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PREFACE 

The progress i n  t h e  construct ion of waste water treatment p lan ts ,  

i n  l e g i s l a t i o n  and i n  t he  prevention of water po l lu t i on  has 

s h i f t e d  the  proport ions of sources of po l lu t an t s  discharged i n  

sur face  waters. Increasingly a t t e n t i o n  is being paid t o  t he  r o l e  

of combined sewer overflows and storm water discharges in water 

pollut ion.  

H i s to r i ca l l y  design and cont ro l  of sewers and pumping s t a t i o n s  

has  been based on quan t i t a t i ve  considerations. 

Subs tan t ia l  experience on r a i n f a l l ,  on transformations during 

run-off and t ranspor t  i n  sewers and on overflows is avai lab le  and 

quan t i t a t i ve  descr ip t ions  a r e  being developped. 

Comparatively l i t t l e  i s  known of the  qua l i ty  a spec t s  and 

managers and adminis t ra tors  o f t en  need answers urgently. 

Hence i n  severa l  count r ies  research  programmes a r e  being ca r r i ed  

out i n  which the  water qua l i t y  of r a i n f a l l ,  run-off from paved 

a r e a s  i n  separate  and combined sewer systems and i n  overflows is 

measured and analysed. Moreover we see an increas ing  a t t en t ion  

f o r  t he  e f f e c t s  of these  discharges upon t h e  rece iv ing  waters, 

not only with respec t  t o  the  bacter iology and chemistry of water 

and sediments but including t h e  inf luence upon the  s t r u c t u r e  and 

funct ion of ecosystems. The cont r ibut ions  t o  t h i s  Conference 

c l e a r l y  i l l u s t r a t e  the  complexity of t he  problem t o  a s se s s  t he  

systems behaviour and the  v a r i e t y  of techniques used by 

s c i e n t i s t s  and technologis t s  t o  generate  appropriate  answers. 

We wish t o  thank t h e  authors  f o r  t h e i r  cont r ibu t ions  and CHO-TNO 

and the  EWPCA f o r  t h e  support given t o  t h e  organisers  of t h i s  

Conference. 
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ROLE OF HIGHWAY GULLIES IN 

DETERMINING WATER QUALITY IN 

SEPARATE STORM SEWERS 

C. J. Pratt 
Dept. of Civil & Structural Eng. 

G. E. P. Elliott 

Dept. of Physical Sciences 

G. A. Fulcher 

Dept. of Civil & Structural Eng. 

Trent Polytechnic, Nottingham, UK 

Abstract 

Data are presented from field and laboratory studies of 

water quality and pollutant attachment to sediments in road- 

side gully pots in a residential catchment. Results of 

correlation analysis of water quality parameters are 

presented and the effect of discharge to a separate storm 

sewer via gully pots are illustrated for two events, one 

displaying enhanced suspended solids concentration due to 

resuspension of pot basal deposits, the other showing 

improved quality of outflow as a result of sedimentation 

within the gully. The importance of pH variation in deter- 

mining the exchange of heavy metals from liquor to sediment 

phases of pollutant transport, and vice versa, is demonstrated. 

1 Introduction 

The paper presents results of a partly completed three year 

research programme undertaken to investigate the influence of 

gully pots on the quality of urban storm water discharge from 

highway surfaces to a separate storm sewer system. 

Typically in the UK, gullies in residential areas receive 



storm runoff from some 200m2 highway surface. Below the 

inlet grating at the highway surface is a gully pot of some 

1001 capacity, which provides a water seal to the downstream 

sewer connection and is intended to trap sediments, prevent- 

ing their forward transmission through the sewer system. 

The investigation reported set out to determine in what ways 

the discharge quality of highway runoff, with its associated 

sediments and pollutant loads, was affected by passage 

through the gully pot prior to entering the sewer system. 

Three aspects were studied in some detail: gully pot liquor 

and deposited basal sediment quality; storm runoff quality at 

inflow and outflow from the gully pot; and factors affecting 

pollutant transfer to and from sediment-associated and 

disolved phases. 

The study has been based on three cul-de-sacs in a well-main- 

tained, residential housing estate at Clifton, Nottingham. 

The three sub-catchments selected were all similar in land use 

but had highway slopes which ranged from 0.5 to 5.5%. The 

sites had been locations of overland flow research (Pratt & 

Henderson (1981)),and the catchment as a whole had been 

previously studied to determine general sediment washoff 

(Pratt & Adams (1981)) and stormwater discharge quality 

(Fletcher et al. (1978); Fletcher & Pratt (1981)). 

2 Research Programme 

2.1 Systematic sampling: liquor 

The research has built up a data set of results of 26 water 

quality variables, including 12 heavy metals (Table 1) from 

weekly sampling, undertaken in three periods between May '84 

and April 1985. Liquor samples were collected from twelve 

gully pots, four from each of the three sub-catchments. The 

gullies were all located at the closed end of each cul-de-sac 

with two on either side of the highway. The sampling 

programme was conducted over a twelve week period during the 



Table 1 Parameters analysed in the gully liqour programme 

Water Quality Parameters Heavy Metals (mg/l) 

Temperature ('C) Sodium (Na) 

Dissolved oxygen (mg/l) Potassium (K) 

P H (pH unit) Iron (Fe) 

BOD5 (mg/l as BOD) Lead (pb) 

COD (mg/l as COD) Calcium (ca) 

Conductivity (microsiemen/cm) Magnesium (Mg) 

Suspended solids (mg/l) Zinc (zn) 

Alkalinity (mg/l as CaC03) Manganese (Mn 

Total hardness (mg/l as CaC03) Copper (cu 1 
Phosphate (mg/l as P) Cadmium (Cd) 

Sulphate (mg/l as SO4) Nickel (Ni 

Chloride (mg/l as Cl) Chromium (Cr 1 
Nitrate (mg/l as N) 

Ammonia (mall as N) 

summer 1984 and over two further five week periods during 

winter 1984/85. 

A one litre sample was taken at a depth of half the depth of 

standing water in the pot chamber. The purpose of this part 

of the study was to assess and quantify the range of the 

selected water quality parameters on a temporal and spatial 

basis. Data are presented for both the total data set to 

show the overall variability of the twelve gullies within 

three sub-catchments (Table 2) and for each sub-catchment 

separately (Table 3). 

2.2 Systematic sampling: sediments 

Basal sediments from the twelve gully pots were collected 

on a monthly basis for six months from October 1984 and 

analysed to determine the heavy metals attachment. The 

metals were digested in a mixture of 1:l by volume of 



Table 2  Descriptive statistics for the total water quality 

data set for the gully liquor sampling programme 

Statistic n mean max. min. 0- 

Temperature 264  12.7 2 5 . 0  2.0 6 . 2  

Dissolved oxygen 264 3 .5  8 . 5  0 . 2  2 .1  

PH 264 7 . 1  11 .4  5 .5  0 . 9  

BOD5 264  19  6  2  0 . 0  16 .7  

COD 230  105  976  0 . 0  1 5 4  

Conductivity 264 5 .0  114 .1  0 .0  1 5 . 8  

Suspended solids 216 114 .0  2449  0 .0  227 

Alkalinity 240 139 .5  500 .0  20 .0  91 .7  

Total hardness 240  299 .0  1 2 4 0  20 .0  260  

Phosphate 240 1 .8  13 .0  0 . 0  1 .9  

Sulphate 228 3 7 7 . 0  2268  0 . 0  3 8 2  

Chloride 240 1 8 0 8  5 4 5 9 3  5 . 0  6 9 5 6  

Nitrate 180  18 .6  266 .0  0 . 1  3 5 . 2  

Ammonia 240  2.5 26.6 0 . 0  4 .6  

Sodium 240 1596  4 5 0 0 0  0 . 0 0  4 8 5 2  

Potassium 240  5 .42  4 5 . 0 0  0 . 3 0  7 . 4 0  

Iron 

Lead 

Calcium 

Magnesium 

Zinc 

Manganese 

Copper 

Cadmium 

Nickel 

Chromium 240  0 .02  0 . 9 0  0 . 0 0  0 . 0 9  



Table 3 Descriptive statistics for the water quality data 

set on each of the three highway sub-catchments 

Tame Close :Churnet Close :Twyford Gardens : 

n min. max. mean n min. max. mean n min. max. mean 

Temp. 88 2.0 25.0 12.8 88 2.5 25.0 12.7 88 2.5 24.5 12.6 

BOD, 88 0 .0  62.0 22.3 88 0 .0  62.0 19.5 88 0 . 0  60.0 16 .3  
J 

COD 77 0.0 976.0 173.0 75 0.0 537.0 85.9 78 0.0 356.0 57.3 

Cond. 88 0.0 93 .3  5.7 88 0 .0  114.1 5.7 88 0 .0  47.6 3.7 

SS 72 0.0 610.0 110.0 72 0.0 2449 111.0 72 0.0 1256 121.0  

Alk. 80 20. 500.0 158.0 80 20. 320.0 131.3 80 20. 390.0 129.4 

T H  80 40. 1220 313.0 80 20. 1240 306.0 80 40. 1060 279.0 

Phos. 80 0.0 13.0 2.5 80 0 .0  8.2 1 .6  80 0.0 5.3 1 . 3  

SO4 76 0 .0  2268 399.0 76 0 .0  1710 381.0 76 0.0 1345 350.0 

C1 80 7.0 42894 1922 80 7.0 54593 2268 80 5.0 20916 1235 

Nit. 60 0.1 266.0 20.3 60 0.5 109.2 16 .1  60 0.3 217.0 19.3 

A m m .  80 0 .0  23.8 3.0 80 0.0 26.6 2.2 80 0.1 26.6 2.5 



concentrated hydrochloric and nitric acids, and atomic 

absorption spectrophotometry was used to determine the metal 

concentrations in the resulting supernatent. The metal 

concentrations determined are given in Table 4. 

A correlation analysis has been carried out to help identify 

important associations between parameters under study within 

the gully liquor system to assist in the identification of 

pollutant sources within the sub-catchments. A summary of 

the correlation analysis is given in Table 6, where parameters 

which have correlation coefficients in excess of 0.5 are 

indicated. 

Figure 1 shows plots of some of the quality parameters 

plotted against time for gully 305.54 on the Churnet Close 

sub-catchment. The results clearly example the temporal 

variability of the parameters during periods within the 

sampling year. 

3 Storm runoff sampling 

The second part of the field study has been concerned with 

monitoring the changes in liquor quality during rainstorm 

events. A number of events have been recorded over the 

period June 1984 to December 1985 to determine the changes 

between inflow runoff quality and outflow quality from the 

gully pot chamber, and to relate such changes to the 

hydrological conditions and to interactions between inflow, 

gully liquor and basal sediments. 

One gully in each sub-catchment was used for the storm runoff 

sampling, being one of those at the head of the cul-de-sac 

where by-passing was not possible and all flow entered the 

gully (gullies 301.39, 304.104 & 305.53; see Pratt & 

Henderson (1981)). 

The sampling equipment was housed in a steel cabinet bolted 

to the highway above the gully frame. A small inflow 

reservoir chamber of some 4 litre capacity was fitted on the 



Table 4  Descriptive statistics for the gully pot basal 

sediment data set on each of the three highway 

sub-catchments 

Tame Close :Churnet Close :Twyford Gardens : 

n min. max. mean n min. max, mean n min. max. mean 

Na 0 .040  3 .400 0 .100  6.900 0 .040  2.780 
2  4  24 .800  24 113.500 2  3  27 .030  

K 0 .000 4.500 0 . 0 0 0  8 .000 0 .020  0 .700  
24 45.900 24 122.100 2  3  5.560 

Fe 0.590 4.270 0 .390 13.920 0 .900  12 .100  
2  4  10 .770  2  4  13 .920  2  3  177.800 

Pb 0.006 0 .143 0 . 0 0 4  0 .094 0 .002 0 .078 
24 0 . 8 2 0  2  4  0 .322  2  3  0 .682 

Ca 1 .800  38.700 1 .400 29.900 2 .500 25.800 
24 255 .800  24 145.300 2  3  201.400 

M g 0 .100  7 .100 0 .000  8 .200  0 .130  3 .750 
2  4  88.900 24 39.300 2  3  21.940 

Zn  0 .011 0 .126 0 .006 0 .103 0 .014  0 .196  
2  4  0 .737  2  4  0 .748  2  3  1.087 

Mn 0 .049  0 .278 0 .043  0 .172 0.000 0 .481  
2  4  0 .820  2  4  0 .405 2  3  4.028 

Cu 0.001 0 .013 0 .002  0 .016 0 .001  0 .032 
24 0 . 0 8 9  24 0 .051 2  3  0.247 

C d 0.000 0 .003 0 .000  0 .002 0 .000 0 . 0 0 6  
2  4  0 .010  2  4  0 .013 2  3  0 .028 

N i 0 .003  0 .011 0 .001  0 .011  0 .002 0 .041  
2  4  0 .039  2  4  0.047 2  3  0 .395 

Cr 0.003 0 .053 0 .000  0 .051 0.005 0 .071  
24 0 .246 2  4  0 .263 2  3  0 .528 

Minimum, maximum and mean values in mg/g. 

Table 5  Parameters analysed in the storm runoff water 

quality programme 

Suspended solids Pb 

COD Zn 

Total organic carbon Cu 



Table 6 Correlation analysis for the total water quality 

data set for the gully liquor sampling programme 

pH TH Cond. C1 SO, Na K Pb Ca Cu Ni 

Temp : 

DO : 

Alk : 

TH : * 
Cond: * Q 

ss : 

BOD5: 

COD : 

Phos : 

C1 : * * 
SO4 : * * 9 

Amm. : 

Nit. : 

Cr : .X. * Q S * .E * 
* indicates correlation coefficent greater than + 0.5 



Temp. 'C 6 Cr * DO X Pb 

O Ni 
Ammonia 

- - - m  .,,C",- 
cl 

241 0 BOD 121 Mn 
0 SS @ Cd 
cl COD 9 - - - - 

X 16 

Weekly Rainfall Totals 
9 
n 

E 
E 

May 1984 Nov. 1985 Mar. Weeks from 2nd May 1984 

Figure 1 Temporal variation of water quality parameters 

for gully 305.54 

upstream face of the gully pot just below the gully grate. 

The reservoir chamber contained a float switch and a sampler 

head which was connected to a 24 bottle vacuum sampler. A 

hole at the base of the reservoir allowed it to drain during 

dry weather, but to fill to overflowing during storm runoff 

from the highway given sufficient inflow rate. Laboratory 

trials showed that the float switch was activated at flow 

rates into the reservoir in excess of 0 .03  11s. This value 

set the minimum threshold for sampling a storm event: once 

started the sampler was activated for 24 samples regardless 



Catchment 304.10 

Event 840802 

3 4 5 6 7 8 
Time , h 

Figure 2 Gully inflow hydrographs and suspended solids 
concentrations within flows into and from a gully 



of subsequent inflow rates. A second sampler collected 

gully liquor from half depth in the gully pot itself. Once 

the float switch was activated by storm inflow, simultaneous 

samples were collected at pre-set time intervals, of either 

1 or 6 minutes, from both the inflow waters and from the pot 

liquor. The pot liquor samples were assumed to be similar 

in quality to discharge quality from the gully to the down- 

stream sewer. A clock mechanism on samplers recorded the 

time of first sample, which could be related to observed rain- 

fall. Rainfall was measured using a O.lmm tipping bucket 

raingauge, logged at 30s time intervals, and situated within 

200m of all sub-catchments. 

