. Downstream scores at sites over 100 ha
were also significantly lower than upstream scores at the 5% level. The mean BMWP Score
differences for each group were as follows (negative values indicate lower score downstream
than upstream):
< 1
1-10
11-50

ha
ha
ha

-2.25
0.05
-3.83

51-100
> 100

ha
ha

-4
-9

These results indicate that biologica! impact increases with the area of the sewered
catchment, with no impact for small catchments and significant impacts for catchments over
50 ha.
The Effect of Catchment Land Use on Outfall Impact
Sites were divided into the categories given in Table 4 and paired comparison t-tests were
carried out on the scores in each group. For residentlal and mixed land use catchments the
BMWP Scores were not significantly lower at downstream stations. At the industrial and
highway sites downstream BMWP Scores were significantly reduced, at the 10% and 5%
confidence levels respectively; with mean di f ferences of -8.25 for industrial and -4.5 for
highway sites.
The score differences at residentlal and mixed land used sites were generally lower than
industrial and highway sites, but were also more variable; with large score reductions at
large, mixed catchment outfalls.
The Effect of Sewage and Other Contamination on Outfall Impact
Using the data summarised in Table 4, the effects of observed discharges on outfall impact
were investigated. The results of this analysis indicated that scores at sites with
observed sewage contamination were significantly lower downstream of the outfall. Sites
which were apparently clean also had significant score reductions, however, and no
significant difference was found at sites with industrial or unidentified effluent. A
single classification analysis of varianee confirmed that discharge type influenced
biologica! impact. These results were treated with caution, as sites were not continuously
monitored, and intermittent discharges could have been missed.

The Effect of Upstream Quality on Outfall Impact
Measured impacts were compared with both NWC class and upstream BMWP Scores. For class lB
sites there was no significant reduction in BMWP Score at downstream stations, although
weighted scores were significantly lower. No significant score reductions were found for
class 2 sites. At unclassified sites, however, there was a significant reduction in BMWP
Scores downstream of the outfalls. The unclassified watercourses are minor tributaries
which are too smal! and too numerous for inclusion in the NWC scheme . The biologica!
results indicate that it is these smal! streams which suffer the greatest impact from
surface water discharges. In addition, class lB streams are more like ly to be adversely
affected by discharges than class 2 watercourses.
The association between upstream quality and detected impact was further investigated by
comparing upstream BMWP Scores with BMWP Score differences (Fig. 3). The largest score
reductions are at sites where the initia! water quality is highest, and downst ream increases
in scores are more common at sites where the initia! quality is poor. The correlation
between upstream BMWP Scores and upstream-downstream score differences was significant at
the 1% confidence level •
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CONCLUSIONS
1. The field survey has shown that discharges from surface water sewers have a mea surable
impact on receiving stream quality.
2. The extent and nature of the impact varies from site to site. The overall effect is a
deterioration in water quality which can impair the use of the watercou rse downstream of the
outfall.
3. Overall, there was a smal! but significant fall in biologica! quality, indicated by BMWP
Scores downstream of outfalls. There was no detectable impact on the levels of metals in
either sediment or algae samples taken upstream and downstream of the outfalls.
4. Catchment characteristics influence impact and could be used to predict the likely
impact of proposed outfalls from new developments.
5. Catchment area and land use both influenced impacts at the study sites, with reductions
in quality more likely to occur downstream of outfalls from large catchments, and the
highest impacts at industrial and highway outfall sites.

6. At least 28% of sites studied had connections to the foul system, and a further 14% were
observed to be discharging during dry weather. Most outfalls with sewage contamination were
darnaging to water quality, but there were some instances in which water quality improved
downstream of sewage inputs.
7. The quality of the receiving stream was an important factor in determining outfall
impact. At sites with a BMWP Score over 25, 807. suffered a reduction in quality downstream
of the outfall.
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ABSTRACT
From 1985 to 1987 long-term and more or less permanent effects of discharges from combined or
separate sewer systems on communities of sessile diatoms and macro-inve rtebrates in receiving
waters have been studied. Sessile diatoms and/or macro-invertebrates have been investigated on
46 localities, spread all over The Netherlands. The results were related to the type of sewer
system, the discharges and the characteristics of the rece1v1ng water and compared with
results from (a) sample{s) taken from a corresponding water not influenced by sewer overflows,
the reference water.
In general communities of sessile diatoms and macro-invertebrates indicate a more severe
organic pollution and disturbance of receiving waters compared with reference waters. In the
immediate vicinity of the overflows these communities were more disturbed than at some
distance. In small ditches effects were more pronounced compared with large waterbodies and
waters with a constant flow regime. Finally, effects of combined sewer overflows were more
pronounced than effects of discharges from separate sewer systems, except for sites in
industrial areas.
KEYWORDS
Urban storm water discharges; biological effects; sessile diatoms; macro-invertebrates;
receiving waters; The Netherlands.
INTRODUCTION
Since the introduetion of the Law on Pollution of Surface Waters (W . V. O. ) in The Netherlands
in 1970, nearly all waste waters are nowadays treated in sewage treatment plants. Remaining
discharges will be sanitated in the near future. Therefore, the main causes of direct
(organic) pollution of surface waters are and will be urban storm water discharges from
combined or separate sewer systems. The estimated number of combined sewer systems in The
Netherlands is about 5500 and the number of combined sewer overflow constructions is more than
10.000 (N.W.R.W., 1984).
Effects of urban storm water discharges on receiving waters will be different from (un)treated
effluents from sewage treatment plants because overflows occur at irregular times and with
irregular intervals in contrast to the regular and continuous flow of effluents. The effects
upon receiving waters will depend on the type of sewer system, the intervals between
overflows, volume and load of the discharges and type and size of the receiving waters .
In order to get insight in relationships between rainfall, interception, treatment and
storage, overflows and effects upon receiving waters, in The Netherlands the National Working
Group on Sewerage and Water Quality (N . W.R.W.} was founded in 1982. In the framewerk of the
N.W.R . W. detáiled studies of physico-chemical , bacteriological and biological effects upon
receiving waters were carried out in 1984 and 1985 at two sampling sites, Loenen and
Bodegraven {N . W.R.W., 1987, 1988; Hoijackers and Ebbeng, 1986; Willemsen and Cuppen, 1986).

The present study, carried out from 1985 to 1987, deals witheffects of discharges from
combined or separate sewer systems upon receiving waters. The 63 investigated sites
represented the most characteristic combinations of types of sewer system and types of
receiving water, spread all over The Netherlands. At each site two sampling stations were
chosen: - station A: the immediate vicinity of the overflow;
- station B: at some distance of the overflow but within its sphere of influence.
The results were related to the type of sewer system, the discharges and the characteristics
of the receiving water (e.g. morphometry and flow conditions) and compared with results from
samples taken from a corresponding water not influenced by sewer overflows, the reference
water (station C).
This paper will focuss on long-term and more or less permanent effects (several weeks to
months) of discharges from combined or separate sewer systems on 46 localities, as reflected
by communities of sessile diatoms and macro-invertebrates. In another paper (Gast et al.,
1989) the emphasis is laid on short-term and medium-term effects (within one or two-wëëks) of
urban storm water discharges as reflected by phyto- and zooplankton communities.
Besides biologica! effects in the present study also organoleptical, bacteriological and
physico-chemical parameters in water and sediments, including micropollutants, were
investigated (N.W.R.W., in press).
MATERIALS AND METHOOS
Sessile Diatoms
Sessile diatoms are algae which are attached to firm substrates, in contrast to phyto- and
zooplankton, which are free floating and/or swimming organisms. The regeneration time of
sessile diatoms (generally several days to weeks) makes them suitable for reflection of
long-term effects of discharges from combined or separate sewer systems in all types of
receiving waters.
At 43 localities sessile diatoms were collected once-only from different kinds of firm
s ubstrates such as branches, macrophytes, stones, etc., using for each site the same type(s)
of substrate on the sampling stations A, B and C. Sampling took place 1 to 4 weeks after the
most recent storm water event. Altogether 127 sessile diatom samples were collected.
In the laboratory the samples were prepared for microscopie analysis in a conventional way by
using hydrogen-peroxide and acids. The relative abundance of the diatoms was determined by
counting 250 valves and calculating the percentage presence of each taxon. Species lists of
sessile diatoms were used to calculate values for trophic and saprobic level, level of organic
nitrogen and level of oxygen concentration, using indication and preferenee spectra according
to Van Dam (Van Dam, pers. comm.). In general, the higher the value the more disturbed and
(organic) polluted the sampling station in question will be.
Thes~ results were tested statistically with the Sign-test (NEN 1047. 1978) .
Macro-invertebrates
The regeneration time of macro-invertebrates (generally several months to one year) makes them
suitable for reflection of long-term effects and, with respect to the frequency of storm water
events, more or less permanent effects of urban storm water discharges.
Macro-invertebrates were sampled one to three times at 31 localities. Sampling mostly took
place more than one to several weeks (to months) after the most recent storm water event.
Altogether 149 macro-invertebrate samples were collected.
The samples were taken with a standard macro-invertebrates net (aperture 20 x 30 cm; mesh-size
0.5 mm). The sampled area was 1 m2 and all present micro-habitats were sampled proportionally.
In the laboratory the samples were sieved and sorted in a white tray. The macro-invertebrates
were preserved in 80 %ethanol before identification, with the exception of Oligochaeta
(4% formaldehyde), Hydracarina (Koenike solution) and Tricladida (identified immediately).
The number of different taxa on the sampling stations A, B and C at each locality, sampled on
the same date, was used as parameter to indicate possible effects of discharges. These results
have been analyzed statistically with the Sign-test.
Furthermore, the (co)occurrences of taxa on the stations A, B and C have been investigated
using the ordination technique DECORANA (DEtrended CORrespondence ANAlysis; Hill, 1979).
With this technique the composition of the macro-invertebrate communities finds expression in
two-dimensional plots. These plots reveal relative differences or similarities between
samples. Ordination of a sample along a principal axis (score) depends on the composition of
the macro-invertebrate coenose in comparison with all other samples. The closer samples are
ordinated, the more similar communities will be. Samples ordinated with a rather different
score along the axis will have rather different communities, e.g. as a result of the degree of

organic pollution or the influence of overflows. Hence the scores along the ordination axis
can be related to one or more different environments! variables .

RESULTS
Sessile Diatoms
For each sampling site the values for trophic and saprobic level, level of organic nitrogen
and l evel of oxygen concentration, based on sessile diatom communities, were calculated. In
most cases it turned out that in the vicinity of overflows (station A) the aquatic environment
was more polluted than at some distance (station B) and (much} more polluted than the
reference water (station C).
Figure 1 illustrates the differences between the values for saprobic level and oxygen
concentratien level at the sampling stations A, B and C on localities with a combined sewer
system and a smal! stagnant receiving water (ditches). In each ditch the highest values were
found in the vicinity of the overflow, indicating organic pollution. In general no important
differences were found between values at B-and C-stations, except for one site (Varsselder).
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Indication for saprobic level and oxygen concentratien level according
to Van Dam on 6 ditch-localities, based on sessile diatoms
{Ap=Appeltern; Wa=Wadenoijen; Wi=Winssen; Va=Varsselder;
Dr=Driebergen; Lo=Loil) .

Table 1 shows the results of the Sign-test for trophic and saprobic level, level of organic
nitrogen anà level of oxygen concentration. Except for trophic level the values at the
A-stations were significant higher than those at B- and C-stations, irrespective of type of
sewer system or type of receiving water. This can be explained as a clear long-term effect of
urban storm water discharges. Although in most cases the values for these factors at
B-stations were higher than those at C-stations, the differences were not significant .

This can be explained by the fact that at a considerable number of B-stations pollution was
not so pronounced as at the A-stations {especially in large or running waters) or the
C-stations themselves were incidently influenced by the sewer discharges {which was not
expected at the time when the reference waters were chosen) or background pollution.
As mentioned before, the differences between either of the three sampling sites with regard to
trophic level were not significant. This indicates that most Dutch waters, wether receiving or
reference water, are already more or less enriched by nutrients from all kinds of diffuse
sourees as agriculture, aquatic birds, runoff and precipitation. From this point of view,
sewer discharges do not very much influence the composition of sessile diatom communities.
Results Of The Sign-test For Environmental Factors Based On
Sessile Diatom Communities

TABLE 1

Factors

n

Trophic level
Saprobic level
Organic nitrogen level
Oxygen concentration level

Comparison between sampling stations
A>C
B>C
A>B

43
43
43
43

*
*

**
*
*

*

no significant difference between values on compared stations
significant difference {90 %probability)
significant difference {95 %probability}
number of investigated sites

*
**
n

A general survey of long-term effects of urban storm water discharges on communities of
sessile diatoms at A- and B-stations in comparison with C-stations is shown in table 2.
Localities with the same types of sewer system and receiving water are joined. Judgement of
these effects is not only based on the values according to Van Dam, but also on other criteria
{N.W.R.W., in press). It should be noticed that this survey only gives a mean reflection of
the observed effects. Dependent on various factors and local circumstances the effects on
sessile diatoms may differ from locality to locality.
TABLE 2

Effects Of Urban Storm Water Discharges On Sessile Diatom
Communities In Receiving Waters

Type of sewer system and
receiving water
Combined
small
small
large

sewer systems:
stagnant waters
running waters
stagnant waters

Separate sewer systems:
- urban areas, stagnant waters
- industrial areas, stagnant waters
{+)
+

++

n

n

17
13
6

station A

station B

++
+
+

{+)
{ +)

+

++

++

3

4

no {or small) effects were observed
at some sites effects were evident, at other sites not
the observed effects were evident
the observed effects were pronounced
number of investigated sites in each category

Effects of urban storm water discharges on communities of sessile diatoms were expressed in a
relatively high abundance of species indicative for high saprobic levels and a certain degree
of disturbance of the aquatic environment e.g. Gomphonema parvulum, Navicula spp. and
Nitzschia palea. At most A-stations these communities indicate a-meso- polysaprobic
conditions. Species indicative for lower saprobic levels and more or less sensitive to
disturbance mostly were found in the reference waters. In receiving waters, especially in the
vicinity of overflows, such species were decreased as a result of the discharges. At the
B-stations some of these species can be present, as well as various species indicative for
higher saprobic levels, but usually they are not as dominant as at the corresponding
A-stations . These communities indicate usually ~- a-mesosaprobic conditions at B-stations .

Macro-invertebrates
The numbers of different taxa at the three sampling stations at each locality, collected on
the same date, were compared. In general, the number of taxa decreases with increasing
(organic) pollution. It turned out that in stagnant waters, irrespective of their morphometry
and the type of sewer system, the A-station and to a lesser degree also the 8-station
camprises a significant lower number of taxa in comparison with the reference water from the
same locality (table 3). Therefore, it can be concluded that, generally, as aresult of urban
storm water discharges stagnant receiving waters are (much) more polluted and disturbed than
reference waters. In running waters no pronounced differences in the number of taxa on either
of the three sampling stations could be observed.
TABLE 3

Results Of The Sign-test Based On The Number Of Macro-invertebrate Taxa

Types of receiving waters
Stagnant waters
Running waters

Comparison between sampling stations
n
A<C
B<C
A<B

37
13

**

*

no significant difference between the number of taxa on compared stations

* significant difference (90 %probability)
** significant difference (95 %probability)
n

number of investigated samples

The results of ordination analysis will be illustrated by means of two examples of DECORANAordination plots {figures 2 and 3). Results of preceding ordinations, here not presented,
showed that site-specific factors as current velocity, sediment composition and morphometry of
the waters are the most important factors with regard to the composition of
macro-invertebrate communities. In genera!, the influence of overflows on macro-invertebrates
is only of secondary importsnee and therefore harmfull effects can only be detected by means
of ordination techniques when receiving waters are already subdivided in different types.
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DECORANA-ordination plot of macro-invertebrate samples from 6 localities
with small stagnant water {ditches). Explanation on next page.

In figure 2 the results of ordination analysis with regard to macro-invertebrates in 6 more or
less similar sites with small stagnant receiving water is shown {localities with a combined
sewer system; soil consisting of clay). In this plot the score along the first principal axis
{I) can be related to the degree of {organic) pollution or influence as a result of combined
sewer overflows. A higher score indicates a hesvier polluted aquatic environment . The scores

along the second axis (II) can mainly be related to the season. Samples collected earlier in
the season have a higher score than those collected one or several months later.
On 4 sites the first sampling programmes (Appeltern 1: May 1985; Wadenoijen 1: May 1985;
Winssen 1: April 1985; Montfoort Anne Franklaan 1: April 1987) were carried outduringa so
called background state: more than one to several months after the most recent overflow. In
Appeltern, Wadenoijen and Montfoort more or less permanent effects of overflows could be
determined at both A- and a-stations {higher scores of Al- and al-samples compared with
Cl-samples from these sites). In Winssen no pronounced difference between macro-invertebrate
communities at the stations A, a and C and therefore no permanent effects could be observed.
In De Meern and Linschoten no samples were collected during background states.
The other sampling programmes on the 6 sites in the ordination plot were carried out one to
several weeks after the most recent overflow. The results indicate a (temporary) heavier
organic polluted and disturbed environment (higher scores on axis I) and therefore more or
less pronounced long-term effects of these overflows at A-stations and (to a lesser degree) at
most a-stations too. In contrast with the scores of samples from A- and 8-stations the scores
on axis I of C-station samples of each site are most similar, indicating, as expected, that
the composition of macro-invertebrate communities in these reference waters does not change
very much because no external influences such as overflows are under discussion.
A short explanation for long-term effects on each site is:
- Appeltern: the observed effects of an overflow in August 1985 (programme 2) are pronounced
and in the same degree at both A- and 8-station;
- Wadenoijen: the observed effects of an overflow in June 1985 (programme 2) at the already
heavily polluted A-station (sample A2) were more severe than at the 8-station on this site;
- Winssen: after successive overflows during the summer period (July and August 1985;
programmes 2 and 3) pronounced effects on macro-invertebrates at the A-station come to
expression (samples A2 and A3). At the 8-station no effects could be observed because the
dense vegetation between A- and a-station prevented the pollution reaching the 8-station;
- Montfoort: after several overflows in the summer period both the A- and 8-station were very
heavily polluted, as can be concluded from samples collectedinSeptember '87 (programme 2);
- Linschoten: after the overflows in June 1986 (programme 1) and March 1987 (programme 2) only
very small effects at the A-station could be observed. In genera!, the differences between
macro-invertebrate communities at A-, 8- and C-station were not pronounced because on this
site the C-station was also of suspicious quality (dense vegetation, thick sediment layer).
On this site, only seasonal effects were pronounced .
- De Meern: only at the A-station pronounced long-term effects of the overflows in May 1985
(programme 1) and August 1985 (programme 2) could be observed.
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DECORANA-ordination plot of macro-invertebrate samples from 5 localities
with small running water (brooklets) . Explanation on next page.

In contrast with the above mentioned effects in small stagnant waters, in s mall running waters
with sandy soils {figure 3) no pronounced effects of discharges from combined sewer systems
could be observed . Along the first axis the ordination depends on site-specific factors .
Differences between macro-invertebrate communities at the three sampling stations of each
locality are negligible and, irrespective of the moments when samples were collected (from
several weeks to months after the most recent overflow), no detectable harmfull effects are
indicated. Along the second axis seasonal influences come to expression, which can be deduced
from samples collected in Gorssel (March 1986, July 1986 and July 1987: programmes 1 to 3) and
to a certain degree also from samples of Hall and Doornspijk.
Table 4 shows a general survey of long-term and more or less permanent effects of urban storm
water discharges on communities of macro-invertebrates at A- and B-stations in receiving
waters .
TABLE 4

Effects Of Urban Storm Water Discharges On
Macro-invertebrate Communities In Receiving Waters

Type of sewer system and
receiving water
Combined
small
small
large

sewer systems:
stagnant waters
running waters
stagnant waters

Separate sewer systems:
- urban areas, stagnant waters
- industrial areas, stagnant waters
(+)
+

++

n

n

13

station A

++

station B

+(+)

7

5

4
2

+

+(+)

+

+

no (or small) effects were observed
at some sites effects were evident, at other sites not
the observed effects were evident
the observed effects were pronounced
number of investigated sites in each category

The most vulnerable receiving waters with regard to long-term or more or l ess permanent
effects of combined sewer overflows on macro- invertebrate communities are small stagnant
waters . In many of these waters the effects at some distance of the overflow are as severe as
the effects in the vicinity of the overflows. In large stagnant waters the effects are
generally not as severe as in smaller waters. In running waters no pronounced effects of
overflows on macro-invertebrates were observed . As far as discharges from separate sewer
systems are concerned, the impact on macro-invertebrate communities was negligible, except
for sites in industrial areas.
In general, effects of urban storm water discharges on communities of macro-invertebrates were
expressed in a relatively high abundance of Chironomus spp., Psectrotanypus varius,
Tubificidae, Culicidae and some other taxa which, when present with a high abundance, are
indicative for organic pollution and disturbance. Taxa, which are indicative for a relatively
good water quality and sensitive for organic pollution such as Odonata, Trichoptera,
Gammaridae and Ephemeroptera, were mainly found in reference waters and mostly absent in
rece1v1ng waters. Overall, as mentioned before, effects of storm water discharges were
expressed in a decrease of the number of taxa and an impoverished species composition .
DISCUSSION AND CONCLUDING REMARKS
The impact of urban storm water discharges on aquatic communities of sessile diatoms and
macro-invertebrates has been investigated to determine long-term and permanent effects .
Suitability as indicator group for long-term and permanent effects of discharges is mainly
based on their relatively long regeneratien time . Short- and medium-term effects of these
discharges have been studied by Gast et al. (1989). who used phyto- and zooplankton as
indicator groups. Short-term effects of discharges on macro-invertebrate or sessile diatom
communities have not been investigated in the present study, but Willemsen and Cuppen {1986)
noted for maéro-invertebrates active or passive migration of species from the centre of a
detention pond to the lesser influenced margins. Acute mortality of the most sensitive or less
mobile macro-invertebrate taxa seems very well possible, especially when no escape
possibility exists. Also wash-out and drift effects due to a strong current during overflows
may be very well possible. Short-term effects on sessile diatoms are not known .

In small stagnant waters both sessile diatoms and macro-invertebrates indicate a long-term or
permanently polluted . situation after combined sewer overflows. In large stagnant waters
pollution was less severe than in small waters and the effects were not so pronounced for both
indicator groups, while in running waters only effects on sessile diatoms could be observed.
For separate sewer systems only effects in stagnant waters have been studied . In urban areas
very little impact of these discharges could be observed in both indicator groups, but in
industrial areas effects were very pronounced.
It can be concluded that degree and duration of disturbances by discharges of combined sewer
systems first of all depend on the type of receiving water . In genera!, the smaller the
waterbody and/or the lesser the flow rate, the more polluted the receiving water is and the
more pronounced the impact of the overflows on the communities of sessile diatoms and
macro-invertebrates. The exposure time to the most critica! pollution for all organisms will
be highest in isolated small waters like ponds or in dead ending branches of canals and
ditches. In larger and running waters pollution by discharges will be diminished by dilution
and mixing with water of better quality .
In the present investigation communities of sessile diatoms seem to be more sensitive to urban
storm water discharges than macro-invertebrates. Partly this can be explained by the fact that
sessile diatoms are fully dependent on the water quality of their immediate surroundings and
that they are not able to migrate to avoid unfavourable situations. Macro-invertebrates,
however, are more or less able to avoid the most unfavourable conditions by swimming or
drifting away or they are independent of e.g. oxygen concentratien (beetles: airbreathing).
Due to this migratory capacity they are able to recolonize the vicinity of the overflows as
soon as conditions improve. The impact of discharges on macro-invertebrates will also be
obscured by the fact that samples were always a mixture of all available micro-habitats near
the overflows, while diatom samples came inevitable from the most influenced spots. In some
cases the anaerobic muddy sediments near the overflows hardly contained macro-invertebrates,
indicating very bad sediment conditions, but this effect was bidden by sub-samples with
macro-invertebrates from vegetation margins or from the open water phase.
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ABSTRACT
From 1985 to 1987 effects of sewer discharges on communities of phyto- and zooplankton in
receiving waters have been studied. Localities all over The Netherlands have been selected.
The results were related to the type of sewer system, the discharges and the characteristics
of the receiving water. Results were compared with those from samples taken from a
corresponding water not influenced by sewer discharges , the reference water. Often ei ther
phyto- or zooplankton communities could be used succesfully to describe the short- and mediumterm effects of the discharges on the quality of the involved habitats . Plankton communities
could also indicate permanent effects due to higher saprobic levels in the receiving water
compared to the reference water: an obvious result of urban storm water discharges. In small
and medium-sized stagnant waters, particularly in the immedia te vicini ty of the overflows,
effects on plankton communities were more pronounced compared to large and running waters.
Combined sewer system (CSS) overflows often proved to affect plankton communities more severe
than discharges from separate sewer systems (SSS), except forsome sites in indus trial areas.
KEYWORDS
Urban storm water discharges;
waters; The Netherlands .
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INTRODUCTION
Since the introduetion of the Law on Pollution of Surface Waters in 1970 {W. V. 0.) in The
Netherlands, near all dornestic and industrial waste waters are treated in sewage trestment
plants . The remaining waste waters will be sanitated in the near future. Urban storm water
discharges ( the estimated number of combined sewer systems in The Netherlands is 5500;
N.W.R.W., 1984) are the main remaining sourees of direct organic pollution of surface waters
in or directly near urban areas. The effects of urban storm water discharges on receiving
waters depend highly on the type of sewer system, the intervals between overflows, the volume
and load of the discharges and the type of receiving water . Sufficient knowledge on the
relationships between rainfall, interception, trestment and storage, overflows and effects
upon receiving waters for the Dutch situation, however, was still lacking. Partly for this
reason the National Working Group on Sewerage and Water Quality (N.W.R.W.) was founded in
1982 . One aim of this working group was to clear the above mentioned relationships.
In the present study broad effects of discharges on receiving waters were investigated. The
research was carried out from 1985 to 1987 on 63 sites spread all over The Netherlands. This
choice represented the current combinations of types of sewer system and receiving water. At
each site there were two sampling stations: the A-station in the immediate vicinity of the
overflow and the B-station at some distance of the overflow but wi thin i ts sphere of
influence. Results from these sampling stations were compared with those from the C- station,
a reference water not influenced by urban storm water .

In this research various organoleptic , bacteriological, physico-chemical and hydrobiological
variables in water phase and sediments were investigated. The observed effects in the
receiving waters were related to the type of sewer system, the discharges and characteristics
of the water such as morphometry and flow condi tions (N.W. R. W. , in press) . Preceding this
study, in 1984 and 1985 detailed studies on physico-chemical, bacteriological and
hydrobiological effects upon receiving waters were carried out at the sites Loenen and
Bodegraven based upon a frequent sampling programme (N.W .R.W., 1987, 1988; Hoijackers and
Ebbeng, 1986; Willemsen and Cuppen, 1986).
This paper primarily deals with short- and medium-term effects (within one or two weeks) of
urban storm water discharges as reflected by communities of phyto- and zooplankton. Permanent
effects on these communities will also be discussed. Willemsen et al. {1989) primarily discuss
the long-term and permanent effects as reflected by communities of sessile diatoms and macroinvertebrates .
The relatively high reproduetion time (several hours to days) of phytoplankton (algae) makes
it suitable in reflecting short- and medium-term effects of discharges in (semi-}stagnant and
open waterbodies . In other types of water phytoplankton communities do not develop optimally,
due to light limitation and short hydraulic retention times. As phytoplanktonic organisms are
autotrophic, they react primarily to nu trient concentrations and fluxes and consequently
reflect directly the trophic level of their aquatic surroundings. Similar to phytoplankton,
zooplankton shows a relatively short reproduetion time. Zooplanktonic organisms are
heterotrophic, some of them living on organic particles, algae or bacteria, others living as
parasites or predators. Their species composition and abundancy is strongly related to the
saprobic level of the aquatic environment. Thus zooplankton is also a very suitable group for
reflection of short- and medium-term effects, particularly in smal! or medium-sized, stagnant
waterbodies .
MATERIALS AND METHODS
In order to register short- and medium-term effects of sewer discharges samples of phyto- and
zooplankton were collected at three different intervals after a storm water event:
- immediate (within 24 hours) after the event: S-programme (Short-term);
- 3 to 7 days after the event: M-programme (Medium-term ) ; - 1 to 2 weeks after the event: L-programme (hong-term).
Furthermore, in some cases at least one month after the most recent storm water event samples
were collected in order to determine the background conditions and permanent effects on the
planktonic communities {B-programmes). Altogether over 500 phytoplankton samples from 35 out
of 63 localities were collected and over 400 zooplankton samples from 27 localities.
Phytoplankton was collected in the field according to generally accepted methods (Roijackers,
1985) and concentrated in the laboratory by membrane filtration. Zooplankton was collected
using a planktonnet (60 litres, 60 pm gauze width). At the laboratory identification of most
of the plankton taxa was carried out as soon as possible on living specimen . If possible,
specimen were preserved in 4 % formaldehyde and identified at a later time. The abundance of
the organisms was estimated using a scale from 1 (rare) to 5 (abundant) (Roijackers, 1985).
Phytoplankton biomass was estimated by chlorophyll-a concentrations (Roijackers, 1981).
Species lists were used to calculate the saprobic level, using Sláde~ek's (1973) values for
indicative weights and saprobic valency of the species and the formula for saprobic level
according to Zelinka and Marvan (1961) and Pantle and Buck (1955). Furthermore, the
(co)occurrence of taxa at the stations A, B and C has been investigated using the ordination
technique DECORANA (Hill , 1979). In this way the composition of plankton communities is
visualized in two-dimensional plots, revealing relative differènces or similari ties between
samples. Ordination of a specific sample along a principal axis (score) depends on the
composition of the planktonic community. The closer samples are ordinated, the more similar
communities will be . Samples ordinated with a different score along an ordination axis will
have different planktonic communities, resulting from, for instance, the degree of organic
pollution, the influence of overflows, or seasonal effects. Hence scores along the ordination
axis can be related to one or more different variables.
RESULTS
Phytoplankton
Particuls.rly on sites with a combined sewer system, the immediate effects on phytoplankton
were a decrease in biomass and species diversity as a result of flushing followed by an
increase in biomass and sametimes algal blooms as recorded in the M- and L-sampling programmes. Dilution due to flushing was most obvious when the volume of storm water was relatively
high compared to the volume of the receiving water . The water aften became transparent for

some days which enabled the phytoplankton inoculated from littoral and sediments to increase
biomass due to optimal light-use. This was particularly utilized by fast growing taxa, until
the resulting bloom caused light-limitation. Communities of these fastgrowing algae often
consisted of species of Euglenophyta, Cryptophyta and Chlamydomonas. Complete recovery was
often not established within the sampling period (upto two weeks after the event) and deviations with the background situation were obvious . One should realize that effects of discharges
are always superposed on effects caused by natural events such as seasonal effects.
Figure 1 gives an example of a phytoplankton DECORANA-ordination plot in which clear effects
of storm water discharges at a specific locality are shown. In this case the results indicate
a seasonal effect on the first principal ordination axis (I); the background samples were
taken in spring (1 and 2) and the effects of the overflow were observed in September (3 to 5).
The overflow effects are pronounced at the A- and B-station and less at the C-station,
indicating permanent disturbance of the receiving water, due to overflows in the past.
On the second axis (II) disturbance by the overflow on September the 20th is the most
important factor. The scores on this axis of the reference water samples are always lower than
the scores of the samples from the receiving water, indicating medium-term to permanent
effects on phytoplankton. At the A-station also a short-term effect is shown by the deviating
position of the sample collected shortly after the storm waterevent (A3). This effect is due
to a sudden large reduction of biomass by flushing. Within 4 days recovery was established.
The remaining effect of the overflow is reflected by the large number of fast growing
polysaprobic Euglenophyta at the A- and B-station, which are absent at the C-station. The
phytoplankton community at the A- and B-station can be characterized as 13-mesosaprobic,
whereas phytoplankton at the C-station indicates oligo- to 13-mesosaprobic conditions.
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DECORANA-ordination plot of phytoplankton samples from a site with a CSS,
discharging on a medium-sized stagnant water: Montfoort-JW (catchment area
5.4 ha; storage capacity 9.6 mm; pumping capacity 0 . 72 mm/hr; theoretica!
overflow frequency 4 times a year). Sampling dates and programmes:
- 1 and 2: (B-programme): March the 11th and April the 22th, 1987;
- 3. 4 and 5 (S-, M-and L-programme): September the 20th, the 24th and the
30th, 1987, aftera medium-sized overflow (10 mm) on September the 20th.

The great weight of seasonal influences upon the composition of phytoplankton communities is
even bette r illustrated by figure 2. The scores of the samples collected on the same dates
from the three sampling stations on the locality in question are fairly the same (on both
axes). Diff~rences between sample scores correspond with different dates . In this case on t he
8th and 22th of June 1987 no pronounced effects of the overflows could be observed due to
improvement of the CSS in question, resulting in less voluminous overflows. In the receiving
water as well as in the reference water phytoplankton communities indicate 13- to a-mesosaprobic conditions. There is a constant bloom af Chrysococcus and a high density of
Euglenophyta.
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DECORANA-ordination plot of phytoplankton samples from a site with an improved
CSS (sedimentation basin), discharging on a medium-sized, semi-stagnant water:
Mijdrecht-Molenland (catchment area 7.7 ha; total storage capacity 9.0 mm
(including 2.7 mm in basin); pumping capacity 0.71 mm/ hr; theoretica! overflow
frequency 4 times a year). Sampling dates and programmes:
- 1: (a-programme): May the 7th 1987;
- 2 and 3: (S- and M/L-programme): June the 8th and 16th, 1987;
after a smal! overflow (2 mm) on June the 8th, 1987;
- 4, 5 and 6: (S-, M-and L-programme): June the 22th and 25th and July
the 6th, 1987, aftera very smal! overflow (1 mm) on June the 22th.