A previously developed linear reservoir rainfall-runoff model 

was used to predict inflow hydrographs to each gully. Flow 

monitoring equipment installed within a gully was thought 

likely to significantly modify the flow and quality perform- 

ance of the gully pot. Figure 2 shows the water quality- 

quantity relationships for two runoff events on two different 

gully catchments. The figure illustrates the variation in 

performance which may occur with different storm character- 

istics. Event 840802 displays a worsening of outflow quality 

as runoff causes the disturbance of the basal sediments and 

their resuspension. Effective sedimentation occurred in 

event 840913 and outflow suspended solids concentrations are 

markedly reduced. Flow rates during the sampling periods in 

these events are low: flow rates of the order of design 

inflow to a gully, about 10 l/s, seem likely to cause consid- 

erable worsening of outflow quality. 

4 Laboratory studies 

Table 7 shows a sample of the results of an experiment con- 

ducted to show the influence of sediment size on Zn, Cu and 

Pb adsorption and release mechanisms for various pH values 
from 5 to 8. Similar results were found for all three metals. 



Table 7 Results of laboratory study of interchange of zinc 

between liquor and sediments at different pH 

Sediment size Concentration of Zn in liquor after :- 

range (mm) D a y 1  D a y 2  D a y 3  D a y 4  D a y 5  

pH 5.0 

> 10 2.20 2.20 2.08 2.45 2.70 

4 - l0 2.20 2.85 4.20 2.45 2.40 

1 - 4  3.10 3.80 4.20 4.20 4.50 

0.15 - l 2.50 3.80 4.00 4.00 4.20 

< 0.15 2.80 2.20 2.20 2.45 4.60 

pH 8.0 

> l0 0.77 0.33 0.27 0.23 0.08 

4 - 10 0.88 0.42 0.38 0.21 0.15 

1 - 4  0.68 0.42 0.38 0.19 0.12 

0.15 - l 0.63 0.27 0.27 0.17 0.15 

< 0.15 0.43 0.33 0.33 0.25 0.15 

Initial liquor Zn concentration 2mg/l in all cases. 
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THE VARIABILITY OF SOME CONTROLLING 

PARAMETERS FOR TOXIC POLLUTANTS 

DURING STORM RUNOFF EVENTS 

D.M. Revi t t ,  J.B. E L l i s  and G.M. Morr ison 

Urban P o l l u t i o n  Research Centre, Middlesex Polytechnic, 

Queensway, Enfield, Middlesex, EN3 4SF, UK 

G. Svensson and P. Balmer 

Dept. o f  Sani tary Engineering, Chalmers U n i v e r s i t y  of 

Technology, S41 2-96, Gothenburg, Sweden 

Abstract  

The temporal v a r i a t i o n s  i n  water q u a l i t y  parameters w i t h i n  a gu l l ypo t  

system and a t  stormwater o u t f a l l s  i n  t he  UK and Sweden are discussed. 

Typ i ca l  behaviour pa t te rns  are i d e n t i f i e d  and r e l a t e d  t o  storm 

cha rac te r i s t i cs .  Soluble components, such as d isso lved organic carbon 

are  predominantly washed through the  g u l l y p o t  system e a r l y  i n  the  

storm due t o  con t r i bu t i ons  from road runoff,  g u l l y p o t  Liquor and 

sediment i n t e r s t i t i a l  waters. I n  cont ras t  the  d e l i v e r y  o f  s o l i d s  and 

t h e i r  associated p o l l u t a n t s  t o  t he  sewer system i s  h i g h l y  dependent on 

the  re-suspension o f  basa l  g u l l y p o t  sediments. The p o l l u t a n t  loadings 

a t  the  o u t f a l l s  a re  i n t e r p r e t e d  i n  terms o f  bo th  the  g u l l y p o t  

processes and those occur r ing  i n  t h e  below-ground system. I n  the case 

o f  d isso lved organ ic  carbon two d i s t i n c t  peaks are  observed which are  

Labelled ' readi  Ly avai  Cable8 and ' r e s i d u a l  matured' organi  CS respect- 

i ve l y .  The probable sources of these peaks are  i d e n t i f i e d  by 

comparison w i t h  t he  temporal behaviour o f  d isso lved c h l o r i d e  and the  

Later ' r es idua l  matured' organic peak i s  r e l a t e d  t o  the  m o b i l i s a t i o n  

and t ranspor t  o f  g u l l y p o t  sediment matura t ion  products as w e l l  as t o  

t he  Large scale removal o f  organics from the  road surface. 



1 I n t r o d u c t i o n  

The eva luat ion  o f  the  con t ro l s  on, and impacts of, t o x i c  p o l l u t a n t s  

discharged t o  urban rece i v ing  waters by stormwater r u n o f f  has received 

r e l a t i v e l y  L i t t l e  a t t e n t i o n  desp i te  the  increas ing concern f o r  the  

p o t e n t i a l  magnitude and seve r i t y  o f  t h e  problem. The d i s t r i b u t i o n  and 

f a t e  o f  such p r i o r i t y  p o l l u t a n t s  i s  p a r t l y  c o n t r o l l e d  by those 

phys i ca l  and biogeochemical processes which s t imu la te  the  

t ransformat ion and m o b i l i s a t i o n  o f  t he  t o x i c  compounds dur ing  the  

stormflow event. The p a r t i t i o n i n g  o f  heavy metals f o r  example, 

between the d isso lved and p a r t i c u l a t e  phases o f  stormwater runo f f  i s  

dependent on parameters such as flow, suspended s o l i d  concentrations, 

d isso lved and p a r t i c u l a t e  organic carbon contents, pH, d isso lved 

ch lo r i de  Levels and the  p r e v a i l i n g  ox ic /anox ic  condi t ions.  I n  

a d d i t i o n  b iochemica l ly  mediated reac t ions  can be responsible f o r  t he  

mob i l i sa t i on  o f  metals. 

Morr ison e t  a l .  (1984a) have shown t h a t  metal  d i s t r i b u t i o n s  through- 

out  i n d i v i d u a l  storms show increases i n  the  propor t ions  o f  Cd, Cu, Pb 

and Zn i n  the  so lub le  phase as the  storm progresses. Although the  

increase i n  the  water-suspended sediment r a t i o  i s  a re levant  factor ,  

the  Levels o f  d isso lved ch lo r i de  ( f o r  Cd and Pb) and d isso lved organic 

carbon ( f o r  Cu and Zn) were shown t o  be the c o n t r o l l i n g  parameters. 

During snowmelt events, the  h igh  i o n i c  s t rength  o f  t he  runo f f  due t o  

the  high d isso lved ch lo r i de  Levels which are present can r e s u l t  i n  

peak b ioava i  l a b l e  d isso lved meta l concentrat ions o f  146 pg \-l, 330 

pg l-I and 558 p g  I-' f o r  Cu, Pb and Zn, respec t i ve l y  (Morrison e t  

al., 1984b). 

This paper repor ts  the  concentrat ion and Loading values f o r  a number 

o f  known water q u a l i t y  c o n t r o l l i n g  parameters and discusses t h e i r  

v a r i a t i o n  through i n d i v i d u a l  storm events monitored a t  a d i s c r e t e  

g u l l y p o t  catchment and a t  the  o u t f a l l s  t o  two separately sewered, 

r e s i d e n t i a l  catchments i n  NW London, UK and Gothenburg, Sweden. 

The v a r i a b i l i t y  o f  the  ' f i r s t  f l u s h '  phenomena i s  w e l l  recognised by 

stormwater engineers w i t h  both separate and combined systems showing 

t y p i c a l  po l lu tank  peaks e a r l y  i n  t h e  storm event which have been 

r e l a t e d  t o  scour ing o f  below ground depos i ts  and Later  secondary peaks 



associated w i th  above ground sources. The temporal v a r i a t i o n  i n  t he  

SS po l lu tograph w i l l  be o f  p a r t i c u l a r  importance f o r  c o n t r o l l i n g  the  

behaviour o f  those t o x i c  po l lu tan ts ,  such as Pb, which have a h igh  

a f f i n i t y  f o r  the  p a r t i c u l a t e  phase. This response i s  very d i f f e r e n t  

from t h a t  which can be expected as a r e s u l t  o f  increases i n  d isso lved 

organic carbon (DOC) and d isso lved ch lo r i de  concentrat ions which w i l l  

a s s i s t  g reater  s o l u b i l i s a t i o n  o f  metals i n  the  stormwater. Therefore a 

knowledge o f  the  nature  and occurrence o f  such c o n t r o l l i n g  var iab les  

i s  important i n  eva luat ing  t o x i c  emissions from urban sewer systems. 

2 Catchment de ta i  Ls 

The d i sc re te  g u l l y p o t  catchment used i n  t h i s  i n v e s t i g a t i o n  was Located 

i n  a car park at tached t o  Chalmers U n i v e r s i t y  o f  Technology, 

Gothenburg, Sweden. The data obtained from t h i s  smal l  study was 

scaled-up t o  i n t e r p r e t  the  r e s u l t s  obtained f o r  the  stormwater reach- 

i n g  the o u t f a l l  p ipes  o f  two urban catchments i n  Sweden and i n  the  

UK . 
Oxhey, UK: a 247 ha, 18% impervious, r e s i d e n t i a l  catchment s i t ua ted  

i n  the  no r th  west f r i n g e s  o f  Greater London. 

Bergsjon, Sweden: a 15.6 ha, 42% impervious, mul t i -s to rey  r e s i d e n t i a l  

catchment i n  the  n o r t h  eastern suburbs o f  Gothenburg. 
2 Chalmers, Sweden: a 390 m catchment c o n s t i t u t i n g  one p a r t  o f  t he  

aspha l t i c  surface o f  a car park on t h e  s i t e  o f  Chalmers U n i v e r s i t y  o f  

Technology. 

F u l l  d e t a i l s  o f  the  ins t rumenta t ion  and sampling equipment, which were 

used t o  ob ta in  t h e  r e s u l t s  f o r  a l l  t h ree  catchments have been 

descr ibed by Harrop (19841, Morr ison (1985) and Morr ison e t  a l .  (1985). 

3 Re la t ionsh ips  between Storm Charac te r i s t i cs  and 

Water Q u a l i t y  Parameters i n  a Gul lypot  System 

The gu l l ypo t  ou t f l ow  Loadings o f  t h ree  water q u a l i t y  parameters 



together w i th  se lec ted hyd ro log i ca l  c h a r a c t e r i s t i c s  a re  shown i n  Table 

1 f o r  f i v e  storm events which were monitored between J u l y  and 

September 1984. Storm D, which Like storm A occurred a f t e r  a 

r e l a t i v e l y  Long d r y  pe r i od  was t h e  most in tense storm w i t h  a maximum 

o f  2.7 mm r a i n  f a l l i n g  i n  a 5 minute period. As a resul t ,  the runo f f  

f o r  t h i s  thunderstorm was c lose t o  t he  design capac i ty  o f  the  sewer 
2 

network (1 L S-' over 100 m f o r  15 minutes) w i t h  a maximum f l ow  

r a t e  o f  4.6 L S-' recorded a t  the  gu l lypot .  Storm A was a Long 

heavy storm which a t ta ined  a maximum road runo f f  f l o w  r a t e  o f  

2.03 L S-' and an o v e r a l l  f Low volume o f  6923 L. 

Table 1 Hydro log ica l  Cha rac te r i s t i cs  and Water Qua l i t y  Parameter 

Outf low Loadings f o r  Selected Storm Events f o r  the  Gul lypot  

System 

Storm Storm Rainfal l  Road Antecedent -------- Parameter Outflow -------- Loadings --- (g~------- 
Code Duration Volume Runoff Dry Period Dissolved Particulate Suspended 

(hours) (mm) Volume (days) Organic Carbon Organic Carbon Solids 
LCih~esL- ................................................. 

----------------------------------------------------------------------------- 
*0.6 mm ra infa l l  on preceding day. 

The data presented i n  Table 1 ind i ca tes  t h a t  the  ou t f l ow  g u l l y p o t  

Loadings o f  SS and p a r t i c u l a t e  organ ic  carbon (POC) are  dependent 

p r i m a r i l y  on the  i n t e n s i t y  o f  t h e  storm event and the  o v e r a l l  r uno f f  

volume although these re la t i onsh ips  w i l l  obviously be sub jec t  t o  t he  

a v a i l a b i l i t y  o f  m a t e r i a l  w i t h i n  t he  g u l l y p o t  i t s e l f .  Thus the  

g u l l y p o t  chamber cont r ibu ted 66.5% and 11.3% o f  t he  SS i n  the  ou t f l ow  

f o r  storms A and D, respect ive ly .  Dur ing Low i n t e n s i t y  events, such 

as storms B, C and E, there  i s  however a net  depos i t i on  o f  sediment 

w i t h i n  the  gul lypot ,  w i t h  less than 50 mg l.-' o f  SS Leaving the  

gu l l ypo t .  I n  these instances the  sediment associated metal  ou t f l ow  i s  

t he re fo re  the r e s u l t  o f  road r u n o f f  a f t e r  the  Larger, heavier  

p a r t i c u l a t e s  have s e t t l e d  ou t  i n  t he  g u l l y p o t  sediment. 



DOC Loadings show a p o s i t i v e  Linear r e l a t i o n s h i p  w i t h  antecedent d r y  

period. This suggests t h a t  a continuous accumulation o f  organic 

carbon, which becomes ava i l ab le  f o r  washout, occurs on the  road 

surface as w e l l  as i n  t he  g u l l y p o t  L iquor and sediment du r i ng  the d ry  

period. The r e l a t i o n s h i p  between SS mass f l ow  and antecedent d ry  

period, although s imi la r ,  i s  weaker due t o  the involvement o f  the  

p rev ious l y  mentioned g u l l y p o t  sediment-mobi l isat ion processes. 

Temporal Var ia t ions  i n  Water Q u a l i t y  

Parameters w i t h i n  the  Gul lypot  System 

An important  process which occurs w i t h i n  the  g u l l y p o t  du r i ng  storm 

cond i t ions  i s  t he  m o b i l i s a t i o n  o f  i n t e r s t i t i a l  sediment waters and 

t h i s  i s  ind ica ted by changes o f  c o n t r o l l i n g  parameters such as 

conduct iv i ty ,  d isso lved oxygen, redox p o t e n t i a l  and DOC. During l a rge  

storm events the  i n t e r s t i t i a l  waters are  d is turbed a t  t he  beginning o f  

the  event Leading t o  conduc t i v i t y  increases due t o  t he  re lease o f  

sediment associated sa l t s .  I n  addi t ion,  d isso lved oxygen and redox 

p o t e n t i a l  decrease due t o  oxygen u t i l i s a t i o n  by b a c t e r i a  and mix ing o f  

anoxic sediments. Associated increases i n  DOC are observed o f  up t o  

41 mg l-I i n  storm A, and t h i s  i s  l a r g e l y  due t o  t he  pre-storm 

format ion  o f  sedimentary maturat ion products. The r a t e  o f  

i n t e r s t i t i a l  water m o b i l i s a t i o n  i s  predominantly r e l a t e d  t o  the 

incoming over land f l ow  ra tes  which f o r  the  monitored storms are  

greater  dur ing  the  e a r l y  p a r t  o f  t he  storm f l ow  event. However, r a p i d  

increases i n  conduc t i v i t y  can occur f o r  Low volume storms i f  they are  

accompanied by i n i t i a l  h igh  r a i n f a l l  i n t e n s i t i e s .  The changes i n  

conduc t i v i t y  p rov ide  a u s e f u l  and s e n s i t i v e  index o f  t he  t ime o f  

mob i l i sa t i on  f o r  t he  dissolved, metal-enriched i n t e r s t i t i a l  water 

du r i ng  storm events, a l thaugh o the r  factors, no tab l y  an i n i t i a l  Large 

decrease i n  pH, w i l l  a l s o  a c t  as c o n t r o l l i n g  parameters f o r  so lub le  

metal  release. 

Storm A, which i s  charac ter ised by a long e a r l y  f l u s h  o f  90 minutes 

duration, demonstrates the  i n i t i a l  changes i n  t he  parameters which 

have j u s t  been described. I n  addi t ion,  continuous pH measurements 



show a progressive decrease from 6.3 t o  t y p i c a l  r a i n f a l l  Levels (pH 

4.1 f o r  t h i s  event) i n d i c a t i n g  t h a t  the d isso lved b u f f e r i n g  agents 

have been depleted a f t e r  90 minutes. During t h i s  i n i t i a l  pe r i od  i t  i s  

there fore  envisaged t h a t  incoming road runo f f  i s  mixed w i t h  mobi l i sed 

i n t e r s t i t i a l  waters and removed through the  g u l l y p o t  ou t f l ow  i n t o  t he  

sewer pipe. 

A subsequent increase i n  r a i n f a l l  i n t e n s i t y  du r i ng  the  storm event 

resu l t ed  i n  h igher  runo f f  f lows and a Large discharge o f  s o l i d s  due t o  

the  disturbance and re-suspension o f  the basa l  g u l l y p o t  sediments 

(Figure 1 ) .  An associated decrease i n  redox p o t e n t i a l  coincides w i t h  

the  f u r t h e r  re lease o f  i n t e r s t i t i a l  waters. The Loading p a t t e r n  f o r  

POC c l e a r l y  f o l l ows  the  same t rend  as SS (Figure 1 ) .  The smal l  

d i f f e rences  i n  t he  r e l a t i v e  i n t e n s i t i e s  o f  the  storm p r o f i l e s  f o r  

these p o l l u t a n t  parameters can be explained by t h e i r  d i f f e r e n t  source 

cha rac te r i s t i cs .  During the  two per iods o f  increased f l ow  a c t i v i t y  

which occurred between 130 and 190 minutes the  m o b i l i s a t i o n  o f  basa l  

sediments r e s u l t s  i n  a Lowering o f  POC p r o f i l e  r e l a t i v e  t o  the  

suspended so l ids .  Th is  i s  a consequence o f  the  Lower POC composit ion 

o f  these s o l i d s  compared t o  road runo f f  and g u l l y p o t  Liquor s o l i d s  

which are removed e a r l i e r  i n  t he  storm. 
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DOC i s  predominantly washed out  i n  t he  f i r s t  Low f l ow  stage o f  the  

storm which can be r e l a t e d  t o  the  presence o f  t h i s  m a t e r i a l  i n  road 

runoff,  g u l l y p o t  L iquor and sediment i n t e r s t i t i a l  water. The f u r t h e r  

bu t  reduced removal o f  DOC a t  173 minutes can be ascr ibed so le l y  t o  a  

road runo f f  cont r ibu t ion .  

Storm D  represents a  heavy thunderstorm and the  v a r i a t i o n s  i n  

conduct iv i ty ,  pH, d isso lved oxygen and redox p o t e n t i a l  i n d i c a t e  t h a t  

the  gu l l ypo t  Liquor and i n t e r s t i t i a l  water were washed ou t  w i t h i n  5-10 

minutes o f  the commencement o f  h igh  runo f f  f lows. I n  the  case o f  

d isso lved oxygen t h i s  process i s  character ised by a  sharp inverse 

d e f i c i t  peak. As a  consequence o f  t h e  i n t e n s i t y  o f  t h i s  storm event 

bo th  d isso lved and suspended s o l i d  components are  r a p i d l y  washed out  

o f  the  gu l l ypo t  and e x h i b i t  marked ' f i r s t  f lushes '  . The Loading 

p r o f i l e  f o r  DOC shows an a d d i t i o n a l  peak f o l l o w i n g  maximum f l ow  a t  

which t ime the  g u l l y p o t  basa l  sediment appears t o  have been completely 

mixed ( t o  g i ve  2145 mg I-' SS) and the  observed secondary peak may 

be due t o  the mechanical s t r i p p i n g  o f  organic compounds from the re-  

suspended basaL sediment. 

Re la t ionsh ips  between Storm Charac te r i s t i cs  

and Water Q u a l i t y  Parameters f o r  the Oxhey and 

Bergsjon Catchments 

The hyd ro log i ca l  c h a r a c t e r i s t i c s  f o r  9 storm events as w e l l  as the  

average concentrat ions o f  water q u a l i t y  parameters a t  the  o u t f a l l s  o f  

the  two catchments are  given i n  Table 2. The parameters selected are  

those which are considered t o  be p a r t i c u l a r l y  important  i n  c o n t r o l l i n g  

the  metal  species which are subsequently discharged t o  t he  sewer and 

rece i v ing  waters. Dissolved c h l o r i d e  and DOC concentrat ions are  

i n f l u e n t i a l  i n  c o n t r o l l i n g  the  Levels o f  so lub le  metals and i n  

p a r t i c u l a r  those which may be b i o a v a i l a b l e  t o  the  aquat ic  f l o r a  and 

fauna whereas SS and POC Levels w i l l  a c t  as scavengers f o r  the  removal 

o f  d isso lved po l l u tan ts .  The soLubLe/sorbed meta l  d i s t r i b u t i o n  i s  

a l s o  h i g h l y  dependent on the  pH which a t  the  o u t f a l l  can be seen t o  be 

c lose t o  n e u t r a l  f o r  a l l  the  monitored storms (Table 2) and the re fo re  



Table 2 HydroLogicaL Charac te r i s t i cs  and Water Qua l i t y  Parameter 

O u t f a l l  Concentrations f o r  Selected Storm Events on the  

Oxhey and Bergsjon Catchments 

Star. Catchment Storm Urban Average - - - - - ~ ~ ~ ~ g _ e - g g ~ ~ ~ ~ ~ - _ p ~ ~ ~ g ~ ~ ~ - ~ ~ ~ ~ _ e f i ~ ~ ~ ~ i ~ ~ _ " ~ ~ g 9 ~ - ~ )  
Code Duration Runoff (hours, Yojme pH Dissolved Dissolved Suspended Particulate 

(m l 
Chloride Organic Carbon Solids Organic Carbon 

Oxhey 

Oxhey 

Oxhey 

Bergslon 

Bergsjon 

Bergsjon 

Bergsjon 

Bergsjon 

Bergsjon 

+snoumelt events 

o f  Lesser importance as a c o n t r o l l i n g  parameter. The near n e u t r a l  pH 

values observed a t  the  o u t f a l l  a re  cons is tent  w i t h  t h e  b u f f e r i n g  

processes which have been descr ibed i n  the  g u l l y p o t  and which cont inue 

w i t h i n  the p ipe  system. 

Storms 1 and 2 are  representa t ive  o f  t y p i c a l  r a i n f a l l  events a t  t he  

Oxhey site, which occurred du r i ng  the  w in ter  o f  1983, and possess an 

i n t e r v a l  o f  2.7 days between the  two events. The weather f o r  the  

preceding two months contained i s o l a t e d  snowfal ls  and the  road s a l t i n g  

a c t i v i t i e s  which took p lace du r i ng  t h i s  t ime are  r e f l e c t e d  by the  

elevated d isso lved ch lo r i de  concentrat ions observed dur ing  Storm 1 

(Table 2) wi th  a maximum Level o f  179 mg C L  l-l. 

The maximum f l ow  i n tens i t y ,  f o r  a l l  the monitored catchment storms, 

was highest  f o r  Storm 1 w i th  a va lue o f  up t o  231 L S-' which i s  

equivalent  t o  4.7 L S-' ( impervious hectare)-'. The h ighest  

runo f f  i n t e n s i t y  sampled a t  the  Bergsjon s i t e  was 82.3 L S-' i n  

Storm 6 which represents 13.5 L S-' ( impervious hectare)-'. 

Storms 4, 5, 6 and 7 are  t y p i c a l  o f  the  f requent Low t o  medium 

i n t e n s i t y  r a i n f a l l  events which occur throughout t he  year i n  

Gothenburg. As such, they do n o t  present any extreme concentrat ion 

values f o r  the  measured parameters a l though the  SS Level i s  s l i g h t l y  

e levated f o r  Storm 4. 

Snowmelt events 8 and 9 were c o l l e c t e d  a t  t he  Swedish o u t f a l l  du r i ng  

the  w in ters  o f  1984 and 1985 respect ively,  b u t  represent events which 



are  q u i t e  d i f f e r e n t  i n  character. Snowmelt 8 t y p i f i e s  a f a i r l y  rap id  

mel t  f o l l ow ing  severa l  days depos i t i on  o f  snow. Ple l t ing was due t o  a 

combination o f  increased temperatures and r a i n f a l l  which resu l t ed  i n  

runo f f  f lushes conta in ing  concentrat ions o f  SS and d isso lved ch lo r i de  

o f  up t o  1624 mg l-I and 17 g l.-', respect ive ly .  I n  cont ras t  

snowmelt 9 occurred a t  Lower ambient temperatures and was there fore  a 

much slower process which consequently produced Lower concentrat ions 

o f  d isso lved c h l o r i d e  and SS (Table 2 ) .  

Comparison o f  snowmelt and stormwater runo f f  events c l e a r l y  

demonstrates the  tendency f o r  SS concentrations, and there fore  

Loadings, t o  be higher i n  the former (snowmelt r uno f f  range: 4.5 - 
1624 mg l"; stormwater runof f  range: 24.9 - 306.0 mg I-'). This 

has been observed by o ther  s tud ies  (Malmqvist 1983) and one 

explanat ion i s  the  a d d i t i o n  o f  s o l i d  m a t e r i a l  t o  the  road surface 

dur ing  s a l t i n g  operations. However, a more s a t i s f a c t o r y  explanat ion 

may be t h a t  deposited p a r t i c u l a t e s  are  mixed w i th  the  snow and the  

r e s u l t i n g  snow and p a r t i c u l a t e  e m u l s i f i c a t i o n  provides a more 

e f f e c t i v e  and a c t i v e  mechanism f o r  re leas ing SS t o  the  subsequent 

runof f .  I n  the  d i r e c t  re lease o f  road dusts t o  stormwater runo f f  t he  

surface and the  p a r t i c u l a t e s  requ i re  i n i t i a l  wet t ing  t o  reduce the 

f r i c t i o n a l  shear s t ress  before such e f f i c i e n t  removal can occur. 

The average DOC concentrat ions (Table 2) do no t  show a great  dea l  o f  

v a r i a t i o n  although there  i s  a tendency f o r  them t o  be higher i n  

stormwater compared t o  snowmelt r u n o f f  events. This may be a 

consequence o f  t h e  reduct ion  o f  b i o l o g i c a l  g u l l y p o t  and in-pipe 

sediment maturat ion processes, which are known t o  re lease DOC, dur ing  

colder weather. The range o f  DOC concentrat ions measured f o r  a l l  9 

storm events was 2.9 t o  14.2 mg l-I w i t h  the  h ighest  concentrat ions 

predominantly occur r ing  a t  the  beginning o f  the  events which i s  

cons is ten t  w i t h  the  e a r l y  re lease o f  t h i s  c o n t r o l l i n g  parameter from 

the g u l l y p o t  system. 

Stormwater s o l i d s  appear t o  be h i g h l y  organic enriched, w i th  up t o  33% 

POC composition, which i nd i ca tes  a c lea r  enhancement between the  

g u l l y p o t  ou t f l ow  and the  catchment o u t f a l l .  This enrichment i s  

undoubtedly due t o  t he  hyd rau l i c  re lease and t ranspo r t  o f  h igh l y  

organic ma te r i a l  from w i t h i n  the  in-pipe system as w e l l  as t o  the 



a b i l i t y  o f  t he  re-entra ined p a r t i c l e s  t o  adsorb organics released by 

m ic rob ia l  a c t i o n  w i t h i n  the  below-ground system. The consequences o f  

these high POC l e v e l s  i n  terms o f  metal  re lease t o  t he  rece iv ing  

waters are t h a t  those metals such as copper which have a  high a f f i n i t y  

f o r  organics w i l l  be s t rong l y  a t t r a c t e d  t o  the  s o l i d  phase. 

6 Temporal Var ia t ions  i n  Water Q u a l i t y  

Parameters a t  the  Stormwater O u t f a l l  

The temporal v a r i a t i o n s  i n  water q u a l i t y  parameters observed du r i ng  

i n d i v i d u a l  storm events show d i s t i n c t  t rends which can be r e l a t e d  t o  

g u l l y p o t  behaviour and the  e f f e c t s  o f  vary ing  source cont r ibu t ions .  

The pol lutographs f o r  Storm 5 (Figure 2 )  are f a i r l y  t y p i c a l  o f  those 

observed a t  the  stormwater o u t f a l l .  SS p a r a l l e l  t he  f l o w  hydrograph 

w i th  the increase observed du r i ng  the  i n i t i a l  subdued f l ow  peak a t  15 

t o  25 minutes, p r i m a r i l y  represent ing in-pipe washout although i t  i s  

accompanied by some con t r i bu t i ons  der ived from the  e a s i l y  mobilised, 

f i n e  s o l i d s  contained i n  road surface runof f .  The main SS peak 

coincides w i t h  t he  peak f l ow  al though the  maximum s o l i d s  Loading ra tes  

precede the  f l ow  peak by some 7-10 minutes; t h i s  f ea tu re  i s  

cons is ten t  w i t h  the  r e s u l t s  obtained from the g u l l y p o t  study. The 

' f i r s t  f l u s h '  o f  s o l i d s  from road runo f f  i s  delayed through g u l l y p o t  

s e t t l i n g  bu t  the  chamber contents are  subsequently remobi l ised by the  

increas ing turbulence and unstable f l ow  cond i t ions  associated w i th  t h e  

r i s i n g  Limb o f  the  hydrograph. I n  the  case o f  snowmelt events there  

i s  a  much greater  tendency f o r  SS Loadings t o  peak before  maximum f l o w  

which i s  i n d i c a t i v e  o f  the greater  a c t i v i t y  and more r a p i d  d e l i v e r y  o f  

snowbound surface pa r t i cu la tes .  

There i s  a  subs tan t i a l  e a r l y  peak o f  DOC commonly observed a t  t he  

storm o u t f a l l  which coincides w i t h  t he  i n i t i a l  f l o w  stage (Figure 2 ) .  

Whi ls t  there  may be'some c o n t r i b u t i o n  t o  t h i s  e a r l y  Loading from 

below-ground sources, the  p a t t e r n  i s  very s i m i l a r  t o  t h a t  observed f o r  

Storm A (Figure 1) a t  the  g u l l y p o t  ou t f l ow  and s t rong l y  suggests t h a t  

the  major source o f  t h i s  i npu t  i s  from surface runof f .  This 

i n t e r p r e t a t i o n  i s  confirmed by the  occurrence o f  a  co inc ident  peak i n  
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Figure 2 Water Qua l i t y  Parameter Loadings a t  the Stormwater 

O u t f a l l  f o r  Storm 5 

d isso lved ch lo r i de  which i s  c e r t a i n l y  der ived from road runof f .  These 

e a r l y  p o l l u t a n t  Loadings pass q u i c k l y  through the  system as 'p lug  

f lows '  and show a  rap id  dec l i ne  which may be p a r t l y  r e l a t e d  t o  

d i l u t i o n  by 'c lean'  roo f  waters d ischarg ing through the  sewer dur ing  

t h i s  e a r l y  f l ow  phase. The leading peaks i n  d isso lved ma te r i a l  can 

the re fo re  be r e l a t e d  t o  both the  scour ing o f  in-pipe depos i ts  as w e l l  

as t o  the  rap id  removal o f  r oo f  and road products and may be described 

as ' r e a d i l y  ava i l ab le1  organics. 