Table 1 summarizes the effects of urban storm water discharges on phytoplankton communities.
This table shows that at both A- and a-station storm water discharges from all types of sewer
system except improved SSS have a distinct effect on phytoplankton communities. Seasonal
effects, however, are present on nearly all sites .
TABLE 1

Effects Of Urban Storm Water Discharges On Phytoplankton Communities
In Receiving Waters

Type of sewer system
Combined
lmproved
Separate
Separate
Improved
- ·
n

sewer systems
combined sewer systems
systems urban areas
systems industrial areas
separate systems

n
22

3
5
2

Effect overflow
station station
A
a
+(+)
+
++
+

+
+
+(+)
+

3

no (or smal!) effects; + : evident effects;
number of investigated sites

++ :

% sites
with seasonal
effect
77
100
100
100
100

pronounced effects

Table 2 summarizes the saprobic levels of receiving waters befare and after storm water
discharges and the saprobic levels of reference waters. From these results, short-term effects
of discharges on the saprobic level are not very distinct. Only overflows from CSS resulted at
A- and a-stations with an oligo- to f>-mesosaprobic level in some decrease in that level,
whereas receiving waters at stations with a f>-meso- to a-mesosaprobic level resulted in some
increase of that level. More obvious are the medium-term and even the permanent effects: the
saprobic level at C-stations is generally lower than at A- and a-stations. Moreover, some Cstations are oligo- to f>-mesosaprobic.

TABLE 2

Saprobic Levels Of Receiving Waters Before And After Urban Storm
Water Discharges And Of Heferenee Waters . Indicated Are The Numbers
Of Localities As Percentages Of The Total Numbers
o-~

Saprobic level
Time
Station

~-a

~

before after

before after

before after

Sewer System
CSS (n=25)
SSS (n=10)

10
0

CSS (n=25)
SSS (n=10)

21
9

A/B

c

3
0

17

8

42
46

43

41
42

41

38

36

45
54
34

40

55
57
38

46

o-~:oligo- to ~-mesosaprobic; ~:~-mesosaprobic; ~-a :~ -meso- to a-mesosaprobic
CSS:combined sewer system; SSS:separate sewer system; n:number of localities

Zooplankton
Obvious discharge effects on zooplankton communties were observed in small stagnant waters on
sites with a CSS, close to the overflow (A-stations) . Zooplankton reflected short- and mediumterm effects in their community structure, as there are firstly rapid changes: either part of
the community was lost due to flushing or polysaprobic ciliates commonly known from sewage
sludges appeared. These ciliates could enter the receiving water via the sewer system and
florish immediatly after an overflow. Secondly medium-term changes emerged. Polysaprobic taxa
increased, sometimes forming blooms, and there was a loss of other taxa partly by their less
competitive strength and partly as result of their restricted tolerance. Thirdly permanent
changes appeared. Compared to the reference waters the saprobic level could be permanently
raised. The above mentioned saprobic communities often have few taxa . Common taxa are
polysaprobic ciliates (Paramecium, Metopus and Caenomorpha) and rotators (Rotaria) .
Figure 3 illustrates both short-term and permanent effects of storm water discharges at a
specific locality. Scores on the first axis (I) of samples of the C-station are situated
together and differ from scores of samples of A- and B-station in the background situation.
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DECORANA-ordination plot of zooplankton samples from a site with a CSS,
discharging on a small semi-stagnant water (ditch): Driebergen (catchment area
1.0 ha; storage capacity 6.2 mm; pumping capacity 1.36 mm/hr; theoretical
overflow frequency less than 5 times a year). Sampling dates and programmes:
- 1: (B-programme): June the 10th, 1986;
- 2, 3 and 4 (S-, M-and L-programme): July the 23th, 28th and August the
5th, 1987, aftera medium-sized overflow (10 mm) on July the 23th.

After an overflow event scores of samples of the C-station remain fixed but scores of samples
of the A- and B-station move further along axis I. On axis II there is some sign of recovery
at the A- and B-station: scores in the L-programme at A- and B-station resemble those in the
background situation.
Figure 4 illustrates all types of effects. The scores on axis
disturbances and those on axis II the short- and medium-term effects.
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DECORANA-ordination plot of zooplankton samples from a site with a CSS,
discharging on a small semi-stagnant water (ditch) : Montfoort-AF (catchment
area 26 ha; starage capacity 9.6 mm ; pumping capacity 0.72. mm/hr; theoretica!
overflow frequency 4 times a year) . Sampling dates and programmes:
- 1, 2 and 3: (S-. M-and L-programme): May the 12th, 18th and 25th, 1987.
after a smal! overflow (3 mm) on May the 12th;
- 4 and 5: (S- and M-programme) : September the 14th and 17th, 1987. after
a very small overflow (1 mm) on September the 14th;
- 6, 7 and 8: (S- and M-programme): September the 20th, 24th and 30th, 1987 .
after a medium-sized overflow (12 mm) on September the 20th.

For each sampling site the saprobic level was calculated. In general particularly the samples
of some of the A-stations reflected obvious short- and medium-term effects of storm water
discharges by indicating a-meso- to polysaprobic conditions against oligo- to ~-mesosaprobic
levels at C-stations. Figure 5 illustrates these effects of overflows on the saprobic l evel in
the receiving water, compared with the reference water, of the earlier mentioned locality
Montfoort-AF .
Permanent effects on saprobic level were very obvious on most localities. These temporal and
spatial effects are summarized in Table 3. The temporal effects were not clear, but the
spatial effects were very obvious; both for sites with CSS and SSS the conditions at
A-stations were ~- to a-mesosaprobic and at C-s tations were oligo- to ~-mesosaprobic.
TABLE 3

Effects Of Urban Storm Water Discharges On The Mean Saprobic Level Of
Zooplankton Communities In Receiving And Heferenee Waters
Type of sewer system
Sampling station

Programme B

s

I.

M
L

CSS (n=21)
A

B

C

~
~
~
~

o/~
o/~-~
o/~-~
o/~

A

SSS (n=5)
B
C

o/~:oligo- to ~-mesosaprobic; ~:~-mesosaprobic; ~/a:~-meso- to a-mesosaprobic
CSS:combined sewer system; SSS:separate sewer system; n:number of localities

MONTFOORT A.F.

ZOOPLANKTON
Polysaprobic
a- meso-polysoprobic
a -mesosaprobic
~-a-

mesaso probic

~-mesosaprobi c

Ol igo-~-mesosaprobic
Ol igosaprobic
1---------l

3

somp! ing programmes
. . A-station
Fig. 5.

111111 B- station

~(-station

Saprobic levels of rece1v1ng and reference water at Montfoort-AF.
Sampling programmes are explaned in figure 4.

Table 4 summarizes the effects of urban stormwater discharges on zooplankton communities. This
table shows that at bath A- and B-station stormwater discharges from all types of sewer system
except SSS in urban areas have a distinct effect on zooplankton communities. The effects of
discharges from SSS in industrial areas were most severe. Improved SSS were not studied.
TABLE 4 Effects Of Urban Stormwater Discharges On Zooplankton Communities
In Heceiving Waters
Type of sewer system
Combined
Improved
Separate
Separate
- ·
n

sewer systems
combined sewer systems
systems urban areas
systems industrial areas

Effect overflow
station
station
A
B

n
21

+(+)
+(+)
( +)
++

3
2

3

no (or smal!) effects; + : evident effects;
number of investigated sites

++

+
+
++

pronounced effects

DISCUSSION AND CONCLUDING HEMARKS
In the present study phyto- and zoopankton communities were succesfully used to determine
short- and medium-term effects of disturbances by urban storm water discharges in receiving
waters . Long-termand permanent effects as first goal were studied by Willemsen et al. (1989) .
who used macro-invertebratea and sessile diatoms as bio-indicators. The s uitability of
plankton communities as biologica! indicators of this type of disturbance was based on their
relatively short regeneration time as shown in a detailed study by Hoijackers and Ebbeng
(1986). In bath the present study at a variaty of locelities and situations and in the
detailed study at the de tention pond at Loenen the ability of plankton communities to reflect
permanent effects became obvious .
Heactions of the planktonic communities to this type of pollution were an initial biomass and
species di?Jersi ty decrease due to flushing, followed by an increase of biomass and species
diversity, in some cases resulting in a bloom . Inoculation of plankton was possible from
sediments and littoral and, for some ciliates, even from the sewer system. These planktonic
dynamics were also established by Hoijackers and Ebbeng (1986). The long-term and permanent
effects of the discharges on plankton communities were reflected by a higher saprobic l evel

due to essentially different communities and by a higher biomass. As also observed by
Roijackers and Ebbeng (1986) pollutional effects of overflows mainly resulted in a change in
saprobic level rather than a change in trophic level. Practically all studied waters,
including the references, were eutrophic and remained so after continous overflow events. This
condition of surface waters is nowadays no exception in The Netherlands, as the majority of
surface waters has become eutrophic by previous waste water drain, effluents of sewage
trestment plants, agricultural influences (mainly run-off of manure) and hydrological
mansegment which makes the inlet of eutrophic water from the river Rhine common practice.
From the present study it can be concluded that the degree and duration of disturbance by
storm water discharges on biologica! communities depend first of all on the type of receiving
water. In isolated, small and stagnant waters such as ponds and dead ending branches of canals
and ditches, effects were most severe due to the long exposure to pollution. Effects of
overflows from CSS seemed to be more severe (see also Willemsen et al., 1989) than of SSS,
except for SSS in industrial areas, although the relatively low number of studied localities
is reason for some caution. If conclusions can be generalized, improved SSS are a good
alternative in new building from the biologica! point of view.
Because of their life s trategies phytoplankton proved to be the most sui table planktonic
component to study in stagnant open waters like ponds and canals, whereas zooplankton proved
to· be suitable for small stagnant waters like ditches and small ponds. In running waters
another microscopie component is suitable to track overflow effects, namely sessil e diatoms
(Willemsen et al., 1989).
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THE IMPACT OF STORM SEWAGE DISCHARGES
ON THE ECOLOGY OF A SMALL URBAN RIVER
J Seager and R G Abrahams

Water Research Centre, Henley Road, Medmenham
PO Box 16, Marlow, Bucks. SL7 2HD

ABSTRACT
Intermittent discharges of storm sewage from combined sewer overflows continue to be one of
the principal causes of poor water quality in many urban rivers in the UK. Despite the
persistent nature of this problem, very little attention has been given to the study of how
discharges of varying magnitude, duration and frequency affect the ecological quality of
receiving waters. This information is of critica! importance for deriving meaningful water
quality criteria for the control of intermittent pollution.
This paper describes the results of a study which has been carried out on Pendle Water, a
river which flows through the urban catchment of Burnley, Lancashire, UK. Both the chemica!
and biologica! quality of Pendle Water are adversely affected by storm sewage discharges
during heavy rainfall events. The ecological investigation has been primarily concerned with
impact of these episodic discharges on benthic invertebrate communities and physiological
responses in fish .
Quantitative sampling of macroinvertebrates has indicated that storm sewage discharges may
have a significant impact on the structure and diversity of benthic communities in receiving
waters. Physico-chemical properties of habitats appear to be altered in a way which tends to
faveur the proliferation of certain pollution-tolerant species and decrease the abundance of
taxa intolerant of organic pollution. In situ bioassays, including the WRc Mark III Fish
Monitor, have been deployed to investigate physiological responses to storm events of
different magnitude, duration and frequency. Results are discussed in relation to their
application in the field validation of proposed water quality criteria for the control of
intermittent pollution from combined sewer overflows.
INTRODUCTION
Intermittent discharges of storm sewage from combined sewer overflows continue to pose serieus
water pollution problems in urban catchments. For example, the last published survey of river
quality in England and Wales (Department of the Environment 1986) revealed that ten percent of
surveyed river and canal lengths were considered to be of unsatisfactory quality and that
there had been a significant deterioration in some areas since the previous survey in 1980.
Pollution caused by storm sewage discharges was cited as one of the principal causes of poor
river quality in urban areas.
The results of these surveys are based on conventional routine water quality monitoring by the
competent authorities. The objective is to provide data to assign river lengths to quality
classes within the framewerk of national surface water quality classification systems.
However, the routine and often infrequent sampling on which these surveys are based may often
provide misleading results. This is particularly the case for rivers affected by
storm-generated pollution episodes where transiently elevated pollutant loadings may have
significant ecological impact, but because of their short duration, may not be detected by

routine chemica! surveys. This is probably one of the principal factors explaining the
frequently reported wide discrepancies between chemica! classifi cation of rivers and
biologica! indicators of water quality.
Aquatic pollution assessment studies have been largely preoccupied in the past with the
question of how organisms, populations and communities respond to continuous pollutant
exposure. However, concentrations of toxicants in natura! waters rarely remain constant. The
more usual situation is that levels fluctuate widely, either by changes in the pollutant input
or by variations in the intrinsic properties of the site itself such as flow, pH and
temperature. The assessment of ecological impact of fluctuating pollutant levels therefore
necessitates an entirely different investigative approach. This involves the quantification
of biologica! responses not only in terms of the magnitude of the pollution event but also in
terms of its duration and frequency. This line of study may allow us to formulate meaningful
water quality criteria which can be used as the basis for the control of i ntermittent
pollution.
This paper describes the results of a field study which was initiated to i nvestigate the
impact of intermittent discharges of storm sewage on the biologica! quality of Pendle Water, a
polluted river in Lancashire, UK. Specific responses of selected animal species to storm
events on the river have been examined through the deployment of in situ bioassays. Community
responses have been evaluated through quantitative sampling of benthic macroinvertebrates.
The results are discussed in relation to the findings of other reported studies on storm
sewage pollution and their potential application to the derivation of water quality criteria
for intermittent pollution control.
THE PENDLE WATER STUDY
Pendle Water is a tributary of the River Calder, one of the major river within the Ribble
catchment of North-East Lancashire, UK (Figure 1). The river rises on Pendle Hill and flows
through a continuously urbanised area to its confluence with the R. Calder. Routine chemica!
monitoring data suggest that the water quality is good in the upper reaches of the rive but
deteriorates significantly downstreamof the confluence with t he R. Colne. This deterioration
appears to be related to the effluent discharge from a major sewage treatment works and is
exacerbated by the discharges from four combined sewer overflows which oper ate during periods
of heavy rainfall.
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The sewer system receives a combination of dornestic sewage, urban stormwater runoff and trade
effluent from local industries. These include electroplating, textile dyeing and processing,
vinegar manufacturing and an abattoir. Thus, in actdition to the input from the dornestic
sector and from urban runoff, the sewage contains a range of toxic metals, detergents,
bleaches, waste dyes, disinfectants and organic wastes from local industry.
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Biologica! characterisation of Pendie Water

Thirteen biologica! sampling sites were chosen along the length of the river (Figure 2).
Qualitative assessment of the benthic invertebrate fauna was carried out using conventional
'kick' sampling (Hellawell 1986) at monthly intervals on five separate occasions. Fauna were
identified at least to ' Family' level and BMWP biotic scores (Biologica! Monitoring Werking
Party, 1978) were calculated for each si te (Figure 3). This secring s ystem was devised to

provide a numerical descriptive index of benthic invertebrate community status in relation to
the degree of organic pollution. Thus, pollution-intolerant Families including many mayflies,
stoneflies and caddis flies score highly and pollution-tolerant taxa such as chironomidae and
oligochaetes are assigned a low rank. The results shown in Figure 3 indicate a general
deterioration in biologica! quality of Pendle Water from a mean BMWP score of 117 at the
upstream 'clean' site to 55 at the downstream site prior to the confluence with the R. Calder.
The most significant depression in biotic score occurred downstream of the confluence with the
R. Colne which may be attributable to the influence of poor quality water mixing with Pendle
Water. This depression in the biota is sustained downstream and may be attributable to the
influence of storm sewage discharges.
Quantitative benthic invertebrate analysis
To investigate the responses of benthic invertebrate communities to storm events in the river
in more detail, quantitative sampling was carried out both upstream and downstream of one of
thecombined sewer overflow (CSO) structures (Figure 2). This was chosen because of frequent
observations of storm sewage discharging into the river during periods of rainfall and
indications of a deterioration in water quality immediately downstream.
The benthos was sampled with a Surber sampler (Surber, 1937) which involves disturbing the bed
within a 0.1m2 quadrat. The dislodged invertebrates then drift into a net for colleetien and
sorting. Random replicate samples were taken both immediately upstream of the overflow and at
points lOm and lOOm downstream.
Summary results are shown in Table 1 for the derived BMWP biotic score, Simpson's Species
Diversity Index (Simpson, 1949) and total species number. BMWP score was consistently lower
at the downstream sites compared to the upstream site. These differences are due to the
absence of eertaio medium to high-secring taxa at the downstream sites which occurred
upstream. Total species number and species diversity were both generally depressed at the
site immediately downstream of the CSO compared to upstream except for the samples taken on
5th August 1988 and 2nd February 1989. On both these occasions there was an antecedent dry
period of several weeks. This suggests that, in the absence of disturbance caused by storm
events, affected invertebrate species are able to recolonise the benthos in areas where they
were previously excluded, leading to the restoration of species diversity.
Statistica! analysis of invertebrate population densities both upstream and downstream of the
CSO revealed a number of significant trends. The most consistent observation was a highly
significant increase (Kruskal-Wallis test; P < 0.01) in the density of oligochaetes at
downstream sites compared to upstream. Densities frequently exceeded 10,000 individuals per
square metre at downstream sites. High densities of oligochaetes, particularly tubificid
worms, are often associated with areas of accumulated organic deposits where they feed on
bacteria-enriched material (Brinkhurst et al, 1972). Large numbers of oligochaetes downstream
of sewage effluent discharges have been-commonly reported (Hellawell, 1986). It seems likely
therefore that the oligochaete-dominated benthic community observed downstream of the CSO on
Pendle Water could be a result of organic enrichment caused by discharges of storm sewage.
Another significant observation was the reduction in invertebrate population densities
following major storm events on the river. Significantly reduced numbers were observed for
several species including Asellus aquaticus and Baetis rhodani immediately following a major
storm on 19th December 1988 compared to samples taken during the preceding dry period.
Similar trends were observed at all sites, both upstream and downstream of the CSO, suggesting
that factors other than the discharge of storm sewage were responsible for the reduced
abundance of certain species. It is likely that physical disturbance associated with the
increased river flows during storm events may lead to the removal of species which have not
developed specific adaptions to withstand such conditions. Storm-generated pollution
originating from sourees upstream may also have contributed to the reduced invertebrate
densities at all sites.

TABLE 1 - Summary Results of Benthic Macroinvertebrate Community Status Upstream and
Downstream of a Combined Sewer Overflow on Pendle Water

BMWP
· scORE

SAMPLE
Date

Location

10 m u/s
5.8.88

10 m d/s

10 m u/s
18.8.88

10 m d/s

10 m u/s
16.11.88

10 m d/s
100 m d/s

10 m u/s
6.12.88

10 m d/s
100 m d/s

10 m u/s
20.12.88

10 m d/s
100 m d/s

10 m u/s
2.2 .89

10 m d/s

10 m u/s
6.3.89

10 m d/s

SIMPSON'S
DIVERSITY
INDEX
(mean and range, n = 7)

63
(50-80)
40
(34-54)

0.85

44
(26-58)
30
(21-35)

0.83

51
(37-59)
35
(21-40)
39
(27-53

0.78

55
(49-64)
28
(13-35)
42
( 25-61)

0.74

44
(34-58)
32
(24-45)
41
(26-60)

0.83

0.67

0.23
0.37

0.22
0.29

0.67
0.34
0.52

52
(34-73)
41
(24-55)

0.76

59
(49-73)
44
(3 1-57)

0.70

0.74

0.32

NO OF
SPP

18
( 14-21)
12
(9-16)
15
( 13- 18 )
11
(9-13)
15
( 12-18)
12
(8-14)
13
(9-16)
17
( 16-18)
10
(5-12)
13
( 10- 17)
13
(9-17)
10
(7-13)
13
( 10-17)
13
( 10-17)
11
(7-13)
14
(11-18)
11
(9-14)

In situ bioassays
{i )

Caged Invertebrates

Adult freshwater shrimp, Gammarus pulex, were deployed in cages both upstream and downstream
of the CSO to investigate responses-or-individual animals to storm events. Twenty five tubes,
each containing one animal and a small quantity of leaf mater ial for food, were placed both
immediately upstream and downstream of the CSO.
Animals were examined at regular intervals
and mortality recorded (Figure 4).

Fig. 4. Mortality of caged freshwater shrimp(Gammarus pulex)
following a storm eventon Pendie Water, Lancashire
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Over the first four days of the experiment one animal died at the downstream site. On 19th
December 1988 there was a major storm event on the river. Inspeetion of tubes the following
day revealed that 65% and 90% of the animals had died at the upstream and downstream sites
respectively. This observed mortality corresponded with observations of reduced densities of
several macroinvertebrate species both upstream and downstream. It is not known which were
the principal factors responsible for these motralities but it is likely that physical
disturbance, and sediment accumulation in cages, as well as chemica! pollution could all have
been important.
(ii)

Fish Monitor

A WRc Mk III Fish Monitor (Evans et al 1986) has been deployed at the Duck Pits site
(Figure 1) on Pendle Water above the-confluence with the R Calder. The monitor is based on
the measurement of fish breathing frequency and operates by the detection of the small
oscillating voltage produced by the musculature involved in the gill ventilation process. Raw
river water is pumped through the monitor where physico-chemical water quality parameters and
fish gill ventilation rate are measured and logged every minu te. Figure 5 summarises the fish
monitor data output during a localised storm event on the river around noon on 15th February
1989. The individual gill ventilation frequencies of all four rainbow trout, Salmo gairdneri,
in the monitor increased at the onset of the event. This is reflected in a Fish Monitor
Result whi ch reached nearly twenty, well above the level of ten which is generally taken to
indicate that the observed excursions in ventilation rate can no longer be explained by random
chance fluctuations, and that the fish are under some degree of physiological stress.
The responses of all fish coincided with a drop in dissolved oxygen concentration from 60%
saturation to 30%. This level has been reported to be lethal to rainbow trout in continuous
exposure' bioassays (Alabaster & Lloyd, 1986). However, it appears that the fish can withstand
and reeover from low dissolved oxygen exposures of short duration. Clearly, the fish may have
been responding to a complex mixture of pollutants during the storm event, many of which
cannot be conveniently measured on a continuous basis. However, the monitor does provide

useful ecotoxicological data for the validatien of water quality criteria for individual
parameters.
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Fish Monitor data output, 15 February 1989

DISCUSSION
Despite the continuing problem of poor river quality caused by CSO pollution, relatively few
studies have addressed the question of ecological impact of storm sewage discharges. This may
be a reflection of the extreme difficulties encountered in designing appropriate experiments
which will allow meaningful interpretation of the processes responsible for the observed
ecological responses. Considerable variability may arise in the pattern and composition of
pollutant loading, environmental processes affecting water quality variables, degree of
habitat disruption caused by physical factors such as flow and sediment deposition, and
susceptibility of organisms themselves according to time of year and life-cyc le stage.
Ass essing the impact of intermittent discharges also implies an additional degree of
complexity since we are not only interested in making spatial comparisons in ecological
response, but also have to consicter the temporal dimeosion related to the duration and
frequency of pollutant inputs.
(,

The problems of overcoming this complexity have been pointed out by other werkers. For
example, Lijklema et al, 1988 carried out by extensive and intensive studies on water affected
by CSO pollution. ~n~he extensive study aquatic biota at more than sixty sites were sampled

and the results were subjected to clustering and ordination analysis. Ordination of
macroinvertebrates wa~ found to be largely determined by the size of the rece iving water body
and sediment composition indicating that the influence of CSOs was only of secondary
importance. The intensive study on a pond frequently disturbed by overflows revealed a
complex pattern of response. The most important biological effects were found t o be
phys ically induced. Increased flow during storm events caused removal o f plankton and benthic
organisms, and changes in turbidity affected the light regime whic h in turn caused changes in
phytoplankton turnover rate. Increased flow is also considered t o be one of the principal
factors responsible for the marked reductions in the densities of benthic invertebrate s pecies
observed on Pendle Water immediately following major storm episodes .
Comparisons between benthic communities upstream and downstream of the CSO on Pendle Water
revealed consistently depressed biotic scores and species diversity immediately downstream,
although the differences were reduced during periods of no rainfall. One explanation for this
is that discharges of storm sewage exert a chronic effect on the benthos which precludes the
establishment of certain pollution-sensitive species and favours those which are
pollution-tolerant. The proliferation of oligochaetes observed on Pendle Wate r f or example,
is typical of benthic communities affected by sewage effluents (Hellawell, 1986). Toxi c
chemieals such as metals and eertaio organics entering the sewer system may become ads orbed
onto the sediments and may also exert a chronic effect on the system. For example , Bascombe
et al (1989) investigated the uptake and accumulation of metals in caged benthic
macroinvertebrates following discharges of storm sewage into a small urban river. Tissue
metal levels were found to increase for weeks after storm events suggesting a pers istent
chronic effect on the biota.
Further work is required on Pendle Water to elucidate the factors respons ible f or the observe d
ecological changes in the system in relation t o storm events . Further detailed chemical and
biological monitoring is also necessary to provide data to validate propos ed water quality
criteria under field conditions. Laboratory ecotoxicological tests with salmonid and coarse
fish species and freshwater shrimp have been carried out to quantify responses to pulses of
low dissolved oxygen and high ammonia concentrations of varying magnitude, duration and
frequency. Simultaneous recording of chemical concentration and biological respons e in the
field should allow the extrapolation of laboratory results to provide meaningful criteria for
the proteetion of natural aquatic communities. These criteria will be applied in conjunction
with computer simulation models as the basis for sewerage rehabilitation and design required
to achieve designated river quality objectives. These models are currently under development
as part of the WRc/UK Water Industry River Basin Management Programme and include a sewer flow
quality model (MOSQITO) and a dynamic river impact model (SPRAT). The river impact model
takes outputs from the sewer flow quality model and produces a space-time river impact
framework of specified determinand magnitude, duration and frequency to assess sewer system
performance against water quality criteria.
CONCLUSIONS
1. Major storm events on Pendle Water result in significant reductions in the densities of
certain benthic macroinvertebrate species. Results of experiments with caged invertebrates
suggest that mortalities are high during such events.
2. Discharges of storm sewage may exert a chronic effect on the benthos leading to alterations
in community structure. Biological scores related to organic pollution and species
diversity were both reduced downstream of CSOs and communities were characterised by large
numbers of oligochaetes.

3. In situ bioassays may be usefully deployed to examine biological responses to storm
episodes of differing magnitude, duration and frequency. These will provide information
for the field validation of water quality criteria for intermittent pollution control
derived from laboratory ecotoxicological data.
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THE DEVELOPMENT OF ECOTOXICOLOGICAL CRITERIA
IN URBAN CATCHMENTS

A D Bascombe, J B Ellis, D M Revitt and R B E Shutes
Urban Pollution Research Centre, Middlesex Polytechnic
Queensway, Enfield, EN3 4SF, UK.

ABSTRACT
Metal uptake and mortality rates are determined for selected body areas of Gammarus pulex under
both in-situ stream and laboratory test conditions. Metal equilibrium concentratien levels are
achieved in soft tissue within 5 to 6 weeks exposure in the field with four to five fold increases
over background control levels noted for saturation leve ls in caged organisms at sites subject
to sewer discharges. Labaratory bioassays yield short term LC20 values in the order Pb>Cu>Zn,
although there is little difference in roetal toxicities over exposure periods of about one week.
The controlled taxicity t ests demonstratea substantial short term toxic enhancement over the insitu field bioassays .
KEYWORDS
Urban receiving wate rs ; metal bioaccumulation;
ecotoxicological criteria.

in-situ bioassays;

laboratory toxi city testing;

INTRODUCTION
The wate r industry throughout Europe is experiencing major organisational changes in terros of
strategie and operational approaches to pollution sources . The emphasis is moving towards the
control of intermi ttent and diffuse pollution impacts on receiving waters and away from
traditional point-souree discharge effects.
Episodic pulse effects have now become major
"targets" for upgrading and are priority objectives in termsof cost-effective sewer performance
criteria and impact analysis.
Accompanying this changing emphasis on surface water quality
targets is a growing concern about the relevanee of the conventional chemica! data base in
identifying and resolving these new targets and needs.
Additionally, traditional biologica!
enumeration procedures have been essentially concerned with the identification of quasi-steady
state zonations and such approaches are not entirely suitable for monitoring short term stress
impacts and ecological responses. The major weakness of existing biologica! methods in these
terms is the pauci ty and uncertainty of the ecotoxicological basi s for the development and
establishment of valid ecological criteria.
Whilst regulatory organisations may differ between European me mher states, environmental
l egislation is primarily based on a common taxicity analysis approach with ambient pollutant
concentrations forming the basis for the development of water quality criteria. The methad used
to identify such standards for environmental proteetion is essentially based on fixed doseresponse rates as determined from conventional laboratory bioassays.
This paper provides a
biologica! assessment of the use of in-situ indicator organism testing procedures for the
(.

development of toxic criteria and a comparison of field experience with laboratory toxicity tests.
Given the importance placed on detritivore species as a base component of the food web in aquatic
systems (Mance, 1987), Gammarus pulex, the freshwater shrimp, was selected as an indicator
organism for in-situ metal uptake tests . Although the Gammarus species is rarely, if ever,
recorded in routine enumerations of urbanised sites subject to storm s ewer discharges, it has been
consistently found on colonisation samplers installed at such sites (Bascombe et al., 1988).
This suggests that the cause of its absence may be related to either acute stresses imposed by
extreme episodic events and/or to chronic exposures following storm disturbance of contaminated
benthal sediments which have been innoculated by the intermittent sewer discharges. The feeding
behaviour of Gammarus therefore makes it a particularly suitable biomonitor for metal uptake at
this critica! sediment-water interface zone.
EXPERIMENTAL METHODOLOGY
To investigate the site-spec ific behaviour of mac roinvertebrates exposed to ambient metal stress,
Gammarus pulex was collected from an unpolluted upstream site (site 1) and 50 individuals
transferred to cages fixed at four downstream locations. Site 2 is located on the outer fringes
of an urban area and has no major contributing point sourees whereas sites 3 and 4 are
respectively located downstream of surface water discharges . from a busy urban highl'ay and an
industrial area. Site 5 is situated immediately below a major storm sewerage overflow.
At weekly intervals, invertebrate samples were recovered from the cages and analysed for Cu, Pb
and Zn to assess the sub-lethal uptake behaviour of Gammarus exposed to ambient metals . Three
target areas were differentiated; the adsorbed surface fraction of available metal which was
initially removed by a dilute acid wash;
absorbed metal within the body tissues which was
separated by dissection of invertebrates into soft (internal) tissue and hard carapace (external)
fractions. After digestion in a 9:1 (v/v) nitric:perchloric acid mixture, samples were taken
up in dilute ni tric acid, filtered and analysed for the above metals by anodic stripping
voltammetry.
In parallel to the in-situ experiments, laboratory toxicity tests were carried out in which
Gammarus individuals from the background site (site 1) were exposed to artificially enhanced known
metal concentrations. A continuous-flow toxicity testing apparatus was designed, based on that
described by Green and Williams (1983). Inve rtebrates were simultaneously exposed in parallel
tests to doses of 0, 50, 100 and 500 pg 1- 1 of each of the metals as solutions of their nitrate
salts. When mortality in the control reached 5% of the test organisms, the associated series of
tests was terminated. At least one duplicate of each test run was carried out. After time
intervals of 0.5, 1, 2, 4, 8, 12, 24 hours, and subsequently at 24
hourly intervals, the
apparatus was examined and any dead individuals counted and removed and metal concentrations
determined for the tissue target areas. The results for the toxic effects of Gammarus metal
exposure were determined and presented in terms of LC20 or LC50 values and the uptake behaviour
of the metals concerned was assessed with respect to this mortality.
IN-SITU METAL UPTAKE
The mean total tissue concentrations of Pb and Zn in Gammarus pulex as measured from the weekly
caged populations over a seven week period are shown in Figure 1 . Lead concentrations (25 - 30
pg g- 1 > remain low at the control site (site 1) and at sites 2 and 3. Some bioaccumulation with
time i s apparent at site 4 but there is a marked linear metal uptake rate in individuals at site
5, reaching an equilibrium concentrat ion of approximately 130 pg g- 1 after four weeks. Zinc
concentrations in Gammarus tissue also rise markedly at the two polluted downstream sites over
the first week of exposure, foliowed by a slower linear uptake to equilibrium values of about
100 pg g- 1 (si te 4) and 200 pg g- 1 (si te 5).
Broadly similar trends were obtained for Cu
confirming the elevated uptake rates associated with the storm sewer site. There is an overall
increase in maximum equilibrium tissue concentration of between four and five times compared to
background level for each of the monitored metals.
All the metals, but particularly zinc, demonstrate a higher rate of bioaccumulation at site 4
compared to site 3 upstream, despite only marginally elevated sediment, particulate and dissolved
metal concentrations at the former site (Table 1). This may be explained by a change in substrate
composi ti on from gravel at si te 3 to unconsolidated sil ts downstream which facili tate metal uptake
through imp~oved feeding rates. The enhancement of ambient water and sediment leve ls at site 5
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clearly produce further biomagnifications as indicated by the total tissue metal levels in Table
1. Gammarus speciescan filtersome 0.16 litres per day of water to satisfy their oxygen demands
(Abel and Barlocher, 1988). This throughput is compatible with the observed rapid bioaccumulation
of zinc, as concentrations of this metal are correspondingly higher than for Pb or Cu in the
aqueous phase. A Gammarus individual weighing 10 mg also requires about 0.15 mg of feed per day,
and so the high Pb bioaccumulation rate of site 5 can he explained by the observed elevation in
metal concentrations of the particulate phase which will also he the organic food souree for the
gammarid species.
TABLE 1
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A comparison of total tissue metal concentrations between organisms transferred from the
background control site (site 1) and from site 3 to site 5 below the storm sewer overflow (Table
1), indicates very similar metal equilibrium concentrations irrespective of source .
Additionally there was no marked variation between the observed cumulative percentage mortalities
of either of the transferred caged sets over the exposure period. The data would suggest that
there is no significant acquired metal pollution toleranee shown by the transferred downstream
organisms. However, acclimation to a similar range of metal concentrations is certainly shown
by organisms transferred from the unpolluted background site.
The differential uptake of Pb, Cu and Zn by soft tissue, carapace and surface adsorption i s s hown
in Figure 2. Equilibrium concentrations for adsorbed Pb (22 ~g g- 1 ), Cu (13 ~g g- 1 ) and Zn (4 2
~g g- 1 ) are reached after two weeks suggesting that the carapace surface area is the lim i ting
fac tor. The carapace tissue roetal concentrations, whi ch normally exceed adsorbed conc entrations,
appear to reach equilibrium after six weeks with Pb, Cu and Zn levels of 32 ~g g- 1 , 17 ~g g- 1 and
54 ~g g- 1 • réspectively. However, the enhancement of both carapace and adsorbed concentrations

are most marked in the case of Zn uptake. A progressive and rapid bioaccumulation of all metals
is apparent in the soft tissue (Figure 2) with equilibrium concentrations of 90 (Pb), 70 (Cu) and
110 (Zn) pg g- 1 being established after five to six weeks. The metal distributions at equilibrium
in the different tissue components are shown in Table 2 and illustrate the greater tendency of
Zn to he associated with the adsorbed and carapace tissue fractions . However, the high proportion
and rapid rate of soft tissue metal bioaccumulation, which is brought about by the high metabolic
rate of gammarid species, confirms the suitability of this target area for monitoring metal
toxicity stresses over relatively short exposure periods. A physiological stress reponse enables
the soft tissue metal equilibria to vary directly in response to fluctuations in ambient metal
concentrations .
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LABORATDRY TOXICITY TESTS
The mortality data derived from the controlled laboratory tests has been used to estimate LC50
and LC20 values for Gammarus over different periods of exposure and the LC20 trends for Pb, Cu
and Zn are shown in Figure 3 . The LC20 values in comparison to LC50 levels provide a clearer
indication of the concentrations which will be immediately harmful to aquatic organisms and are
therefore of relevanee to the setting of water quality standards. There is an increase in
toxicity as represented by the LC20 values, in the order Pb<Cu<Zn with this trend being
particularly pronounced over the shorter exposure period of 48h. The pattern indicates the
discriminating toxic capability of different metals over such short time periods as well as
highlighting some of the problems concerned wi th predicting relevant LC values in si tuations where
macroinvertebrates are exposed to very short duration, acute toxic pulses.
In an attempt to estimate the impact of 24h duration exposures, the LClO (Cu and Pb) and LC5 (Zn)
values have been calculated and are shown on Figure 3.
The predicted LC5 value for Zn can
certainly be achieved during stormflow conditions as the ambient soluble Zn concentration at s ite
5 exceeds (·300 pg 1-1 , although it must he remembered this will include a large proportion of
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Variation in LC Values for Gammarus pulex

complexed metal which is effectively non-bioavailable. Over time periods approaching one week
there is very little difference in Cu, Pb and Zn toxicities as determined by the laboratory tests
and the LC20 values are reached by all the soluble metal concentrations monitored at the two
downstream polluted sites in the urban catchment.
During the toxicity tests the cumulative mortality levels never exceeded 50% over 48h but for
longer time periods the LC50 values were approximately double the corresponding LC20 value. The
96h LC50 values determined for Pb, Cu and Zn were 96, 94 and 92 pg l- 1 respectively. These values
contrast to previously reported 96h LC50's for Gammarus which are of the order of 1200 pg Cu
1- 1 (Rehwoldt et al., 1973), 17 to 109 pg Cu 1- 1 (Stephenson, 1983) and 4600 pg Zn 1- 1 (Cowley,
1985), The variability in values may, tosome extent, be explained by the different water quality
parameters, particularly water hardness, pH and DO, employed in the respective toxicity tests.
In this study, oxygen saturation was constantly maintained, the pH range was 7.2 to 7.6 and the
hardness remained at 230 mg 1- 1 as CaC0 3 throughout the experiments.
This relatively high
hardness would be expected to alleviate the toxic impact of the dosing metals. Recommended EC
standards, as annual average dissolved metal concentrations, for the proteetion of freshwater life
other than salmonid and coarse fish at hardness levels of 200 - 250 mg 1- 1 as CaC03 are 10, 60
and 100 pg 1- 1 for Cu, Pb and Zn respectively (Mance and O'Donnell, 1984) . Shorter term, 24h
standards for the proteetion of all freshwater life have been proposed by EPA (1983). These are
5. 6 pg Cu 1- 1 , 50 pg Pb 1- 1 and 4 7 pg Zn 1- 1 , expressed as total me tal concentrations at a
hardness of 300 mg 1- 1 as CaC0 3 • Therefore direct comparison with the LC50 and LC20 data of this
study is difficult because of the different time bases and different metal forms considered but
the higher toxicity of Cu envisaged by these standards is certainly not evident from the toxicity
tests.
COMPARISON OF MORTALITY AND METAL UPTAKE FOR THE
IN-SITU AND LABDRATORY EXPERIMENTS
The soft tissue metal concentrations in Gammarus provide an indication of the dose-response
interaction between the organism and the ambient souree metal levels. Therefore, in situations
typical of urban river systems where intermittent inputs and changes in soluble metal levels can
occur as a result of flow changes during storm conditions, the metal uptake values give an
~averaged~ indication of the impact of these short term variations.
The relationship between
metal uptake and mortality at site 5 over seven week exposure periods is shown for Pb and Zn in
Figure 4.
Comparison of these variations shows that after an in i ti al toleranee which is
consistent with its more efficient Zn uptake, Gammarus demonstrates a greater mortality response
to smal! increases in the soft tissue concentrat ion of this me tal.
Copper ( not shown)
demonstrates a greater sensitivity to metal uptake than either Zn or Pb and therefore in-situ
metal tissué results contrast with the toxicity order of Zn>Cu>Pb predicted by the dosing
experiments.
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The laboratory based roetal uptake experiments show that the variation with mortality is virtually
independent of the so lution roetal concentration with on l y Zn showing a significantly decreased
uptake in the most dilute solution (Figure 4). The lack of discrimination between solutions of
different metal concentration is unexpected and suggests, in the case of the laboratory
experiments, the existence of a threshold concentration above which a uniform mortality - roetal
uptake relationship exists. The gradients of the plots for each of the metals are similar and
considerabl y steeper than those for the in-situ experiments indicating a greatly enhanced toxici ty
over the one week time period of these tests.
The increased toxici ty demonstrated by the
laboratory experiments may be partly explained by a greater roetabolie activity resulting from the
higher temperatures to which the test species were subjected. In addition, the organisms were
being exposed almost entirely to free roetal ions whereas only a smal! proportion of the soluble
roetal at site 5 would be present in this most bioavailable and toxic form. Previous studies of
Cu, Pb and Zn speciation in urban river systems (Morrison et al., 1984) have shown that only Zn
has a tendency to exist in the free ionic or very weakly complexed forms with up to 50% of the
solubl e metal occurring as these species. The roetal uptake and toxicity characteristics at site
5 are not, therefore, being controlled entirely by the bioavailable metal concentration but are
being more generally influenced by the physico-biochemical interactions between the organism and
its enveloping sediment -water interface. The form of the metal curves at Site 5, as shown on
Figure 4, can he interpreted in termsof an initia! linear accumulation to critica! uptake levels
which is followed by extreme l y rapid uptake and associated mortality rates which mirror the
gradients obtained in the laboratory toxicity tests. These intersecting rate plots may well be
reflecting chronic and acute exposure effects respective ly.
CONCLUSIONS
The results described in this paper outline the problems associated wi th the prediction of
toxicity or mortality rates from either laboratory based close-response tests or t issue pollutant
uptake rates. Water quality standards have traditionally been derived by consi deration of LC50
values for a chosen test species over a 96h period. This study shows that the choice of exposure
time is critica! to the response of different metals in terms of the derived LC value and that
laboratory experiments cannot accurately simulate all aspects of the natura! sediment-water
environment.
Relationships be tween roetal tissue levels and mortality provide a more realistic
indi cat ion of how the organism interacts with variable roetal concentrations but laboratory based
experi ments are also inadequate in reproducing c haracter istic metal concentrations for the water,
suspended particulate and sediment phases. The in-situ roetal uptake experiments provide a much
more realistic indication of me tal-induced mortality and this has been shown to increase in the
order Pb<Zn<Cu. A knowledge of the soft tissue metal level which corresponds to the transition

in mortality between the chronic and acute phases in an appropriate indicator organism provides
an authentic advanced diagnostic warning of a potentially severe toxic pollution problem in the
receiving water system.
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IMPROVED OVERFLOW. IN A SEWERAGE SYSTEM AS
A POLLUTANT LOAD-REDUCING DEVICE
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ABSTRACT
The applicability of improved overflows in sewarage systems in the Netherlands
have been investigated within ·the framewerk of the Dutch Research Programme of
the National Werking Group on Sewerage and Water Quality (NWRW). As a result of
the first part of the investigation, a high-side-weir chamber was built in
IJsselmonde-Dorp in the municipality of Rotterdam to test this design under
field conditions. Between May 1987 and September 1988, 18 storm events were
monitored and samples extracted for analyses. The overall efficiency of the
high-side-weir chamber was measured to be about 27 % for COD, and 20 % fortotal
filtrable residue. Thus it is concluded that lmproved overflows, such as a highside-weir chamber, has practical application under conditions as prevail in the
Netherlands, namely flat terrain and multiple connected sewerage systems. This
type of structure is a goed choice for places where space is limited and finance
is a major consideration .
KEYWORDS
Combined sewerage system; pollutant lead impact reduction; improved overflow;
high-side-weir chamber; field measurements; NWRW.
INTRODUCTION
The applicability of improved overflows in sewerage systems in the Netherlands
have been investigated within the framewerk of the Dutch Research Programme of
the National Werking Group on Sewerage and Water Quality (NWRW) by BKH
Consulting Engineers, The Hague.
By improving the layout of the overflow chamber, better separation of suspended
solids can be achieved to reduce the polluted lead.
This investigation was carried out in two phases. In the first phase an
inventory was made of overflow application outside the Netherlands and operatien
of these structures studied. In the secend phase, a programme of fieldwork was
conducted to measure the separating efficiencies of one type of improved
overflow under condi ti ons prevailing in the Netherlands, namely flat terrain and
multiple connected sewerage systems. The first phase was completed in mid-1985,
and the results were published in NWRW Report 8.4 (1986) and in a shorter ferm
in H2 o (1987) . These results are presented in this paper tagether with a
description of the design and the location of the overflow . The resul ts of field
measuremepts are also presented.

PRELIMINARY INVESTIGATION
From a study of improved overflow structures outside the Netherlands, i t appears
that this type of construction is applied mainly in the United Kingdom . In total
12 such applications ar potential applications were studied in sewerage systems
throughout the United Kingdom. Hydraulic roodels show that the geometry of the
overflow influences the separating efficiency of the structure. Design
guidelines have been formulated in the United Kingdom for several types of
overflow structures. These structures considered sui table for condi ti ons in the
Netherlands are:
- high-side-weir chamber
- stilling pond
- stilling pond with siphen overflow.
FIELD MEASUREMENT
Choice of overflow tvoe
Based on the findings of the preliminary investigation and in consultatien with
the NWRW,
the high-side-weir chamber
(HSWC)
was selected for field
investigation. Design guidelines for this type of structure have been drawn up
by Saul and Delo (1981) and Delo (1983). The minimum dimensions are presented
in Figure 1.
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Figure 1: Design guidelines prepared by Saul and Delo .
Location
After consideration of several locations, IJsselmonde-Dorp catchment in the
Municipality of Rotterdam was selected for field investigations mainly for
financial and administrative reasons. IJsselmonde-Dorp has a combined sewerage
system with only one overflow structure. From the information provided by Public
Works Department, Rotterdam, the characteristics of the catchment are as
fellows:
ha _
8
- total impermeable area
0.74 mm.h 1
- pumping capacity for storm water
5.5
- starage in sewers (weir at 2.10 m NAP)
:15
- theoretica! overflow frequency
: 0 . 47
- overflow discharge (theoretica! rain i=60 l.s- 1 .ha- 1 )
Task allocation
Three organizations were involved in the study: Public Works Department,
Municipality of Rotterdam (GW R'dam), the owner of the sewerage system;
Hollandse Eilanden en Waarden Water Authority (ZHEW), the water authority; and
BKH Consulting Engineers (BKH), project coordinators. The various tasks were
allocated as fellows:
- preparatien and design, BKH;
- construction and maintenance of the overflow structure, GW R'dam;
- conducting of measurements, ZHEW;
- analysis of samples, ZHEW;
- processing the results, BKH;
- project coordination and reporting, BKH.
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Figure 2: Situation HSWC in IJsselmonde-Dorp (Rotterdam).
Desiqn of improved overflow
Sewerage systems .in the Netherlands differ greatly from these in the United
Kingdom mainly because of the flat terrain. In the United Kingdom sewerage
systems are characterized by partly filled pipes of a relatively steep slope,
while in the Netherlands, sewers are larger in diameter because of the small
differences in water-levels.
Placement of the overflow structure at IJsselmonde-Dorp required special
attention (see Figure 2). IJsselmonde-Dorp is typical of the Dutch situation in
which sewage flows towards the overflow from several directions during the
overflow event. Thus, contrary to British design guidelines, a pipe was placed
between the overflow and sewerage system, to ensure sewage flow in one
direction. However, in this si tuation continuous throughflow, as is usual in the
United Kingdom, was not possible.
Figure 3 shows the dimensions of the HSWC. In conformity with the British design
guidelines, scumboards were placed in the overflow chamber in front of the
weirs. The storage zone was omitted as earlier Dutch investigations have shown
no first foul flush which could be contained in this zone, and also as there is
no throughflow to empty it. Therefore a scumboard was placed between the
stilling and overflow zone to keep floating particles out of the overflow zone
thus preventing spilling.
For the purpose of the investigation, weir levels were lowered to permit
measurement of as many overflow events as possible in a relatively short period.
This made the invert level too high for the weirs under typical Dutch
conditions. Therefore the floer level of the chamber had to be lowered so that
the difference in level was about 1.20 m (= 1.5*D, D is diameter inflowing
pipe). As a consequence the overflow chamber had to emptied by pumping, and so

the floer is sloped towards the pump. Both the NWRW and the investigation team
consicter this design to be a goed cernpromise between the British design
guidelines and the specific circumstances in IJsselmonde-Dorp.
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Figure 3 : High-side-weir dimensions.
For measurement purposes equipment was installed in and on top of a pit
specially constructed between the overflow and sewerage system. Flow was
measured with a standard Rehbock-type weir. The volume of the flow was
calculated to activate the sampling apparatus after a certain volume of water
has passed the internal weir.
The volume-proportional drawn samples of the inflowing and outflowing stream
were analysed at the ZHEW laboratory for the following parameters:
chemical oxygen demand (COD)
- biochemical oxygen demand, 5 days at 20° C (Boo 5 20 )
- Kjeldahl nitrogen (N-Kjeldahl)
- total phosphorus (P-Total)
- total filtrable residue (after 1 hour drying at 103°C6
- total fixed residue (after 45 minutes ingition at 600 C)
A part of the samples are analysed after 1 hour settlement for COD, Boo 5 20 and
N-Kjeldahl.
RESULTS
Measuring period
Between May 1987 and September 1988, 18 storm events were registered and
sampled. Two registered events were omitted because the reversed flow was from
the watercourse into the sewerage system (no. 3 and 7). A further event (no. 5)
was omitted because the period of sampling was too short to be representative
of the total duration of the storm water.
Definition of overall efficiency
The efficiency of the HSWC was calculated from the measured volumes of water and
the concentrations of samples. This was done for separate storm events and for
the whole period of the field measurements. The efficiency of an overflow device
is expressed as the overall efficiency for use of the NWRW. This is defined as
the percentage of the pollutant lead leaving the sewerage system and not

reaching the surface water as a result of retentien or concentration. The load
leaving the improved overflow should be compared with the load of a conventional
overflow device.
The sizes of the weir in the measuring pit more or less correspond with a
conventional overflow device. As the HSWC was placed behind the measuring pit
the demand mentioned previously was achieved. So the overall efficiency for this
particular location without throughflow can be formulated as fellows:
n = load{IN) - load{OUT)
load(IN)

* 100

%

Due to the small content of the overflow chamber, the retentien efficiency is
negligible. The overall efficiency of the HSWC is equal to the sedimentation
or concentratien efficiency.
Results
The mean and median values for the concentrations COD and total filtrable
residue over the whole period are shown in Table 1. The highest measured values
for COD and total filtrable residue are 6100 and 6200 mg/1 respectively (both
overflow no. 6). Both mean and median values are very high compared with ether
investigations in the Netherlands. A possible reasen is the presence of culverts
near to the overflow which are cleaned during severe storm events. Probably, the
sewerage system is polluted during maintenance of the major pumps .
TABLE 1 : Concentratiens of coo and total
filtrable residue.
COD
IN (mg/1) OUT
mean
median

440

128

320
114

total filtrable residue
IN (mg/1) OUT
430
68

345
59

Leads COD and total filtrable residue per overflow are shown in Figures 4 and 5
and the sampled volume per overflow in Figure 6. From these figures it is clear
that the largest overflows do not necessarily cause the largest pollutant load.
In all samples a relationship was found between COD and BOD, but relationships
between COD and ether parameters are not so clear, especially for the outflow
samples .
CONCLUSIONS
Sedimentation and concentratien is one of the major features of the high-sideweir chamber. This is indicated by the higher efficiency for COD and for total
filtrable residue, which contain the more heavier particles. On theether hand,
nutrients are mainly dissolved in storm water and show considerably lower
efficien c ies. Efficiencies for all parameters "after one hour settlement" are
also low. The overall efficiency of the various parameters are presented in
Table 2.
A link between inflowing pollutant leads and the maximum measured flow during
a storm water overflow is demonstrated by the results . No conclusions can be
drawn from the results about flow in relation to concentration, except that
maximum concentrations occur with maximum flow. This is also the case for total
pollutant discharge and the total volume of storm water or dry weather period .
Sludge in a sewer is probably disturbed when flow exceeds a certain value.
<.
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Figure 6 : Sampled volume per overflow .

TABLE 2: Overall efficiency.
Lead IN
(kg)

Parameter

Efficiency

(%)

4991

27

5379

20

1785
236
68

1560
220
64

13
6.6
6.6

3340

2208

34

COD
6857
Total filtrable
residue 6743
BOD
N-Kjeldahl
P-Total
Total fixed
residue

Lead OUT
(kg)

Aft er 1 hour settlement
COD
BOD
N-Kjeldahl
P-Total
Thus it is concluded that
has practical application
flat terrain and multiple
a goed choice for places
consideration.

2319
668
146
42

2110
619
141
41

9.0
7.4
3.5
4. 4

improved overflows, such as a high-side-weir chamber
under conditions as prevail in the Netherlands, namely
connected sewerage systems. This type of structure is
where space is limited and where finance is a major
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ABSTRACT
Based on a design developed using model tests at Sheffield City Polytechnic, a full scale
prototype of a vertex storm sewage overflow with peripheral spill has been built in Sheffield.
A project is running to monitor this overflow in order to assess its performance, both
hydraulically and qualitatively . Flows into and out of the overflow chamber are being
recorded, and samples of sewage are being taken, both from the flow entering the overflow and
that spilling to the watercourse. A system known as the 'Gross Solicts Monitor' has been
developed to get an estimate of the quantities of large objects in the flow, and examine how
effective the overflow is at restaining such material from spilling .
Due to equipment failures and little rain, only limited results have been gathered to date.
These show that the overflow appears to exert good hydraulic control, but has little
separating effect on finely suspended or dissolved material.
Further data must be gathered befare any conclusion can be reached as to how well the overflow
restrains larger objects from spilli ng.
Further work is required on the Gross Solicts Monitor befare data analysis beoomes fully
automated .
KEYWORDS
Storm Sewage Overflow; Vertex; Overflow Performance; Monitoring; Gross Solicts; First Foul
Flush.
INTRODUCTION
Effectively designed Storm Sewage Overflows (SSOs) can make a significan t contribution to
reducing the amount of polluting material spilling from sewers into rivers.
A new type of Storm Sewage Overflow, the Vertex SSO with Peripheral Spill has been recently
developed at Sheffield City Polytechnic. A full scale prototype has been built in Sheffield,
and is being moni tored in order to assess its performance.
Balmforth and Lea (1984,85,86) tested various roodels in order to optimise the design,
resulting in the current form (Fig.1).
Sewage enters the circular chamber tangentially along the inlet channel. At low flows i t
swirls round and drops down the outlet throttle pipe. At higher flows the chamber begins to
fill, and a vertex is formed. As the flow increases, the level in the chamber ris es, until
sewage begins to spill over the peripheral weir. Because of the length of the weir, quite
large flows ~an be discharged over it with only a small increase in the depth of sewage in the
chamber. As the in flow increases, the circula ti on in the chamber a lso increases, with the

result that the flow down the throttle pipe does nat rise much above that when the chamber
first begins to spill.- This is a desirable feature for a SSO, allowing best use to be made of
the downstream capacity.
In model tests it was found that rapidly sinking material became entrained in secondary f lows
a long the bed of the chamber, and
was carried down the throt tle pipe. Floa ting material
either became trapped by back currents at the surface of the inlet channel, or caught in
surface currents which pulled it down the central air care of the vortex. The scumboard helped
guide material to the centre and keep it away from the weir. In the model tests relatively few
rising or sinking particles spilled over the weir.
A full scale prototype has been constructed in Sheffield based on the final design from
experiments (Fig.1). This fits neatly into a circular shaft, replacing an old 'leaping
type overflow at the bottam of a steep 55 hectare catchment containing bath housing and
industry. The inlet, continua ti on and overflow sewers are all 915x61 Omm egg-shaped
sewers.
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Sewage which drops down the throttle pipe falls into a 'continuation chamber' below, and then
continues into a trunk sewer downstream. Sewage which spills over the weir falls into a
channel, from which it flows away to the nearby River Don. The bottorn of the spill channel is
below the invert of the overflow pipe, and has an automated penstock at its lowest point . When
there is spare capacity in the downstream sewer, the penstock remains open, allowing any
sewage which spills over the weir to drop into the continuatien chamber, keeping i t from the
river. When the downstream sewer beoomes full, the penstock closes. The spill channel fills,
and sewage overflows into the river .
At the end of a storm, sewage is trapped at the bottorn of the spill channel. However when the
level in the downstream sewer subsides sufficiently, the automatic penstock opens, releasing
the trapped sewage back into the main flow.
METHOD
In order to monitor this overflow, a laboratory has been set up in the corner of a workshop
near to the sewer. A pit has been dug in the floor, from the bottorn of which two 150mm ducts
run down into the vortex overflow manhole. Sampling tubes, control cables and sensor cables
have been fed down these ducts, allowing most of the monitoring equipment to remain in the
more hospitable environment of the laboratory. Continuous forced ventilation is provided for
the pit. With this arrangement rnains powered monitoring equipment can be used safely.
Both flow rates and the quality of the sewage are monitored. Flows are measured using
Detectronics 'Flow Survey Units'. Th~se camprise a small sensor and a logging device. The
sensors are fixed to the bottorn of the sewer pipes, and the loggers kept in convenient
positions away from the sewage. The units measure the depth (using a pressure sensor) and the
velocity of the sewage (by examining the doppler shift of ultra-sonic pulses reflected from
particles in the flow). The results are recorded on the loggers, and are collected using a
portable computer. They are later analysed to give the flow-rate. Such units are installed i n
the inlet, overflow and continuatien pipes of the vortex overflow.
A Golden River 'Conquest' computer, kept in the laboratory, monitors a pair of swingmeters in
the overflow chamber. These are 600mm long rods with a float on one end, pivoted at a
potentiometer. Wh en the flow reaches the level of the floa ts, they are displaced from the
vertical. By measuring the potential difference across the potentiometer, the Conquest can
measure the depth of sewage in the chamber. Wh en this ris es above a gi ven t r igger level,
suggesting a storm is taking place and the chamber is likely to spill, the computer activates
the quality sampling equipment.
Two Sirco vacuum bottle samplers are installed at the bottam of the pit in the laboratory. One
of these draws samples from the flow in the inlet pipe, the other from the flow spilling over
the weir. Each can draw up to 24 samples of about 200ml. These are collected and taken to the
laboratorles of the Yorkshire Water Authority for analysis. Values are obtained for suspended
solicts concentration, chemical oxygen demand, volatile solids, pH, ammonia concentratien and
conducti vity. One in ten samples are tested for biochemie al oxygen demand. The results are
returned on computer diskette, ready to be incorporated into a database being built up on an
IBM personal computer. A program has been written to file, recall, analyse and plot the data
from samples and flow monitors.
The battle samplers draw up sewage through 10mm tubes, so only collect smaller particles in
the flow. Larger objects, rags, bits of plastic and so on, are the cause of much pollution and
visual affenee when spilled into rivers. In order to as se ss how well the vort ex overflow
restrains such material from spilling staff at the Water Research Centre, Swindon, developed
the 'Gross Solicts Monitor' (Fig.2).
Since problems caused by larger solicts spilled are aften their appearance, a vis ual approach
was considered the best method of measuring their concentration. Various alternati ves, such as
ultra-sonic techniques and a variety of methods to take large physical samples, were
also considered, but thought either too expensive or impractical.
Sewage is pumped up from the chamber along a 100mm diameter flexible hose, and pa sses through
a tube with transparent sections top and bottom. It is illuminated from below by a bank of
near infra-reá'· LEDs, and viewed from above with a video camera sensitive to this radiation.
The langer the wavelength the less it is scattered by particles in the sewage. However if the
wavelength becomes too long the light begins t o be absorbed by the water. Near infra-red
(880nm) was considered the optimum wavelength to use. Any large objects in the flow appear as

dark shadows on the video image. By counting the numbers of shadows i t is hoped to get an
estimate of the quantities of large objects in the flow.
By opening and closing a pair of pneumatic valves in the sewer, sewage can be pumped either
from the inlet channel or from just inside the weir. Wh en the equipment is triggered, i t
begins pumping sewage from the inlet at a fast rate . It allows three minutes for the sewage
to reach the viewing cell and the air pockets to be cleared befare slowing down for one
minute, to allow a better view of the sewage. The cycle then repeats, alternatively sampling
from the inlet and spill. During the slow periods one of two tones is recorded on the audio
channel of the video tape to distinguish between images of inlet and spilling sewage. When the
level drops below a given level, the equipment is turned off.
Image Analysis
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For each storm event the equipment produces a video tape with two minutes of useful film for
every eight minutes of spill, the slow periods being identified by the tones on the audio
channel.
Such tapes can be analysed simply by counting the number of objects larger than 2mm across on
the screen by eye. However, an automatic methad of analysis is being developed. This involves
playing the tape into a 'Sight Systems' image processing system connected to a computer. The
computer can use the tones on the audio channel to identify the parts of the tape to examine.
Images from the tape are converted into digital format, in an array of 256 x 256 pixels, each
of whicq has a brightness level of 0 - 63. All pixels with a brightness below a given
threshhold level are set to black (0), and all the rest are set to white (63). This simplifies
the image to one of black shapes on a white background, where each shape hopefully corresponds
to the shadow of an object that was present in the flow. The computer is able to count these

shapes, and record their area.
By playing a tape of a complete storm event into the system, it is hoped t o get and idea of
how many objects in various size ranges were in the inflow and spilled sewage , and whether
there is a significant difference between the two.
RESULTS
Except for some floatin·g material clinging to the walls at the top of the inlet channel, the
chamber has been self-cleansing.
At the time of writing the equipment has been installed for 8 months, but due to various
problems, and a particularly dry Winter and Spring, only a limited amount of data has been
collected. This shows that the overflow begins to spill at around 190 1/s, and appears t o show
good hydraulic control.
Preliminary results from the bottle samplers show that the overflow has l i ttle separat i ng
effect on finely suspended or dissolved material .
The flow monitor and bottle sampler on the inlet have worked well, and results show a distinct
'First Foul Flush' effect (Pearson et al. 1986), where peak pollutant concentrations occur at
the beginning of the storm event (Fig.3,4). This is caused by the more polluting dry weather
flow being pushed ahead of the storm wave and also by the scouring of sedi ments built up
during the preceding dry spell .
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Sampling from the spilled sewage was been hampered by the bottle sampler malfunctioning,
though it bas now been repaired. Also the sampling tube tended to ge t clogged, until a coarse
filter was fitted to the end.
Initially samples were taken from the spill channel . However, it was discovered that sediment
builds up on the steps leading up to the overflow pipe. It is churned up by the sewage
spilling over the weir, mixing wi th i t to make any samples unrepresenta ti ve. The sampling
point has been moved to just inside the weir, to catch storm sewage as it is about to spill.
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The Gross Solids Monitor bas produced video recordings of sewage flow for most storms to da te .
Apart from when the sewage is too turbid, as often occurs during the First Foul Flush at the
beginning of a storm, or contains too many air bubbles, objects can be seen quite well by eye.
It is possible to get a measure of the quantity of solids simply by counting the number of
shadows larger than a given size passing during one minute. There is not yet enough film of
incoming and spilling sewage from the new sample point to draw any firm conclusions as to how
well the overflow performs.
Difficulties have occurred in attempts to automate the analysis of the films. The difference
in contr~~t between the shadows of objects and the bright background is only relatively small.
Considerable care must be taken in choosing a brightness threshhold level to isolate the
desired objects. If too low a level is chosen, only the eentres of a minority of the shadows
fall below the level and are counted. If too high a level is chosen, apparently empty areas of

the image beoome included. At times the difference between too low a setting and one whic h is
too high can be as little as 4 units in a range of 0 - 63.
Even in a single storm a threshhold level that produces an acceptable discriminatien in one
image may be of little use in an image taken 30 seconds later.
Each time the valves change over to sample from a different point, air enters the pipework,
and it can take some time to flush all the bubbles out. After 3 minutes, when the pump slows
down, there aren't usually too many bubbles visible. When they are, however, their edges can
be dark enough to be picked out by the image analysis software and counted as gross solids.
Further work is clearly required before the analysis of the film can be fully automated.
CONCLUSIONS
Equipment has been set up and is now running satisfactorily to monitor the performance of a
vortex storm sewage overflow with peripheral spill.
Various technical problems, and a scarcity of rain, have meant that not enough data has been
gathered to come to any definite conclusions regarding how we11 the overflow improves the
quality of the storm sewage spilling to the nearby river.
Preliminary results show that the overflow appears to have good hydraulic control . Analysis of
bottle samples show it has little separating effect on finely suspended or dissolved material,
however further data must be gathered before any conclusion can be reached as to how well the
overflow restrains larger objects from spilling.
Turbidity and bubbles drawn into the pipework are creating problems in analysing the film of
sewage recorded by the Gross Solid Monitor. Though counting by eye is possible, more work is
required before the process can be adequately automated.
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ABSTRACT
A water quality model POND for eutrophication and pol1utant remaval in urban
stormwater runoff detention ponds has been developed. The numerical simulation
model is a relatively simple, one-dimensional deterministic water quality model
consisting of a set of differential equations . Included are processes describing the remaval and accumulation of dissolved and particulate constituents as
well as processes concerning the yearly cycle of phytoplankton growth and nutrient transformations. The input to the pond is based on runoff quality data
and a historica! rainfall record.
The model has been used to simulate eutrophication and remaval of phosphorus
and heavy metals in an urban runoff detention pond. Especially the importance
of the pond volume, i.e. the residence time of the runoff water in the pond,
for pollutant remaval and eutrophication has been analysed. Simulations were
carried out based on measured runoff quality data and a 33 years of rainfall
record. Dry, normal and wet years and summers were selected for the analysis.
KEYWORDS
Pollutant removal; phosphorus; heavy metals;
runoff; detention pond; model.

eutrophication; urban stormwater

INTRODUCTION
Traditionally, urban stormwater runoff detention ponds are used as a proteetion
against flooding under heavy rainfall events in catchments with a separate
sewerage system. Therefore, existing ponds are designed on the basis of hydrologie concepts like intensity-duration-frequency curves.
It is a relatively new concept that these ponds might be used as a means to
imprave the quality of stormwater discharged to receiving waters (HvitvedJacobsen et al., 1984; USEPA, 1986). Remaval of the pollutants caused by
sedimentation, adsorption and biologica! uptake are dependant on the residence
time in the pond (Hvitved -Jacobsen and Yousef, 1988), which means that larger
ponds will show a higher remaval percentage than smaller ones. Conversely,
extended residence time in a pond supported by external as well as internal
nutrient leads may cause a harmful growth of algae and a corresponding high
eutrophication level .