The subs tan t i a l  secondary organic peaks accompanying the  main f l ow  

peak can most probably be r e l a t e d  t o  the  mob i l i sa t i on  and t ranspor t  o f  

g u l l y p o t  sediment maturat ion products as w e l l  as t o  t h e  Large scale 

removal o f  organics from the road surface. The increased hydrau l ic  

f l ow  e f f e c t  i s  requ i red  t o  e n t r a i n  and t ranspor t  road and chamber 

sediments and t o  achieve the  associated re lease o f  organic compounds. 

The DOC released i n  t h i s  way can be def ined as the  ' r es idua l  matured' 

organics. The existence o f  peak Loadings which can be assigned t o  t he  

two phases o f  ' read i  Ly avai  Lab Le' and res idua l  matured' organics are  



c l e a r l y  observed f o r  a l l  the r u n o f f  events studied. This p a t t e r n  i s  

no t  cons is ten t ly  demonstrated however i n  the case o f  d isso lved 

ch lo r i de  which i s  normal ly  depleted a f t e r  the  i n i t i a l  f l ow  peak and 

r e f l e c t s  a surface exhaustion e f f e c t .  During snowmelt events and 

win ter  stormflows, the  d isso lved c h l o r i d e  Levels tend t o  produce 

higher Loadings throughout the  event w i th  peak Levels corresponding t o  

peak f lows conf i rming the  surface source o f  delayed, secondary 

p o l l u t a n t  peaks. The d i f f e rence  i n  behaviour between d isso lved 

ch lo r i de  and DOC c l e a r l y  i nd i ca tes  the more complex biochemical 

t r ans fe r  processes which operate f o r  the  La t te r  parameter w i t h i n  the  

below-ground system i n  comparison t o  the  more d i r e c t  surface washoff 

and d i l u t i o n  mechanisms c o n t r o l l i n g  the  o u t f a l l  discharge o f  ch lo r i de  

and other so lub le  inorganics. 
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Abstract 

In the new town Lelystad, the overground runoff is collected by storm 

sewers, which discharge into the urban surface waters. Following the 

precipitation on its way to the canals, significant water quality 

changes can be observed. The precipitation itself is contaminated by 

air pollution. During surface runoff the water can pick up or drop 

pollutants. The nature and amount of picked up or dropped pollutants 

depend on the characteristics of both the rainfall and runoff and the 

surface involved. 

In this study the water quality of rainfall and runoff from selected 

surfaces such as a roof, a motorway and galvanized railings was 

investigated. Concerning the runoff from a sloping roof, it is a 

striking fact that pollutants seem to accumulate on the roof while only 

high rainfall intensities wash them off; especially lead seems to 

accumulate. 

Runoff from a town motorway was heavily polluted by traffic induced 

substances like lead, zinc, oil and polycyclic aromatic hydrocarbons. 

Concentrations in the runoff lie for some constituents far beyond Dutch 

standards for open waters. Corrosion of galvanized railings explains 

the bulk of the zinc concentration in the stormwater runoff from a 

housing area. 



1 Introduction 

The excess rainfall on an urban area flows off by way of roofs, 

pavements, streets, gullypots, etc. into the sewer. With a separate 

sewer system like the one in Lelystad, the excess precipitation is 

discharged by way of the stormwater sewer directly into the canals, 

while the waste water is discharged to a waste water treatment plant. 

Starting-point for the separation from these two discharge streams was 

the idea that stormwater was "clean" and direct discharge into open 

water was allowed. 

Nowadays it is quite clear that stormwater is polluted in many ways. A 

large number of substances discharged with the stormwater, can affect 

the quality of the aquatic environment. The main point of research now 

is, besides assessing the annual load, the analysis of quality data 

from discharge-events and the reaction of the receiving open water upon 

such a discharge. The quality of the runoff from urban surfaces depends 

on the type of the surface - roof, street, sidewalk - and on the 
incoming load of pollution, the accumulation and the removal. Part of 

the Urban Water Research Project Lelystad is the analysis of the 

quality of the runoff from these selected surfaces. In this paper some 

results of this study will be presented. 

2 Runoff pathways 

On it's way to the receiving water, the runoff picks up pollution from 

the surfaces at several places. Part of this pollution is transported 

only over a short distance, due to e.g. settling or (re)attaching. The 

occasions where the stormwater can become polluted after reaching the 

urban ground surface are indicated in figure 1. 



- .. . . . - - - - watertransports - pollutional sources - pollutional sinks 

Figure 1 Stormwater runoff: pathways and pollutional sources and 

sinks (Uunk, 1985) 

The most important sources of pollution for both the covered and 

uncovered surfaces are the wet and dry deposition, the traffic, the 

animal excrements, corrosion and organic and inorganic waste from 

litter, leaves, etc. The quality of the stormwater discharge can also 

be affected by illegal discharges into gullypots, wrong connections 

between waste and stormwater sewers and biodegradation processes. On 

the other hand some pollution will be removed by adsorption to the 

soil, by streetsweeping and by cleaning the gullypots and manholes. 

3 Water quality measurements in Lelystad 

In the housing area Bastion, a section of Lelystad, research is going 

on since 1982 considering the pollution of the stormwater discharges 

and the effects on the receiving water. The stormwater discharge and 

the precipitation are measured continuously. The stormwater discharge 

is sampled about every 12 m3. At the same time the wet deposition is 



measured with a closable raincollector, which is opened during rainfall 

only. Moreover, an extensive measuring programme including continuous 

water quality monitoring is executed in the receiving water. The 

measurements and the control over the measuring-system is executed by a 

data acquisition system based on a desk calculator (HP 9825). 

In the Bastion area 270 single family houses are realized in 2 to 4 

storey buildings. The roofs of these buildings have an angle of about 

25O with the horizontal. The total area is 4.5 ha; 66% is covered; the 

slope of the surface amounts between 0 and 0.5%. 

In addition to the water quality analysis of the runoff from the whole 

basin, the runoff from several small basins is sampled in order to 

measure the contribution of these selected surfaces to the pollution 

that is found at the stormsewer outfall. For that purpose not only the 

quality of the precipitation, is assessed, but also of the discharge 

from a city mainroad and from a roof. Moreover the sources of the zinc 

load of the area is investigated. 

Recently research has started to examine the content of gullypots, the 

amount of pollution transported over the paved surface during rainfall 

and the effect of streetsweeping. 

The precipitation used for assessing the quality of the wet deposition 

is collected in the Bastion area with a collector, which is closed 

automatically during dry periods. The collector is situated about 2.5 m 

above surface level and is made of inert material. The results of 16 

samples were available. 

For sampling the roof discharge, a roof of 8 m2 in the Bastion area has 

been selected. Of these 8 m2, 6.50 m2 have an angle of 35' with the 

horizontal and the remaining 1.50 m2 is situated vertically. In the 

horizontal projection, the roof surface is 5.25 m2. The roofing 

material is asbestos-cement. Its surface is slightly rough. On about 

1 m2 algae have developed; the rest of the surface looks more or less 

clean. In 1985 6 rainstorms have been sampled. 



A part of a city mainroad that drained to a gullypot was used to 

collect samples of the discharge of a larger road. The surface area 

amounts 176 m2 and the road is made of asphalt. The roadcover was 

smooth and showed no cracks. The outflow of the gullypot was connected 

to a large underground tank, to collect the total discharge from a 

storm. Samples of 11 storms have been analysed. The traffic intensity 

was about 3200 cars per day. 

For 3 rainstorms a simultaneous quality analysis was available for the 

precipitation, the roof discharge, the road discharge and the Bastion 

storm sewer discharge. 

The water trickling down from 2 galvanized railings during rainfall was 

collected in 10 storms. These railings are used extensively on the 

balconies and outside corridors of the appartments. The (galvanized) 

metal surface of 1 railing is 1.3 m2. The total surface in the Bastion 

area is estimated as 2,700 m2. 

4 Results 

4.1 Rainfall and roof discharge 

Precipitation itself is already polluted with particles and dissolved 

substances out of the air. Table 1 gives the quality measurements of 

the rain water during the research period and those measured in 

Lelystad and in The Netherlands during a longer period. 



Table 1 Quality of rain water in Lelystad and The Netherlands 

parameter units (1) (2) (3) 

NH4 mg/ l 1.35 1.64 3.08 

NO3 + NO2 mgll .80 .75 5.53 

P-tot mg/l .04 .08 

P-ortho mg/ l .01 .47 

C1 mgll 5 9 5 

PH 4 .8 4.6 

Fe mg/l .24 .06 

Pb I d 1  23.5 10.0 18.0 

Cd ~lg/ l .5 .5 

Cu M /  1 13.3 12.7 

Cr ~ g /  1 5.0 .5 

Zn ~ g / l  74.0 85.0 

(1) Bastion '83 - '85 median 
(2) Lelystad '72 - '80 mean 
(3) The Netherlands '78 - '82 median of 27 local mean values 

(Van de Ven, 1986) 

The mean quality of the rain water measured during the research period 

differs only slightly from that of earlier measurements in Lelystad and 

The Netherlands, albeit those earlier measurements comprised the 

composition of dry and wet depositions. 

The mean values for ammonia and nitrate in The Netherlands however, are 

remarkably higher than those in Lelystad, due to the difference between 

wet and dry deposition, although the fact that Lelystad is located at 

larger distance from ammonia and nitrate sources than other locations 

may be another reason. A striking but inexplicable difference is 

furthermore found for Chromium. Nevertheless, the values measured in 

different periods in Lelystad are in the same order of magnitude. 

Table 2 gives the mean values of the quality of runoff from the 

selected surfaces. The water quality analyses of the precipitation, the 

roof runoff, the motorway runoff and the stormwater runoff as well as 



the rainfall and runoff intensities for the three rainstorms are 

entered in table 3. The difference between the quality of the rain 

water and that of the roof runoff gives an indication in which way the 

roof influences the quality of the discharged rain water. 

Table 2 Water quality data from the experimental basin "~astion" 

(precipitation, roof- and stormwater runoff) and from a 

"town motorway". Units: NH4-Oil in mg/l; Pb-CPAC in pg/l 

* wm. = discharge weighted mean, med. = median 

** (1) = 16 events; (2) = 6 events; (3) = 11 events; (4) = July '82 - 
Dec. '85 

r 

NH4 

NO3 + NO2 
N-kjeld. 

N-Kjeld. f. 

Total-P . 
Total-P.f. 

Ortho-P 

BOD 

COD 

SS 

SS-org. 

Oil 

PH 

Pb 

Cd 

Cu 

Cr 

Zn 

CPAC 

(Borneff 6) 

Precipitation 

(1) ** 
wm.* med. 

1.08 1.35 

.72 .80 

2.41 1.50 

1.09 1.20 

.09 .04 

.05 .05 

.07 .01 

4.7 4.8 

32.6 23.5 

2.5 .5 

10.9 13.3 

7.8 5.0 

94.1 74.0 

Roof (2) 

wm. med. 

.94 .66 

.66 .65 

1.48 1.35 

1.22 1.10 

.08 .07 

.05 .02 

.04 .01 

6.7 6.8 

10.1 11.1 

.5 .6 

5.7 5.0 

5.0 5.0 

33.4 39.7 

Motorway (3) 

wm. med. 

1.22 1.30 

.91 .90 

3.33 2.70 

1.52 1.60 

.34 .26 

.02 .03 

.01 .01 

8.9 5.0 

119 78 

149 90 

47 33 

6.5 4.1 

6.7 7.1 

443.5 342.5 

2.4 1.6 

77.4 49.2 

16.0 10.3 

323.9 247.5 

4.4 2.2 

(I 

Stormwater 

runoff (4) 

med. 

.95 

1.97 

1.90 

1.39 

.45 

.l2 

.l6 

3.7 

30 

4 5 

14 

1.1 

72.7 

.7 

14.0 

9.8 

505.5 

.5 
I 



Table 3 Water quantity and water quality of three storm events 

Quantity storm 1 storm 2 storm 3 

dry weather period d .8 1.5 .5 

max. runoff intens. l/s/ha 4.6 3.5 36.2 

max. rainfall int.* l/s/ha 17.5 18.9 307.0 

rainfall depth mm 14.1 5.7 10.4 

Quality 

* rainfall intensity measured during small intervals; ca. 20 secs. 
** quality of: P = rainfall; R = roof; M = motorway; Q = stormwater 

discharge 

P** 

R 

M 

Q 

P 

R 

M 

Q 

P 

R 

M 

Q 

P 

R 

M 

Q 

storml storm2 storm3 

N-Kjeld mg/l 

.7 2.6 - 

.4 1.9 3.5 

1.4 2.7 10.0 

.8 1.2 5.2 

P. tot.filt mg/l 

.01 .05 - 

.l4 .O1 .02 

.02 .04 .03 

- .l7 - 

Pb ~ g / l  

7.6 41.8 8.8 

5.0 20.4 22.0 

333.1 209.0 1289.0 

7.0 28.3 16.1 

Zn ug/l 

61.0 538.0 58.0 

30.0 68.0 40.0 

189.7 242.0 719.0 

410.0 955.0 1205.0 
b 

storml storm2 storm3 

NH4 mg/l 

.8 1.9 - 

.38 1.1 2.44 

.29 1.5 2.41 

.58 .64 1.8 

N-Kjeld.filt. mg/l 

.6 2.6 - 

.2 1.7 3.1 

.2 2.1 2.8 

.5 .9 2.4 

P-ortho mg/l 

.01 .05 .01 

.l4 .01 .01 

.01 .03 .01 

.l4 .48 .l7 

Cd l 

.3 1.1 .3 

.4 .7 .4 

1.6 1.6 6.5 

.4 - - 

storml storm2 storm3 

NO3 + NO2 mg/L 

.5 2.6 - 

.4 2.0 .9 

.36 2.3 .6 

.7 2.4 1.0 

P.tot mg/l 

.01 .08 .04 

.l6 .02 -09 

.24 .l8 .76 

.20 .80 1.10 

pH 

4.6 4.3 - 
6.5 7.0 7.0 

7.1 7.4 7.5 

- - - 

Cu l 

13.4 23.3 15.9 

5.0 7.1 8.0 

45.0 42.0 175.0 

11.8 14.8 40.9 



In table 2 can be seen that the concentration of almost all 

constituents in the roof runoff are lower than in the precipitation. 

Only total-P gives a higher value for the roof runoff, most likely 

caused by faecal droppings from birds. From the concentrations measured 

in both the rain water and the roof runoff during the three rainstorms 

(table 3) one can draw the same conclusions. 

The difference between the nutrient concentrations are not substantial; 

the heavy metal concentrations however decrease sharply during roof 

runoff. In particular this is the case with lead and zinc. Obviously 

these metals are bound to particles andlor algae present on the roof, 

which are not washed off by the stomater in first instance, but only 

during high rainstorm intensities. 

Rainstorms 3 (table 3) gave a very high rain storm intensity of 

307 l/s/ha (precipitation measurements are performed within small time 

intervals of about 20 seconds). Nevertheless table 3 shows that only 

lead is washed off substantially during this event, while zinc still 

accumulates on the roof. Another possible removal mechanism is, that 

the accumulated material dries out first and erodes by the wind later 

on. Further investigation on these processes are needed. 

After contact with the surface the pH of the rain water increases, in 

the first case due to a change in the carbon dioxide equilibrium. 

4.2 Runoff from a motorway and a housing area 

4.2.1 Motorway 

The ammonia and nitrate concentrations in the motorway runoff differ 

only slightly from the concentrations in the precipitation. The 

Kjeldahl nitrogen content however is much higher than in the 

precipitation, which is already rather high on itself. The entrainment 

of traffic induced organic particles must be the reason. 

The total phosphate content is substantially larger than in the 

precipitation. The concentration in the filtrate however, hardly 

differs from that in the prcipitation; the phosphate is bound to the 

washed off particles. 



In fact the concentration of the organic and inorganic suspended solids 

in the motorway runoff is 2-3 times that in the stormwater runoff from 

the housing area "Bastion". At first glance one would expect the 

contrary, but a lot of particulated matter erodes from the verges by 

the runoff and the traffic induces whirlwinds. In the runoff from the 

motorway as well as that from the housing area the organic material is 

one third of the total suspended solids load. 

In comparison with the concentrations in the rain water, the content of 

the heavy metals lead, zinc and copper in the motorway runoff is rather 

high. The lead originates from the combustion of "1eaded"petrol; zinc 

principally comes from the wear of car-tires while copper con- 

centrations are much higher than those in the stormwater runoff from 

the Bastion, which is not surprising in view of the low traffic load in 

the housing site. 

4.2.2 Housing area 

The zinc concentration in the runoff from the housing area is fairly 

high. The main source of this zinc must be the galvanized railings in 

the area, considered the results of the analyses of the zinc 

concentration in the rain water dripping off from two railings (table 

4). 

Zinc railings are used throughout the housing area on balconies and 

upper-footpathes. The corrosion of these galvanized railings by rain 

water contributes to a large extent to the zinc content of the storm- 

water runoff (table 4). 

Table 4 Mean zinc concentrations in runoff from railings used on 

balconies and upper-foothpathes (10 collect samples) 

Zn Zn-filt. pH Total rain- Total load Total surface 

mg/l mg/l fall (mm) (mg) of railings 

(m2 1 
Mean 75.6 71.9 5.97 200 2286 2.6 

Highest 191.0 190.0 6.59 Specific load: 

Lowest 19.5 18.6 5.20 4.4 mg ~n/rn~/mm rainfall 



The total galvanized surface in the area is about 2700 m'. Using the 

values from table 4 this surface emits about 2.4 kg zinc anually. With 

a covered surface of 3 ha, the concentration in the stormwater runoff 

- caused by corrosion - amounts to 400 vg/l. The observed mean zinc 

concentration in the stormwater runoff is 505 vg/l; so the influence of 

the railings must be considerable. The rain water itself contents about 

75 1.18 Zn/l, added to the 400 vg/l from the railings, gives an almost 

perfect balance of the amount of zinc washing off from the Bastion 

area. 

The BOD en COD of the motorway runoff are considerably higher than 

those of the stormwater runoff from the Bastion. Discharging this 

runoff on the receiving water could result in problems with the oxygen 

balance in those waters. However, the amounts of motorway runoff are 

generally small. The COD/BOD ration of 13 indicates a very low bio- 

degradability of the organic matter in the runoff. 

Finally some comments on the contents of oil and polycyclic aromatic 

hydrocarbons. A median oil content of 4.1 mg/l in the motorway runoff 

was measured, which is about 4 times the concentration in the runoff 

from the Bastion: a very clear pollutional impact by the motorized 

traffic. Concentrations of the polycyclic aromatic hydrocarbons - the 
"Borneff six" - in the motorway runoff are also about 4 times those in 
the Bastion runoff (2 .2  - .5 vg/l). Considered the Dutch standard for 

surface waters of .l pg/l(IMP, 19851, especially the first value of 2.2 

is very high, the impact of exhaust emissions by the motorized traffic 

is evident. 

5 Conclusions 

- Differences in the water quality of the runoff from selected surfaces 
within one basin are considerable. 

- Surprisingly most concentration of the analyzed constituents 
decrease, comparing rainfall quality with roof runoff quality. 

Only total-P gives a higher value, most likely caused by bird 

droppings. 

Obviously lead is bound to particles and/or to algae on the roof and 

is washed off only during high rainstorm intensities. 



The behaviour of z inc  is not q u i t e  c l e a r ,  because only about ha l f  the  

r a i n  water concentrat ion i s  found back i n  the  roof runoff .  

Further i nves t iga t ion  of t he  processes on the  roof a r e  needed. 

- The runoff from a "town-motorway" is pol lu ted  mainly by lead ,  z inc ,  

copper, organic (micro)pollutants l i k e  o i l  and polycycl ic  aromatic 

hydrocarbons (both about 4 times the  concentrat ion i n  the  housing 

area  runoff)  and a high content  o f  suspended s o l i d s ,  from which 113 

is  of organic o r ig in .  Motorway runoff is  the  most po l lu t ed  runoff 

from the surfaces  considered here.  Treatment is expedient. 

- The influence of corrosion of galvanized r a i l i n g s  i n  the  housing area  

on the z inc  concentrat ion of the  runoff is  evident.  Analysis of t h e  

r a i n  water dr ipping o f f  from those  r a i l i n g s  showed a s p e c i f i c  load of 

4.4 mg ~n/m~/mm r a i n f a l l .  

The t o t a l  z inc  discharge from the  housing a r e a  i s  almost completely 

explained by the  corrosion of the  galvanized r a i l i n g s  and the  z inc  

content i n  the  stormwater. 

- To obta in  a complete in s igh t  i n  the  change of t h e  stormwater q u a l i t y  

caused by contac t  wi th  var ious  runoff elements - l i k e  s t r e e t s  gu l ly  

po t s ,  sewer p ipes  - more research  is  needed. 
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Abstract 

The primary objective of the study was to investigate hydrogen sulphide 

formation rates and concentration levels in pressure mains serving com- 

bined sewered areas. The investigations were carried out in a 3.9 km 

pressure main which transports the sewage from a combined sewered town 

of 12,000 equivalent persons of COD and a catchment area of 106 ha. 

During dry as well as wet weather periods flow conditions, temperature 

and concentrations of hydrogen sulphide, sulphate and soluble COD were 

recorded. Based on these data and sewer design parameters an empirical 

formula which estimated the hydrogen sulphide concentration was devel- 

oped and evaluated. This model was the fundamental basis on which to 

establish an optimal procedure for regulation of chemicals to the waste- 

water in sewers in order to reduce the hydrogen sulphide problem. The 

investigations showed that the model depended on the daily variation and 

dry/wet weather conditions of the flow, the temperature and the COD con- 

centration in a given sewer. Reduced COD concentration and residence 

time in the sewer during rain events would considerably depress the hy- 

drogen sulphide concentration and reduce the need for chemicals. 

1 Introduction 

Generation of sulphides in sewerage systems is a well known phenomenon 

in countries with a warm climate. A wide complex of problems are asso- 



ciated with the hydrogen sulphide formation among which the following 

are comon: 

- Corrosive effect on concrete pipes and pumping stations due to bio- 

logical oxidation to sulphuric acid on moist surfaces. 
- Odor and human health problems. 

Thistlethwayte (1972) and USEPA (1974) . 
Under anoxic conditions in the sewers bacterial metabolism in the wall 

slimes, i.e. the biofilm, causes hydrogen sulphide production. The gene- 

ration of the sulphides takes place through decomposition of domestic 

and industrial wastes while inorganic sulphate is reduced to sulphide. 

The microorganisms involved in this process are usually referred to as 

sulphate reducing bacteria, Postgate (1984). Sanitary sewage generally 

contains the substrates - sulphate and organic matter - which are the 
basic elements required for the sulphide generation. Under the tempera- 

ture conditions prevailing in the Northern part of Europe, e.g. Denmark, 

the bacterial activity in the partly filled gravity sewers will usually 

not deplete the dissolved oxygen concentration to zero although examples 

of hydrogen sulphide build-up in these systems are known, Kuntze (1983). 

Until recently the gravity sewer system was absolute predominant in Den- 

mark. However, during the past decade large, central sewage treatment 

plants have become more and more common. This trend has resulted in an 

increased demand for full flowing pressure mains as the most efficient 

way of transportation of sewage to the centralized treatment plants. In 

these closed systems the dissolved oxygen in the sewage is rapidly con- 

sumed leaving the sewer in an anoxic state where hydrogen sulphide pro- 

duction may take place. 

An important design parameter for the pressure main which is closely re- 

lated to the potential for hydrogen sulphide formation is the ratio 

between the highest and the lowest value of the sewage flow. In a sewer 

serving a separate sewered catchment area this ratio is typical in the 

order of 4:l indicating the daily and annual flow pattern. From combined 

sewered areas the ratio may easily reach a value of 10:l in order to 

protect sensitive receiving waters from combined sewer overflows. This 

fact results in increased residence time for the sewage in the pipe 

during dry weather conditions and a subsequent higher sulphide concentra- 

tion in a combined sewer compared with a separate sewer system. 

It is the purpose of the paper to highlight the impact of wet and dry 



weather conditions on the hydrogen sulphide formation in pressure mains 

serving combined sewered areas. Especially, the development of a model 

for forecasting sulphide production will be emphasized. This model will 

be evaluated and compared with models proposed by Boon and Lister (1975) 

and Pomeroy and Parkhurst (1977). 

2 Investigated sewer system 

The investigations were performed on a 3.9 km pressure main connecting 

two pumping stations, p4 (Vejby) and p3 (Boerglum) (Figure 1). This pres- 

sure main is a part of a sewerage system serving a wastewater treatment 

plant in Loekken located in the Northern part of Jutland, Denmark (Figu- 

re l). Sewage equivalent to 12,000 persons from a combined sewered town 

(Vraa) is pumped through the pipe. 

....*S - pressure main 
c : : : : I  . g ------gravity sewer 
0 1  2 3 4 5 k m  . . . p xx pumping stat~on 

Figure 1 The main sewerage system for the Loekken-Vraa municipality 



Table 1 and 2 summarizes the main characteristics for the pressure main 

investigated. 

Table 1 Chief characteristics for the pressure main connecting pumping 

station p3 and p4 

Diameter of pipe: 

inside 376.6 mm 

outside 400 mm 

Total length of pipe 3890 m 

Total volume 433 m3 

Inside area of pipe 4602 m2 

Table 2 Data for the pumps in pumping station p4 

Number of pumps Maximal flow in pipe Velocity in pipe 

in operation (m3/hr> (m/ S> 

1 260 0.65 

2 430 1.07 

3 500 1.25 

3 Methodology 

The investigations were carried out in July-November 1985. During this 

period of time the daily dry weather flow varied between approximately 

25 and 80 m3/hr. Based on data from table 2 this implied that one pump 

on average operated between approximately 5 and 20 minutes per hour. In 

pumping station p4 one pump was in action for at least 3-4 minutes con- 

tinuously. Therefore, the flow pattern in the pipe was intermittent with 

a maximal velocity of 0.65 m/s. During a rain event the pattern may 

change from intermittent to continuous flow and up to three pumps may be 

in operation at a time (Table 2). The flow pattern was followed inten- 

sively throughout the whole period of investigation. The continuous regi- 

stration of number of pumps in operation gave the information needed to 

identify and calculate the residence time for each unit of volume arriv- 

ing at pumping station p3. 



Sampling took place in the wet wells in the two pumping stations. Samp- 

les were collected automatically every second minute while the pumps 

were in operation and one hour composite samples were prepared for ana- 

lysis. 

Samples for sulphide and sulphate analysis were preserved with zincace- 

tate and to samples for COD analysis sulphuric acid was added. This pro- 

cedure required two sample collectors in station p4. Twentyfour samples 

were collected to cover the variations throughout one day and night. 

The samples were carried to the laboratory during the sampling period, 

and samples for sulphate and COD were filtered (0.45 pm) and refrigerated 

at 4 'C until analyzed. 

The samples were analyzed for COD (dichromate method), sulphate (turbi- 

dimetric method) and sulphide (methylene blue method). A11 methods were 

slightly modified according to Standard Methods (1980). 

It is important to notify that the analysis for the total sulphide con- 
-- 

centration (H2S, HS-, S and FeS) makes it possible to calculate the 

flux of sulphide from the biofilm whether this was precipitated in the 

sewer or not. 

Based on previous experiments and calculations only a minor relative 
-- 

change in the concentrations of COD and S04 in the sewer was expected. 

Therefore, only the samples from pumping station p4 were analyzed for -- 
soluble COD and SO4 . Duplicate or triplicate analyses of all the indi- 
vidual collected samples were performed. 

Also pH, redoxpotential and temperature were measured at intervals. 

4 Experimental results and discussion 

All experimental results will not be shown in this paper. However, table 

3 gives an overview of the results obtained. Every period, day and night, 

comprises 24 data of the parameters given. 

4.1 Model for hydrogen sulphide formation during a dry weather 

period 

Generally, a model for forecasting sulphide production in sewers must 



Table 3 Overview of data from the study related to hydrogen sulphide 

formation 

Period Date Total sulphide Sulphate Soluble Residence time Tempera- Weather 
no. (1985) concentration, conelL COD, th(hr) ture 

C, (gs/m3) C (gin3) ~(OC) 
SO4 

p4 p3 (gs/m3) 

1 July 0-0.4 0.1-4.5 70.0 130-570 6.0-11.7 11-13 dry 
1-2 (few up 

to 75) 

2 Aug. 0.1-1.0 0.1-0.9 20-35 50-350 1.0-11.7 12-16 wet 
19-20 (single: 

138) 

3 Sep. 30 0.1-0.6 0.1-1.9 1.20 50-440 3.7-7.3 12-13 wet 
-Oct. 1 (single: 

104) 

4 Nov. 0-0.3 0-1.2 8-22 50-370 1.7-6.2 4-7 wet 

take into account the substrate for the sulphate reducing bacteria, i.e. 

the concentrations of sulphate and the organic carbon source (COD). In 

the study reported here the COD concentration, but not the sulphate con- 

centration, affected the rate of sulphide production (Figure 2). 

July 1-2, 1985 
103g /m2 X hr 4 

30 -- 

25 -- 

r = 0.047 X COD 

COD 

6 l00 200 300 400 500 600 gC3 

Figure 2 Correlation between sulphide production rate (flux of sulphide 

from the slime layer), r, and the soluble COD conc. in the sewage 



The sulphate concentration level was about 20 g~/m3 and very few samples 

were below 15 g~/m3 (Table 3). Calculations showed that above this level 

there was no effect of the sulphate concentration on the sulphide produc- 

tion rate. However, under conditions with a higher COD concentration the 

sulphate concentration may turn out to give an effect on the rate, Thist- 

lethwayte (1972). 

The rate shown in Figure 2 was based on hourly mass balances for sulphide 

production in the sewer involving increase in the total sulphide concen- 

tration for hourly pumped volumes from pumping station p4, residence time 

in the sewer and pipe design parameters. 

Based on the findings mentioned the equation of the regression line (Fi- 

gure 2) was: 

r = 0.047 X I O - ~  X COD (1) 

where 

r = rate of sulphide production (flux of sulphide from the biofilm), 

g /m2 hr 

COD = chemical oxygen demand for filtered samples, g/m3 

Equation 1 was evolved at 12 'C. It appears that the over-all effect of 
0 -1 temperature on the sulphide production in sewer slimes is about 0.07 C , 

Pomeroy and Bowlus (1946). At 20 'C equation 1 resulted in: 

r = 0.080 X I O - ~  X COD (2) 

The specific sulphide flux coefficient (in units of m/hr) corresponded 

with a preliminary study carried out in May 1985. 