In order to evaluate the functioning of these detention ponds with respect to
optima! conditions for bath efficient pollutant remaval and low eutrophication
level a simulation model, POND, was developed and analysed. The following major
goals were set for this research project:
• Development of a numerical simulation model for the remaval of suspended
solids, phosphorus and heavy metals in an urban wet detention pond under
the influence of eutrophication processes.
• To find design characteristics for such a pond dependant on pollutant
remaval efficiences and eutrophication. These relations may be useful in
designing detention ponds.
The concept of inter-event dry periods separating two successive rainfall
events seems to be relevant to the engineering design of urban runoff treatment
and management systems (Hvitved-Jacobsen and Yousef, 1988). If a detention pond
volume is based on a minimum of 3 days of residence time for the runoff water,
sufficient time may be available for sedimentation of particulate matter,
chemica! remaval of pollutants and biologica! uptake. Purthermare, a return
period for a reduced residence time of 3-6 months is probably acceptable. Based
on these criterias a detention pond volume of 200~250 m 3 /red.ha is sufficient
for pollutant remaval in the order of 50 and 70% for total phosphorus and
suspended solids, respecti vely. Therefore, pond volumes for simulations of
pollutant remaval and eutrophication is chosen between 50 and 300 m3 /red.ha in
this study.
MODEL CONCEPTS
The Physical System
The detention pond is hydraulically made up of three well mixed compartments.
The inflow is located in the first compartment, the outflow in the last. Inflow
from the catchment area is calculated based on a 33 years of rainfall record
from the city of Odense (Johansen and Harremoës, 1979). A combined V-notch weir
and a rectangular overflow structure for high water levels are chosen for
simulating the water level during and after a runoff event. This outflow
structure will allow the water level to vary between 1 m (bottom of the V-notch
weir) and 1. 5 m ( the rectangular overflow structure). High water level will
return to the low level of 1 m within 2-3 days. Transport between the compartments is advective, dispersive transport is neglected.
Basic Model Development
The numerical simulation model POND which has been developed in this study is a
relatively simple deterministic water quality model. The model consists of a
set of coupled differential equations defining the mass balances of each
compartment. The basic equations for the mass balances in the water phase are
shown in Table 1.
The processes in the model are not described here. Most processes fellow well
known expressions and parameters are chosen and calibrated within ranges given
in litterature. A detailed description of variables, parameters, forcing
functions and processes for the model POND is given in Toet (1988) .
As an example the model structure for phosphorus is shown in Figure 1.
Processes in the sediments are not explicitely included in the model. Only the
interstitial ortho-phosphate concentration, important for the calculation of
the internal nutrient loads, is taken into account as a temperature dependent
forcing function.
Algal grbwth is regarded as
ents. Light and temperature
light process is calculated
biomass and suspendes solids

a process limited by light, temperature and nutriare included as forcing functions. The underwater
with an attenuation-coefficient dependent on algal
concentration.

TABLE 1

The basic differential equations which are included in the model POND.

Water volume (V)
dV
dt = inpu t - output + precipitation - evaparatien
Biomass of algae (AB)

d(V•AB)
dt

= input

- output + growth - death - respiration - sedimentation

netritus (DET)
d (V•DET )

= input - output + death - mineralization - sedimentation

dt

Suspended solids (SS)
d(V•SS)
--~d~t----

= input - output - sedimentation

Ortho phosphoru s (P
d(V•P
0
dt

)

0

)

= input - output - uptake + mineralization + autolysis + diffusion
- adsorption + desarptien

Inorganic particulate phosphorus (Pin)
d(V•Pin)
dt

= input

- ou tput - sedimentation + adsorption - desarptien

Dissolved heavy metals (MEdiss)
d(V•MEdiss)

.

= ~nput

- output - adsorption + desarptien - uptake

+ mineralization

dt

Particulate heavy metals ( MEpart)
d (V•MEpart)
= input - output - sedimentation
dt
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Fig. 1.

Schematic representation of processes concerning phosphorus.

Basis for the Simulations
From the rainfall iecord three years have been selected for the simulation of
pollutant removal and eutrophication in detention ponds. The selection was made
based on different rainfall patterns, Table 2:
TABLE 2 Rainfall characteristics for the three years used in the simulations.
1979
1976
Variable
1971
year summer
year
summer
year
summer
rainfall > 3mm (mm)
323
239
212
79
327
137
no. of events
39
25
35
11
48
19
1971: Normal annual total rainfall and wet summer
1976: Dry year and dry summer
1979: Normal annual total rainfall and normal summer
For the three selected years simulations were carried out with pond volumes of
150, 200, 250 and 300 m3 /red.ha. Simulation results for detention ponds of 50
and 100 m3 /red.ha were obtained by using results after 1 and 2 compartments,
respectively, from the simulations with a pond volume of 150 m3 /red.ha .

Calibration
The model was calibrated on data originating from a wet detention pond located
in Viborg, Denmark (Hvitved-Jacobsen et al . , 1987; Hvitved-Jacobsen and Jensen,
1988). Investigations on pollutant removal in the pond were carried out during
spring and fall 1986. The detention pond receives stormwater from a singlefamily residential catchment area of 6. 7 red. ha. The pond forms an on-line
basin for a stormwater sewerage system and controls discharges to an urban
lake. The pond is integrated in a recreational area, and rush and reed cover a
portion of its surface area. It has an average water depth of 0.6-0.7 m, a
surface area of 900 m2 and a dry weather storage volume of 510 m3 •
The calibration was carried out on the basis of mean and maximum measured
concentrations in the outflow of the pond. As input for the calibration
concentrations measured in the runoff water in Viborg were used. Hydrographs
and pollutographs were calculated on the basis of three years (1971, 1976 and
1979) from the 33 years rainfall record, covering a total of 1571 events with a
rainfall depth greater than 3 mm (Johansen and Harremoës, 1979).
Measured inflow and outflow data from the detention pond in Viborg and results
from the calibration of the model POND are shown in Table 3.
TABLE 3

Water quality parameters used as input data for the model, Concentratiens in the outflow from the detention pond and results from
calibrations (1976 and 1979).
detention pond
output from pond model
Variable
input
output
1976
1979
measured
measured
(dry year)
(normal year)
max. mean
max. mean
max. mean

ss

(g·m- 3 )

82

20

0.66
0 .47
total-P
0.30
ortho-P
- 3
Cd-part. (mg·m- )
0 .2 0
0 . 93
Cd-diss.
1. 4*
2.8
cu-part.
5.6
13*
Cu-diss.
17
Pb-part.
73*
0.7
Pb-diss.
250
Zn-part•
Zn-diss.
425*
160
* total Concentratiens of heavy metals.

12
0.27
0.13
0.61
0.8
4 .1
7
0.4
130
110

32
0.53
0.27
0.69
0.60
5.0
4.8
50

28
0.47
0.26
0.58
0.60

1.0

7
0 .19
0 .12
0.10
0.58
1.2
4.0
7
0.6

152
171

25

130

60

154

4.5
4.5
42
1.0

10
0 .23
0.13
0.14
0.58
1.8
3.9
11
0.6
38
67

RESULTS AND DISCUSSION
The simulation results from the model consist of seasonal variations of concentrations in the detention pond of different state variables. These results
are summarized in order to campare pollutant concentrations and mass rem'oval
efficiencies versus pond volume.
Pollutant Remaval
Examples of results from the simulations are shown in Figure 2.
The most important remaval process for all components is settling. The settling
efficiency is dependant on the residence time which is related to the volume of
the detention pond. It is clearly seen that by increasing the volume, the
remaval percentage of all components increases too. The limit for remaval by
settling of suspended solids depends on the rainfall pattern, especially the
occurrence of storm events with extreme rain intensities due to the fact that
the residence time may become temporarily very small. This explains the (small)
differences between the three years. For phosphorus and heavy metals the limit
for remaval by settling is given by the partitioning between dissolved and
particulate fractions as only the particulate fraction is subject to settling.
Dissol ved heavy metals are mainly removed by adsorption to suspended solids,
followed by settling . Phosphorus removal, especially orthophosphate removal,
depends also on the algal uptake, followed by alg al settling. Therefore, a
pronounced decrease in the remaval efficiency is obtained in a wet summer
(1971), Figure 2. It can be conclude d that the pollutant remaval obtained from
the simulated curves correspond well with expectations (Hvitved-Jacobsen and
Yousef, 1988).

%
100

RETAI NED

.,.

SS
A
0

0

1971
1976
1979

TOTAL-Zn

100
A
0

0

1971
1976
1979

50

50

0

0
0

.,.

100

RETAINED

200

300m 3/ red.ha

A

0
0

0

.,.

ORT HO - P ( SUMMER )

100

1971
1976
1979

100

RETAINEO

200

3

300m / red . ha

TOTAL-P

100
A

0
0

1971
1976
1979

50

50

0

RETAINED

~-----+------~----~------~

0

Fig. 2.

100

200

300m3 / red . ha

' Mass remaval efficiencies for pollutants in the model detention pond .

Eutrophication
Results from the simulations of variables and processes related to eutrophication in the model detention pond are shown in Figure 3.
With regard to eutrophication, the simulations do not show a clear relationship
between pond volume and algal concentratien or primary production. The simulations for 1971 (wet summer) shows an increase in bath summer algal concentrations and total primary production when the pond volume is increased. Othervise
a rather constant concentratien and production for volumes larger than 100
m3 /red.ha is obtained. However, the production in 1979 is at a higher level
than in 1976. These differences can be explained by two mechanisms:
• Phosphorus lead.
In a dry summer ( 1976) reduced external phosphorus loading causes an
effect on the ortho-P concentratien in the pond . Therefore, algal growth
rate limitaiton may take place, Figure 3.
• Inter-event dry periods in summer.
The balance between algal growth and flushing in the detention pond is
important for the level of nutrient and algal concentratien as well as the
primary production . Therefore, the length of inter-event dry periods
between successive storms play an important rele for the eutrophication
level.
In 1971 summer inflow peaks are frequent and high. This explains the low
level of eutrophication in small ponds and the increase in bath algal
concentratien and primary production with increasing pond volume, Figure
3.
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Variables and processes related to eutrophication in the model
detention pond.

In all the years the maximum algal concentrations found are about the same.
This indicates that at least one long dry period occurs allowing the highest
possible algal concentratien to appear limited by the availability of nutrients.
It is important that for detention pond volumes between 100 and 300 m3 / red.ha
the main eutrophication variables and processes are slightly dependant on the
pond volume although there is a difference from year to year due to the rainfall pattern.
Internal Phosphorus Loads
As an example, the simulations show that the eutrophication in the detention
pond was very much affected by the internal phosphorus load from the sediments,
Figure 4 . The level of internal load was determined by the transport-coefficient for ditfusion from the sediment to the water phase, Kd.ff. Simulations
were carried out at three levels:
~
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The importance of the internal phosphorus load on the eutrophication
and phosphorus retentien in the detention pond. The simulations are
basedon rainfall data from 1979 (normal year and summer).

In Table 4 the internal loads at the three levels are summarized:

Total simulated internal loads in mgP per m2 per year or per summer
in 1979 for different levels of transport-coefficient for diffusion,
Kdiff. The original simulations were carried out at level 0.
pond vol.
level 0
level 1
level 2

TABLE 4

Kdiff
m3 red.ha
150
200
250
300

year

= 0.005

m•d -1

Kdiff

= 0.05

m·d

-1

Kdiff

=

0.10 m·d- 1

summer

year

summer

year

summer

210
240
260
270

1870
2240
2470
2630

1890
2150
2310
2440

2890
3400
3690
3890

2970
3340
3560
3720

220
260
280
300

CONCLUSIONS
The model POND was useful for the simulation of pollutant removal and eutrophication in urban stormwater detention ponds. Main conclusions are:
• Periodically, high algal concentrations in a
pected in dry as well as wet summers.

detention pond can be

ex-

• In order to obtain pollutant removal efficiencies above 50% for suspendes
solids, phosphorus and heavy metals a detention pond volume larger than
200-300 m3 /red.ha is recommended.
• For detention pond volumes between 100 and 300 m3 /red.ha the mai n eutrophication variables and processes are almost independant on the pond volume
although the yearly mean value may vary due to the rainfall pattern.
Therefore, characteristics related to pollutant removal should be superior
in the design procedure for these ponds.
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ABSTRACT
For mixed combinect/separate sewer systems it is proposed, in times of combined
sewage overflows (CSO), to store sanitary sewage at the inlet point to the
combined system . Thereby, sanitary sewage (with high strength) is kept in the
system for further treatment after the storm whereas less polluted CSO are diverted to the receiving water. By using data of an existing catchment different scenarios are evaluated and the potential benefit of sanitary sewage detention is quantified. This approach is eeropared to current German CSO regulations. It is more effective than conventional CSO detention if more than
60 % of the population upstream of the CSO diversion are served by a separate
system. A key problem of this concept is the control strategy that determines
when to activate and e mpty the storage tanks. A number of criteria are compared. Considerations are also made on operationa l aspects such as chemica!
transformations in stored sewage, maximum allowab l e detention time, and cleansing of storage tanks .
KEYWORDS
Combined sewer overflows, detention tanks, sanitary sewage, real time control .
INTRODUCTION
Presently, detention of combined sewage is the most frequently applied method
to reduce pollution of receiving waters caused by combined sewer overflows
(CSO). This approach requires relatively large storage ponds and, as a negative side effect, increases the hydraulic load of the treatment plant significantly. As a consequence the treatment efficiency deteriorates and at least
some of the benefit of CSO detention i s lost.
Many wastewater transport systems are of the comb i ned type in the city center
and of the separate type in the surrounding suburbs. Usually the sanitary sewage of the separate system discharges into the combined netwerk which is used
as a pipeline to transport the sanitary sewage to the treatment plant . During
stormflow conditions the strength of the diverted sewage is increased by sanitary sewage from outside of the combined catchment. An example of a mixed
combinect/separate system used for a case study is shown in Fig.l .
As an alternative to this conventional method of pollution ahatement during
storm conditions it is proposed, in times of CSO, to store sanitary sewage at
the location of discharge into the combined system. Thereby, sanitary sewage
(with high strength) is kept in the system for further treatment whereas less
polluted combined sewage is diverted to the receiving water.
The follo~ing simplified example demonstratea some possible effect of sanitary
sewage detention: A catchment of Ared = 12 ha with Q8 = 16 1/s sanitary sewage
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and Qf = 4 1/s infiltration receives sanitary sewage from an identical upstrearn catchment which is of the separate type. A CSO pond at the outlet of
the cornbined catchment would need a volurne of Vcso = 54 m3 (ATV, 1977). A
storm with a peak runoff of 50 1/s would cause some 914 m3 CSO during which
cornbined sewage would be routed to treatment at a rate of 2Qs + Qf = 72 1/s
(Fig.2) . Under the assurnption of 5 mg BOD 5 /l storm runoff and 150 mg BOD 5 /l
sanitary sewage the respective CSO load is 13.3 kg BOD5 . A sanitary sewage de tention tank (SST~ at the outlet of the sanitary subcatchment with the same
size (VssT = 54 m ) and the sarne interceptor capacity would yield almest the
sarne CSO volume. However,the overflow load would be decreased to 11 . 5 kg BOD 5 .
SIMULATION OF POLLOTION LOADS
The efficiency of SST is evaluated by continuous simulation of the pollutant
transport process. A modified version of the KOSIM model (Paulsen, 1987;
Durchschlag, 1989) is used. It allows to simulate activatien of SST based on
strategies which cornbined rainfall depth, flow rate and actual storage content. For the simulation of cornbined sewage flows, measured raindata is redueed by initia! surface wetting and time varying surface depression losses . After a storm, available depression storage is increased as a function of computed actual evapotranspiration. Concentratien of surface flows from sub- catchments is modelled using a 3-tank Nash cascade. Transport in conduits is simulated by time-shift routing of water volumes.
First-order exponential type accumulation and wash-off functions are used to
simulate storm runoff BOD5 loads . Flow rates and BOD 5 concentrations of sani tary waste water are modelled with perioctic diurnal and weekly variations .
BOD~ transport is simulated as a fully mixed conservative process without specifl.c acknowledgement of phenomena such as sedimentation, resuspension and
biochemica! transformations in sewers. In dètention tanks sedimentation at a
pre-specified efficieny can be simulated.
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Fig. 3. Data of Hamburg-Hochrad sewer system

The pollutant transport model above gives comparatively good estimates of Boo 5
loads accumulated over a long time period. Therefore, it is a useful tool for
relativa camparisans between alternative drainage concepts. However, it is
considered being not sufficiently accurate to allow for absolute predictions
of pollutographs.
POTENTIAL OF SANITARY SEWAGE DETENTION
The efficiency of SST is discussed for the combined sewer catchment HamburgHochrad. The catchment area is 690 ha of which Ared = 177 hared or 25.7 % are
impervious. The population is 24,010 or 136/hared· Except at the outlet no CSO
frequently activated diversions exist. Flows greater than the intercepting capacity of 130 1/s are diverted to the receiving water. Only limited in-line
storage of some 130 m3 is available at the diversion site .
The catchment is divided into 8 subcatchments (Fig.3) to allow for analysis of
sorne 7 scenarios with different ratio of separate and combined area (Tab.1)
TABLE 1 Se:Qarate (S} and Combined (Cl Subcatchments
Scenario
1.1
1.2
1.3
1.4
1.5
2.1
3.1
NOW
A
B

c
D
E
F

c
s
c
s
s
s
s

c
c
c
s
s
s
s

c
c
c
c
c
s
s

c
c
c
c
c
s
s

c
c
c
c
c
c
s

c
s
s
c
s
s
s

c
c
s
s
s
s
s

4.1
c
c
s
c
c
s
c

In the F scenario the subcatchments 1.5 and 4.1 are interchanged. In a different study 28 storm runoff hydrographs as well as pollutographs were sarnpled
within a 18 rnonths period (Grottker, 1987) . This data allowed to calibrate parameters of the model above . The expected performance of SST is sirnulated
using continuous local rain data of the period 1.1.- 31.12.1961. To evaluate
the maximum effect of SST it is assumed that SST starage is activated properly
in time and that SST volume is sufficiently large . For a sirnplified eperating
strategy and finite tank sizes the expected SST performance is also cornputed.
In Fig.4 conventional CSO starage is compared to a combination of CSO and SST
starage. The hatched regions can be reached with the sirnplified eperating
strategies discussed below and tank sizes of VssT = 4 h• population •
150 1/day. Apparently, in terros of absolute performance (i.e kg BODcso>, SST
are most effective where approxirnately half of the population is connected to
separate sewers. In terros of relative performance (i.e . % BODcso> reduction of
CSO loads is even higher where the separate part of the systern is larger. However, due to the increased interceptor capacity the discharged loads are relatively low. Furthermore, the required SST volume is rather large, due to the
greater flow rate of sanitary sewage. Fig.4 is based on specific sanitary sewage flow of Oss = 150 1 per day and capita. Increased dry weather flow or population den si ty, respect i vely, obviously causes higher CSO loads. However,
with CSO starage the load discharges increase 3 to 5 tirnes faster than with
SST starage. The efficiency of larger tanks does not increase proportional
with their sizes because the "overlapping effect" of consecu tive storrns
requires extra starage volume.
As compared to CSO starage required by current German regulations (ATV, 1977),
SST become more effective whenever the ratio between population served by separate systerns exceeds approxirnately 60 % of the total population. It is important to note that not the ratio between total separate and total combined
systern is relevant but the ratio of the separate systern to that part of the
combinea system that drains the catchment upatream of the next CSO diversion.
Since flow times between CSO diversions are usually rather short (e.g. 10 min)
SST starage rnight more often be appropriate than it would seem by the crude
cornparison of the sizes of separate and combined systems.

CONTROL STRATEGIES OF SANITARY SEWAGE DETENTION TANKS
A crucial problem of the concept of SST storage is to specify the time when to
activate and empty the storage tanks, i.e. to define the SST operating strategy. For maximum economical competitiveness the hardware requirements should
be minimum, e.g. a raingauge or water level sensors at the tank site. Optimum
performance, however, can only be reached if the water level at the next
(downstream) overflow site is considered, possibly including an appropriate
time delay between the SST location and the overflow site.
Activatien Strategy
Two criteria for SST activatien were simulated:
Fl. Fill SST with or without a time delay of ~tF if accumulated rain depth exceeds a given limit hN. Stop filling the tank with the same time delay after the rain has ceased.
F2. Fill SST when the flow at the CSO diversion site exceeds a limit Ocrit.
Stop filling the tank after the flow rate is below this critica! level.
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Fig. 4. Performance of CSO detention (black marks) versus addi tional sani tary
sewage detention (white marks). The hatched areascan be reached with
simplified operating strategies.

The rnotivation bebind the first criterion Fl is to keep the SST idle for minor
rain events and to. allow for sorne time during which storm runoff concentratea
and flows are built up. The second criterion F2 is more stringent in that SST
are only act i vated if an overflow is about to occur. Irnplernentation of Fl
would require an on-site rain gauge with an integrator, a clock and a reset
option. F2 would require a water level gauge at the downstrearn CSO site to
estirnate the flow ra te at the di version and a data transmission line to the
SST. With respect to economie considerations it should be noted that option Fl
requires local hardware whereas F2 needs an expensive data transmission
systern.
Parameters of the criteria above are varied within the ranges of 1. 0 s; hN s;
2.0 rnrn and 80 s; Qcrit s; 130 1/s. The delay time in Fl shows to be not very important. In genera!, F2 is more effective. However, in the average F2 perforrns
only 10 % better in terros of CSO events and lS % better in terros of BODqm
loads. Since F2 considers actual flow its performance rnight be irnproved ~f
expected flow is calculated with a rainfall-runoff routine. This would allow
to activate SST earlier and thereby reduce pollutant ernissions at the onset of
a storm.
Release Strategy
Apart frorn capacity considerations within the SST concept it has to be observed that sanitary sewage must · not be stored too long. Otherwise operational
problerns such as septic conditions, odours, etc. rnight arise that would probibit this concept at all (see below) .
The release rate is expressed as a multiple n of the dry weather flow QDWF.
Consequently, the following SST release criteria are cornpared:
El. Ernpty SST cornpletely at a time Tlrnax after which the filling process has
been started.
E2. Ernpty SST at a time T2rnax after which the SST has been cornpletely filled
or, if the SST is not full, or ernpty at a time T2rnax after filling has
stopped.
E3. Ernpty SST irnrnediately after filling has started.
E4. Ernpty SST at a time AtE after rainfall has decreased below a critica! intensity of 2 rnrn/30 min .
ES. Ernpty SST when the flow at the diversion site decreasas below a limit
Qcrit·
Again, the criteria are chosen to keep hardware requirernents low. El and E2
are rnainly chosen for operational considerations (i.e. to avoid septic conditions in the SST) • E3 obviously can only be beneficia! if the release rate is
significantly lower than the dry weather flow QDWF. E4 allows that cornbined
flows can decrease to a level where sanitary flows can be released without the
hazard of being diverted downstream. Finally, ES follows the same argument as
F2. Parameters were rnodified in the ranges of: 0.2 s; n s; 3.0, 2 s; Tlrnax s; 4 h,
2 s; T2rnax s; 4 h, os; AtE s; 8 h, 70 s; Qcrit s; 130 1/s.
In terros of diverted BOD 5 loads the criteria El and E3 are in most cases less
efficient than the others. They perforrn only acceptable if the datention time
is maximurn (for El: Tlrnax = 4 h) and if the release rate is minimum (for El: n
= O.S, for E3: n = 0.2). E2 , E4 and ES perforrn consistently better. However,
their performance is rather sensitive with respect to high release rates (e . g.
n = 3) . Since E2 involves a maximurn datention time, its application rnight be
most attractive if operational aspects are considered, too (see below) . The
most rational cri terion ES, which is comparable to F2, does not improve the
SST performance substantially.
As an example the scenario E might be regarded. Two SST are required in this
system; The strategy F2 with Qcrit = 120 1/s and E 1 with Tlrnax = 4 h is sirnulated. The SST is activated 229 tirnes within the year 1961. Using this
strategy, approxirnately 60 % of the maximurn possible load reduction (Fig. 4)
could be achieved.

OPERATIONAL ASPECTS
In dry weather conditions sanitary sewage is flowing with a surface exposed to
the sewer atmosphere. In spite of bacterial oxygen consumption due to degradation of readily degradable substrate, areatien due to turbulence and di ffusion
maintains the dissolved oxygen concentratien of sanitary sewage at appoximately 2 mg o 2 11 . In pressure pipes a free surface is not available whereas in
SST turbulence is much reduced. Under these conditions free oxygen might be
reduced to zero and obligatory anaerobic bacteria might cause a conversion of
sulfate ion into hydrogen sulfide. Hydrogen sulfide causes an intensive odor,
is toxic to humans and, after reaction to sulfurie acid, is responsible for
eerrosion problems. Among others, the conversion of sulfur compounds into hydrogen sulfide is supported by higher temperature, lower pH, and the existence
of specialized bacteria. The reaction is immediately stopped if dissolved oxygen becomes available.
In the case study above the mean BODs concentratien in the sanitary sewage is
130 mg/1. Oxygen consumption might be estimated at approximately 1 mg/h.
Hence, the sewage in a SST would become anoxic after approximately 2 h if oxygen diffusion is not taken in to account. If no resident sulfide generating
bacteria are available (e.g . on SST walls and bottom), hydrogen sulfide generation can only start gradually. Emissions of hydrogen sulfide into the atmosphere would only occur if critica! concentrations are reached in the sewage.
Hence, it seems appropriate to aasurne that a 4 h detention time of sanitary
sewage might be feasible before hydrogene sulfide problems arise.
SST should be arranged off-line, i.e. without continuous throughflow, to avoid
resident bacteria. They should not be covered for better oxygen intrusion, be
circular with radial inflow, the wall should be smooth and the bottorn very
steep. High pressure sprinklers can be used for cleansing. If longer retentien
times are required or if oxygen problems occur vortex injectors might be used.
Thereby both resuspension of sediments and aeration of the sewage might be
reached. A minimum distance of 200 m to residential areas should be maintained.
CONCLUSIONS AND FURTHER RESEARCH
The results of this simulation exercise are encouraging but cannot provide a
final answer to the comparison of CSO and SST storage.
1 . The performance of SST is estimated too optimistically in that the
contribution of combined sewer sediments to total overflow loads has not been
taken into account. This souree of pollution ·loads is especially relevant in
low gradient systems and could not be controlled by SST at all.
2. If the separate part of the sewer system dominates, dry weather f1ows are
relatively high. This might require SST volumes that are no more economical.
3. The performance of the SST control strategies is based on the assumption of
spatially homogeneous rainfall . However, the strategies ought to be simulated
with inhomogeneoua rain data to verify whether local measurements are
sufficient for SST control.
4. Results indicate that the simplified eperating strategies investigated so
far do not yield sufficiently good results as compared to the theoretica!
optimum . With this respect it might be worthwhile to use some simplified online rainfal1-runoff-model to compute expexted combined sewer flows at t he
downstream diversion and base SST control decisions on the computed flows.
5. On the other hand, the benefit of CSO storage is overestimated since the
deterioration of treatment efficiency due to the higher hydraulic loading of
the plant is neglected .
6. The question of operational risks should be answered by demonstrational
tests in the field . Currently, experiments are being prepared to use an
overdesigned sanitary sewer for temporary detention of sanitary sewage.
<
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ABSlRACT
Major sewerage work in Littleborough near Rochdale in North West England resulted in the
cios ure of eight Combined Sewer Overflows and the construction of a new overflow
incorporating downstream storage. The paper describes the method, named the CARP
procedure , used in setting the frequency and volume of discharge from the new overflow
and, therefore, the s i ze of the tank . The effect of the resewerage work on the Ri ver
Roch is being studied as a collaborative exercise invalving the University of
Manchester, Water Research Centre and North West Water. This is part of the River Basin
Management Programme of the Water Indus try of England and Wales ( Cli Horde et al ,
1986). First results indicate that t he tank will not operate as frequently as predicted
by computer modelling. The discharge from the new Combined Sewer Overflow would not
appear to significantly effect the river . This is to be confirmed by further fieldwork.
KEYWORDS
River; combined sewer overflows; storage tank; sewer models.
INlRODUCTION
Littleborough is a small town with a population of 14000 situated on the we stern s lopes
of the Pennine hills in North West England. This area is the birthplace of the
lndustrial Revolution and much of the town was developed in the 19th Century wi th the
growth of the text i le indus try. The town was built on the banks of the Ri ver Roch, a
major tributary of the Ri ver Irwell. Both rivers were heavily polluted by industrial
discharges and dornestic sewage in the 19th Century . The town's combined sewerage system
was built lSO years ago. Poll ut ion from industry has gradually diminished during the
ZOth Century as factories closed or, more recently, as effluent has been di verted from
ri ver to the sewer. Fi fteen years ago the town' s sewage works was closed and the flow
carried, via a new transfer sewer, to an ex tended sewage works at Rochdale.
As with many other towns in this industrial area of England, the sewers of Littleborough

became hydraulically overloaded. There was also some structural dereliction although
not nearly as severe as in other towns in the area. This is evidenced by a review of
the sewerage infrastructure in North West Water carried out in 1987 (Barnwell and
Fiddes).
More specifically in Li ttleborough, there was frequent flooding of forty houses. Also
seven Combined Sewer Overflows ( CSOs) discharged to the River Roch. The principal
reason for carrying out resewerage work was to eliminate the property flooding and deal
wi th those sections which were s tructurally unsound. At the same time the scheme aimed
to remove the seven CSOs plus one other from an adjoining catchment. One new CSO was to
be constructed at the downstream end of the catchment where flows in excess of formula A
would be discharged to the Ri ver Roch. Formula A was put forward by the Technical
Commi ttee on Storm Sewage Overflows as a recommended flow to be passed forward from a
CSO for treatment (Ministry of Housing and Local Government, 1970).
Formula A
P

= 1360P

+ DWF + 2E

= population; DWF = dry weather flow; E = trade effluent flow

The locations of the eight CSOs to be abandoned are shown in Figure 1. Four of the
eight were of modern design but the other four were crude relief pipes. However, two of
the latter, L2 and L3 , discharged infrequently as they each passed forward a high
multiple of the dry weather flow. Two of those of modern design, Ll and LS , were set to
pass forward less than formula A. · LS was particularly important as i t was on the ma in
sewer, towards the bottorn of the catchment. The CSO in the adjoining catchment was on a
branch sewer and passed forward slightly more than formula A but was prone to blockage .
The River Roch into which the above CSOs discharged, is within Class 2 as defined by the
National Water Council Classificiation (1977) .
This class of water signifies a
satisfactory watercourse capable of supporting coarse fish. Thus, it would appear that
the overflows did not have a serious effect on the river . Many other rivers in the
region are in Class 3 (poor) or Class 4 (bad) because of CSO effects (North West Water,
1983).
However, the River Roch in Littleborough is small (95%ile
0.1Sm3/sec) and there was evidence of sewage debris in the river
Little chemical sampling of the river had been carried out during
the biota was impoverished below the CSOs indicating that they
deterioration.

exceedence flow of
below the overflows.
storm conditions but
caused a significant

By removing eight CSOs and installing one new structure, it was anticipated that, above
this new CSO, the river would improve to Class lB (good). However the closure of the
overflows and elimination of flooding would resul t in an increase in flow to the new
CSO. It was important not to cause a deterioration in the river at this point. To
ensure tha t this did not happen, a s torage tank bui 1t downs tream of the CSO was
advocated.
This paper describes how the size of the tank was determined . It then reports on the
river sampling programme which has been undertaken to study the effect of the new CSO
compared with the previous situation.
In this way a judgement is made on the
methodology employed in sizing the tank.
SETTING QUTERIA FOR DISOIARGES FROM 1HE NEW CSO
wnen first considered, the new overflow was designed with 2800m3 of storage install ed
as a tank located downstream of a high side weir . The peak flow entering the chamber
was calculated to be 4. sm3/sec, this being the product of a 1 in 30 year storm. The
dry weather flow in the sewer is 90 1/sec and the Formula A flow to be passed forward is

490 1/sec . The original proposal for the tank capaci ty had been calculated using the
method of Hedley and King (1971) which took 25% of the demihydrograph produced by a
storm of 90 minutes duration and with a return period of 2 years. The design storms had
been run on a computer model - the Wallingford Storm Sewer Package (I~ASSP) (National
Water Council, 1981) - by staffat Rochdale BC acting as agents for NorthWest Water .
At the same time as this work, North West Water wi th staff from Water Research Centre
(WRC), was carrying out its Review of Sewerage Systems.
During this Review a methodology was evolved for setting standards of discharge from
CSOs using output from the WASSP computer models . This methodology was subsequently
developed into a procedure called CARP (Comparative kceptable River Pollution) at the
Water Research Centre (Crabtree et al, 1988) .
The method involved running a sequence of rainfall events (Time Series Rainfall), which
vary in intensity and duration simulating a typical years rainfall pattem for the West
of England, through a WASSP model of the sewerage system. An output hydrograph for each
CSO is produced for each rainfall event. The volume of storm sewage discharged from an
overflow for a number of rainfall events can, therefore, give theoretica! information on
i ts frequency of eperation and likely effect on the receiving watercourse. The first
event in the series is used as the standard because i t usually resul ts in the largest
discharge volumes.
This technique was used for the ·study of a sewerage system in Bolton (Figure 1) where a
number of CSOs discharge to a stream, Middle Brook, which, however, remains a Class 2
watercourse .
On the first Time Series Rainfall (TSR) event Middle Brook received
1000m3 of storm sewage for each lkm length of stream wi th a flow in dry weather of 4
Ml/d (95%ile exceedence value). An adjustment can be made if the sewage contains strong
Trade Effluent and a loading rate found for any watercourse measured in kg BOD/Ml/km . A
number of other streams were investigated to test this assimilative theory and the
resul ts indica ted that confidence in i t was we ll founded. The approach is widely used
wi thin Nortil West Water in planning sewerage schemes . Li ttleborough is the first such
scheme to be completed.
First the TSR volumes from the exis ting CSOs were compared wi th those for the Middle
Brook system . This is shown in Figure 2 for the four CSOs L4, LS, L6 and WS, which were
considered together as they dishcarged to the same stretch of river. Table 1 gives the
volumes discharged in selected rainfall events for these four CSOs. LS, situated on the
main sewer, discharged the largest volumes whereas the other three, on branch sewers,
discharged less. All CSOs, except WS, discharged on the 99th rainfall event which is
the least intense. None was affected by strong trade effluent. A major industrial
discharge containing high ammonia (NH3) levels, had been routed below LS .
TABLE 1 Volumes Of Discharge From Combined Sewer Overflows
Duri~ Selected Rainfall Events
T1me -nes RäwEaii Event Nüm6er
1

3

10

25

40

60

80

99

1906
5159
390
602

1712
5601
364
337

1576
4732
433
lSO

424
1513
280
20

103
992
139
0

39
384
56
0

21
351
144
0

21
169
45
0

8014
Total 8057
6891
New
8738
CSO*
6895
5172
11 wi th !500m3 of storage

2237

1366

543

534

235

1444
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0

0
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Fig.2 Load Rate Curves River Roach in Littleborough

From Figure 2 i t can be seen that the CSOs which were to be abandoned had a loading
curve which exceeds that for Middle Brook.. This indicates a river of poorer quali ty
than Class 2 Middle Brook even though the River Roch was itself in Class 2. The aim of
the storage was to ensure that the discharge from the new <SO should at l east be no
greater than that which had discharged previously and should give a loading rate curve
close to the Middle Brook standard.
When the WASSP model was run for the new system with 1500m3 of storage it was found
that these conditions were met except that, on the first TSR event, the volume
discharged was greater than the original si tuation.
For the other TSR events the
reduction in discharge volume was significant. Most importantly it was forecast that
there would only be about forty discharges per year compared wi th 99 at that time for
three out of four CSOs. Discharges during l esser rainfall events were thought likely to
have a greater impact on a river than more intense storms when diluting flows are
rapidly developed.
INVESTIGATION OF EFFECTS OF <SOs BEFORE RffiB\'ffiAGE WORK
A prograiTUIIe of fieldwork was started in June 1988 by the University of Manchester to
study the effects of the eight <SOs. This phase of the work ended in January 1989 when
the <SOs were closed and replaced with one with downstream storage. ~k>nitoring of the
river has continued since then to study the changes that have resulted from the
resewerage work.

'•

The monitoring sites are shown in Figure 1. One was positioned upstream of the largest
CSO, L5, and downstream of Ll and L7 and also the insignificant CSOs, L2 and L3. The
second monitoring site was located below all the CSOs. Automatic sampling was carried
out at both sites every half hour. Samples selected to characterise storm events were
analysed for volatile suspended solids (VSS), total suspended solids (TSS), ammonia
(NH3), chemical oxygen demand ( OOD) and conductivi ty. River levels were recorded at
both sites and a rain gauge installed near to the monitoring sites.
The behaviour of the river was typified by two rainfall events, the resul ts from which
are illustrated in Figure 3. The total rainfall in both events was similar : 16.2 mm on
the 28/29 September 1988 and 18 mm on the 20 October 1988. However, the former event
was spread over 24 hours whereas the latte r lasted for 8 hours. On the 28/ 29 September
the (J)D concentrations at both sites were similar, with the downs tream site lagging
behind the upstrearn site by the time of travel.
These patterns suggest that the
influence of the overflows was not significant but that other processes such as the
resuspension of river sediments or diffuse run off were responsible for the changes
taking place .
In contrast, on 20 October when the rainfall intensity was much greater, there was a
distinct deterioration in quality between the two sites. At the upstream site the roD
value was in excess of 100 mg /1 at the peak compared with 250 mg / 1 at the bottorn site.
Scour from the bed and discharges from the CSOs were the likely causes of the
deter ioration .
INVF.STIGATION OF EFFECTS OF 1HE NEW CSO
The same monitoring equipment was kept in place af ter the construction of the new CSO
wi th the addi tion of a continuously recording Di s so lved Oxygen Meter at the downstream
site.
A level recorder was also installed on the overflow and this activated an
automatic sampler which sampled the discharge to the River Roch.
Periodicity of
sampling was controlled by an Environmental Computer.
The tank has overflowed twice since construction and the resul ts from one of these
events (15 February 1989) is compared wi th an event when the tank did not overflow (11
April 1989) in Figure 3.
The rainfall profile for the former event shows a high
intensi ty, short duration storm. The patte rn of water qua li ty was similar to that
during the equivalent high intensity storm prior to the construction of the new CSO.
The poll ut ion peak is coïncident wi th the rainfall and the (J)D and other parameters are
worse at the downstrearn site . However, a sample of the discharge from the new CSO at
the peak of the storm had a (J)D of 178 mg / 1, TSS of 221 mg / 1 and VSS of 92 mg/1,
indicating that this was not the cause of the increase. Sediment resuspension appears
to be the major factor when the rapid rise in river flow is noted. This will have given
rise to the high COD (up to 1175 mg/1 for a short time) and equivalently high TSS (2584
mg /1) and VSS ( 608 mg / 1) .
The storm event on 11 April 1989 did not show these high values and there wa s li ttle
difference between the upstrearn and downstrearn sites with the latter site be ing s lightly
better than the former. This is because there was no discharge from the CSO and the low
intens i ty rainfall did not induce significantly high solids as a resul t of scouring of
thebed.
DISOJSSION
There are two ma in areas of discussion : the eperation of the new CSO and, linked to
this, the use of Time Series Rainfall in setting the capacity of the tank.

Since the sewerage project was completed in December 1988, enough data has been
collected to allow at least preliminary judgements to be made about the operating
characteristics of the newly constructed CSO.
The overflow
river impact
allowing for
that the tank

has only operated twice in this six month period, making an assessment of
incomplete as yet. The study has another 18 months to run but, even
the relatively dry weather experienced so far (June 1989), i t is possible
is not going to fill as often as predicted by the I~ASSP model.

The model forecast a smal! discharge on the 40th Time Series Rai nfall event but a quite
significant discharge on the l'b. 25 TSR event. en the collected evidence the CSO may
discharge approximately 10 times per year. This is obviously beneficia! to the River
Roch.
It is important to understand the reason for the lack of agreement between theory and
practice . Possible reasons are:(i)

The CSO has been set to pass forward more than Formula A. This is to be checked
when flow measurement equipment is installed in the near future.

(i i)

There are inaccuracies in the WASSP model. The model had been verified on the
existing system by detailed flow surveys. However, the new system incorporates
a tank which is a feature kl1own to be modelled poorly by WASSP. The successor
to WASSP is called WALLRUS which is more successful in modelling tanks
(Hydraulics Research, 1989) .

The use of Time Series Rainfall discharges in relation to river flow is a major
advance on former techniques based on Formula A and storage of a portion of a
particular design storm.
It makes use of the absorptive capacity of the river
whereas, formerly, the size of the river was not taken into consideration. The
approach also led to the concept of spreading the load along a river l ength rather
than transferring the flow to one discharge point.
For engineering reasons this
dispersion of load has not been possible at Littleborough but has been used elsewhere.
Although an advance, the use of CARP is seen as an interim procedure. This is because
quality aspects of storm discharges are given only the smallest consideration. To
overcome this serious defect a sewer quali ty model (MOSQITO - Modelling of Storm
Quality Including Tank Overflows) has just been developed by Hydraulics Research
(Henderson and Moys, 1987). It is to be run in conjunction wi th WALLRUS and i ts
output will be in the form of a pollutograph. It is intended that this output be used
as an input to a river impact model (SffiAT - Spill Pollution Response Assessment
Technique) currently under development at WRC (Crockett et a l, 1989).
Initial results indicate that the newly constructed Combined Sewer Overflow does not
have a deleterious effect on the River Roch. Downstream storage was installed to
ensure that the resewerage work did not cause a change of class in the river from
Class 2 (satisfactory) to Class 3 (poor) and this aim would appear to have been
achieved.
The use of CARP to calculate the discharge flow during storm events resul ted in a
reduction in the size of the tank from 280cn 3, using more conventional techniques,
to !500m3. From resul t, so far obtained, this reduction has been vind i ca ted. The
Combined Sewer Overflow has rarely operated and when it has the resuspension of bed
sediments has had a larger effect on the river. In order to confi rm these findings,
further monitoring is to be undertaken which will include a study of any changes in
the ri ver biota.
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ABSTRACT
As part of the investigations to determine the most appropriate scheme to bring
the Fylde Coast bathing waters up to the quality required by the EC Bathing
Water Directive mathematica! models have been used to examine the hydraulic
behaviour of the sewerage system and the subsequent dispersion of effluent in
the receiving waters.
The discharge characteristics of the existing sewerage
systems were examined by means of an extensive WASSP model, validated by means
of flow measurements gathered from critica! points of the sewer network .
This
model was then used, in conjunction with a time series rainfall record for the
area, to investigate the effect of the intensity and duration of rainfall events
on the volume of storm sewage to be discharged.
Because the area is drained by
a combined system, the management of storm water is of utmost importance and the
output of the WASSP model was used to determine the input to the coastal dispersion model for rainfall events.
A preliminary examination of the possible sites for sewage treatment works and
sea outfalls, for sewage and storm water, suggested four possible schemes in volving either inland treatment, marine treatment or a combination of the two .
All options required the discharge of storm water to the sea. Extensive dispersion modelling was carried out to examine the probable effects of various storm water management strategies on bacterial concentrations in the receiving waters .
From this it was apparent that storage of storm flows, with controlled dis charge, at the state of ti de when environmental impact would be minimal, was
required to achieve compliance wi th the provisions of the Directi ve.
By integrating the WASSP modelling of various base-flow and storm-water storage options
with dispersion modelling, it was possible to establish appropriate design
cri te ria.
KEYWORDS
Bathing waters; mathematica! modelling; WASSP; storm- water management ;
INTRODUCTION
The Fylde Coast of Lancashire with its famous seaside resort of Bla c kpool, and
neighbouring towns of Fleetwood, Cleveleys and Lytham St Anne's is an area which
relies heavily on tourism and leisure as a souree of income.
The fa c t that none
of the beaches of the area were included in the original list of 2 7 bathing
beaches suBmitted in 1979 by the UK Govern~ent for designation under the Bathing
Water Directive (Council of European Communities, 1976) caused consid e rabl e
local concern. Following a national review, in 1986, of the policy regarding the

implementation of the Directive, North West Water was asked by the UK Government
to design and construct a scheme which would ensure that the bathing waters of
the Fylde Coast would meet the required standards.
A considerable part of the
investigations to determine the most appropriate scheme involved the use of
mathematica! roodels to examine the hydraulic behaviour of the sewerage system
and the subsequent dispersion of sewage effluent in the receiving waters .

Fig . 1

Fylde Coast showing outfalls and drainage areas

DISPERSION MODELLING
The existing sewage disposal system for the Fylde Coast consists of four outfalls from the main eentres of population which discharge effluent, after various degrees of treatment, to relatively shallow water close to recognized
bathing areas ( see Figure 1).
None of the eight
identified bathing waters
situated between Lytham and Fleetwood currently meet the bacteriological standards of the Directive.
The extent to which the various outfalls impact on
particular beaches was investigated by means of dispersion modelling, microbio logical and chemical tracers and collection of appropriate environmental data .
Water movements in the area were simulated by means of a set of nested hydrodynamic models developed by the Water Research Centre (WRc). These were validated
by means of surface current data derived from local charts and a series of
deployments of the Ocean Surface Current Radar (OSCR) system
(Crawshaw and
Head, 1989).
Using a conservative figure of 40 hours for the die-off time for
90 per cent of coliform bacteria (T9o) and a bacterial concentration of the
sewage of 1 x 107 per 100 ml, simulations of the existing conditions indicated
that the model overestimated both the extent of the plumes and the bacterial

concentrations. Such a finding was not unexpected given the conservative nature
of the estimates used for both bacterial load and T11 o.
An extensi ve sampling
programme for the main outfalls gave a geometrie mean concentration of Escherischia coli of between 3 and 4 x 10 6 per 100 ml. Heasurements of the light penetration offshore from the surf zone a lso suggested that T11 os of less than 40
hours could be expected.
In view of the well known variability of bacterial
numbers in environmental samples, and the fact that the modelling was intended,
in the first instanee, to provide a general comparison of the performance of
outfalls in different locations and not to identify pree i se locations, 1 t was
felt that the degree of overestimation of bacterial numbers by the model was
appropriate for such an important scheme.
The dispersion model investigations showed that the impact of the base flow (up
to 6 times the dry weather flow - DWF) on the bacteriological quali ty of the
receiving waters could be reduced to that consistent with the Directive by means
of either a long sea-outfall, an inland sewage works, or a combination of the
two (Crawshaw and Head, 1989).
However, it was recognized at an early stage of
the studies that proper management of storm flows would be crucial in achieving
compliance on better than a 95 percentile basis.
The dispersion modelling confirmed field investigations that the bacteriological
quality of the beach at Lytham St Anne's was significantly affected by the
outflow from the River Ribble .
Consequently it was decided that a separate
scheme would be required to achieve the necessary bacterial levels at Lytham,
but that the other beaches should be brought up to standard by means of a single
integrated scheme .
There is· still a slight uncertainty about the residual
effect of diffuse discharges of farm drainage to the estuary of the River Wyre,
and their possible impact on the bathing beach at Fleetwood, near the mouth of
the estuary .
HODELLING OF THE SEWERAGE SYSTEH

Background and Verification
The hydraulic performance of each of the sewerage systems draining to the four
existing sea outfalls was examined in conjunction with the Water Research Centre
( WRc) using the Wallingford Storm Sewer Package (WAS SP) ( DOE/NWC, 1983).
Th is
package provides three methods for calculating sewer flows, and for this s tudy
the Simulation Hethod option (WASSP-SIH) was used.
This enabled flows during
surcharge and flooding from manholes to be included, and was thus appropriate
for analysing both measured and synthetic design storms on overloaded existing
systems .
Additionally WASSP-SIM can also handle a wide range of sewer ancillaries, including overflows and storage tanks .
Information on the pipe networks
and contributing areas was obtained from the relevant local authorities .
Surveys of flow and impermeable area were coordinated by WRc, and soil moisture
deficit values for calculating the urban catchment wetness index were supplied
by the Heteorological Office .
To establish the validity of the flows predicted by the model an extensive
series of flow measurements was carried out at key points on the sewer network .
In all, data from some 63 flow monitors and 10 rain gauges were used in the
validation process.
Where the agreement between observed data and the initial
output from the model was poor, as was the case for the Thornton/Cleveleys area,
additional investigation was carried out.
In this case it was found that rapid
infiltration to the foul sewer from adjacent storm sewers was occurring in one
area, and that there were high levels of standing water in large diameter shallow surface water culverts in other areas.
Once allowances for these and other
factors, such as incorrect and leaking connections and contributions from areas
of permeable runoff via highway gullies, had been incorporated ,
suitable agreement was obtained .
Further verification of the model involved oomparing flooding predictions for a
Where initial agreements were poor,
1 in 1 year storm with bistorical records.
invariably as a re sult of the model suggesting too much flooding, addi tional
storage was incorporated to bring the instances of flooding more
in line with

those observed. In general, the paorest agreement between observed and predicted flooding problems was near the head of branches to the main sewers. As the
aain object of the exercise was to obtain good representations of the hydrographs at the pumping stations to the sea outfalls, attempts to further imprave
the model ceased once this was achieved.
To obtain hydrographs for use with the storm discharge dispersion model, a
sample of 37 storms from the full 99 storms comprising a time series rainfall
suite were selected and run through the roodels for each of the drainage systems.
The time series of rainfall events was collected by WRc as part of a programme
to investigate the performance of sewerage systems, and was suitably modified
for use in the drainage areas concerned . The selection consisted of the first 7
storms and then every third storm from the ranked time series.
Th is procedure
was chosen to give an equal number of summer and winter storms in the sample.
The output from the enormous volume of data so generated consisted of outfall
hydrographs at 30 minute intervals for the first 7 storms and then every 18th
storm . The storm ranked No. 1 in the time series (Storm 11) was found to be the
most severe summer rainfall event for the Fylde coast sewerage sys tems .
STORM WATER MANAGEMENT
At an early stage of the study it was accepted that the disposal arrangements
for storm water were likely to be crucial to the achievement of the objectives
of the Fylde Coast scheme.
A substantial effort was therefore directed towards
assessing the likely impact of these discharges.
Engineering constraints meant that whilst a number of different locations could
be considered for new long sea outfalls for the base flow, there was really no
option but to deal with storm water at the existing pumping stations at Manchester Square (Blackpool Centraland Southern drainage areas), Anchorsholme (Blackpool North and Thornton/Cleveleys drainage areas) and Chatsworth Avenue (Fleetwood drainage area).
The provision of new storm water arrangements at Manchester Square and Anchorsholme by extending the existing main outfalls or constructing new ones would have been prohibitively expensive, as would the provision of an interceptor sewer to convey all flows to the headworks of the long
sea outfall.
It was therefore necessary to consider schemes which used the
existing outfalls for storm water disposal.
At Chatsworth Avenue the existing
outfall was too short to be considered as a storm outfall for any new scheme,
and the construction of a new storm outfall would be required.
Effect of Storm Water Volume on Receiving Water Quality
Since the WASSP investigations indicated that Storm Event 11 in the time series
rainfall suite was likely to result in the greatest volumes of storm water to be
accommodated in any scheme, this was used initially to
investigate the effects
of residual storm water discharges when either 3x or 6x DWF was passed forward
to the long outfall .
These studies showed that the impact on water quality in
the inshare zone was more dependent on the time the storm discharge started
relative to low water than the multiples of the base flow passed forward.
In
terms of compliance with the Directive, the benefits of pumping 6x DWF through
the long outfall were only marginal as compared with the 3x DWF option, but the
additional pumping casts would be substantial .
For bath options, the start of
storm discharges (assuming a 4-5 hour storm) needed to be restricted to a period
of between HW-4 to HW+1, or about 40 per cent of the tidal cycle .
Thus, as a first approximation, compliance during most rainfall events could
only be achieved by providing sufficient starage to prevent storm discharges for
about half the tidal cycle.
The optimum discharge period or "tidal window"
(when the impact of the discharge was minimized) was from HW-1 to HW+2.
Choice of Storm
The applicability of using Storm 11 to establish a storm water management
strategy was examined by camparing it with rainfall records from Blackpool
Airport fortheten year period 1977 to 1986 (Table 1).

TABLE 1

Blackpool Airport Rainfall Data 1977 - 1986

Amount of rainfall
mm
0.1
0.2
5. 0
10.0
15.0
20.0

Number of days
per summer
93.2
90.8
30.5
11.2
4.3
2.2

Percentage of
days
50 . 6
49.4
16.5
6.0
2.3
1.2

If the run-off from any of these rainfall events was simply allowed to discharge
as it arrived at the pumping station, then on about 60 per cent of the occasions
1 t would commence the
discharge outs i de the "ti dal window" der i ved from the
preliminary investigations . To a first
approximation i t would re sult in non compliance for 0 . 6 x 50.6 per cent or 30 per cent _of the time. This is obviously
a very pessimistic assumption, as it does not discriminate between the size of
the storms, assuming that any storm regardless of volume will result in failure
for the day in question. At the other extreme, if sufficient starage were to be
provided to contain all the storms, compliance would be achieved if the storm
water so contained was discharg~d during the optimal HW-1 to HW+2 "tidal window"
or through the long outfall.
In order for a bathing area to comply with the requirements of the Directive, it
is necessary to achieve compliance with the standards for 95 per cent of the
sampling occasions during the bathing season .
However, i t would be extremely
unwise to try to design a storm water management scheme which only just
complied with this requirement.
It was clearly necessary to incorporate some
safety margin.
Following extensive discussion of what the appropriate safety
margin might be, it was agreed that the target for compliance should be 98 per
cent. It was accepted that under very unfavourable circumstances, severe storms
will occur which could not be contained, and hence would necessitate discharges
outside the "tidal window".
Bacterial concentrations exceeding the compliance
limits set out in the Directive might then occur for a short time in the bathing
areas.
A 2 per cent failure rate would be associated with rainfall events with a frequency of 2 + 0.6 or 3.3 per cent.
From Table 1 it can be seen that the amount
of rainfall associated with rainfall events of this frequency (i.e. about 6
days) during a typical summer is approximately 14 mm.
Since the storm (No. 11)
chosen for the initial investigations had a total rainfall of 15.4 mm, and was
thus likely to occur on 2.3 per cent or 4 days during a typical summer, it was
felt to be appropriate as the design criterion for storm water management.
If sufficient starage were to be provided to contain Storm 11, the likely failure rate would be 2.3 x 0.6 or 1.4 per cent.
Thus compliance for 98 . 6 per cent
of the time could be expected.
Determining Starage Volumes
The first stage in determining appropriate starage arrangements involved the use
of the WASSP models for the three drainage areas to calculate the amount of
starage required to contain Storm 11.
Th is suggested that wi th 3x DWF passed
forward,
around 13 000 mJ would be
required for Fleetwood,
32 000 mJ for
Thornton/Cleveleys and 61 000 mJ for Blackpool.
Since the costs of providing
these starage volumes represented a significant proportion of the cost of the
whole Fylde coast scheme, further work was undertaken to investigate the sensiti vi ty of the required starage volumes to different storms, and the frequency
with which ~ given starage volume would be exceeded .
Further examination of the 10 year Blackpool Airport rainfall record allowed the
number of summer storms giving total rainfall deptbs in excess of 6 mm to be
calculated (Table 2). This information, invalving 177 rainfall eve nts, was used
to select 10 summer storms froa the time series rainfall suite , covering as f ar

as possible the range of observed rainfall. The 10 summer storms were used with
the WASSP roodels to determine probable volumes of storm water.
For the Fleetwood drainage area,· a good linear relationship was found tor the volume of storm
water and the total rainfall depth.
In the case of Blackpool and Cleveleys the
relationship was not so good, probably because of the greater size of the drainage areas and the storage capacity of the sewers themselves.
However, by
taking into account the duration of the storms, it was possible to derive suitable linear relationships for predicting storm water volumes trom the rainfall
data.
TABLE 2 Blackpool Airport Rainfall Data 1977 - 1986
Summer rainfall events by total rainfall depth
Total
rainfall
depth
Hean
mm
?;6
?;7
?;8
;.9
~10

?;11
~12

~13

?;14

•

~15
~16
~17
~18
~19

?;20

17.7
14.3
10.7
9.0
7.3
5.9
4.7
3.8
3.0
2.5
2.2
1.9
1.7
1.4
1.3

Number of events per year
1977 1978 1979 1980 1981 1982 1983 1984 1985 1986
13
9
5
4

3
2
2
1
1
1
1
0
0
0
0

15
11

7
6
6
6
6
5
5
3
3
3

3
3
2

13
13
8
7
5
4
2
1
1
1
1
1
1
1
1

19
15
10
9
5
2
2
1
1
1
1
1
1
0
0

21
17
15
14
12
11
9
8
4
4
4

23
18
16
12
10
7
7
7
7

3

3

3
3
3

2
2
2

4

6

19
15
14
12
10
7
4
3
3
2
2
2
2
1
1

17
12
9
9
9
8
8
7
4
3
4
3

3
3
3

26
23
15
10
7
7
3
2
2
1
1
1
1
0
0

11

10
8
7
6
5
4
3
2
2
2
2
1
1
1

The range of storm water volumes for the 177 rainfall events summarized in Table
2 were calculated for the three drainage areas, and the number of probable dis charges for a given volume of storage were calculated.
Figure 2 shows the
relationship, for the three drainage area,
between various storage volumes and
the average number of storm discharges to be expected per year.
From this i t
can be seen that the benefit in terms of lower discharge frequencies
rapidly
diminishes once a certain amount of storage has been provided.
For Blackpool
the cri tical volume is about 40 000 m3 , tor Cleveleys about 25 000 m3 and tor
Fleetwood about 12 000 ml,
In each case, at around these volumes, discharges
would be less than the 4 discharges per summer previously calculated as being an
upper limit, if the requirements of the Directive were to be met on a better
than 95 percentile basis.
Operating Regimes for Storage Tanks
The problem of storm water management does not, of course, end simply by storing
the storm water.
The contents of the storm tanks may be discharged in a number
of ways. Thus it was necessary to investigate the probable effect on the receiving waters of a number of options, ranging trom pumping the whole volume through
the long outfall over a relatively long period regardless of the state of tide,
to pumping the whole volume through the storm outfalls at the next available
"ti dal window".
Since i t is preferable to keep the volume of storm sewage in
the tanks to a minimum, and thus maximize the storage for any subsequent storm,
it is probable that the final option will involve some combination of these two
strategies which balances pumping costs and the chances of discharges during
unfavourable tidal conditions.

Some initial investigations to try to determine the best strategy looked at the
operation of the storm water outfalls with sufficient storage provided to contain Storm 11, and discharge times of 2, 3 and 4 hours.
These showed that the 3
hour discharge had a smaller impact, in terms of bacterial concentrations in the
bathing waters, than a high rate 2 hour discharge or the relatively low rate 4
hour discharge.
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In the light of these findings, all options have been designed to allow storage
tanks to be emptied in a three hour discharge period, probably between HW - 1 to
HW+2.
The final operating regime will undoubtedly depend on experience gained
during the first year or two of operation.
The chance of failure for a
particular storm is dependent on its size,
frequency of occurrence and chance of occurring at an unfavourable tidal state,
leading to a discharge outside the "tidal window".
Such a discharge would of
course only occur for the proposed scheme if the volume of storage provided was
exceeded by the runoff generated by the storm .
DISCUSSION
The p r ovision of a suitable storm water management strategy for the Fylde coast
scheme was recognized at an early stage as being necessary, whether the solution
tor base flows involved marine or inland treatment .
Because of the size of the
drainage areas concerned and the fact that virtually the whole area is drained
by a combined system, the volumes of storm water are very large and the possi bility of conveying all flows to one point for treatment impracticable, unless
provision for storage was made.
The early studies showed that increasing the
volumes di~charged through any long sea outfall hardly changed the impact of the
remaining storm flow via the existing short outfalls. Thus, the costs of provid ing extra storage could be compared with those for a larger interceptor sewer
and additional pumping capacity .
For any option involving an inland treatment
works, the volumes of receivin; water available for the discharge of both fully

treated effluent and storm water are smal!. Thus, schemes which minimized the
volumes of storm water passed to the works were liable to be easier to operate
and have a smaller overall environmental impact.
Further studies concentrated on determining the magnitude and frequency of
summer storms, and the amount of starage which would be necessary to ensure that
discharges from the storm tanks could be diverted to the long outfall, or passed
through the storm outfalls at a state of tide when effects on the nearby bathing
waters would be small.
The initia! analysis of the rainfall data suggested that
i t would be necessary to provide starage for a volume equivalent to the most
severe summer storm in the time series rainfall suite, if the number of discharges outside the "tidal window" was to be sufficiently small to ensure a
better than 95 per cent compliance with the water quality standards .
However,
from the addi tional WAS SP modelling, in vol ving the rainfall data and further
rainfall events from the time series rainfall, it was possible to determine the
sensitivity of storm discharges to the volume of starage provided.
This infor~ation was used to examine the volumes of storage determined from the initia!
WASSP investigations involving Storm 11.
In the case of the Fleetwood drainage
area, it appeared that the initia! estimate of storage volume was correct.
No
reduction could be made without significantly increasing the risks of storm
water discharges outside the tidal window.
However, in the case of the Blackpool and Thornton/Cleveleys drainage are as, i t appeared that the in i ti al estimates were unnecessarily large, and significant reductions in storage volumes
could be made without prejudicing compliance.
The difference between the two
cases is almost certainly attr~butable to the lack of storage within the existing Fleetwood drainage system.
In designing any sewage treatment scheme it is necessary to determine the combination of treatments for base flows and storm water which results in the least
overall impact on the environment at an economie cost .
By combining hydraulic
modelling of sewerage systems, by means of packages such as WASSP, with hydrodynamic and dispersion models of the receiving water, it is possible to examine
the range of options available in far greater detail than was the case previously.
Provided both types of model are adequately validated against field data
for the system concerned, the task of achieving the desired degree of compliance
with receiving water standards becomes much more one of objective scientific
investigation, rather than one based to a very large extent on in tui ti on and
experience .
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ABSTRACT

We describe
- the choice of parameters te measure, the selection, the testing and the
improvements of sampling and measurement methods at various sites,
as an example, the arrangement of samples and measurements for the
solids of the BEQUIGNEAUX retentien basin, in Bordeaux,
- the first results concerning grain size, vertical settling velocity and
density of solids, as well as the ahatement of pollution due te decantation.
KEYWORDS

Stormwater solids, stormwater pollution, partiele
velocity, partiele density, stormwater sampling.

size,
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1 • FRAME AND AIM

1 . 1. Frame and aim :
The topic of this paper is ene of the 3 main directions of a French research
programme about SOLIDS TRANSFERED IN SEWERS. This programme is managed by the
AGHTM, a French technicians association, and financed by a national research
fund, named "Plan Urbain", various water authorities and sewer management
organizations.
The aim is te better know the scale of magnitude and the amplitude of
variations concerning bath the pollutant and hydrodynamic characteristic
( partiele si ze, vertical settling veloei ty, densi ty, shape , ... ) of solids
transfered during dry and wet weather.
This will allow us te go further into answers te :
- what sorts of solids are veetors of what pollutant parameters ?
- what values te adept for mathematica! and physical parameters ?
what is the ability of these solids te settle er te be swept away in
sewers er in receiving waters ?

2. OPENING STUDIES
2.1. Choice of parameters to be measured
2.1.1. The intrinsic parameters of the solids
These parameters transfer
their dynamic behaviour and their polluting potential into a fluid. They were
indexed, graded and finally selected on the basis of bibliographical analyses
( HEMAIN J.C., 1985 - RENARD D., 1987 - DESBORDES M., 1975 - ARTIERES 0.,
1987) concerning :
- the transport of solids and its models,
- the criteria used to represent the quality of the waters in the natural
environment and the significant pollutants of the waste and storm water.
The results (CHEBBO G., 1988) are surnrnarized in table nol.
Table nol

=Intrinsic parameters retained

TYPE OF PARAMETERS

SYSTEMATIC MEASUREMENTS

POSSIBLE SUPPLEMENTARY
MEASUREMENTS

POLLUTION

Concentratien of suspended solids in water
Proportion of volatile
solids, COD, BOD, TKN,
Pb, hydracarbon

For the parameters whose
concentrat ion, measured
during the original
compaign, is high.

HYDRODYNAMIC

Grain size, vertical
settling velocity, density, observations made
with a scanning electron
microscope

FLOCULATION AND
COHESIVENESS

Vertical settling velocity in the sewer water
and in distilled water,
with or without ultrasonic disagglomeration

If necessary, go deeper
with measurements of
cationic exchange capacity .

2.1.2. The parameters descrihing and explaining the accumulation and the
movement of the solids at the different levels of the urban water cycle . :._
They describe the atmosphere,the catchment basin, the sewer netwerk, the rain
and the climatology.
2.2. Methods of measurement
2. 2 . 1. For the pollution parameters.
The AFNOR French standards are used.
The total concentrations are measured for metals and hydrocarbons. It is also
planned to couple our investigation with a chemica! speciatien of the lead,
zinc and cadmium, dissolved or fixed to the solids, in more or less stable
farms, carried out by the LABAM of the University of Paris-Val-de-Marne
(RODRIGUEZ, 1989).
2.2.2. For the hydrodynamic characteristics.
(ROBBE, 1987 - IFTS, 1983) The
measurement methods and equipement used to determine grain size, vertical
settling veloei ty and densi ty were compared and tested wi th solid partiele
samples from storm water. This study and these tests enable us to select the
techniques (CHEBBO, MILISIC, 1989) to be used (see figure 1) and to perfect
the measurement procedures.
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Measurement of hydrodynamic characteristics of solids transfe red
into sewer trunks during wet weather

2.3. Methods of colleetien
2. 3 . 1. Principles
and
constraints.
The
measurement
process
dema nds,
especially for sieving, several dozen grammes of solids and thus several
hundred litres of "crude" water.

This leads therefore, i f one is to have a clear picture of the transferred
solids, in stormwater, to the instal lation of very sophisticated apparatus
like that which we set up on the BEQUIGNEAUX retentien basin in Bordeaux .
It is necessary to carry out collections at other sites to broaden o r compare
the significanee of the results obtained on this basin. However since it is
not realistic to increase the number of such installations, we decided
- to make use of the good decantability of the stormwater solids in the
retentien basins, by reconstituting their average characteristics during
flood, based on sediment and emptying water collections from basins, whose
leak-flow during flood is negligible.
- to use on other sites primi tive colleetien methods which neverthe less
will maintain a representative picture and will provide samples of large
volume (using buckets, moveable vortex pump, ... ).
2.3.2 . Choice of sites and of colleetien procedures .
(BACHOC, CHEBBO, 1989)
The sites chosen for the colleetien of water during dry and wet weather are .:
- a "reference" retentien basin, where we try to cross - check , as well a s
possible, the information coming from our different steps. This i s the
BEQUIGNEAUX basin situated on a stormsewer receiving very little waste wa ter
and the storm waters of a watershed basin of more than 400 ha ;
- a "complementary" basin where the equipment and eperation i s reduced but
where we attempt nevertheless to gain relatively full information . This i s
the MOLETTE basin in Seine-Saint-Denis, which receives an overlead sewer
trunk from a combined netwerk and thus cornbined sewer overflows, downstre arn
of a 80 krn 2 area .

- a combined sewer trunk, the no 13 sewer trunk in Marseille, where we are
studying sediment dynamics. It drains a catchment basin of 220 ha.
- stormsewer pipes, in Bordeaux, downstream two watershed basins of 1 ha
and 3 ha.
- gullies in Toulouse, solely serving a motorway or residential streets.
Procedures for the colleetien and separation of solids and for measurement
are designed for each of the sites.

3. THE ORGANIZATION OF THE COLLECTION AND MEASUREMENTS ON THE
BEQUIGNEAUX BASIN (see figure 2)
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figure 2

Sampling and contineus measurements -Béquigneaux retentien basin
in Bordeaux-

3.1. The hydraulics of the basin
The waters enter this dry basin of 40 000 m3 and leave i t at the same place.
From the beginning of a flood, during our experiments, the leak flow is zero.
The entry flow is recorded by a water level measurement in the bas in whose
sides are vertical. The emptying is carried out, with a very weak flow , after
ten hours of decantation.