Equation 2 is similar to the following two empirical models forecasting 

sulphide production in full pipes: 

r = 1.0 x 10-~ X BOD Pomeroy and Parkhurst (1977), USEPA (1974) 

r = 0.228 X 10-~ X COD Boon and Lister (1975) 

With a BOD/COD conversion factor of about 0.7 for the case in question it 

is clearly shown that the specific sulphide flux coefficient cannot be 

considered as a universal constant. Probably, the type of wastewater 



characterized by the relative amount and the quality of industrial wastes 

will play an important role. It is well known that the sulphate reducing 

bacteria have preference for certain organic species like short chain 

fatty acids, Postgate (1984). However, little is known about the utili- 

zation in the sewer slimes of the organic substrate available in sanitary 

sewage. At the time being the soluble COD or BOD is probably the best 

available measure of the degradable carbon source for the sulphate redu- 

cing bacteria due to the fact that only soluble and colloidal organic mat- 

ter can penetrate the biofilm and undergo degradation. The particulate 

organics may to some extent be hydrolized, but due to a relative short re- 

sidence time in the sewer this process is not expected to be of great im- 

portance. 

The activity of the sulphate reducing bacteria can be typified by the 

following reaction: 

-- 
S 0 4  + 2 lactic acid -t H2S + 2 acetic acid + 2 CO2 

This reaction shows that approximately 6 g of COD is consumed per g of 
-- 

SOL, -S which is reduced to H2S. Probably, far below 50% of the soluble 

COD in wastewater is directly degradable by the sulphate reducing bacte- 

ria. 

Equation 1 led to the following expression for the formation of hydrogen 

sulphide in a pressure main where anoxic conditions exist: 

th'A 
ACs = 4.7 X 10-~ n 1.07~-'~x COD x- v 

where 

b C  = formation of total sulphide in a pressure main, g~/m3 S 
t = temperature, 'C 

th 
= residence time of sewage in the sewer, hr 

A = inside area of the pipe, m2 

V = total volume of the pipe, m3 

As indicated (Figure 2) equation 3 is verified for COD values below about 

500 g/m3. Furthermore, it ought to be mentioned that VIA in equation 3 

equals the hydraulic radius. 



It is important to notify that equation 3 is an empirical model which 

require a calibration on the sewerage system in question. Until now we 

do not have a sufficient theoretical basis for development of a manage- 

ment model taking microbial biofilm kinetics into account although at- 

tempts have been made, Holder et al. (1984). 

4.2 Formation of hydrogen sulphide during a wet weather period 

Based on equation 3 the important parameters for the hydrogen sulphide 

formation in a pressure main is COD, residence time, temperature and 

hydraulic radius. When a change from dry to wet weather conditions takes 

place temperature may be different but usually not considerably. There- 

fore, the main parameters characterizing the difference between dry and 

wet weather with respect to hydrogen sulphide formation is COD and resi- 

dence time. 

Three of the four periods in which investigations were carried out in- 

clude rain events (Table 3). Comparison of the daily variation of COD 

and residence time, th, in a dry weather period (Figure 3) with the 

corresponding patterns in wet weather periods (Figure 4a, b and c) 

showed typical differences. 

July 1-2.1985 
(dry weather) 

09 12 15 18 21 24 03 06 09 12 

Figure 3 The daily variation of COD and residence time, th, during a 

dry weather period 



a) 

Aug 19-20,1985 
(wet weather) 

700 -- th 

600 -- 

500 -- 

400 -- 

300 -- 

200 -- 

100 -- 

0 : 
09 12 15 18 21 24 03 06 09 12 

rnin th 
g/rn3 COD 

700 ! Sep. 30-0ct 1,1985 
(wet weather) 

Nov 5-6.1985 
(wet weather) 

Figure 4 The daily variation of COD and residence time, th, during wet 

weather periods 



The lower limit for the COD concentration in combined sewers during a 

rain event is determined by the concentration in the stormwater runoff 

overlaid by the contribution of resuspended materials from the sewer it- 

self. Based on a study carried out in the main sewers of two typical 

combined sewered areas in Copenhagen, Denmark, Johansen et al. (1981) 

estimate the soluble COD concentration at 30 g/m3. This number and the 

results from this study (Figure 3 compared with Figure 4) showed that 

the COD concentration may be lowered considerably during a rain event. 

Furthermore, it might be expected that the COD originating from urban 

runoff is of poor quality as carbon source for sulphate reducing bacte- 

ria. 

A main problem in combined sewered areas is related to receiving water 

impacts from overflows. This problem calls for increasing capacity to be 

available in the sewerage system. However, as seen through this study, 

the serious adversity related to hydrogen sulphide formation was the 

increased residence time under dry weather conditions. As an example it 

was shown that the lowest residence time in the 3.9 km sewer from pum- 

ping station p4 to p3 was 52 minutes (Table 1 and 2). This value was al- 

most reached on Aug. 19 (Figure 4). During a typical dry weather period 

the capacity needed was only about 15% of what was actually available 

(Figure 3). The importance of this fact for the hydrogen sulphide forma- 

tion was readily indicated (Equation 3). Consequently, design of pres- 

sure mains without considering urban storm runoff would considerably re- 

duce the hydrogen sulphide problem. 

It is important to ensure that the model (Equation 3) which was devel- 

oped to forecast the sulphide production could operate under a wide 

range of flow values and COD concentrations in order to be useful1 for 

combined sewer systems. Therefore, the measured production of sulphide 

from pumping station p4 to p3 was compared with calculated values based 

on equation 3 (Figure 5). 

As seen (Figure 5) the model (Equation 3) which was developed based on 

dry weather data yielded fairly good predictions for sulphide produc- 

tion under wet weather conditions too. The relative error may be high, 

but the level was generally well estimated. 

However, as seen from Figure 5, in parts of the wet weacher periods the 

observed values for sulphide production were higher than the prediction 

showed (Figure 5c and d). The reason for this inconsistency was not 



Sep. 30-0ct 1,1985 
(wet weather) 

b) 
Aug 19 - 20,1985 

91m34 ACs.c (wet weather) 

Figure 5 Comparison between measured, A c ~  ,m' 
and calculated, AC 

S,cY 
values of sulphide production in a 3.9 km pressure main; 

a: dry weather; b, c and d: wet weather 

clear but may be caused by other factors than bacterial activity, e.g. 

resuspension of materials settled in the sewer pipe and a scouring ef- 

fect on the wall slimes, both phenomena caused by increased velocity in 

the pipe. From a previous study, Pomeroy and Bowles (1946) report that 

the scouring effect is probably not of much consequence if the velocity 

is under 0.9 m/s. This limit was exceeded during a rain event which 



5 1 

resulted in two or three pumps in operation at a time (Table 2). 

5 Conclusions 

Based on dry weather conditions an empirical model forecasting sulphide 

production in pressure mains was developed. The factors which form the 

model were the soluble COD of the sewage, the residence time in the pipe, 

the temperature and the hydraulic radius of the pipe. The present study 

showed that the use of an empirical model required that a calibration on 

the sewerage system in question is performed. 

The model developed yielded fairly good predictions on wet weather con- 

ditions characterized by low COD and high flow rates. Therefore, the 

model is a valuable tool for forecasting the sulphide production in com- 

bined sewer systems and a basis for optimizing the use of chemicals in 

order to reduce the hydrogen sulphide problem. 
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Abstract 

Since 1981 an extensive data col lect ion and research programme has been 

carr ied out i n  the Netherlands on quantity and qua l i ty  aspects of storm 

water discharges from sewerage systems and t h e i r  e f f e c t s  on the qua l i ty  

of receiving waters. 

In  s i x  drainage areas  served by typ ica l  Dutch sewerage systems the 

precipi ta t ion and storm water discharges a re  measured continuously. 

Samples of the discharges a re  taken and analysed fo r  the  most important 

pollution parameters. 

The resu l t s  of these  investigations show t h a t  pol lut ion emission in- 

creases considerably when both the  r a i n f a l l  in tens i ty  and the  overflow 

discharge a re  high. No re la t ion  could be established between pol lut ion 

emission and duration of the  dry weather period before a shower. 

In  typical  Dutch sewerage systems, characterized by small hydraulic gra- 

d ients  and large sewer diameters, the  sewage sludge s e t t l e s  eas i ly .  A s  

soon a s  flow ve loc i t i e s  i n  the sewers increase,  the sludge can be 

s t i r r e d  up and transported t o  the overflow. High flow ve loc i t i e s  gene- 

r a l l y  occur when the  overflow discharge i s  extremely high. 



1 Introduction 

For many years concern has been expressed about the pollution of surface 

waters caused by storm water discharges from sewerage systems. In 1977 

STORA - a foundation of Dutch governmental bodies for water quality 
control and treatment of wastewater - commissioned DHV Consulting 
Engineers to carry out a study on the pollution emission from sewer 

outfalls. 

The goal of the study is to provide insight into the internal processes 

of sewerage systems, particularly with regard to the discharge of 

pollutants into receiving waters. Moreover, the results of the study 

should allow prediction of the quantity and quality of the overflows 

from various sewerage systems during storm water periods. This knowledge 

is a prerequisite for a costeffective approach to the design and up- 

grading of sewerage systems for environmental improvement. 

After a comprehensive literature survey and a selection of the most 

appropriate method of data analysis, a prototype measuring apparatus was 

developed and installed in 1979. This measuring apparatus allows the 

collection of data on rainfall and the quality and quantity of storm 

water overflow. The prototype was tested for reliability and accuracy 

during the year 1980. 

Since 1981 investigations have been carried out on the discharge of 

pollutants from combined and separate sewerage systems. This paper 

comprises an overview of the results and a brief description of the 

experience gained, with specific reference to typical Dutch combined 

sewerage systems. 

Characteristics of htch combined sewerage systems 

The traditional sewerage design in the Netherlands differs considerably 

from other countries in the world, mainly because of the flatness of our 



country. The small difference between s t r e e t l e v e l  and water table  of 

receiving waters i s  very small. This f l a tness ,  together with high ground 

water tables  and bad s o i l  conditions, means t h a t  sewerage systems with 

very s l i g h t  slopes a re  inevi table .  Furthermore, t h i s  f l a tness  r e s u l t s  i n  

a very low hydraulic gradient fo r  the  e n t i r e  sewerage system. I n  the 

Netherlands, hydraulic gradients a r e  generally from 1:500 t o  1:1000, so 

t h a t  ve loc i t i e s  i n  Dutch sewer systems a re  ra ther  low. A l l  these aspects 

r e s u l t  i n  ra ther  s t ab le  flows i n  the  system and s e t t l i n g  of sewage 

sludge should be taken in to  account. 

During heavy storms a l l  sewers g e t  f i l l e d  completely, which j u s t i f i e s  a 

design method based on permanent flow conditions and a permanent design 

r a i n f a l l  in tensi ty .  Due t o  the f l a tness  of the drainage areas and the 

s l i g h t  slopes of the  sewers the storage capacity of Dutch sewerage 

systems is  considerably larger  than i n  other countries.  This storage 

capacity of the sewerage system i s  a very important aspect of Dutch 

design methods. The occurrence of storm water overflows mainly depends 

on t h i s  storage capacity and on the  pumping capacity t o  the  sewage 

treatment plant .  

Design c r i t e r i a  f o r  l imi t ing discharges of pol lutants  on receiving 

waters a re  a lso  based on the Dutch pr inciple  of making good use of the 

storage capacity of the sewerage system. A theoret ical  overflow frequen- 

cy per year is established on the bas i s  of h i s t o r i c a l  s e r i e s  of r a i n f a l l  

(see Figure 1 ) .  The permitted theore t i ca l  overflow frequency of combined 

sewerage systems is  5 t o  10 times per year. 

3 Form of the invest igat ions  

To quantify the pol lut ion emission, an extensive monitoring programme 

was s e t  up; the main elements were the  reg i s t ra t ion  of in tens i ty ,  amount 

and duration of precipi ta t ion,  and the  flow, duration and pol lut ion of 

storm water discharges. 

To l i m i t  the  extent  of the  invest igat ions ,  fo r  p rac t i ca l  and economical 

reasons, the measuring areas se lected were drainage areas served by 

f a i r l y  standard Dutch sewerage systems with only one o u t f a l l .  



p r e c i p i t a t i o n  i n  De B i l t  
from 1926 - 1962 

r a i n f a l l  period i n  minutes 

showers above l i n e  b g i v e  an overflow 
showers beneath l i n e  b g i v e  no overflow 

Figure 1 The "Kuyper model" with historical rainfall data 

The measuring apparatus is located near this outfall and continuously 

registers the rainfall and the sewage waterlevel, and measures each 

storm water discharge. In addition, the waterlevel of the receiving 

water is registered. During the overflow, volume-proportional samples 

are taken automatically and stored in a refrigerator. These samples are 

analysed for the main chemical and physical parameters that influence 

the quality of the receiving water. Table 1 shows the analysis programme 

of the samples. The concentrations of heavy metals are determined on the 

basis of a single composite sample from all the samples collected. 
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Table 1 Analysis programme of samples from combined sewerage systems 

For some areas a supplementary investigation programme was set up, in 

cooperation with the Ministry of Housing, Planning and Environment, to 

study the effects of pollution emissions from sewerage systems on the 

quality of receiving waters. 

Measuring areas 

Analysis of composite 

sample per overflow 

- lead 

- zinc 

- iron 

- chromium - copper 

- nickel 

- mercury 

- cadmium 

Analysis of original 

sample 

- COD 

- BOD 

- N 
K j - 
'total 

- C1 

- dry residue 

undissolved solids 

- PH 

- conduct.ivity 

- sediment 

The monitoring programme was started in 1981 and will continue till the 

end of 1986, covering six drainage areas. An overview of the monitored 

areas, terrain slopes, types of sewerage system and periods of monito- 

ring is given in Table 2. 

Analysis after 

1 hr settlement 

- COD 

- BOD 

- N 
K j - 
'total 

- sediment 

- dry residue 

suspended solids 

, 

As an illustration the major area characteristics of two combined 

sewerage systems (Loenen and Oosterhout) are given in Table 3. 



Table 2 Measuring areas  

* The period of monitoring depends on t h e  type of sewerage system and 

frequency of storm water discharges.  

The t h e o r e t i c a l  overflow frequency i n  Table 3 was ca lcula ted  from the  

standardized "Kuiper model", using the  point  p l o t  of  r a i n  da t a  of De 

B i l t  ( r e f .  3). 

period of 

monitoring" 

1981-1985 

1982-1986 

1984- 1985 

1983-1986 

1983-1984 

1984-1985 

Table 3 shows t h a t  t he  observed overflow frequencies a r e  higher than the 

t h e o r e t i c a l  va lues .  Due t o  the  r e l a t i v e l y  sho r t  period of monitoring, no 

f irm conclusions can be drawn from t h i s  d i f ference .  Several  aspects  have 

t o  be taken i n t o  account, such as :  
- a poss ib le  r e l a t i v e l y  "wet" monitoring period 
- t he  r a i n f a l l  p a t t e r n  i n  Loenen and Oosterhout may d i f f e r  from t h a t  

of De' B i l t  
- t h e  performance of t he  "Kuiper model" f o r  ca l cu la t ions  of t h e  

t h e o r e t i c a l  overflow frequency 

t e r r a i n  

slopes 

moderate 

f l a t  

f l a t  

f l a t  

s t eep  

f l a t  

r 

Area 

Loenen 

Oosterhout 

Heerhugowaard 

Bodegraven 

Kerkrade 

Amsterdam 

To overcome t h e  inf luence  of t hese  aspects  on the  overflow frequency an  

add i t iona l  study was s t a r t e d .  The r e l i a b i l i t y  of t h e  "Kuiper model", t h e  

value of the  run-off coe f f i c i en t  and the  d i f f e rences  of p r e c i p i t a t i o n  

across  the  Netherlands were s tudied .  The complete r e s u l t s  of t hese  

s tud ie s  w i l l  be ava i l ab le  wi th in  a year. 

type of sewer- 

age system 

combined 

combined 

sepa ra t e  

combined 

combined 

sepa ra t e  



Table 3 Some characteristics of two areas served by combined 

sewerage systems 

*) dry weather flow not included 

Aspect 

Population [inh] 

Size of drainage area [ha] 

Impermeable surface [ha] 

Impermeable surface [m2/inh] 

Storage capacity sewerage system [mm] 

Storage capacity sewerage system [m3] 

Pump capacity-k) to treatment 

plant [m/hr] 

Pump capacity [m3/hr] 

Theoretical overflow frequency [l/year] 

Observed overflow frequency [l/year] 

Number of monitored overflow events 

Provisional results of the studies show that the "Kuiper model" is not 

accurate, due to the assumption that the complete storage capacity of 

the sewerage system is always available at the beginning of a shower. 