3.2. The collections
3.2.1. Colleetien of the water entering the basin.
This is carried out by a
vertex pump ( wi th a passage diameter of 30 mm. ) which is si tuated near the
invert of the supply sewer trunk and operated by computer, depending on the
entry flow. It supplies, by means of a circuit equipped with electrovalves,
also operated by computer, 200 1 containers receiving samples at a constant
volume flow step. The contents of each container represents a part of the
flood.
At the same time, an automatic sampler, with a constant time step, allow us
to reconstitute the concentratien time of the suspended solids and of several
ether pollution parameters.
An apparatus collecting simultaneous samples at different levels in the flow,
used at different times during the flood, permit us to establish that at this
site, situated just downstream of a junction of sewer trunks, the vertical
partition of the solids is relatively homogeneous.
3.2.2. Colleetien of solids decanted during the flood.
Sediment traps are
made up of open metal tanks, dug into the basin bed so that their upper rim
is flush with the bottorn of the basin. The placing of the 12 traps allow a
rel a ti vely accurate reeons ti tution of the average solid deposi t during a
flood.
3.2.3. Colleetien of the waters during emptying.
During the whole of the
emptying, fractions ofthe flow are collected by bucket so as to provide a
sample of 400 1.
3 . 3. Separation of the solids and measurements
3.3.1. Separation with ~ view to distribution of the pollutants between the
liquid phase and solid phase and between categories of grain si ze.
The
large samples, bath of water entering and emptying from the basin, are
homogenized befare a fraction is selected. A part of this fraction, the
"crude part" is analysed directly ; the ether part is fil tered at 0, 45 pm,
the pollution of the filtered water representing that of the dissolved phase.
As regards the distrib_u tion of the pollutants by grain size categories, an
average solid sample is sieved very quickly after the flood so that the
physico-chemical measurements remain valid.
Of the various samples, we measure, at the very minimum, the following
parameters : VSS/SS, concentrations in COD, BOD 5 , TKN, Pb, hydrocarbon, and in
SS for the "crude waters".
3.3.2. Compilation of the solids present in the large water samples,
This is
carried out by the decantation then the siphonning of the floating material
or, if necessary, by the centrifugation of the "crude waters".
3.4. Use of the results and cross-checking
3.4.1. The measurements on the automatic samples allow us
to know
accurately the evolution, during the flood analysed, of ~he pollutant
parameters and the ma ss of solids having entered. We can subtract, knowing
the mass of solids transported by the emptying waters, the part the latter
represents in relation to the deposited solids as well as the efficiency of
decantation.
3.4.2. The physico-chemical measurements of the pollution distribution.
The
measurements of the samples of "crude waters" and after sieving, at 0,45 pm,
provide, for the waters entering and leaving the basin, the amount of
dissolved pollution and of pollution attached to the solids .

The chemical measurements of the different categories of grain size go along
with, and even refine, these results and at the same time the speciatien of
the metals can bring very useful complementary information.
3.4.3. The measurements of the hydrodynamic
samples.
On the one hand far- the solids in
entering the basin and on the ether hand for
allow us to take into account the distortien
collection.

characteristics of various
the large samples of water
these in the sediment traps
invol ved in each methad of

4. FIRST RESULTS

4 . 1 . Presentation
The operations described above are presently in progress and it is too early
to give full results. However, as regards the perfecting of the methods, we
originally set out to obtain collections and measurements. Below we present
some of the first results and intermation which seem significant.
4.2. Order of grain size
4. 2. 1. Storm waters in more or less combined sewer networks.
Colleetiens
were carried out in Bordeaux in sediment resulting from a series of floods,
at 10 points at the bottorn of each of two dry, concrete-bedded retentien
basins ; one of them, the PERINOT basin, intercepts, during rainy weather,
the waters of a netwerk which carries much waste water during dry weather.
The ether is the BEQUIGNEAUX basin on an almast totally stormwater sewer
system.
From the measurements carried out, it arises t hat :
- in both cases, the 0 50 of the fractions smaller than 50 ~m remains very
close : about 20 ~m for the PERINOT basin (more combined) and between 20 ~m
and 27 ~m for the BEQUIGNEAUX basin.
- the proportion of fine particles ( < 50 ~m) among the whole of the
deposited solids is dominant : more than 70 % for the PERINOT basin and more
than 63 % for the BEQUIGNEAUX basin.
4. 2. 2 . Stormwater on two different sites.
On average samples of
transported solids during well identified floods, at the level of the
BEQUIGNEAUX basin in Bordeaux and the BROUILLARDS basin in Seine-Saint-Denis
(Paris area), in relatively uncombined sewer trunks draining catchment basins
with very different general characteristic and of different sizes we can note
that :
- the differences in the proportion (mass) of particles smaller than 50 ~m
are more marked between one rain and another on the same si te than between
the two sites.
- the D50 of the fractions smaller than 100 ~mis always about 20 ~m .
4 .3. Grain size distribution
figure 3 shows the grain size distribution curve which now seems quite
representative of the first information gathered. This curve i s bimodal. The
lack of particles between 100 and 250 ~m, regularly noticed, has been the
object of detailled verifications.
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figure 3 : Grain size distribution of solids sampled at the bottorn o f
"Béquigneaux" retentien basin
4.4 . Settling veloeities
We can note that these settling veloeities are in general very high, even for
the fine particles smaller than 50 pm, 2/3 of which settle at more than 2 ,50
m/h. Measurements of sedimentation speed in an Imhoff cone, carried out on
average solid samples from the same BEQUIGNEAUX basin, show that, if we take
the mass of all the suspended solids at the beginning of the experiment, as a
reference point, 70 % to 80 % of this mass is deposited after 15 minutes and
more than 97 % after one hour. All this also fits in perfectly wi th the
aforementioned effectiveness of the decantation.
4 . 5. Density
From the average density distribution for the various solid
categories, we can note a drop in density as size diminishes.

grain

size

4.6 . Fixed pollution on the solids
Table no 2 show the average proportions which were established, for seve ral
pollutants, of the fixed pollution on the solids as regards the whole
pollution i.e. "solid phase + liquid phase". We can see that partiele
pollution is dominant, including for hydrocarbons .

=

Table no ~
Pollutant loadings of solids transferred into sewer
trunks during wet weather 1! of total pollutant loading]
RAINFALL

POLLUTION PARAMETERS

- DATE -

COD

TKN

TOTAL
HYDROCAR.

1/12/88

75 - 88

60

84

3/12/88

91

67

-

4/12/88

80

56

80

5. CONCLUSIONS

We must be very prudent in our handling of information which is not
complete. However it does seem clear that :
- solids are the principle vector of pollution in stormwater and in
weather discharge into waters of the natura! environment.
- these solids are very fine with a dominant partiele population of a
dozen micromillimeters, whose proportion varies, perhaps, according to
rain's characteristics.
- these solids are, rapidly and in a large proportion, decantable .

yet
wet
few
the

The installation in place for the colleetien and separation of these solids,
as well as for various measurements, will allow us, soon, to be more precise
about these impressions and to structure them.
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ABSTRACT
The initiatien of sediment transport in sewers is investigated in field and
laboratory studies. From the field studies it was concluded that some depasits in sewers are permanent due to the insufficient capability of the flow
to erode the deposits. From the laboratory studies it was concluded that the
upper limit of the critica! shear stresses for cohesive sewer sediments may
not exceed 5-7 N/m2 • Non-cohesive sediments are eroded at lower shear stresses than predicted by Shields' criterion. The shear stresses were calculated
using the general equations of continuity and motion and Einstein's separation technique for channels of compound roughness. Experiments showed the
validity of this method.
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INTRODUCTION
During storm events the discharge of pollutants in combined sewers is increased by the erosion of sediment deposits with adhered pollutants. Under
these circumstances overflows will be highly influenced by the erosion processes in the sewers. In order gain insight into the amounts of pollutants
in overflows, the basic processes that are believed to be responsible are
studied. This paper shows the results of research studies on sediment trans port in combined sewers. Bath field and laboratory studies were carried out
and more laboratory studies are in progress. The paper starts wi th the
identification of the problem of initiatien of sediment transport in sewers
and the associated research activities. The field studies are concerned with
the in i tiation of transport, while the laboratory studies deal wi th the
determination of the boundary shear stress, incipient motion for bath noncohesive and cohesive materials and the transport of sediment.
PROSLEM IDENTIFICATION AND RESEARCH ACTlVITIES
The pollution of surface-waters is decreasing due to control measures to
limit poliutant sources. As a result, the relative contribution of overflows
of existing combined sewers as a souree of pollution is increased. Although

from a technica! point of view overflows can be controlled to any degree,
for instanee by means of retentien basins, it is not always economically
feasible. A criterion for the pollution output by overflows is needed in
evaluating the operatien of the system. The overflow frequency is widely
accepted as a criterion, however, this is not necessarily a meas ure for
pollution output.
Little is known about the pollution output of an arbitrary combined sewerage
system. Recent field studies [NWRW, 1989a) showed that this complex problem
is predominantly determined by the sediment transport in the sewers during a
storm event; especially the erosion of sediments deposited during dry-weather flow, which are believed to contain a significant amount of pollutants,
is important. This paper focusses on the erosion processes from the practical and theoretica! points of view.
As part of the NWRW (National Werking group Sewerage systems and Water
quality) -research programme the Delft Univarsity of Technology (TU-Delft)
was invol ved in field studies concerning the presence of sediments in two
typical Dutch combined sewer systems. The objective was to gain a better insight into the parameters that may have an effect on sedimentation and
resuspension of solids [NWRW, 1989b).
In addition to these field studies and the field studies concerning overflows mentioned before, a laboratory study was initiated at TU-Delft to
examine the sediment transpor~ in sewers. Some experiments were carried out
in co-operation with the University of Newcastle upon Tyne (U.K.), where
similar research funded by the Science and Engineering Research Council
(SERC) is in progress.
FIELD STUDIES
One of the aspects of the field study was to investigate the presence of
deposits and the relation with other parameters. The field studies were
performed in two sewer systems: De Muntel (u.rban area) and Valburg ( rural
area). Both system can be considered as hydraulic un its. Some characteristic
data of the systems are:
TABLE 1

Characteristic Data Sewer Systems

Nr . of inhabitants
Runoff area (ha)
Runoff area (%)
Total sewer length (m)
Storage capacity (mm)
Pump overcap3city (mm/h)

De Muntel

Valburg

2500

1350
7.1
25
5650
8.4
0.74

10.8
75
4300
6.06
0.4

During the research programme the following data were collected: Water
levels at different locations, rainfall, visual observations with video
cameras and a range of analyses on sludge deposits. Using the rainfall data
as input, the water levels and veloeities were calculated with a dynamic
computer program and verified against the measured water levels.
In each area sewers were selected to record the quant i ty of deposi ts. The
selected sewers were subdivided according to their function: laterals,
transport sewers, storage sewers, sewers to spillways and sewers to pumping
stations.
The sludge deposits were subdivided in 3 categories: light solids such as
paper and fibreus material, sludge and sand. The easily transportable light
solids were found at several locations. In most cases the sludge was already
decomposing. This material, being easily erodible, may probably be the major
contribution to surface water pollution. Sand is mainly present in main
sewers: Somatimes it was mixed with organic matter, resulting in a cohesive
mixture of sand and mineralized organic matter. At different locations in
both areas these deposits were found to be permanent.

From statistica! analyses it can be seen that the majority of the sewers do
not contain much deposits. Same sewers, however, contain deposits in excess
of the average. These sewers are selected from the total and presented in
table 2.
TABLE 2

Deposits In Sewers
Total nr.

Function

Excess
deposits

Paper

Sludge

Sand

-------------------------------------------------------------------------1
1
11
2
lateral
lateral +
transport
transport
transport
transport
transport

transport

13
2
to spillway
2
+ transport to spillway 4
+ starage
2
to pumping station
4

4

3

4

4

4
2
1

1
2

1
2

4
2

Problems with deposits are mainly found in sewers where the transport function is combined with another function. Of the laterals . with a transport
function 4 of the 13 sewers contained solids in excess, up to 12.5 L/m
paper, 18 . 5 L/m sludge and 34 . 5 L/m sand, all in 600 mm pipes. The maximum
sand content is thus 12.2 % by volume in these sewers. In all transport
sewers and sewers to spillways sand was found in excess, up to 24 L/m (700
mm). In all transport+ starage sewers deposits of all categories were found
in excess, up to 12 L/m paper, 16 L/m sludge and 20 L/m sand, all in 1000 mm
pipes. In these sewers the maximum sand content was 2.5 % by volume.
From the results of the computer output some shear stresses were calculated
by hand. Water levels at different moments during heavy rainfall were the
basis for these calculations. In most cases the shear stresses were far
below the values (as found in the laboratory studies) needed for resuspension of cohesive deposits.
LABORATORY STUDIES
Field studies alone are insufficient for understanding the fundamentals of
erosion processes. Due to the lack of existing theories laboratory experiments are necessary to study the erosion processes of sediment beds in
sewers. Primarily the driving force behind the erosion, the bed shear
stress, has to be studied. A methad to calculate the bed shear stress, based
on the general equations of continuity and motion and Einsteins' separation
technique, is checked by determining the bed shear stress from veloei ty
measurements. The incipient motion of non-cohesive and cohesive sediment can
be analysed using this calculation method.
Experimental-layout
The experiments concerning shear stress determination and incipient motion
of non-cohesive sediments were carried out by the first author at the University of Newcastle upon Tyne. The equipment consisted of a circular PVC
pipe of 302 mm diameter, 12 m length with a flat sediment bed of 20 mm
thickness in the centre. The pipe was divided into three sections: an inflow
sectien (6.0 m), a test sectien (0.7 m) and an outflow sectien (5.3 m). The
pipe slope varied between 1 and 4.5 per thousand. The water depth varied up
to 90% of the pipe diameter.
While doing velocity measurements (with a micro propeller currentmeter), the
whole sediment bed was fixed with vaseline. The shear stress was determined
by measuring vertical velocity profiles at several points in the transverse
direction of the flat sediment bed.
While doing incipient motion experiments the test sectien was filled with
sand only. The discharge was increased step by step, keeping the flow uniform in longitudinal direction, until the sediment was being transported. A
sediment trap at the end of the test sectien caught the transported sediment
(figure 1). A similar PVC pipe of 150 mm diameter was used by the third
author with bath non-cohesive and cohesive sediments.

r---------------------------12m---------------------------__,
header tank

/

in flow sectien
6.0m

outflow secti?n
5. 3m
I

tesT sectfon
I 0. 7m
I

+
I

pipe diameter 302 mm

J

I

I

fixed bed /

11

e

sediment trap /
(width 20 mm)
Fiqure 1 Experimental layout

Determination of shear stress
Calculation method. For rectangular and circular channels with constant
roughness the mean boundary shear stress can be determined using the general
equations of continuity and motion. Usually the maximum shear stress is
determined by multiplying the mean shear stress with an empirica! coefficient [Replogle, 1966]. Integration of the three-dimensional basic equations
leads to:
- equation of continu i ty: ~ + ~ - 0
- equation of motion: Q9. +

at

_Q[Q'
ax !i]
A

+ gAn_,_ + h

ax

p

-

o

with A and P as functions of z 1 and z 2
In steady flow experiments the time dependent terros in the above equations
can be neglected. Using the equations of continuity and motion and the experimental data, the mean shear stress can be calculated . In the analysis of
the results, a' appeared to be less than 1.16 giving a maximum error of 2 %
when the shear stress is calculated with a• equal to unity. Because in most
cases the flow is net uniform in the longitudinal direction of the flow (but
nearly uniform) , the shear stress is net proportional to the bed slope.
Therefore the calculated shear stress is taken as proportional to a so
called effective slope, which will be used in the following separation
technique .
In case of different roughness factors for channel wall (smooth) and bottem
(rough), the mean shear stress has to be separated in order to know the
shear stresses at the wall and bottom. A well known hypothetical separation
technique was developed by Einstein. Yassin [1953) demonstrated the validity
of this technique for rectangular channels with different roughness factors
for bed and walls. Einstein' s separation technique separates the crosssectien in parts related to the perimeters with different roughnesses. For
uniform flow Einstein assumed velocity and slope to be similar in each part,
thus giving (using the Chézy formula u=C){Ri) ):

u2

i = CzR = constant
for each part and with constant velocity:
2

C R

= constant

The non-uniform flow can be corrected using the effective slope in stead of
the bed slope.
The resistance coefficient and the hydraulic radius of the total cross-section can be determined from the experimental data. Knowing the resistance
coefficient of the wall or the bottorn the unknown coefficient and hydraulic
radii can be determined. Using a wall roughness from literature resulted in
a large scatter due to the relatively large influence of small disturbances
in the wall surface. The scatter could be reduced with an average value for
the bottorn roughness which was determined from the measured veloei ty profiles.
Results. The shear stress at several points on the sediment bed i s
determined using measured vertical velocity profiles and a formula based on
a logarithmic velocity profile:
u (z )

=

u. 5 • 7 5 1 og ( 3 2 z / k 5 )

( 3)

The shear stress determination at different positions in the cross-sectien
shows that the bed shear stress differs in the transverse direction. It also
shows that the maximum shear stress occurs at different pos i ti ons. When a
maximum is defined as the shear stress somewhere in the cross-sectien larger
than the shear stress in adjacent points, it is possible to have more than
one maximum. The experiments show three possibilities : one (in the centre) ,
two (close to the centre on each side) or three maxima (in the centre and
close to the walls) .
When the results for one bed slope are considered, they show one maximum to
exist at smallest depths, three maxima at average depths and two maxima at
the highest depths. In case of three maxima it appeared to be dependent on
the bed slope whether or not the maxima near the wall exceeded the central
maximum. Referring to the studies of turbulence phenomena in trapezoidal and
rectangular channels [Knight, 1985) a theoretica! explanation may be found
by studying this phenomena. The measurements are not suitable for checking
this and the number of experiments was not large enough to deduce an empirica! relation for instanee between average and maximum shear stress wi th
parameters like bed slope and water depth.
Validity of the
calculation method. In
figure 2 the calculated
shear stresses are
compared with the
'measured' bed shear
stresses (averaged over
the bed). As · can beseen
some difference exists
between the calculated
and measured shear
stresses, although the
points give a straight
line relationship with a
correlation coefficient
of 0.99.
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Incipient motion
Definition. The critical
shear stress for
incipient motion has to
be a point between motion
and no motion. The
Shields diagram is widely
accepted as a criterion
for the incipient motion
of uniform non-cohesive
sediment on a flat bed.
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Shear stresses at the bed
surface are subject to
random fluctuations in
time. Incipient motion
o .s
will be caused by the
occasional peak values of
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the bed shear stress that
":;
can be almest twice the
calculated bed shear stress (N/ m2 )
mean value in a rectangular channel and even
Fiqure 3 Comparison of the calculated and maximum
higher in a cirèular
measured bottorn shear stress (ks=2mm )
channel due to the complex flow structure.
Calculating time averaged shear stresses, it is apparent that incipient rootion may occur at low values of the mean shear stress and hence the bedlead
versus shear stress curve must be very flat for small values of the bedload.
So it is practically impossible to decide where to fix the point of incipient motion. Motion of particles for a mean value of the bed shear stress
is therefore interpreted as a shear stress above the critical value and no
motion means a value below the critical value, thus resulting in a range of
critical values.

.

/

7

Critical shear stresses for non-cohesive sediments. Knowledge of the equivalent roughness of Nikuradse of the sediment bed 1s required to calculate the
bed shear stress with
Einstein' s separation
+ no transport <> transport
technique. Usually the
equivalent roughness of a
flat bed is related to
the largest particles in
the bed . Van Rijn (1982]
found an average value
which can be used for the
equivalent roughness of
Nikuradse:

.

· 1.2

(4)
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The constant in this
formula was found to be
- 1 8
correct after comparison
-, 9
of the corresponding wall
0 •
6
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2 •
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2 •
roughnesses with the
expected wall roughness
log (particle diameter D.) (-)
based on literature.
Figure 4 shows the limits
Fiqure 4 Range of critical mobility parameters
for incipient motion in
the circular channel and
found for a bottorn ~oughness of 3*090 and Shields
the Shields curve. It can curve
be seen that in the case
of a flat sediment bed in a circular channel, the diagram has to be evaluated. Even the upper limits of the critical ranges are found to be below the
Shields curve. The critica! (bed) shear stress for incipient motion is found
to be around 70% of the value that Shields suggested.
- 1 ,

1

Critical shear stresses for cohesive sediments. The sediment movement in
sewers is a tunetion of physical and chemical characteristics of the sediment and of the spatial and temporal characteristics of the flow. The variables descrihing the characteristics of the sediment were extended wi th
cohesion. Cohesion can occur when organic materials are present in the sediment bed. William'
( 1988) analysed sewer sediment samples collected from
different location within the U.K. Sediments composed of a synthetic clay
gel and sand wer e identified as rheologically suitable analogues for
combined sewer sediment deposi ts. A synthetic sewer sediment was used in
erosion tests with differing percentages of sand and clay gel in order to
express the range of characteristics found by Williams. The results suggest
that the upper limit of the critical shear stress may not exceed 5-7 Nj m2
[Nalluri, 1989).
Transport
The experimental studies were mainly concerned with the incipient motion but
some observations were related to the transport of bed material. As was expected a further increase of the shear stress resulted in dune formation of
the non-cohesive sediment bed. The ferm of the bed corresponded to the shear
stress distribution. The erosion process of a cohesive bed appeared to start
with the formation of small spots of erosion at critical shear stresses, a
further increase in shear stress made the whole sediment bed collapse very
rapidly resulting in a short· peak value of the transport and a washed out
sediment bed (Nalluri, 1989).
Present and future studies
The next step in studying the fundamentals of sediment movement in sewers
will be the investigation of the transport phenomena in combination with the
erosion of bath non-cohesive and cohesive sediments in channels of circular
cross section. At Delft University of Technology experiments are being
carried out with sand in a transparent circular pipe of 150 mm diameter and
30 m length. At the University of Newcastle upon Tyne experiments are being
carried out with cohesive sands in transparent circular pipes of 154 mm
diameter and 20 m length and of 302 mm diameter and 12 m length.
CONCLUSIONS
From the field studies it may be concluded that some deposits in sewers are
permanent because of the insufficient capability of the flow to erode the
deposits. Cementation of sand with organic matter intensifies the permanent
character.
The shear stress on the flat sediment bed is found to differ in the
transverse direction . The predicted bed shear stresses (using the equations
of motion and Einstein's separation technique) along the flat sediment bed
campare reasonably well with the maxi mum measured (using velocity profiles)
shear stresses. The theory was expected to be applicable in the calculation
of the average bed shear stress, but appeared to be applicable in the
calculation of the maximum bed shear stress.
Shields' criterion for incipient motion of non-cohesive sediments is not applicable in channels of circular cross sectien with a flat sediment bed. The
particles tend to move at much lower shear stresses (than predicted by
Shields' criterion). Theerosion studies on the investigated cohesive sewer
sediments suggests that the upper limit of the critical shear stress may not
exceed 5-7 Njm2 • once the critical shear stress is exceeded the sediment bed
will be washed out. Further studies to investigate the transport mechanisms
of bath nbn-cohesive and cohesive sediments are in progress at bath TU-Delft
and the University of Newcastle upon Tyne.
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ABSTRACT
Combined sewer lines in the center. of Brussels are laid at very slack gradients, resulting
during dry-weather in a systematic deficit of the load of particula te material at the outlet.
The first results of a data collection programme are documented, with regard to the influence
of in-sewer deposits upon pollution emissions. The monitoring of suspended solids load in
the Main Trunk showed the extent of sediment deposition/resuspension processes in the
system. Over a long period of time, the accumulation of deposits on sewer inverts is
clearly noticeable.
The total volume of deposition in the network also appears to be much
more influenced by rainfall events than by human sewer-cleaning practices.
Partiele size
analyses of sewer sediment samples have shown that most deposits in running sewers are
composed of sandy material, which reduces the hydraulic capacity, but is suspected to have
only slight adverse pollutional impact.
Samples with finer material and higher organic
contents were however found in some protected locations, not submitted to continuous
dry-weather flow. From the experience gained in this study, it is strongly believed that the
acquisition of detailed field data is essential in order to assess correctly the complex
phenomenons involved.
KEYWORDS
Combined sewers; sewer sediment;
solids; partiele size; field data.

first
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INTRODUCTION
In recent years, the effects on the environment of urban stormwater discharges receive
renewed attention, as a consequence of the progress in dornestic sewage treatment programmes,
and after issue of national and international directives requiring an impravement of surface
water quality.
In order to assess the impact of combined sewer overflows (CSO) upon receiving streams, the
mathematica! models currently used to simulate the hydraulic behaviour of urban sewer systems
should be completed by quality models, able to describe the fate and transport of pollutants.
As noted by a number of authors (Sonnen, 1977; Hemain, 1979; Iossifidis and Hahn, 1984; Moys,
1987), these new simulation tools must take into account the processes of build-up, scouring
and transport of sediments through sewer pipes.
In-sewer deposits have indeed been
identified as one of the major sourees of CSO pollution ( Dauber and Novak, 1982; Berndtsson
et al., 1985).

It is remarkable however that, despite the amount of modelling effort already made in the
field of urban storm drainage, these resuspension aspects have not yet been fully
incorporated into urban hydraulic models, as pointed out in the concluding remarks of the
last USWQ Conference (Ellis et al., 1986).
This is undoubtedly due to the fact that the
development of these sediment-related water quality routines -and their later verificationnecessitate a lot of laboriously obtained field data, which furthermore have to involve
detailed investigations of the hydraulic processes associated to partiele entraioment and
deposition. This persistent lack of data has been proclaimed for some time (Marsalek, 1976;
Hemain, 1979) and it appears that important fieldwork is initiated nowadays in several
central-european agglomerations (CIRIA, 1987; Ashley, 1988; Bachoc, 1988).
These studies are further intended to get a better characterization of the suspended solids
load in combined sewers and would then be complementary of the rather detailed studies
existing already forseparate storm sewers (Ellis, 1977; Ellis et al., 1982; Roberts et al.,
1988).
The objective of the present paper is to document preliminary results~he
investigations carried out in a combined system of the Brussels area.
METHOOS
Sewer system under consideration
Brussels Main Trunk Sewer drains off waters from the center of the Belgian capital.
The
drainage basin is a heavily urbanized area of 3520 hectares Cabout 60% of impervious area),
with a population evaluated to be 380,000 inhabitants. The combined sewer system is mainly
composed of egg-shaped sewers discharging into "Parisian-like" main lines (cunette section
with two lateral walkways). All man-entry sewers in the city center are made of bricks,
coated with cement.
For most of its length, the 9 km-long Main Trunk runs along the river Senne, a rather modest
watercourse, to which it is connected by numerous storm overflow structures.
The trunk was
constructed more t han 100 years ago and is laid at very slack gradients (0.4 m/km on an
average). This causes accumulation of sediments which have to be removed several times a
year by t he Town Sewerage Service.
The cleaning is operated with the help of iron-made
trolleys (travelling along two rails fixed on the edge of each walkway), a technique invented
by Belgrand in Paris in the last century, but still convenient enough to do the job. During
dry-weather, the average daily discharge at the trunk sewer outlet is 100,000 m3/d (1,200
1/s) and the average velocity is evaluated at 0.5-0.6 m/s.
Instrumentation and procedures.
An automatic wastewater monitor has been operated since 1984 at the outlet of the Main Trunk
Sewer. This device is included in a large real-time data acquisition system implemented in
the Brussels sewers (Peters et al., 1988).
The characteristics of the automatic monitor,
delivering information on turbidity, conductivity and temperature, are
described by
Vanderborght and Wollast (1989).
As turbidity has been found to correlate very well with
suspended solids, the information of the automatic monitor is expressed directly in SS
concentration units.
In order to perform complementary laboratory tests, combined
wastewater was collected at the same location with a portable sampling device (Manning model
S4040), triggered at a predefined water level (measured in the section by a pressure
transducer). Suspended Solids (SS), Volatile Suspended Solids (VSS) and Chemical Oxygen
Demand (COD) have been determined on the raw samples fol l owing Standard Methods (APHA, 1985)
209C, 2090, and 508A respectively.
Surface velocity was recorded continuously with the aid of an electromagnetic currentmeter
Montedoro Whitney PVM2 mounted on a floater. For the calculation of flow rate, mean velocity
was taken as 60% of the surface velocity. During time periods with no velocity recordings,
mean velocity has been calculated on the basis of the difference between two piezometric
levels measured in the trunk sewer.
Bulk sediment samples were taken manually in the sewers, using a showel or transparent
PVC-tubes of 45 mm diameter. A mud-sampler equipped with inflatable rubber cork (Eijkelkamp
nr. 04.10) was also used in the running sewers of largest dimensions.
Partiele size
analysis· was determined by wet sieving (down to 0.032 mm) and by the pipette method for
finer fractions. The organic content of each size fraction was evaluated by loss on ignition
at 550°C.

EXTENT OF SEDIMENTATION AND SCOURING IN THE BRUSSELS SEWERS
Deficit of particulate material during dry-weather.
An appraisal of sedimentation problems for the total investigated drainage network is
illustrated in Table 1. The conventional characteristics of the polluting load for dornestic
sewage (flow, SS, COD, orthophosphates and ammonia) have been determined at the outlet of the
trunk sewer and the equivalent populations calculated for each parameter.
The equivalent
coefficients per inhabitant used in the calculation are classica! for dornestic wastewater in
Belgium (Vanderborght et al., 1987) .
Table 1 shows that the total load for dissolved ammonia during the week-end fits very closely
to the population inventoried in the basin (380,000 inhabitants). The increase of this value
during weekdays (+ 56 ,000 people) is a reflect of professional activities resumed in the
city center.
On the opposite, the total suspended solids load during the week-end amounts only to 57 % of
the expected value. This illustrates that during the week-end, when the veloeities in the
sewer network are the lowest, a large part of the partic ulate material (around 15 tons a day)
settles in the conduits. This deficit is also marked for COD but toa lesser extent (72 %),
because a part of the organic matter is either in t he dissolved phase, or associated to very
light narticles.
Table
also indicates that a part of the discharge measured at the outlet
infiltrated in the network.
TABLE 1.

Pollution Load of the Main Trunk in Week-end and Weekdays
Week-end

Parameter

Units

Discharge
COD

3
m
kg
kg
kgN
kgP

ss

NH
3
P04

is parasite water

Equivalent
pollution
cap. -1 day -1
0.18
0.135
0.09
0.008
0.0035

Weekdays

Polluting
load
per day

Calculated
equivalent
population

Polluting
l oad
per day

Calculated
eq)Jivalent
population

93,888
37' 111
19,461
2,940
1,247

522,000
275,000
216,000
368,000
356,000

97,884
53,686
36,585
3,390
1,355

544,000
398,000
406,000
424,000
387,000

Suspended solids concentrations in dry- weather.
The weekly evolution of SS concentratien and flow rate in the Trunk is illustrated in Fig. 1,
with a well-marked daily pattern, typical of a dornestic sewer.
This graph shows that the
concentratien profile displays a very steep increase at the hour of the flow increase (around
midday at the outlet). Furthermore, the SS range is very large (50 to 400 mg/1 , i.e. 700 %)
whereas flow varies only from 0.8 to 1.4 m3/s (i.e. 75 %). This suggests that particles
could settle during the night and that "first flush effects" occur every day with dry
weather peak flows.
This hypothesis was already put forward by Geiger (1984), who noticed
that the storm flush effect in Munich-Harlaching catchment was a function of the time of the
day when runoff started.
In the case of the Brussels Main Trunk, a closer evaluation of this night-day cycl e wil1 be
possible after having ta~en into account the exact amount of parasite groundwater : the
presence of these waters lowers SS concentrations by dilution and their influence i s
proportionally higher during the night .
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Fig. l. Dry-weather flow pattern.
Brussels Main Trunk, May 26 - June 2, 1985.
Suspended solids in storm-weather.
Despite the regular cleaning operated by the Brussels Sewer Service, important storm flush
effects have been identified at the Trunk Sewer outlet. Figures 2 and 3 illustrate the very
intense storm of May !4th, 1985. The maximum SS concentration (1810 mg/1) occurred before
the flow peak, but, quite logically as far as scouring is concerned, very near the peak of
velocity, which occured well earlier than that for water depth (Fig . 2).
It is underlined
that in this kind of investigation, more attention has to be put on t he messurement of water
velocity. Furthermore, as shown by Fig. 2, the calculation of flow rate on the basis of
water level alone is misleading in the case of main sewer outlets, which very often
experience backwater influence.
Figure 3 illustrates the monitoring (every 5 min.) of the volatile content of s us pended
solids flushed during that event.
A flux of organic--rich particles is typically observed
before the passage of the mineral peak.
Consequently, it is suspected that two different
kinds of sediments (with differing entrainment behaviour and differing pollution potential)
are actually involved in the scouring processes.
Suspended solids during storm flows in the Trunk also appear to be dependent on the length of
the dry-weather period preceding the storm event. Such a "rinsin g effect" has been observed
when three storms having similar characteristics and occurring at the same hour of day (on
april l6th, l8th and 19th) created typical decreasing first-flush effects, as indicated in
Fig . 4 and Fig. 5 .
ACCUMULATION OF DEPOSITS IN THE NETWORK
The accumulation profile of in-sewer deposition in the Trunk has been followed since June
1986.
Once a month, a crew of the Brussels Sewer Service measures the deposit level (with a
simple stick), at each manhole (usually 50 meters apart) of the last six kilometers of the
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Brussels Main Trunk Sewer. April 16 - 20 , 1988 .

Main Trunk.
The data are presented in Figure 6, averaged over a seven-month period during
which cleaning operations were interrupted. Maximum and minimum values are also represented,
so that Figure 6 illustrates the remarkable stability in the longitudi nal distribution of
sediments : the high deposit l evels (up to 40 cm) or, on the contrary, sediment-free inverts,
are always found at the same locations .
However, examining the evolution with time in Fig. 7, it is observed
deposits, averaged on the whole 6 km length, is not stationary , but
time (in Fig . 7 : from 11.06.86 to 09.01 .87). Furthermore, this
with the occurrence of long winter rainfall. The rain of sept. 15th
rain recorded in the meteorological station of Uccle) seems to have
sediments in the system.

that the total amount of
slightly increasing with
increase is much quicker
- 16th (a total of 65 mm
brought large amounts of

The cleaning operation starting in January 1987 showed that the effect of the passage of the
vane-wagon is very temporary (less than two months), which means that thesediment bed in the
first kilometers has already reconstituted when the trolley reaches the second half of the
sewer.
On the contrary, the total length of the Trunk is affected by intense storm erosion : a major
scouring effect was indeed recorded just after the exceptional thunderstorm of sept. 14th,
1988. On the whole 6 km-length, the sediment depth decreased from 19 to 12 cm, corresponding
to at least 300 tons (dry matter) removed and discharged to the river.
From these
observations and the size characterization of the sediment bed (see below), i t is believed
that this kind of major erosion confines to very exceptional events and is not direc t ly
responsible for long-term pollutional impact.
It is thought moreover that t he technical
possibilities of management of these ~to rm waters are very unlikely.
SEDIMENT CHARACTERISTICS
Sediment bed of running sewers .
For the studied area, a practically unique size distribution was found for t he sediments
collected on the inverts of running sewers.
These sediments are primarily composed of
well-graded medium and coarse sands (d
varying between 200 and 500 microns) and the loss on
50
ignition on the entire material is generally
below 5 %.
TABLE 2.

Characteristics of the Sediment Bed on the Invert of a Running Egg-shaped Sewer

Sieve aperture
(microns)
2000
500
250
125
90
63
45
32
< 32

Dry matter retained
on sieve (g/kg)

Volatile content
of the fractio n (%)

34
242
429
265
5.6
3.3
3. 5

0.8
14.0
18.8
17.8

2.2

21.5

15.2

24.9

3.8
2.5

1.1

Colour : dark brown
Bulk density
(wet) :
1510 kg/m3
Dry matter : 79 . 6 %
Loss at 550°C : 2 .1 %

As s hown in Table 2, a systematic gap is observed between size fractions 0.1 25 and 0.09 mm.
Only very few particles finer than 0.125 mm subsist in the sediment bed. These particles, to
which the organic material is associated (organic content up to 25 %), are very li ght, so
that it is believed that they are washed out from the sediment bed und er the scouring action
of daily peak flows.
This hypothesis is somewhat confirmed whe n one observes that the
sediment layer near the bottorn is often exhi bi ting higher organic contents (Artières, 1987).
The results of a vertical profile in a core-sample taken in a very t hick deposit are given in
Table 3. The ~mportant increase of organic contents at depths exceeding 11 cm is interpreted
as the result of a proteetion of the finer particles from the scouring processes at the
surface of the bed. The presence of more organic-rich particles in the bottorn of the
sediment is also illustrated by the higher amounts of water retention in the deeper c ut tings
1
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of the core.
Reincreasing values of organic content near the surface of t he sample are not
fully understood .
TABLE 3.
Depth from
the top (cm)
Organic content (%)
Moisture content (%)

*

Vertical Distribution of Organic Material in a Sewer Deposit *

0-0.5

0.5-1

8.4
24.4

6.8
22.4

1-2
5.6
19.0

2-3
4.6
20.2

3-5
3.4
19.6

5-7
3.8
19.5

7-9
3.7
18.3

9-11
3.1

11-13
5.8

17.9

21.2

13-15
17.4
37. 1

Beginning of the Main Trunk

Sediments in other locations .
Figure 8 illustrates the different size characteristics of sediments found in the sewer
network.
Sediments collected on the inverts of the studied sewers (size distribution ( 1),
see Table 2) can be considered, at least in a first approach, as a non-cohesive material.
Well-graded coarse sands (location (3)) were also found · in a storm overflow outlet laid at
steep slope. From the size characteristics of sampled sediments, it is observed that the
granulometric grading must be dependent on the very local hydraulic conditions.

80%

60%

40%
(4)

I

20%

//

10

100
Partiele size (microns)

1000

Fig. 8 : Size distributions of sediments in the sewerage network under consideration.
(1)
(2)
(3)
(4)
(5)

Typically found on the invert of running sewers (2.1 % organic material)
Main sewer walkway (4.3% org.)
Storm overflow outlet with distinctive high flow veloeities (0.8% org.)
At the end of the storm overflow outlet (tranquillization zone near the river (5.6 %)
Gully-pot sediment (10.8% org.)

Sediments collected in other ancillaries are characterized by higher organic contents and
often contain finer particles, as shown by distributions (2), (4) and ( 5 ). Sediments on the
main sewer walkways (2) were left during the recession limb of the preceding storms and are
constituted of well-graded fine material (d 50 around 0.1 mm).
Gully-pot sediments are much
more heterogeneaus in size and the volat~Ie content on the entire material is very high
(10.8 %). These deposits of ancillaries and upper heads of the network are submitted to
lower energy conditions than the sediment beds. As they are not lixiviated by the permanent
sewage flow, they contain fine particles, and very likely high strength interstitial liquid.
It is therefore suspected that they represent the largest part of the pollution potential.
DISCUSSION AND CONCLUSIONS
The simultaneous monitoring of combined sewage quality, sewer sediment accumulation profiles
and sediment composition in a combined sewer network in Brussels leads to the following
remarks :

1.
The sediments found on the inverts of running sewers are primarily composed of coarse
sandy material, which will be moved only during exceptionally intense summer storms.
It is
very likely that the finer organic-rich particles are washed out from the sediment bed under
the scouring action of dry- weather daily peak flow. Some other locations however, submitted
to a large range of energy conditions (walkways, storm overflows, ancillaries, gully-pots,
... ) may represent more significant sourees of pollution, with finer materialand higher
organic contents.
This observation can lead to new orientations for traditional sewer cleaning. If the
removal of sewer grits is not locally considered as an absolute necessity, it can be -partly
or totally- replaced by practices inspired by the proteetion of the environment : an
increased maintenance of ancillaries and gully-pots will undoubtedly limit the effects of
urban runoff pollution upon the receiving streams.

2.

When conducting laboratory experiments in relation with sewer sediment resuspension, one
has to be very careful to simulate as close as possible the complex reality documented by the
field observations. The data collected in Brussels Main Trunk indeed suggest that one cannot
really assess the pollutional impact of sewer deposits erosion, by simply using a synthetic
material presenting rheological properties similar to the sediment bed generally found on
sewer inverts. To get a clearer idea of the problem, one should keep in mind that the daily
deficit of particulate material in the examined basin, however important (15 tons a day), has
been evaluated to represent a layer of less than 0.1 mm depth if it settles in the total
length of conduits !
This means that in usual conditions, this kind of sediment can
virtually never be sampled in a running sewer, although it is surely the one of the highest
pollution potential. Consequently, it is our objective in this matter in Brussels to perform
some experiments within the sewers, i.e. with actual wastewater.

3.

Moreover, if it can be confirmed that most detrimental effect of CSOs upon watercourses
is due to the wash-out of finer organics, this has important implications as to the
management strategy to adopt for these waters.
Instead of reeommending specialized storm
overflow structures, as for example newly developped vortex separators, which retain only the
largest solids, the waters would rather be stored in retention tanks and sent after the storm
to wastewater treatment plants.
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ABSTRACT
The AGHTM, a french technical association, supports a research program on the
transfer of solids into sewer networks. It aims to better understand how
sediments develop in sewer trunks and what can be their contribution to wet
weather pollutant discharges. The priority is given, during the first phase,
to observation, especially inside the combined sewer trunk no 13 in
Marseille. We measure various parameters such as sediment depths, water
levels, velocity fields, sediment grain size or mechanical characteristics, ... We have been ledtofarm some assumptions, such as:
the volume of sediment increases substancially, principally at the
feeding points, during the first rains, it decreases during the three days
following rains, and seem to become stable after several months.
- the solids deposited in the sediment are much larger than these which
make up the most part of pollutant discharge during wet weather.
KEYWORDS
Solid-liquid
flow;
Sediment
observations and measurements.
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1. INTRODUCTION
1.1 . The research program on the transfer of solids into sewer networks
Several studies bath in France and in ether countries have shown solids to be
the main vector of pollution emanating from combined sewer overflows or from
stormsewer direct outflows.
As well as
pol1ution.

this,

deposi ted

solids

can

be

an

important

element

in

this

To come to terms with these problems, the A.G.H.T.M. (General Association of
Hygienists and Municipal Technicians), a French technical organization, has
tried to deal wi th these difficul ties, on a global basis, by erganizing a
research program based on the subject "The transfer of solids in sewer
networks" bringing tagether various research groups ( CERGRENE, IMFT, IFTS 1 ,
LCPC 2 )
as well as different water authorities and sewage management
organizations. The program is financed · by a national research fund - "Plan
Urbain"- severa1 government water boards, various universities, ...

The werk centers round three selected axes :
the characterization of solids transfered into sewer t r unks and
discharged into the environment at their outlet points .
- the dynamics of the sediment in the sewer trunks, the special subject of
this paper .
- a global view of the transfer of solids in sewers.
1 . 2. The approach to the problem

~

Priority given to observation

The phenomena in question are not well-known and the information available i s
often inconsistent or even contradictory .
As a result, on the spot observation was given greater importance in order to
obtain complete information on :
- the identification of the principle phenomena and on the d eterminant
parameters and thresholds.
- the description and evaluation of the mechanisms by the use of models.
2. METHODS OF OBSERVATION

2.1. Sites
2 . 1 . 1 . Cri ter ia in choice of sites.
The envisaged experiments n e cessi tate
the finding of sewer trunks whose clogging is rapid over significant
distances and which are suitable for meesurement (easily entered and visited,
equipped with banquettes and providing the possibility of conte xtual,
hydraulic and hydrological studies). On top of this, they have to be managed
by water services ready to provide manpower and materials.

The no 13 sewe r

2 . 1. 2. Choice of the first sewer trunks.
the main site

in Marseille is

The results obtained principally in the Bièvre sewer in Paris and in the "rue
de Paris" sewer in Montreuil, in the Seine-Saint-Denis department , allow us
to make comparisons with the conclusions drawn from Marseille .
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2.1.3. The no 13 sewer in Marseille.
The catchment basin which supplies the
sewer, si tuated in the centre of Marseille on bath sides of the fameus
"Canebière", near the old port (Vieux Port) has an area of 220 hectares, more
than 80% impermeable and quite steep (0.5 %).
The combined sewer trunk has however only a relatively slight slope since it
fellows a ground line. The volume of sediment deposi ted in three months
amounts to 50m 3 over the sewer's last 460 m.
The different geometrical characteristics of the sewer are shown in figure 1.
Non-separating gullies and waste water intake pipes are si tuated along the
whole sewer.
During dry periods the average flow at the outlet is 250 1/s, whilst that of
the "clean" intruding waters is estimated at 70 1/s. Two lateral intakes are
important
these from the "Canebière" sewer ( 80 1/s), which generates a
downstream influence during dry periods, and from the "Rouvière" sewer whose
effect is less important.
2.2. Contextual, hydrological and hydraulic study
2. 2 . 1. Hydrology and hydraulics.
Marseille is equipped wi th a system of
rain gauges whose data acquisition time step is 6 minutes . One of them is in
use on the no 13 catchment bas~n.
In addi tion there are three ul tra-sonic water level recorders in the n o 13
sewer.
A precise topographic reading was established (a cross-sectien every ten
meters at the measurememt points of the depthof sediment).
Water veloei ty fields are established in cross-sectien for dry periods, on
the basis of measurements by the micro-vane-current meter. Models are made of
the catchment basin and the sewer and the flow are simulated using the
CAREDAS program (Based on the complete equations of BARRE de Saint-Venant).
2. 2. 2. Context.
The rel a ti vely smal! amount of sediment in the upstream
netwerk was measured and is regularly observed, as well as the construction
sites in the catchment basin and work on the netwerk.
2.3. Evolution of sediment deposit depth
2.3.1. Reading in longitudinal sectien of sediment depth .
sediment is measured at specific 10 meters intervals
sections of the sewer trunk, with a suitable time step.

The depth of the
along clogged-up

2. 3. 2. Contineus maasurement of sediment depth at ~ single point.
This
maasurement attempts to maintain continu! ty in the information gathered by
two successi ve manual readings and to abserve the variations in sediment
during the different phases of a sewer flood . The theory and material used
were developed at IMFT. The equipment consists of two ul tra-sonic sensors,
one housed in a float, pointing towards the bottorn and giving the distance
between the water surface and the sediment surface, the ether giving the
water level (Laplace, 1988).
2.4. Study of the content and consistency of the sediment
2.4.1 . Measurements of the sediment in position.
These measurements aim at
estimating the mechanica! resistance of the sediment ant i ts evolution in
time. Traditional geotechnical equipment is used :
- a penetrometer which records the resistance to rupture at its tip,
- a Danish vane test which records the undrained cohesion of the sediment .

2.4.2. Hydrodynamic parameters of modified samples.
Samples are scooped up
regulary along the whole of the no 13 sewer trunk and allow a global
estimation of the grain size, the fall velocity, the density of the sediment
as well as the evolution in time of these parameters.
2 . 4.3. Colleetien of unmodified samples.
Having unsuccessfully tried
various traditional-colleetien methods, a freezing technique was developed at
the IMFT (Laplace, 1989). The process, relatively easy to put into practice,
consists of injecting liquid nitrogen into a pointed tube, previously
unserted into the sediment. The tube is then drawn out, bringing with it the
frezen sediment attached.
These frezen sediment core-samples allow us to carry out a lot of
measure ments for the characterization of the sediment
i ts water content,
its hydrodynamic,
physical-chemical and biologica! parameters along a
vertical section, as well as the sequence of sediment deposit.
3. FIRST RESULTS OF OBSERVATIONS

3.1. Impravement of methodology in longitudinal sectien
3 . 1.1. Modification of the sediment depth measurements.
The methodology was
perfected during a test compaign in 1987-88. Originally we drove a measuring
rod into the sediment as far as the bottorn (the invert) thus measuring the
depth. To avoid the problems of driving the rod in and to have a "visual"
verification, we opted for a different rod, ( figure 2), which allows us to
measure the distance between the surface of the sediment and a guide mark in
the sewer roof whose position and level, as well as these of the bottom, are
known exactly for each the 48 maasurement points.
First measuring rod

Second mea s uring rod

Fig. 2. Sediment depth measurements.
3.1.2. Modification of the time step .
The interpretation of the results
obtained during the test period proved to be difficult, in particular the
evaluation of the influence of dry and rainy periods on the sediment's
behaviour. The frequency of maasurement originally adopted (every two weeks)
was too long. It has been considerably reduced : every day for the first two
months óf a new campaign begun after the complete dredging of the sewer, and
subsequently three times a week.

3.1.3. The fixing of the spacing of rneasurernent.
In the Bièvre sewer, the
Paris area interdeparternental water and sewage board records the sediment
depth wi th an instrument the board invented, called
ensablernètre
which
records the sediment depth every meter with data covering several kilometers.
We studied the range of the results obtained concerning volurne and the
representational sections, cornpared wi th the spacing of the sediment depth
manual rneasurernents (Laplace, 1988).
11

11

,

We concluded that, according to whether the sediment surface is more or less
regular, the degree of error is between 2 % and 4 % when rneasurernents are
taken every ten meters. This is the spacing adopted .
3.2. Evolution in time of the sediment volurne
3.2.1 . General evolution.
Figure 3 represents the evolution in time of the
volurne deposi ted cornpared wi th rain rneasurernents after a complete dredging.
We can note :
- the volurne increases irregulary frorn 0 to · 55 rn3 i.e. (more than 100
1/rneter of sewer) in eleven rnonths, except during the first dry weather
period (from day 0 to day 70 the deposit is about 0.2 rn3 per day).
- the volurne of sediment increases substantially during the first rains
and rnuch less during subsequent one.
- dry weather brings no extra sediment volurne frorn the 71th day (after the
first rain) .
- there is a decrease in sediment during the two or three days following
rains.
the volurne deposited seerns to become stable after several rnonths
(between 50 rn 3 and 60 rn3 ) . This tendancy must be confirrned.
It is prudent not to generalize too . quickly on the basis of these
findings, especially for cornbined sewer pipes upstrearn in a netwerk.
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3. 2. 2. Cornparaison of sedirnents sections befere and after
figure 4 represents the sections corresponding to the first
that :
the J,ncrease in sediment is especially noticeable
points
the slope-rnodification point in the upstrearn part
the junction with the "Canebière" sewer, itself very steep) .
- the sectien is more uneven after rain, with localized
lateral intake pipes.
11

(

the f irst rain.
rain. We can note
at the
feeding
of the trunk and
11

erosions frorn the

The superimposition of the two sediment sections recorded respectively a few
hours and 2 or 3 days after the first rain shows there is a flattening out of
the high points and a reduction of the low points during the three days
interval.
The flows during dry weather seem to have a prime role in the position of the
sediment, with the creation of a new stable sectien determined by the growth,
at the feeding points, generated by each flood.
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3.3. Content and consistency of the sediment
3.3.1. Grain size of the sediment.
figure 5 shows the evolution in time and
the distribution of the 0 50 ( median diameter, in m.m. , of the grain si ze
distribution). We can note that :
- in classic fashion, a natural grain size classification is carried out
downstream from the main "freeding points" .
- the flow velocity and the grain size evolue in the same direction.
- the general evolution seems to be characterized by the increase of 0 50
in time at the same points.
- the values obtained in Marseille are comparable with those recorded in
the studies in Paris and Seine-Saint-Denis.
the solids deposi ted in the sediment are substantially larger than
those which make up the most part of solid polluting discharge during rainy
weather. Less than 10 % of sediment particles are smaller than 200 ~m, whilst
the partiele transported during rainy weather are smaller than 100 ~m make up
more than 70 % in mass and much more in terms of pollution.
3. 3. 2. Geotechnical tests.
The cohesion measured wi th the vane test can
only be obtained in the areas where the sediment is "fine and soft". In the
areas where the sediment is harder, the measurements can no longer be
considered.
The test results were : 5 KPa < Cu < 20 KPa
The resistance to rupture at the tip of the penetrometer can be measured in
all type~ of sediment.
The tests give an average value of between 800 and 1500 K Pa.

A comparable study in Paris, recorded the same result.
In geotechnical classification this sediment is loose and not very cohes ive.
After eleven months no significant hardening of the sedime nt was rec orded.
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4. CONCLUSION
4 . 1 . Partial conclusion
It i s difficult to reach a conclusion about a study which is still unde r way .
This paper aims to highlight the werk carried out in the area of research on
the dynamics of sediment in sewers.
In particular it aims :
- to present the methodology and material used,
- to demonstra te the importance of the pos i tionning o f the meas ure me nts
(the time step and spacing) in reaching an interpretation ,
- to present the first results obtained and their g ener a l charact er, i n
comparaison with ether sites .
The first findings which lead directly from the observat ions and measuremen ts
alre ady :
- confirm the presence of certain classic phenomena , s u c h as the nat ura l
grain size classification and the evolution of the sedimen t by p r o gradati on,
- question certain ideas and open up new fields, s uch as t he noti on tha t
s ediment deposit is faster than erosion during rainy we ather a nd the i nverse
during the dry weather days following rain,
- present an order of importance for the values of t h e p a r a me t ers t o b e
tested in the determinist or conceptual models .

4.2. Future prospects

~

As for the immediate future different works are presently in parallel
operation:
to persue, refine and elaborate on the observation and ground
measurements, especially on the important effect which hydraulics seems to
have during dry weather on the sediment deposit,
and its eventual
stabilization,
- to situate the classic concepts of solid movement and the tormulation
thus of a range of hypotheses as regards the hydraulic measurements or models
carried out on the no 13 sewer in Marseille,
- finally to cernpare these results with those obtained at other sites to
pinpoint the scope of application of the conclusions.
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INTRODUCTION:
In the field of pollution load modelling the knowledge of how active rain
overflows from urban sewer systems coincide with peak discharges in receiving
waters is essential. Often questions are raised concerning the probability of
the simultaneous occurrance of given discharges in sewers and rivers,
because both hydrographs have to be superimposed to determine qualitative and
quantitative effects upon the rece~v~ng water. These might consist of
hydraulic problems and stresses by pollution loads.
Also, the design of corrective measures, such as overflow structures and
retentien facilities, must consider the coincident probability of both flood
events.
Because of a lack of investigations in this field, economical and ecological
solutions are nearly impossible. Addi tionally, because there are not any
official regulations, the directions of the water authorities differ greatly.
HYDROLOGICAL PRINCIPLES:
The input for storm run-off and pollution load models of urban sewer systems
is usually derived from short rainfalls that are considered as critical by
generating high emissions. The rain events generally do not cause any
considerable discharges in rivers with primarily rural catchment areas.
Conversely, the critica! storms for river systems consist of long durations
which generate relatively small flows in sewer systems .
In Central Europe, critica! storm events for sewers occur without sufficient
warning in the summertime (thunderstorms), when river stages are generally
low and relativly constant. The more easily predictible high discharges in
receiving waters are likely during winter when persistent rainfalls or
snowmel t occur. Thunderstroms are generally very rare during this season .
Before determining the coïncident frequency of simultaneous occurrence, the
degree to which the two events are dependent, must be investigated. This
mainly deP,ends on the watershed characteristics and the meteorologie
processes. It is most likely that a given si tuation will lie between the
following two extremes.

At one extreme, both catchment areas are similiar in si ze and hydrological
character (e.g . concentratien times) . In most cases rainfall is equally
distributed over the entire area and riverine flooding generally results from
rainfall. Thus the likelihoed is very high that both events are dependent,
even a correlation is possible.
At the other extreme, both catchment areas differ very much in size and
hydrological character. Equally distributed rainfall is not likely to occur
and ri verine flooding of ten re sul ts from snowmel t. Thus the likelihoed is
very high that both events are independent and coincidence occurs randomly.
The knowledge of the degree of independenee in itself is not sufficient to
de termine the coincident probabili ty. However, i t may control the decision
for a specific analysis method.
RBFBRENCB TO EXISTING MBTHODS:
(1969) offers a method which is applicable only if the events are
independent. Ko11brunner (1966) contains different local valid coincident
relationships for stream flows and rainfall intensities.
Biedenkopf

The U.S. Army Corps of Engineers (1987) offers a wide range of methods to
analyse the coincident frequency of high flood water stages in front of and
behind leeves. With slight modification, most of the methods are also
applicable to this topic.
RBLATIVE PBRIOD-OF-RBCORD SIMULATION MBTHOD:

This method is applicable for dependent and independent events. It also
allows the transfer of its relative results to similiar hydrological
conditions.
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Relative period-of-record simulation schematic

In some cases, e.g . lack of a streamgage or variants with retentien basins in
the river, the mr flows QRi may be generated by a storm run-off model
according to the sewer flows Osi . By simulating extreme discharges from a
sewer netwerk its hydraulic capacity has to be considered.
By a real case example the procedure shall be demonstrated.
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Hydrological system of the case example

Analysis procedure: Because of the lack of a streamgage, a hydrological
storm run-off model was adopted for the entire system, wherein
the
parameters for the urban sewer system had been calibrated by a dynamic flow
routing model. From 21 years of records of a recording raingage, 133 storm
events were selected and simulated with their real hydrographs. Special
emphasis was placed upon the antecedent soil moisture conditions. The
resulting flow hydographs,
coinciding at point A (Figure 2), which are
QR(t) from the receiving stream and Os(t) from the sewer system were
separately statistically analysed.
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Results:
Figure 3
shows the coincident probability which presents itself,
on the average, as a diagonal (curve 1) and nearby as a linear function
(curve 2) also with a good correlation.
This results from the streng
influence of the drained areas in this example even if their absolut flow
values differ considerably. Curve 1 demonstrates that sewer and receiving
stream flow peaks, resulting from a single storm event, have the same return
periods up to 10 years. Curve 2 shows the average relative value of the
stream flow hydrograph which coincides wi th the peak flow from the sewer
system. Figure 4 shows the difference between curve 1 and curve 2.

Q
max Os_
/

I

Os ( t )7
/

I

I

I

QR ( t ·max ts )
max t5

max tR

t

Fig. 4. Definition of flow values
That the watershed characteristics affect the degree of dependenee can be
demonstrated by modifiying the previous example . The system of the reeeiving water up to point A in Figure 2 is replaced by a rural watershed of
Ar c 94 km2 and te = 4 h. Curve 3 in Figure 3 (corresponding with curve 2 of
the basic example) shows now that the sewer peak flows coincide with stream
flows of much shorter return periods.
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CONTINUOUS MONITORING OF HASTEWATER COMPOSITION
IN SE\VERS AND STORM\.JATER OVERFLOWS
J.-P. Vanderborsht, P. Wollast
Laboratoire de Traitement des Eaux et Pollution, Université Libre de Bruxelles
Boulevard du Triomphe, Campus de la Plaine (CP208)
B 1050 Bruxe~les, Belgium

INTRODUCTION
The city of Brussels is a highly urbanized area, so that any changes or additions to t he
existing combined sewer system
are excessively
expensive and
involve considerable
disturbances on all urban activities. In 1982, the State Secretary of the Brussels District
initiated a major research on urban wastewater management, aimed at reducing the occurrence
of floods anè the discharge to the Senne river of grossly polluted stormwater, without having
to resort to new large wastewater collection or storage structures. The application of the
concepts of real-time control was thus thought as a possi ble alternative for maximizing the
storage capacity of the system and diverting the most polluted stormwater to the required
water treatment facilities. Because of the dual nature of the objectives (a quantitative and
qualitative management of the wastewater flow), it was fe lt that a real- time control of the
system would have to incorporate, not only quantitative da ta (flow measurements), but also
qualitative informations (composition of the wastewater). Because no monitoring system was
currently available to fulfill the need of the study, the decision was taken to develop suc!1
a system, anci to test its performance on a long-term basis.
DESCRIPTION OF THE MONITORS
The device to be developed should respond to the following r eq uirement s :
- It should provide appropriate informations about the polluting load of t he wastewater,
while keeping the measurement technique simple enough to avoid i ntensive maintenance needs.
- The sensors should be accurate and stable. A check of the sensors response should be
provided.
- It should be as unsensitive as possible to effects such as fo uling of the sensors,
mechanica! impact of large debris, obstruction of intake tubes, etc.
An analysis of the vari?us difficulties to be solved led to the development of a device based
on a "fill-and-draw" principle , so that, str i ctly speaking, a semi-continuous m•::!asurement is
provided. In this monitor (Fig . 1), the wastewater is periodically sampled by vacuum
aspiration and fills a measurement chamber with conductivi ty, temperature and t urbidity
sensors. The intake hose is thus the only part in permanent contact with the wastewater f low .
As it is not fitted with a strainer (a frequent cause of plugging), care has been taken to
avoid any restrietion of the cross-section of the sampling line: in particu l ar, t he va1ve
mounted at the bottorn of the measurement chamber is a pneumatically-operated pinch valve, so
that an un iform internal diameter is maintai ned along the intake. The fill-and-draw action
also allows an air-purge to clear the intake tube of 2ny obstruction a nd residue from t he
previous sample .
Conductivity and turbidity were selected for their ability to give informations about the
dissolved and suspended load in the wastewater flow. Conduc tivity is measured by a
speaking: optica! density) is d~termined by
4-electrodes cell;
turbidity (strictly

Fig. 1. A view of the wastewater quality monitor
developed for the Brussels sewer system
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Fig. 2 . Relationship between the dry-weather SS concentratien
and the optical density measured by the monitor

white-light absorption through an optica! path of 10 cm length. Because of the good
correlation between the measured optica! densit y and the suspended solicts content for a given
flow condition (Fig. 2), results can be directl y interpreted in termsof SS concentration.
Tempersture is
not only
useful for conductivity determination, bu t can also give
informations on the dilution of the wastewater by colder rain water during storm episodes .
To achieve the desired level of fiêbility, the syste~ can also perform a check of the
conductivity and turbidity sensors and a cleaning of the meesurement chamber: the check is
carried out by filling the chamber with a liquid of known conductivity and optica! density;
cleaning is provided by injection of a de~ergent / ~iocide mixture, brushing , and rin sing with
tap water.
LONG TERM DATA ACQUISITION: AN APPRAISAL
Nine wastewater monitors have been installed in the Brussels sewer system. Since 1984, the y
have been measuring continuously the dry weather flow composition and about 100 rain and
storm events have been monitored. All the data are sent in real-time on a data transmission
network, as well as a number of status signals, allowing an early diagnosis of any
maltunetion of the monitors . In addition, command signals can be sent to the monitors from
the data acquisition terminal, so that various tasks (sensor check, cleaning, air purge,
etc) or set points (sampling frequency, etc) can be remote controlled.
Fig. 3 gives an example of the weekly evolution of the wastewater characteristics at the
Brussels trunk sewer outlet during . dry weather periods. These results were transmitted by a
monitor set on one meesurement every hour. The daily pattern is clearly noticeable, as well
as the decrease of urban activities during the week-end (incidentally , May 27th 1985 was
Whit Monday, a public holidayi n Belgium!) .
An example of the data transmitted during a storm ·event is illustrated on Fig. 4. The
suspended solicts variations reveal the occurrence of a "first flush" effect, along with the
decrease in conductivity due to the dilution of the wastewater by less saline run-off water.
With nearly 30 device-years of continuous service, it seems now possible to evaluate the
feasibility of a long-term in-sewer monitoring:
1. It is possible to design, construct and operatea specific monitoring device that will
unattentedly perform wastewater quality meesurement without being affected by the adverse
sewer environment and the two plagues of plugging and fouling.
2. In the present state of development of water qualit y sensors, only a limited number of
parameters (such as conductivity and turbidity : can be monitored with the required long- term
accuracy and fiability.
3. Acc0rding to the fact that the time-scale of the phenomenon to observe is in the order
of a few minutes to several hours, a truly continuous monitoring is almost never really
required: a semi-continuous sampling with a minimum period of about 5 minutes will generally
be adequate.
4. A wastewater flow is not an homogeneous body of water. A detailed survey of the very
short-term fluctuations of the wastewater SS content has shown us that representative
analysis can only be achieved on samples of a sufficient volume, in the order of 3 liters.
5. With a ~roper design of the equipment and a careful selection of rugged components, it
is possible to limit the rnaintensnee need of a monitor to about one field inspeetion per
month.(Some cf our monitors have been working continuously for three months without any
intervention).It is obscrved that the fiability of the quality monitors developed in Brussels
is much higher than what has been reported from previous experiences abroad. The use of such
devices as rea1-time sensors for the control of sewer systems can now be seriously
considered.
6. Data transmission must be provided to allow an early detection of a problem affecting
the monitors : any minor incident, ~f not rap~dly repaired, will generally evolve to a major
breakdown, requiring a lot of teehoical intervention . This also imposes to install t he
monitors at a location where wastewater flow is always available for sampling and
measurements, so that a check of the monitor can be made 3t any time.
7. Wherever possible, monitors should be put outside the sewer environment, preferably at
ground level. Our experience has prov~d that the monitors installed in the sewers are prone
to a larger 'number of incidents and a lessening of the mean time between failure. This is not
related to a direct effect of the environmental conditions on the equipment, but to the
stress that these conditions impose on the teehoical crew, lowering accordingly (and quite
und~rstanda~ly~ the quality of their interventions.
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Fig. 3. Weekly evolution of the wastewater composition measured by a monitor
at the Brussels main sewer outlet (May 26th - June 2nd, 1985)
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IMPACT OF OVERFLOW ON SURFACE WATER QUALITY IN EASTERN-BRABANT,
THE NETHERLANDS
drs. L.L. Bijlmakers, ing. R.A.M. Dierx
Department of Technology for East-Brabant
P.O. Box 10001, 5280 DA Boxtel, the Netherlands
ABSTRACT
In East-Brabant more than 900 overflow locations of the combined sewerage
system are situated. The impact of overflow on surface water compos ition can
he considerable, especially because of the characteristics of the water
coarses in this area. Consequently, the applied water quality standerds will
not be reached . Two examples are worked out more in detail.
KEYWORDS
Overflow; surface water quality: the Netherlands
INTRODUCTION
More than 900 overflow locations of the combined sewerage system are situated
in the working field of the Department of Technology East-Brabant of the
Water Boards De Aa, De Dommel and De Maaskant. Most of them discharge
directly into ditches, lowland brooks and (small) rivers. These water coarses
depend strongly on rainfal for their water drainage. The impact of overflows
on surface water composition especially in dry weether periods, thus can be
considerable.
Consequently the water quality standerds (Waterkwaliteitsplan, 1985) will not
be reached. In order to meet these water quality standerds it will be
necessary to create provisions attached to overflow constructions, for
example storage basins. A policy concerning this is in development.
WATER BOARD DE AA
The problems mentioned above are presented in further detail for the
administration area of the Water Board De Aa.
In this area about 220 overflow locations are situated. Based on the
occurence of overflow at a standerd rainshower of 60 1/s.ha in dry westher
conditions, the discharge capecity of the overflows according to th~ basic
sewerage system plans of the municipalities, and an estimation of the

water-drainage of the receiving water courses, two categories of water
coarses can be distinguishe~.
Category 1 are those water coarses which drain overflow water exclusively.
The surface water quality at overflow will be completely determined by
overflow water.
In the water courses of category 2 there will be some dilution, but t he water
quality still will be determined substantially by the overflow water. In the
administration area of the Water Board De Aa, 149 water coarses belong to one
of these categories. About 250 km of water coarse will not meet the applied
water quality standards, whereas in further downstream situated parts the
impact will very likely be detectable to a eertsin extend.
The impact of the influence of overflows on surface water quality has been
stuclied more in detail:
Dungense Loop (Schijndel; Water Board De Aa)
Based on above mentioned criteria, the upstream area of the Dungense Loop can
be classified as categorie 1. Seven overflow locations are situated along
this 5 km long water coarse .
After overflow in a dry westher periode, Dissolved Oxygen (DO), ammonium and
the Biochemica! Oxygen Demand (GTD Oost-Brabant) did not meet the water
quality standards. This occured over the whole length of the water coarse
(table 1). A smal! improvement in water quality, especially in DO, was
observed after about twee weeks after overflow. The negative influence of the
overflow water on the surface water quality nevertheless still was noticable
at this time.

table 1: The dissolved oxygen . ammonium- en BOD-content of the Dungense Loop after 24
hours. one week end two weeks after overflow
location:
upstream
overflow locatlon nr.:
45 19
samole nr.:
I
oxygen ( %)
24 hours
36
1 week
8
2 weel<s
45
ammonium ( mg/1) 24 hours
3
4.4
1 weel<
4.8
2 weel<s
BOD 20/5 ( mg 02/1 24 hours
13
1 weel<
22.6
2 weel<s
9.6

146

oownstream
352 163

39 64

2-e

2

5

43
33
74
3
0.6
1.4
7.4
2.2
2.6

48
36
65
2.4
1.8
1.3
8.9
3.7
4. 1

22
29
87
3
2
1.1
9.1
4.8
0.7

De Dommel (Eindhoven; Water Board De Dommel)
In the Water Quality Plan (Waterkwaliteitsplan, 1985) a provisional specific
ecological tunetion has been formulated for the river Dommel.
About 30 overflow locations of the Municipality of Eindhoven discharge into
this river.
A very poor water quality of the Dommel occurred after overflow. Relatively
high concentrat ions of BOD, nitrogen, phosphates and heavy metals were
measured. The DO content was very low (table 2).
The severe impact of overflows on the water quality is illustrated by some
d~ta collected on August 21, 1988 . Based on discharge registration at five

overflow locations and the basic sewerage plan of Eindhoven it was estimated
that about 20.000 m3 of diluted sewage water was discharged into the Dommel
over a periode of 5.5 hours in the same period of time. The river itself
drained only about 11.000 m3
Table 2 shows the composition of the overflow water-saropled at one of the
overflow locations and at the station in the river Dommel on short distance
downstream of the overflow. Also shown is the average composition of the
river water sampled at this location over the year 1988 .

table 2: Composition of the overflow water and the water of the river Dommel
oxygen
mg/1
overfl. water*
surface water**
surface water***

-

1.2
9.4

BOD
COD Kj-N NH4
ma 0211 ma 02/1 mg/1 ma/ I
13 7.3
290
82
189
20 11
58
0.4
2.6

tot.P
ma/I
3.4
4.6
0.3

deter. Cu
ma/I ua/I
2.3 79
1.3 37
0.3 16

Zn
ug/1
370
230
183

Pb
ua/I
51
42

-

Cd
ua/I
3
3
2

*)
Sumatralaan, Eindhoven, 21-08-1988
**) Dommel, downstreem of Eindhoven, 21-08-1988
***) Dommel, downstraam of Eindhoven, average over 1988; n=26
deter.) detergents
It can be concluded that overflows do have a very negative effect on the
water quality of the river Dommel. Several parameters do not meet the water
quality standards. The chemica! composition of the river water corresponds
fairly good with that of the overflow water.
REFERENCES
GTD Oost-Brabant. Invloed riooloverstorten op de waterkwaliteit van de
Dungense Loop. Internal report, 39 pp.
Provincie Noord-Brabant, 1985. Waterkwaliteitsplan.