Another inaccuracy is the supposition that the run-off coefficient of 

impervious areas equals 1. Especially in Loenen it has been observed 

that during the winter this coefficient can be considerably higher and 

in the summer lower. For rather flat areas this range amounts 0.8-1.2. 

The study about differences in heavy storm water events across the 

Netherlands, carried out by the Royal Dutch Meteorological Institute 

(ref. 2) pointed out that compared to "De Bilt" (in the centre of the 

Netherlands) differences may occur from -20 to +30 percent. 

Loenen 

2050 

56.5 

15.8 

77 

5.7 

895 

0.88 

140.7 

9 

15.7 

55 (6/'81-1/'85) 
- 

Oosterhout 

2270 

22.0 

11.6 

5 1 

5.3 

620 

0.97 

113 

9 

12.4 

31 (6/'82-1/'85) 



5 Results of the investigations of combined sewerage systems 

5.1 OverfZow discharge data 

The quantity of discharged sewage differs per overflow. Figures 2 and 3 

show the distribution of the discharges per overflow expressed in m3 and 

also in mm related to impermeable surface. 

It can be seen that most overflows have rather small quantities of dis- 

charge expressed in mm related to impermeable surface. In the flat area 

of Oosterhout only a few overflows have been measured with discharges of 

more than 10 mm. 

In the Loenen area the discharges are relatively larger, possibly as a 

result of run-off from permeable surfaces to the sewerage system. 

An overview of the average quantity of discharges per year is given in 

Table 4. 

Table 4 Average quantities of overflow discharges from combined 

sewerage systems 

5 .2  h i s s i o n  data 

Drainage area 

Oosterhout 

Loenen 

The discharge of pollutants into receiving water is the main issue the 

study. Therefore each overflow has been sampled in proportion to volume. 

Average quantity of storm water overflows 

per year (mm related to impermeable surface) 

74 

120 



sewerage overflow volume 
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Figure  2 Storm water  discharges i n  Loenen 

Figure  3 Storm water  discharges i n  Oosterhout 

Research area Loenen 

- research perlod from 06-81 to 01-83 
- number of measured overflows: 55 
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average COD (mgll) 
- 

Research area Loenen 

- research period from 06-81 to 01-83 
- number of overflows: 46 

average dry residue (mg/l)- 

Figure 4 Distribution of the average pollutant concentration per 

overflow in Loenen 
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Figure 5 - Distribution of the average pollutant concentration per 
overflow in Oosterhout 
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A l l  samples a r e  analysed f o r  physical  and chemical parameters (see Table 

1). Here only t h e  r e s u l t s  of t h e  ana lys i s  f o r  COD and dry-residue 

undissolved const i tuents  a r e  presented,  s ee  Figures 4 and 5.  These 

f igures  show a COD range between 50 and 750 mg/l. The average values f o r  

Loenen and Oosterhout amount t o  271 mg/l and 345 mg/l res-pectively.  For 

the  f l a t  area of Oosterhout the  dry  residue r e s u l t s  generally show a 

lower value than those f o r  t h e  s l i g h t l y  h i l l y  Loenen area .  Obviously 

these  t e r r a i n  circumstances cause a l a rge r  t r anspor t  of anorganic 

mater ia l  and o the r  undissolved const i tuents .  

5.3 Re Zationship betmen narameters of poZZution 

To increase  the  ins igh t  i n t o  t h e  major processes,  t he  average concen- 

t r a t i o n s  of t h e  various parameters a r e  compared for  mutual r e l a t ions .  

The r e l a t i o n  between the  average dry residue concentrations and seve ra l  

o ther  concentrations i s  a l s o  examined t o  confirm an t i c ipa ted  e f f e c t  of 

s t i r r i n g  up t h e  sewage sludge. 

These r e l a t i o n s  f o r  the  average concentrations of COD, BOD and dry 

residue a r e  shown i n  Tables 4 and 5. 

6 Evaluation of results 

A g rea t  number of processes i n  and outs ide  the  sewerage system inf luence  

discharges of po l lu t an t s  i n t o  receiving water. A rough d i s t i n c t i o n  can 

be made between processes i n  t h e  atmosphere, run-off t o  the  sewerage 

system and t h e  in t e rna l  processes i n  the  sewers. These processes can be 

characterized by process parameters such a s  r a i n f a l l  i n t ens i ty ,  r a i n f a l l  

depth, dry weather period e t c .  A preliminary search has been made f o r  

r e l a t ions  between process parameters and po l lu t ion  emission. 

During dry weather periods a combined sewerage system t ranspor ts  r a t h e r  

small quan t i t i e s  of sewage from domestic and i n d u s t r i a l  users.  The flow 

v e l o c i t i e s  a r e  low, so  se t t lement  occurs. The amount of s e t t l e d  sludge 



depends on the duration of dry weather periods. 

Nevertheless, from the investigations up to now, no significant relation 

between discharge of pollutants and dry weather period could be indicated. 

The reason for this discrepancy is that the sewerage system is not 

flushed clean during each storm event. Dependent on the rainfall intensity, 

the sludge in the sewers will be stirred up and flushed away, or will 

settle again due to the low velocities. So even during storm water 

events, there is no total mixing of sewage, rainwater and sludge in the 

sewerage system. The rainfall intensity is a better parameter for the 

process of stirring up deposits than the wash out of dirt and sediment 

from the street and permeable surfaces. 

A study of the maximum average rainfall intensities during periods of 15 

or 30 minutes and the average pollution of the overflowing sewage has 

shown a remarkable correlation. 

The correlations for the pollution parameters COD and dry residue are 

shown in Figure 6. 

Table 4 Best possible correlation between pollution parameters in Loenen 

pollution 

X* 

BOD 

BOD 

COD 

COD 

COD 

COD 

COD 

COD 

dry residue 

dry residue 

dry residue 

dry residue 

best possible 

correlation formula 

Y = -14.4 + 5.16X 
Y = 21.7 + 0.059X 

Y = 12.4 + 0.098X 

Y = 5.2 + 0.019X 

Y = 1.0 + 0.0072X 

Y = 22.1 + 0.45X 

Y = 162.3 + 0.65X 
Y = 91.0 X 0.72 

Y = 1.53+ 0.0048X 

Y = 5.3 X 0.595 

Y = 327.4 X Oe5' 
Y = 78.4 + 0.65X 

event correlation 

parameter 

y~;3; 

- N-kj 
- dry residue 
- BOD 
- N-kj 
- P-tot 
- Pb 
- Zn 
- Fe 
- P-tot 
- Pb 
- Fe 
- COD 

n 

47 

47 

47 

47 

47 

26 

27 

18 

46 

26 

l8 

46 

coefficient 

P 

0.82 

0.65 

0.71 

0.87 

0.95 

0.82 

0.68 

0.66 

0.95 

0.88 

0.71 

0.97 



Table 5 Best poss ible  corre la t ion between pol lut ion parameters i n  

Oosterhout 

* i n  mg/l 

f o r  Pb, Zn and Fe i n  pg/l, others i n  mg/l 

7 Conclusions and follow-up invest igat ions  

best  possible 

corre la t ion formula 

Y  = 5.09 + 0.084X 
Y  = -45.9 + 3.50X 
Y  = 2.6 + 0.27X 
Y  = 5.4 + 0.022X 
Y  = 1.46 + 0.0083X 
Y  = 38.7 + 0.18X 

Y  = 98.6 + 1.02X 
Y  = 447.9 + 8.26X 

Y =  1.9 +O.O084X 

Y = 35.6 + 0.22X 
Y  = 557.8 + 9.27X 

Y  = 43.3 + 1.05X 

Characterist ic f o r  Dutch sewerage systems a re  the  large diameters of the  

sewers especia l ly  t o  the sewer o u t f a l l .  The large sewers a re  used a s  

storage i n  case of heavy storm-waters. Because of these large diameters, 

the ve loc i t i e s  i n  the sewerage system during dry periods a re  ra ther  low, 

causing settlement of sewage sludge during dry weather periods. 

pol lut ion event corre la t ion 

X* 

BOD 

BOD 

COD 

COD 

COD 

COD 

COD 

COD 

dry residue 

dry residue 

dry residue 

dry residue 

n 

15 

14 

15 

15 

15 

13 

13 

13 

15 

11 

13 

14 

parameter 

y* 

- N-kj 

- dry residue 

- BOD 

- N-kj 

- P-tot 

- Pb 

- Zn 

- Fe 

- P-tot 

- Pb 

- Fe 

- COD 

coeff ic ient  

P 

0.91 

0.98 

0.99 

0.89 

0.90 

0.72 

0.84 

0.82 

0.86 

0.97 

0.87 

0.99 



Loenen Oosterhout 

max. inf low i n t e n s i t y  (mm130 min) 
* 

max. i n f low i n t e n s ~ t y  (mm130 min)* max. in f low i n t e n s i t y  ( m 1 3 0  min)* 

-.- - max. inflow i n t e n s i t y  = run o f f  * max. average p r e c i p i t a t i o n  
i n t e n s i t y  during 30 minutes of the  shower 

Figure 6 Rela t ion  between average po l lu t an t  concentrat ion nf t h e  discharge 

and the  r a i n f a l l  i n t e n s i t y  i n  Loenen en Oosterhout 



From the extensive data collection programme (STORA 38b) it can be 

concluded that such the deposits will only be stirred up, if the preci- 

pitation intensity is sufficient to produce a considerable increase of 

flow velocity in the sewerage system. 

In a typical Dutch sewerage system the flow velocities will only increase 

considerably if the rain intensity, as well as the overflow discharge, 

is high. Velocities under normal flow conditions to the sewage treatment 

plant are too low to stir up sewage sludge. As soon as the flow veloci- 

ties decrease, the deposits can settle down again and the pollution 

concentration of the overflowing sewage will decrease. 

From the measurements made, it cannot be concluded that the sewerage 

system is free of sludge after heavy storm water. On the contrary, the 

data give reason to believe that a typical flat Dutch sewerage system 

contains a certain amount of sludge. Therefore, as soon as high velo- 

cities occur in the sewerage system the pollution concentration of the 

overflowing sewage increases. 

The follow up investigations are focused on the relation between the 

pollution concentration and the velocities in the sewers before and 

during the overflows. The process of stirring up sludge through flow 

velocities is considered to be the most important and will form the 

basis of a pollution emission prediction model. Up till now the fol- 

lowing second order processes have been considered to be important: 
- Mixing of the rainwater with the fluctuating amount of wastewater. 
- Wash out of sewers during very heavy stormwaters. 
- Seasonal fluctuations in the run-off process 

Up till now the accuracy of the measurements give reason to believe that 

a reliable pollution emission model can be made on the basis of the data 

collected. Nevertheless, futher effort is needed before the model can be 

satisfactorily completed. 
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Abstract 

Pollutant concentrations and loads in combined runoff are variable in 

time and space. This is demonstrated on the basis of field data. First 

flush occurrence at the collecting point of a 540 ha residential area 

was found to be dependent on dry weather flow levels rather than on the 

duration of dry spells. Knowledge of the variation of combined runoff 

quality allows for effective measures to retain the runoff with higher 

pollution levels in the sewer system, thus reducing receiving water 

loadings. The performance of common retention basin design and the 

effectiveness of sewer system control are discussed in more detail. 

Here, for instance, it was found that with sewer system control first 

flush, if existent, easily could be retained by utilizing the existing 

in-line storage capacity. 

1 Introduction 

For hygenic reasons and living comfort waste water has been quickly re- 

moved from urban areas in the past. Cities in central Europe predomi- 

nantly are drained with combined systems,where waste water flows and 

storm runoff are collected in common sewers. Combined sewer overflows 

become necessary, as under storm conditions for technical and economi- 

cal reasons not all of the combined flows can be conducted to sewage 

treatment plants. In consequence varying pollutant loads are discharged 



irregulary to receiving waters affecting the biocenosis and in turn 

water use. 

When the magnitude of storm and combined runoff pollution was recog- 

nized in the 60ies and early 70ies biological treatment and later ad- 

vanced wastewater treatment was added to mechanical treatment. The more 

treatment facilities went into operation the more it was evident, that 

further investments in wastewater treatment only are effective if at 

the same time direct discharge of storm and combined flows into receiv- 

ing waters is controlled. Control of combined runoff, however, faces 

opposing demands: 

- guarantee of hygenic and floodsafe drainage, which in the past was 

achieved by immediate discharge into receiving waters; 

- receiving water protection, which due to the technical limitation 

of treatment plant capacities requires detention of flows or re- 

tention of matters in the sewer system; 

- assurance of treatment plant efficiency, which requires equalization 

of large inflow variations. 

Aside from stormwater infiltration and detention on the surface storage 

and treatment within the sewer system present common solutions to 

these demands. 

The characteristics of combined runoff pollution and the effectiveness 

of different measures for combined sewer overflow control are discussed 

in the following on the basis of field data collected in Munich-Harla- 

ching from 1977 to 1981, a residential area of 540 ha in size. Collec- 

tion and analysis of the data were done within the research project 

"NiederschlagsabfluIJ und -beschaffenheit in stadtischen Gebieten" with- 

in the special research area SFB 81 "AbfluB in Gerinnen", which was 

sponsored by the German Research society (SFB 81, 1983). Some of the 

experience with the continuous measurement scheme was summarized by 

Geiger (1981). 

2 Sources and local variation of combined runoff pollution 

Combined runoff is composed of dry weather flow and storm runoff. Dry 



weather flow includes domestic, commercial and industrial wastewater and 

infiltration water. Dependent on the composition and the interaction of 

pollution sources combined runoff quality varies not only from area to 

area but also within one sewer system as runoff develops. 

2.1 Development of combined runoff pollution 

Domestic sewage mostly contains organic matters, commercial and in- 

dustrial wastewaters often are loaded with unorganic material. Contam- 

ination of storm runoff may result from dust particles washed out from 

the atmosphere and from the material picked up along its flow paths. 

Excreta from animals, paper, cigarettes, fruit and vegitable wastes de- 

termine the organic loadings of stormwater. Unorganic and toxic matters 

often result from traffic and industrial land uses. Oxygen, hydrogen 

and sunlight sometimes leads to decomposition of the deposits in a way 

that erodable toxic components originate. In addition unconsolidated 

surfaces may erode and substantially add to the unorganic loadings of 

stormwater. Dependent on flow velocities and flow quantities the mate- 

rials are dissolved,picked up and transported, whereby some material 

might be completely washed off, some only transported for some dis- 

tance and deposited again. Same applies to the transport of matters in 

the sewer system, where dry weather flow and storm runoff are combined. 

Therefore the transport of matters through an urban drainage system is 

a continuous shifting process which depends on many arbitrary in- 

fluences as the schematic of Figure 1 also indicates. Obviously along 

with runoff development runoff quality constantly may change. 