TRACER MEASUREMENTS OF REABRATION IN GRAVITY SEWERS

Niels Aagaard Jensen and Thorkild Hvitved-Jacobsen
Environmental Engineering Laboratory, University of Aalborg,
Sohngaardsholmsvej 57, 9000 Aalborg, Denmark

ABSTRACT
In order to evaluate existing empirical equations for predietien of reaeratien
in gravity sewers a tracer method was adapted for the use in part l y fi lled
gravity sewers. Preliminary investigations were carried out in an intercepting
sewer line .
KEYWORDS
Dissolved
sewage.
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INTRODUeTION
Until now little attention has been paid to investigating and evaluating the
importance of wastewater transformations during transportation. In o r der to
investigate these t r ansformations the first important step is to develop a
reliable method for the determination of reaeratien in gravity sewers.
BACKGROUND
A general
written as

expression

for

the

oxygen

balance

in

a

gravity

sewer

may

be

( 1)

where

c =

=
=
=
13 =
c =
Rs =
t
a
K2

concentratien of dissolved oxygen in sewage (g·m - 3 )
time (s)
ratio of K2 in sewage to that in clean water (-)
the reaeratien coefficient for clean water (s - 1 )
ratio of solubility in sewage to that in clean water (-)
saturation concentratien of oxygen in clean water (g·m - 3
the total dissolved oxygen consumption rate due to
organic matter degradation (g·m- 3 ·s - 1 )

)

A great number of reaeratien formulas exist, mainly for the predietien o f
water/air oxygen transfer in flowing streams and in aeration devices. However,
these formulas are of little value when used in sewer systems. To illus trate
this, four different equations are compared.

2

= 0.96•(1 + O~~~·u )•(I•u)i·dm- 1
m

,Parkhurst and Pomeroy (1972)

= 7.18•(u•I)0.408.dm-2/3

,Krenkel and Orlob (1962)

= 0 22 .u0.67.d -1.85
.
m

,Owens et al. (1964)
,Tsivoglou and Neal (1976)

where
u
g
d
Im

=
=
=
=

cross sectional mean water velocity (m·s- 1 )
acceleration of gravity (m·s - 2 )
mean water depth (m)
energigrade line (- slope of sewer) (m·m - 1

)
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Fig. 1.

Calculated and measured reaeratien coefficients, K2 , as a tunetion
of the flow Q in a 2.3 km gravity sewer. (Pipe diameter d = 0.6m,
Slope s = 0.0009, Temperatur T = 20 °C, Van't Hoff reaeration-temperature coefficient e = 1.024).

As seen on Figure 1, there is indeed a poor agreement from one formula to
another. Only the formula of Parkhurst and Pomeroy (197 2) , basedon an oxygen
balance method, is developed from measurements in gravity sewers. Taking the
great varity of problems concerning the use of an oxygen balance method in a
complex system like a sewer into account, there is a need for further investigations befere a formula for the predietien of reaeratien in sewers should be
general accepted.
EXPERIMENTS
In this investigation a tracer method originally described by Tsivoglou et al.
( 1965) was developed in order to be used in partly filled gravi ty sewers.
Basicly ,the method involves the use of a gaseous tracer (krypton), Kr-85, with
a gas transfer coefficient constant to that of oxygen under the conditions
investigated, and a non-gaseous dispersion tracer (tritium), H-3. By dosing the
tracers at time t=O, the gas tranfer coefficient of krypton is found by the
following equation:
ln ( C(Kr-85)/C(H-3) ) = - K2(krypton)·t
C ( Kr-85)/C 0 (H-3)
0

( 2)

c0 = the
c = the

where

initial concentratien at time t
concentratien at time t

=0

Knowing the K2 (krypton) value, the corresponding value for oxygen, K 2 (oxygen),
is found by the following ratio determined by Tsivoglou et al . (1965) and also
verified by unpublished laboratory tests in this study :
K 2 (krypton)/K 2 (oxygen)

= 0.83

+/- 0 .04

( 3)

Investigations were carried out during the period August
in a 2. 3 km stretch of an intercepting gravi ty sewer,
connecting several small combined sewered villages north
with the centralized wastewater treatment plant of Aalborg

N

through October 1988
diameter 0. 6-0.7 m,
of Aalborg, Denmark,
East, Figure 2.
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Fig. 2. Investigated gravity sewer north of Aalborg, Denmark.
(PE - persen equivalent)
A portion of krypton-85 and tritium was added to the wastewater at an upstream
manhole (station A) and several samples covering the passage of the tracers at
downstream locations (station B and C) corresponding to approximately 1 and 2
hours of residence time were taken. These samples were analyzed by seintillatien techniques, using a dual label counting procedure. The result from a
single investigation is shown in Figure 3.
Based on the results from the tracers measurements the reaeratien coefficient
was calculated . Furthermore, samples were taken in order to determine the
wastewater characteristics, and the temperature of the wastewater was recorded.
Results are shown in Table 1 and in Figure 1.
Also, the oxygen concent,ration in the sewer atmosphere was measured. These
measurements resulted in values approximately 10% lower than under normal
atmospheric conditions.
biSCUSSION
The tracer method described by Tsivoglou et al. ( 1965) is based upon the
assumption, that the concentratien of krypton in the air can be overlooked.
Therefore, using the method in closed systems like gravity sewers, attension

should be paid to the release of krypton from the water phase. Especially under
conditions of high .flow and bad ventilation a significant error in the determination of K2 might occour.
TABLE 1
Date

Results from tests carried out in partly filled gravity sewer
Q
(m3·s - 1)

05.10.88
26.10.88a
26.10.88b
10.11.88

21
18
20
12

temp.

pH

(oe)

12.8
11.0
11.0
9.8

7.6
7.5
7.5
7.6

contot
( g •m - 3)

consol
(g·m - 3)

160-245
225-265
195-320
135-190

70
55
50
45

COUNTS PER MINUTE

ss

K2 ( oxygen)
(g·m - 3)
(hour- 1 )
75-140
90-115
80-170
60-80

0 . 43
0.42
0.43
0 . 40

COUNTS PER M I NUTE

o TRITIUM
0

6000

KRYPTON - 85

6000

STATION 8

STATION C

0.9 KM OOWN STREAM
DOSIN G POINT

4000

2000

2000

o~~~~-+--~~~~~~~
13 35
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TIME
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Fig . 3. Measured concentratien (activity) in stationBand c for the .radioactive tracers dosed in station A at 12.40 on Oct. 26, 1988(b)

CONCLUSIONS
Based on measurements under different flow conditions, it can be concluded that
the developed tracer method results in values of the reaeratien coefficient for
gravity sewers with a high degree of accuracy. Further investigations will be
carried out in order to evaluate the developed tracer method with the results
from the empirical equations.
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SEDIMENT MOVEMENT IN COMBINED SEWERS IN DUNDEE

M J Goodison and R M Ashley
Department of Civil Engineering, Surveying & Building
Dundee Institute of Technology, Bell Street,
Dundee, Scotland DDl lHG

ABSTRACT
An integrated programme of work is underway in Dundee to formulate engineering strategies to
alleviate the flooding in the city centre and also to minimise the continuing maintenance
c osts for sewer sediment removal. The objectives of this programme are commensurate with
current UK research initiatives which are investigating the nature and movemen t of sewer
sediments and associated pollution. As a consequence the studies in Dundee are providing
data to assist in the development of new models for sewer flow quality .
KEYWORDS
Sewer flow quality, sewer sediments, simulation models, sewer maintenance.
INTRODUCTION
The combined sewerage system which drains the central area of the city of Dundee serves a
population of approximately 52,000, and comprises some 300 km of mixed stone, brick and
concrete sewers, which are up to 200 years old. As in other parts of the UK, these sewers
have been constructed with little regard to the transportation of sediments and as a
consequence the system has areas in which significant deposits of sediment accumulate. The
city has undergone continuing expansion with an associated increase in sewer flows, and the
effects of the reduction in hydraulic capacity due to the sediments have as a consequence,
become more significant. Flooding occurs in the main retail area of the city centre where
there are some of the oldest and flattest sewers. The iocapacity of the sewers in this area
is attributable in part at least to the recurrent build-up of in-sewer deposits.
A study, funded by the Regional Council (Rennet et al 1989), has been initiated to develop
a long-term strategy to reduce the incidence of flooding by first constructing a flow
simulation model of the city centre sewerage system. With increasing public awareness in the
UK and emerging EC Directives, the scope of the study has been broadened and now incorporates
programmes of data collection to facilitate the development of simulation models of the
sediment build-up, movement and related pollution. The initial programme of work began in
1986, and subsequent studies were implemented to study sediment provenance, movement and
quality in 1987 and 1988, funded by the Water Research centre (WRc) (Jefferies et al , 1989,
Ash ley et al, 1989), and the Science and Engineering Research Council respectively.
SEDIMENT IN THE DUNDEE SEWERAGE SYSTEM
In the UK some 10% of all sewers have permanent sediment deposits (CIRIA, 1986) and the
current national maintenance budget is estimated at some t50-t60M. Sewer cleaning in Dundee
is carried out semi-continuously and in the city centre alone the average annual cost of
cleaning the 4 km of main sewer arteries is some t33,000 . Whilst not a particularly large
sum by comparison with national overall costs, this expenditure represents the cost of a
relative1y sediment-free sewer for a period of only three to six months.

The Dundee sewerage has an unusual control system, which is based on an extensive netwerk
of control gates (Au Yeung et al, 1989). These hav e to be operated by man-entry and can be
used to isolate parts of the system or to concentrate flow in individual sewer le ngths if
required. Usua11y the 300 or more gates remain fixed in pre-set positions. The primary
sewer artery draining the central area of the city is the interceptor sewer, which is
roughly circular about 1.5 - 1.8 m in size, wi th a very shallow gradient. Throughout most of
the 1ength of this sewer, for some 1.9 km of the total 2 . 3 km l e ngth , sediment deposits
ac c umulate in depths up to 250 mm (Ashley et al, 1989). These deposits occur despite there
being two silt traps along the sewer length , one at the h ead, and another some 800 m
downstream . There are a number of these traps within the system which range in volume up to
thirteen cubic metres, and recently under sewerage rehabi1itation programmes which principally
cernprise sewer relining , these have begun to be fil1ed in with concrete.

DUNDEE SILT TRAP - FIGURE 1
S IL T TRAP

A typical silt trap is shown in Figure 1. Traditionally the traps, most of which are over
a century old , had sewer sediment deposits removed by hand. More recent l y, s uction tankers
have been used whe r e the traps are easily accessible.
The abandonment and filling-in of the traps in Dundee has b een largely because of increasing
costs and unpredictability of the time required between clean-out s . For example, the trap
at the head of the interceptor sewer may fill to capacity within a few weeks or it may take
up to s ix months depending on rainfa ll. The gradua l consolidation of th e trap deposits and
the propensity for these to be re-entrained during an inte nse storm are also unknown factors .
SEDIMENT DATA COLLEGTION
In conjunction with flow and rainfall data collection, the programmes studying sewer sediments
and related hydraulic performance and pollution have bee n set up to provide data for:
(a)

an assessment of the consequence for in-sewer sedimentation of a l tering the flow
patterns within the sewerage system in Dundee by r e -setting gates ;

(b)

the assessment of th e crigins and nature of sediments and the continuing development of
the UK sewer flow quality model , MOSQITO ;

(c)

an investigation of the fundamental mechanics of movemen t of the types of (cohesive)
sediment found in sewers;

(d)

the potential f or installing ' silt-traps ' within sewer systems as a means of localising
sedime nt deposit ion and reducing maintenance costs and reducing pollutant transport to
overflows or treatment works.

Specific studies on sediment budgets (As hl ey et al, 1989), bacteriological properties of
sedi ments and sewage flows (Jefferies et al , 19891, surface washoff and gully pot quality,
f oul sewage flows, red list substances--an~peripheral catchment sediment movement and
crig ins a~; underway funded by WRc and the Regional Council. The cohesive sediment transport
study is consictering th e rheological properties of the sediment bed in co l laboration with the
University College of Swansea (Crabtree, 1988) and will utilise the si lt traps t o investigate
the bed load transport phase.

SUBCATCHMENT SEDIMENT STUDY
!hree of the subcatchments which contribute flows to the city centre are being monitored to
provide data on the washoff and transport of sediment during both dry weather and storm
conditions. Automatic sampl ers have been installed at the outfalls from and at several sites
within the subcatchments. The data collected are being used in conjunction with the results
fr om frequent sediment disposition surveys to relate the c hanges in sediment deposits with
the pattern of suspended solids transport .
The work on the first of the subcatchments is now complete. This catchment is 81ha tn area
and is of mixed residential land use with a population of 2500. The percentage i mpermeability
is 40% and the catchment slope ranges from 1.2 to 3.5%. Six sampler stations have been set up
in the catchment and have been in eperation since January 1989.
A flow simulation model of the sewer netwerk has been constructed using the Hydraulics
Research Ltd model WALLRUS. A second flow simulation model DUCTS, developed at Dundee
Institute of Technology (Au Yeung et al , 1989) has also been applied to the catchment. The
DUCTS flow model forms t he basis on-which an initial sed i ment movement model is being
d eveloped. Surface washoff theories such as Price and Mance (1978), are being used to
initially predict t he quantity of suspended matter being washed into the sewer system. By
applying sediment transport t heories such as Ackers-White (Ackers, 1984), the mo~el will be
used to predict the changes in the sediment deposits and the quantities of suspended solids
being transported through the system. The model will then be used in conjunction with the
results from the other subcatchments and the surface washoff studies, to predict the trends
in transport of sedimen ts in the catc.hmen t under vary i ng flo w regimes.
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FIGURE 2

FIGURE 3

The data collected so far have shown a consistency in dry weather flow patterns for both flow
and mass of suspended material. Figure 2 s hows a plot of t he cumulative dry weather flow and
mass of suspended sol ids passing t hroug h the outfall from the s ubcatchment. The curve s hows
l ess t han 10% of the daily mass of sol i ds being transported in the first 7 hours, followed by
20% of the daily total in the next .3 hours with the fi nal 70% being transported relatively
un iformly during t he remaining 14 hours. This curve is similar in shape to that shown in
(Ashley et al, 1989) forsediment transportinto the centre of the city. The average annual
mass of s e dimen t transported from this catchment has been found to be equivalent to 77g/h-day
assumi ng all of the load derives from the foul flow inputs. This fig ure is similar to
results from other studies and corresponds with a figure of about 60g/h-day for the overall
central catchment.
Detailèd analysis of t he data col l ected is still being carried out, but Figure 3 shows a
a typical set of suspended solids data from three sampling sites for one storm. I n thi s pl o t
the peaks of the plots from the different sites have been lagged to allow for the varying
times of concentratien a nd to s how the simi larity in s hape.

CONCLUSIONS
A cost effective solution to the flooding in Dundee city centre is being developed to
incorporate an assessment of the effects on the movement and deposition of the sediments in
the system. The work currently underway is also providing data to assist with the development of the UK sewer flow quality model MOSQITO and also for the development of new theories
for the transport and deposition of cohesive sewer sediments. The initial Dundee model will
be used to determine the optimum flood alleviation measures required to reduce the city centre
flooding whilst ensuring that the sediment in the system is not deposited in areas where
removal costs are greater than at present. Further work planned for Dundee will be used to
refine and improve the sediment movement model as more data bec ome available.
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A STUDY OF TRASH AND TRASH INTERCEPTION DEVICES
M. G. Carleton and J, S. Nielsen
School of Civil Engineering, University of Technology, Sydney
P.O. Box 123 Broadway, NSW, 2007, Australia

ABSTRACT
The composition of trash found in urban stormwater runoff was analysed following its collection by a trash rack
and two floating booms in Sydney, Australia. Basically garden refuse, plastic and paper products were the main
components of the trash collected. The effectiveness of trash interception devices was examined using results of
field trials. For various flow velocities, widths of channel or river, storm related loads and cleansing frequency the
choice of trash racks or booms can be made.
Testing of a range of trash rack designs was performed in the Iabaratory with the principal aim of preventing rack
blockages. Whilst bath spacing between bars and the angle of incHnation of the rack were related to self
cleansing, ultimate blockage could not be prevented for the configuration tested. Either the racks should be
designed to allow for overtopping when blocked or booms be used, despite their lesser efficiency.

KEYWORDS
Stormwater, trash, trash interception devices, booms, trash composition, urban pollution, trash remaval
effectiveness.

INTRODUCTION
Many of the larger species of fish suffer high mortality rates due to trash, in particular plastic ingestion or
entanglement. Trash, or litter, is usually described as debris consisting mainly of metal, plastic, paper and glass
objects such as cans, bottles, packets and wrappings as well as paper, leaves, grass clippings, branches and oils.
As well as the public litter problem, construction, maintenance and cleaning materials are wasbed into
waterbodies by stormwater runoff. Trash has a large volume to surface ratio and is not in a readily biodegradable
state. When compared to the effects of, say, sewage on receiving waters, trash exerts a lower and time delayed
oxygen demand. The major pollutant sourees due to urban runoff were street refuse deposition, traffic emissions
and urbanerosion according to the Milwaukee Nationwide Urban RunoffPrograrn (Novotny et al, 1985).
The most common trash control devices are as follows:
(i)

Trash racks, which are installed in storm drainage channels. They consist of vertical steel bars and are
simHar to manually-cleaned bar sereens used in water and sewage treatrnent plants.

(ii)

Litter booms. These are floating booms installed across a waterway to collect floating and partially
submerged trash, including oil. The debris retained by the boom is removed manually. Booms have been
installea in the Tarne River, England and the Y arra River, Melboume, and their performances have been
described previously (Keiler and Ackers, 1982; Molinari and Carleton, 1987).

(iii)

Gross pollutant traps which consist of a sedimentation pond with a trash rack at the outlet from the basin.
There are a number of these facilities installed and operating effectively in the Australian CapitaI Territory.
They are intended to remave oil, trash and suspended solids larger than 0.04mm in diameter, and to be
capable of gravity drainage so that the rack and sediment pond can be cleaned efficiently and simply
(NCDC, 1986; Goyen ~.• 1985; Phillips and Goyen, 1987).

The investigation described herein was prompted by the lack of publisbed information on the design, operation
and performance of trash interception facilities. The airns were as follows:
(i)

To determine the composition of typical trash samples collected by the three trash interception facilities in
the Cooks River catchment

(ii)

To determine, by Iabaratory tests, the required conditions for a steel trash rack to be self-

cleansing.

DESCRIPTION OF TRASH INTERCEPTION FACILITIES
Three trash interception facilities were installed at the following representative catchments in Sydney:
(i)

Muddy Creek. Bestic Street. Kyeema~:h. In October, 1986, the N.S.W. State Pollution Control
Commission (S.P.C.C.) installed a floating boom across the tidal section of Muddy Creek (catchment area
of approximately 6350Ha), approximately SOm downstteam from the stormwater channel confluence. The
boom is 45m long and consists of individual floats one meter in length joined by flexible webbing. The
webhing fonns a skirt which extends 450mm below the water surface.

(ii)

Cup and Saucer Creek. Bema Street. Canterbury. A floating boom was installed at this site in July, 1987,
by the Sydney Water Board. Cup and Saucer Creek is a concrete channel which carries urban stormwater
from Lakemba, Belmore and Earlwood. Itjoins the Cooks River at Canterbury.

(iii)

Marriclcvme Valley stormwater cbannel. Carrin~:ton Raad. Marrickville. This concrete lined stormwater
channel is approximately 2.5km long and flows through Marrickville Valley to join the Cooks River at
Mackey Park. A trash rack was installed in the stormwater channel. This rack consists of 12mm diameter
vertic al round bars at clear spacings of 70mm. It slopes upwards in the direction of the flow at an angle of
60° to the horizontal to facilitate self-cleansing and the rescue of persons who fall into the open channel.

COMPOSITION OF COLLECTED TRASH
Trash was carefully analysed after collection from each of the three trash interception facilities. Each type of trash
was quantified according to the number of items andlor their volume and the volume of each type was expressed
as a percentage of the total volume of trash in each sample.
The trash samples were mainly composed of (i) garden refuse (an average of approximately 36.5% for the three
sites); (ii) plastic objects (an average of 33.4%) consisting mainly of polystyrene cups/take-away food containers,
plastic botties and confectionary wrappings; and (üi) paper objects (an average of 17.7%), such as canons, pages
of newspapers and magazines, pamphlets and food wrappings. The trash samples collected also contained
considerable propanions of trash which had been deliberately dumpeci. This dumped trash consisted of plastic
bags filled with household refuse such as vegetable scraps and dornestic packaging materiaL
Booms were found to be the most efficient in removing floating objects, e.g. cans and plastic bottles, or small
objects which can be forced through screens, e.g. grass clippings and polystyrene objects less than 50mm in size.
The trash rack, on the other hand, captured larger proportions of partially or fully submerged litter such as
wrappings, bags, and sheets of paper and plastic. These matenals are caught by the trash rack bars whereas they
are drawn under booms with the flow and escape.
Field observations showed that the efficiency of trash retention by floating booms was more affected by hydraulic
aspects thán the performance of trash racks. The booms were effective during dry weather flows, but during
higher flows trash escaped by being forced undemeath the boom. This occurred at flow veloeities of 0.8 - 1 mis
and 3-4 mis at the Cup and Saucer Creek and Muddy Creek booms, respectively. The difference in the effect of
flow velocity at the two booms occurred because the Muddy Creek boom is heavier, langer and lead weighted.
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DIRECTION
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..
50mm()(30mm
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""'=~~""..,~-6 mm DIA STEEL
CROSS MEMSER

Fig. 1. Rack Used For Laberatory Studies
The Iaberatory trash rack arrangement is shown in Fig. 1. The variables measured were, angle of rack to the
horizontal direction of flow (15 - 45°), spacing between bars (30 and 50 mm) and water velocity befere the
actdition of the trash.The efficiency of self-cleansing indicated by these results is opposite to the relative efficiency
of trash capture as shown in Table l.The type, amount of trash captured and approach veloeities were noted
TABLE 1. Percentaees of Trash Captured by Rack With 50 mm Clear Spacine
Rack Angle
( 0 to horizontal)

Approach Velocity (mis)
0.50

HardTrash

35
25
15
Soft Trash
35
25
15
Garden Refuse 35
25
15

100
100
100
90
90
100
70
70
90

1.00
90
100
100
80
80
70
50
40
30

1.88
90
90

2.29

2.58

3.00

3.44

80
90
90

80
80

60

70

60
40

70

so

20

20
20
10

15
10

It is evident that the percentage of trash captu.red by the rack decreased as the approach velocity increased and, with
the exception of garden refuse, was most affected by the water velocity. The garden refuse was best removed by
the rack with the smaller clear spacings between the bars. Therefore an optimum arrangement for a trash rack
should be based on both the self-cleansing capacity and trash capture efficiency relative to the flow veloeities and
the type of trash at each site.

SELF-CLEANSING CONDITIONS FOR TRASH RACKS
For trash racks, soft trash causes the worst blockage problems because it is easily caught between or on the bars
of the rack. Self-cleansing is the ability of the water flow to keep the flowpath free of obstructions by forcing
the trashup the rack above the water level. Consequently, self-cleansing capacity would be expected to increase
as the approach velocity of the flow to a screen increases.
The Marrickville trash rack was effective in collecting trash but was not self-cleansing and hence rapidly became
blocked during storms by the accummulation of trash behind the rack. This resulted in backwaters which
extended 500m upstream at deptbs of 0.75m and took up to two days without rainfall to subside. The slow flows
resulting from the blocked rack caused sediments and suspended trash to settie to the chaimel bottom.
Furthermore, a blocked rack causes stormwater to flow over the rack transporting trash. This means that a rack
which bleeks rapidly is only effective in capturing trash from the flfSt part of the storm.

It is important to design and install self-cleansing racks since it is impractical and unsafe to clean racks durlog
storms. The conditions required in order for trash racks to be self-cleansing were assessed using laboratory tests.
The type and amount of trash captured were recorded as well as the approach veloeities at the end of each test
The percentage of trash captured by the rack decreased as the approach velocity increased and, with the exception
of garden refuse, was most affected by the water velocity. The garden refuse was best retained by the rack with
the smaller clear spacings between the bars. Therefore an optimum arrangement for a trash rack should be based
on both the self-cleansing capacity and trash capture efficiency relative to the flow veloeities and the type of trash
at each site.

SUMMARY AND CONCLUSIONS
The choice of whether a boom or a trash rack is to be installed should be prlmarily govemed by the following
factors:
(i)

Category of trash to be collected. The two booms investigated appeared to be most effective in retaining
smaller floating and partially submerged objects, e.g. garden refuse and smalt bits of polystyrene, whereas
the trash rack captured larger proportions of fully or partially submerged objects such as bags, wrappings
and sheets of paper and plastic. In principle the two devices should be equally effective in collecting large
floating objects and this was observed for floating objects such as paper cartons and polystyrene cups.

(ü)

Stormwater flow considerations. The ·trash-retaining performance of both booms decreased at higher flows
because trash is forcedunderand over them. The minimum flow veloeities at which trashescapes by
being forced undemeath a boom depends largely on the weight of the boom and was observed to be as low
as 1 mis at the Cup and Saucer Creek boom. This consideration would probably favour the instanation of
trash racks.
·

However, the type of trash rack currently being installed are oot self-cleansing and rapidly block durlog storms
with resultant backwater effects and loss of trash over the top of the rack. The laboratory investigation was
unable todetermine the conditions required fora trash rack similar to the one installed in the Marrickville Valley
stormwater channel to be self-cleansing. However, the self-cleansing ability was found to increase as the clear
spacings between the bars was increased and the angle of the rack to the water velocity decreased. These variables
were also found to have the least effect on the amount of trash removed by the rack and consequently should be
capable of being optimized so that self-cleansing capacity is improved without markedly affecting the efficiency
of trash capture.
The laboratory study results suggest that different types of screen installations are required if they are to be selfcleansing. One possibility is a rack which slopes downwards in the direction of the flow incorporated near the
base of a drop structure. It is hoped to investigate this possibility as well as other types of trash collection
facilities in future studies at the University of Technology, Sydney.
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MODELING OF STORMWATER QUALITY IN URBAN AREA

Zhuo Ru Wen and Xiao Jing Liu
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No. 1, Xikang Road, Nanjing 210024, Chi na .

ABSTRACT
The simulation quantity and organic pollutional quality are solved by kinematic wave model and
kinematic nonpoint souree model respectively. Comparison the results of observation c orrespond
to the modeling.

KEYWORDS
Urban stormwater quality, kinematic wave model, kinematic nonpoint souree model.

INTRODUCTION
Modeling of the stormwater quality is app li ed to urban drainage water and environmental management in Suzhou urban area.
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Fig. 1. Hydrodynamic models structure of stormwater quality in Suzhou area

How to simulate urban hydrological processes? The hydrodynamic mod e ls consist of kinematic
wave and kinematic nonpoint souree model (Wen, 1988 ). The modeling structure is draw in Fig .l.
These models may be estimate the rainfall runoff h ydrograp h s and any water quality variable pollutograph (BOD5 , NH 3 -N, total phosphorus a nd total nitrogen). The main models are composed of
five systems: rainfall system, overland runoff system, combinative waster transport system, inner receiving water system and organic pollutographs of quality load.

QUANTITY MODEL
The rainfall system is based on obsered data that input computing time interval is equal to ten
minutes. The overland runoff system is determined by kinemati c wave equations and the interval
may be transformed into interval effective rainfall by rainfall runoff relationship (Wen et al.,
1986). However, the rainfall intensity is varied with time interval. The kinematic wave equations can be generalized for the one-dimensional overland flow per unit width, the dynami c and
continuity equations are written as follows respectively,
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interval effective rainfall rate.

substituting equation (2) into equation ( 3) • the fundamental equation is given by

a qc
~

I

+
C(

~
ct

K- ö:
qc
c

8 qc

--

at

= r

e

(4)

equation (4) was solved by implicit finite difference numerical solution technique, it is employed the preissmann (SOGREAH) scheme and get qc(t) hydrograph.

(5)
where

discharge of overland flow
Lc = overland width.

The combinative waster transport system are expressed by the dynamic and continuity equations,

(6)

Ap = Kv qp

a Ap
at

0~

'·

a~
q

p

+ ---

= Q
c

+

qb

= 0

(7)

(8)

(9)
dz
AP= -8-~ < 1-

where

sin

~

~

) is the cross-sectionat area of sewer pipe flow in a

circular conduit running part full, d is th e sewer pip e diameter,
surface angle.
Kv

Knp;i'~s;2 , K = proportion coefficient, SP

qp

discharge in sewer pipe flow.

q

dry flow (base flow) discharge in sewer pipe flow.

5

m

pipe slope, mp

~

is the wat e r
pipe roughness.

catchment of drainage pipe number.

On total subcatchment, the drainage pipe flow is concentrate into the inner city waterways and
that is discharge Qp(t). The inner receiving water system are expressed th e dynami c and cont inuity equations,
2/:J 1/2
1
Qr = - - A r Rr Sr

(10)

~

a Qr
0 Xr

+

a Ar
at

0

( 11)

initial conditions: when t=O, Qr=Qb, .H=H 0 • upward boundary conditions: when x=O, Qr=Qp, Ar and
Rr are substituting into initial and upward conditions. Simulaneous equaiton (10) and (11),
assumed initial stage H, the error is get E=10-9 repeater to compute, until.l the error is given
to permit. Then, that may be get Qr(t) hydrograph.

QUALITY MODEL
In unsteady uniform flow, the kinematic nonpoint souree model has been develop e d (Buchberge r
and Sanders, 1982),

ac

ac
a

élc

o ay

= D-+ --(----u)
x2
x y
x

at

a

a

aY
a

a

c
q
- ( -- + y
ax

a Ydt

)

(12)

(13)

t

where

D = dispersion coefficient
y

depth of flow

C

pollutant concentratien

u = velocity of flow
re = interval effective rainfall rate.
substituting equation (13) into (12) yields

ac
at

82

ac

c

D---- u---

8x

2

( 14)

ax

during the region of rainfall runoff, the depth of flow and convective parti e le ve locity a r e
everywhere the same, because the pollutant is assumed uniformly over the entire cat c hment pri or to rainfall, it is reasonable to conclude that the concentratien of the soluble nonpoint
souree is likewise everywhere the same, or oC/8x = 0. Applying this r e sult to equation (14 ),
which upen substitution of equation y=ret and use of the total derivetive yields, aft e r int er atien and simplifies to

c
t

where

=

w
re t

c

predicted pollutant concentrat ion

t

time si nee the start of rainfall

w

pollutant mass per unit a r ea

(15)

re

previously defined.

OBSERVATION AND MODELING
Comparison of the observation data and modeling are take Fig. 2 to Fig. 4 for examples. In Suzhou inner city, ten experimenta l areas and waterway netwerk outlet cross-section,
the water
quantity and water quality of seventeen rainfall events have been verified cernparing the observation data with modeling and correspond to the results.
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CONCLUSIONS
These hydrodynamic models have been app l ied to environmental proteetion in Suzhou city.
models are und er development at Beijing and Chengdu cities in Ch ina.

These
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