2.2 Determination of combined runoff pollution 

If the microorganisms, anorganic and organic matters contained in com- 

bined runoff are useful or dangereous depends on their quantity and on 

water use. The characterization of combined runoff pollution usually 

refers to matters which form or limit physical, chemical or biochemical 

degradation in the treatment process and selfpurification in receiving 

waters. The chemical and biochemical load of combined runoff primarily 
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Figure 1 Development of runoff pol lu t ion i n  urban drainage systems 

( a f t e r  Geiger, 1984) 



is described by composite parameters. Undissolved organic and mineral 

matters are quantified by suspended and settleable solids. Organic 

matters are not homogeneous in respect to their degradability. While 

the biochemical oxygen demand in five days (BOD5) reflects the dissolved 

and easily degradable matters, the chemical oxygen demand (COD) presents 

the hard degradable or nondegradable matters. Total organic carbon (TOC) 

is a direct measure for the carbon contained in dissolved and undis- 

solved organic compounds. Phosphorus and nitrogen describe the nutrient 

conditions. 

F u r t h e r p o l l ~ t i o n ~ a r a m e t e r s  such as oil products, different types of 

bacteria,heavy metals and other toxic compounds would be needed to 

give a complete description of combined runoff pollution. Engineering 

practice, however, assumes that there is some correlation between in- 

dividual contaminantsandcomposite parameters. 

2.3 Average concentrations and loads in different areas 

Averages of concentrations provide general estimates of runoff quality 

and reflect the extend of physical, chemical and biological processes. 

Mean loads are a measure for receiving water impacts in relation to 

treatment plant charges. The values summarized in Table 1 for suspended 

solids, BOD and COD illustrate the scatter of mean values for different 
5 

areas. Suspended and settleable solids are influenced by surface tex- 

ture and use and especially by construction activities. BOD5 and COD 

often reflect the local waste water fraction in combined runoff. In 

literature the relevant conditions frequently are not reported together 

with the data. In addition BOD5 and COD values are influenced by the 

methods chosen for laboratory analysis, transport and conservation of 

samples. Extremely important is the number of samples analyzed. Reli- 

able figures only can be derived from longterm data. 

From the five year continuous data base established for Munich-Harla- 

ching combined runoff concentrations were derived in two ways, aver- 

aging the individual sample values and dividing loading figures by run- 

off volumes on an event basis. Both results are compared in Table 2 



Table 1 Mean concentrations and loads of suspended solids, BOD5 and 

COD measured in different combined sewer systems 

' BODl 
++ sedimented sample 

area of 
investigation 

Atlanta (Ga.,USA) 
-Confed.Ave. 
-Boulevard 
-ncDon Str. 

?$erkeley(Ca.,U~~) 

Bradford (%l. 
-Coopers Lane 

Brighouse (Engl.) 
-8aetrick 

Bucyrus (Oh. ,USA) 
-Station 8 
-Station 17 
-Station 23 

Cleveland (Oh. ,USA) 

Columbia (DC..USA) 

Kllwaulree (Wisc USA) - reference'\ 
- reference 2 

Des Hoines ( l o v a , ~ ~ ~ )  

Detroit (Hlch. ,USA) 

HUrth (FRG) 
Lancaster ( N I . )  

-Stevens Ave. 

Kinneapolls-St.Pau1 
(Ulra. ,USA) 

h'ev York (N.Y.,USA) 
-Mewton Creek 
-Spring Creek 

Korthampton (Engl.) - St.Andrewa 
0.10 (Norway) 

?oisSY (France) 
Raclne (Wisc.,USA) 
- reference 1 
- reference 2 
Rochester (N.Y. ,USA) 

S a n d e i j ~ r d ( h ' ~ ~ ~ ~ ~ )  

San Prancieco(Ca. ,U?d 
-Baker Str. 
-Brotherhood Way - Lsguna Str. 
-narinosa Str. 
-Selby Str. 

Seattls (W~.,USA) 
-~tr.6usin.Distr. 

stuttgart-BUsnau(FRG) 

Trondheim(Norway) 

Zurich(Switzerland) 
-0erllkon 

210 
84 
286 

60 

43 

86 

120 
107 
108 

92 

71 

59 
44 

64 

153 

87 

56 

141 

222 
111 

95 

208 

279 

158 
90 

65 

109 

22,9 
46 

46.3 
43 

38,l 

64 

114 

4,0 

13,6 

6,6 
l3,O 

200 

308 

382 

264 
161 

222 

209 

481 
358 

530 

1005 

268 

138 
100 
145 
188 
148 

176 
88++ 

352 

70 

1.65 

4,53 

6.60 

1,51* 

5,3+ 

0.9 

1 s9 

7,l 

BOD5 

149 

66 

680 

518+ 

131+ 

152 

l13 

919 

4,O 

11.4 

24,2 

5,s 

21,5 

3.6 

4,) 

11,O 

18,9 

505 

611 

1345 

751' 

1083+ 

2374 

1373 

340 

538 

501 

846* 

1209 

solids 

$230 

1542 

4919 

2708 

4436 

3683 

4731 

100 

237 

647 

622 

321 
212 

413 

274 

271 

41 3 

306 
347 

370 

721 

75l 

55l 

273 

424 

91 
655 
211 
172 
215 

162 

177 

510 

C O D  

m g / l k g / h a . a ~ ~ a k g / E . a m g / l k g / h a . a ~ a r . a ~ . a m g / l k g b a . a ~ . a @ . a  

1991 

2809 

2186 

3256 

Suspended 

362 

167 

2486 

1867 

537 

605 

708 

1426 

1757 



Table 2 Mean of concentrations of biological and chemical-physical 

parameters in combined runoff and dry weather flow of Munich- 

Harlaching 

Dry weather 
combined runoff 

Para- Dimen- flow 
meter sion individual individual load/ 

values values volume 
number* mean number* mean number* mean 

TSS mg/ l 4103 177 2729 153 99 163 
BOD5 mg/ l 477 199 711 102 29 8 9 
COD mg/l 4009 443 2595 275 97 2 74 
TOC mg/ 1 462 113 635 51 31 48 
NKJ mg/l 3886 45 2537 21 97 2 2 
PHO mg/l 770 18 712 8,4 29 8,3 
temp. "C 251252 16,3 41687 14,2 - - 
cond. r(S/cm 275988 l002 42275 894 - - 
turb.Oo - 144102 22 28907 22 - - 
turb.25" - 45061 38 9200 31 - - 
turb.90° - 60059 28 11056 23 - - 
turb.1393 - 43186 25 7263 24 - - 
* 
dimensionless 

L runoff duration 

Figure 2 

loads 

Distribution of flow, 

concentration and load figures 

in the combined runoff of 

Munich-Harlaching 

(after Geiger, 1984) 



Figure 3 Variation of flow and concentrations of TSS, COD and MKJ of 

a rainfall-runoff event recorded in Munich-Harlaching 

(Geiger, 1984) 

MUNICH -HARLACHING 
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with the measured dry weather flow concentrations. Both means compare 

very well, which indicates that the samples are representative. The dry 

weather flow concentrations for BOD TOC, Kjeldahl-nitrogen (NKJ) and 
5' 

phosphorus (PHO) are double their combined runoff concentrations, while 

total suspended solids (TSS) show similar magnitudes. This is explained 

by the different sources of the individual pollutants. Total suspended 

solids in particular under wet weather conditions derive from the dry 

weather flow portion and from washoff of oversurfaces and sewer deposits. 

Same partially applies to COD. The portion of dry weather flow in the 

combined runoff of Munich-Harlaching was found to be 23 % for runoff 

volume, 32 % for TSS, 31 % for BOD5, 4 4  % for COD, 42  % for TOC, 53 % 

for NKJ and 43  % for PHO. Figure 2 demonstrates that all combined run- 

off concentration and load figures were distributed lognormally. In 

general the variance of runoff volume and loads was observed to be twice 

the variance of flow rates and concentrations. The large variances in- 

dicate different sources and the variability in combined runoff compo- 

sition. 

3 Time dependency of combined runoff pollution 

So far only local variation and global differences of combined runoff 

quality were discussed. For effective combined runoff control, however, 

knowledge of the time dependency of runoff quality within one rainfall- 

runoff-event is essential. 

3.1 Variation of combined runoff concentrations 

Start and end of a rainfall-runoff-event was defined by the exceedance 

of dry weather flow. Of course a high density of measurements is re- 

quired to investigate the variation of concentration with time. This 

for example was the case for all events, for which loads were evaluated 

in Table 2. Figure 3 illustrates, that shortly after combined runoff 

starts for some pollutant parameters concentrations increase. This, how- 

ever, is not necessarely true for all pollution parameters and for all 

events. Averaging the pollutographs, concentrations were found to ra- 



Figure 4 Dependency of concentrations on combined runoff duration 

(after Geiger, 1984) 

TSS 

Figure 5 Dependency of concentrations on flow rates and runoff 

duration (a£ ter Geiger, 1984) 



p id ly  decrease  w i th in  t he  f i r s t  hour of runoff  l e v e l l i n g  t h e r e a f t e r  

(F igure  4 ) .  Tota l  suspended s o l i d s  concen t r a t i ons  f i r s t  increased  w i th in  

t he  i n i t i a l  15 minutes of runoff  i n d i c a t i n g  f i r s t  f l u s h  e f f e c t s .  Consid- 

e r i n g  t he  s imultaneous dependency of t h e  concen t r a t i ons  from t h e  f low 

r a t e  F igure  5 was ob ta ined .  COD responded s i m i l a r  t o  t h e  dependency 

shown f o r  t o t a l  suspended s o l i d s ,  BOD5, Kje ldahl  n i t r o g e n  and phosphorus 

analogous t o  t o t a l  o rganic  carbon.  

3.2 S c a t t e r  i n  cumulative loads  and f i r s t  f l u s h  behaviour 

To d i f f e r e n t i a t e  between t y p i c a l  behaviours  i n  combined runoff  p o l l u t i o n  

f o r  t h e  d a t a  of Munich-Harlaching t h e  i nc r ea se  i n  load  was p l o t t e d  

a g a i n s t  accumulation of runof f .  The coo rd ina t i on  of a l l  even t s  and pol-  

l u t a n t s  t o  one of t h e  types  i n  F igu re  6 o r  combinations thereof  y i e lded  

t h e  sha r e s  of Table 3. A dev i a t i on  of t h e  cumulat ive load from t h e  d i a -  

gonal  of l e s s  than  5 % was cons idered  i n d i f f e r e n t ,  a  d e f l e c t i o n  of 5 % 

t o  20 % moderate and a divergence of more than  20 % s t r ong ly  p o s i t i v e  o r  

nega t ive  r e spec t i ve ly .  Despi te  of t h e  catchment s i z e  f l u s h i n g  e f f e c t s  

occured more f requent  a t  t h e  s t a r t  of runoff  than  towards i t s  end. F i r s t  

f l u s h  was ob ta ined  f o r  t o t a l  suspended s o l i d s  i n  25 % of a l l  events ,  

whi le  i t  was l e s s  than  15 % f o r  a l l  o t h e r  parameters .  However, t h e  cumu- 

l a t i v e  loads  were so  inhomogeneous, t h a t  i n  t o t a l  a l l  parameters  exhi-  

b i t e d  an i n d i f f e r e n t  behaviour on a n  average w i th  a  s l i g h t  tendency t o  

moderately p o s i t i v e  f o r  t o t a l  suspended s o l i d s .  Deten t ions  and super- 

p o s i t i o n s  of runoff  and loads  w i t h i n  t h e  r a t h e r  l a r g e  catchment exp l a in  

t h i s  o v e r a l l  appearance.The cumulat ive loads  were i n v e s t i g a t e d  f o r  t h e i r  

dependency on preceding dry s p e l l s ,  d i f f e r e n t i a t i n g  between per iods  of 

up t o  one hour,  1 t o  6, 6 t o  24, 24 t o  48 and over  48 hours.  Also no 

d i f f e r e n c e  was ob ta ined  averag ing  t h e  cumulat ive l oads  s epa ra t e ly  f o r  

events  wi th  d i f f e r e n t  runoff  peak numbers. 

Deriving dry  weather  f low p a t t e r n s  f o r  t o t a l  suspended s o l i d s  it was 

suspected t h a t  dur ing  n igh t  hours  more ma te r i a l  i s  depos i ted  than dur ing  

t h e  day and t h a t  d ry  weather f low peaks a l r e ady  cause  f l u sh ing .  There- 

f o r e  t h e  cumulat ive loads  of a l l  s torms occuring between 8 a.m, and 

8 p.m. and between 10 p.m. and 6 a.m. were averaged s epe ra t e ly .  For to -  



tal suspended solids and COD the average cumulative loads were indif- 

ferent for day events and almost strongly positive for night events. For 

all other parameters the cumulative loads were more or less indifferent 

for the day and night periods. The potential of deposits of total sus- 

pended solids follows to be a function of the time of day. 

Figure 6 Classification of cumulative loads in combined runoff 

measured 3 - 
runoff and 
concentrat~on TSS 

NKJ 

Table 3 Characteristics of cumulative loads in percent of all events 

investigated 

related 
cumulat~ve 
Loads 

form 

Parameter TSS BOD COD TOC NKJ PHO 

number of events 125 32 123 34 122 33 
indifferent 7 . 2  0.0 7 , 3  2 , 9  4 . 1  6 , l  

S 

; - 
.. - g 

curnulotwe runoff ln% 

~nd~fferent 

positive-moderate 3 1 , 2  2 1 , 9  4 0 , 7  8 , 8  2 8 , 7  2 4 , 2  
-strongly 2 5 , 6  1 2 , s  1 3 , 8  1 1 , 8  6 , s  3,O 

negative-moderate 1 2 , s  1 2 , s  1 5 , 4  14 ,7  2 7 , l  2 4 , 2  
-strongly 7 , 2  1 5 , 6  9 , 8  2 0 , 6  1 1 , 5  9,2 

positive-negative 12,O 3 1 , 3  13,O 4 1 , 2  2 2 , l  3 3 , 3  
negative-positive 4,O 6 ' 2  0 ,O 0 ,O  0 ,O 0 ,O  

hme m mm 

S 

v 
- 

0 - 
S 

rumulotlve runoff m % 

pos~tlve 

tlme n mm 

S 
v 

3 
.. - 

rulnulat~ve runoff m % 

negatlve 



Comparison of frequencies of different runoff quality 

parameters 

Conventional design procedures assume same frequencies for rainfall and 

runoff. Using extreme value analysis of partial series assuming expo- 

nential distribution showed that the recurrence frequencies of rainfall 

and runoff properties of individual events differ randomly. Same was 

found comparing the frequencies of runoff volume and loads (Figure 7 ) .  

This is a result of the variances of concentrations and load with time. 

For the parameters investigatedthe number of values taken did not in- 

fluence the computed recurrence. In addition the assumption of the ex- 

ponential distribution was replaced by an extreme value type 3 distri- 

bution which gave nearly identical results. This indicates that the 

standard procedures used for sewer design ought to be reconsidered. 

4 Pollutant retention strategies 

As urban areas in the Federal Republic of Germany as elsewhere were 

growing around old existing settlements today's pollutant retention 

strategies are more concerned with rehabilitation measures of existing 

sewer systems and with expansions of such systems, rather than complete- 

ly new designs. Most of the designs are done on the basis of rather 

simple regulations or calculation procedures derived thereof. For larger 

and more complicated sewer networks sometimes rainfall-runoff models 

including quality calculations are employed for detention basin place- 

ment and sizing. 

4.1 Effectiveness of conventional combined sewer overflow control 

In the Federal Republic of Germany the regulations widly used in de- 

signing combined sewer overflow controls distinguish mainly three cases 

(ATV, 1977): 

- overflow structures not providing additional storage volume except 

for the storage capacity utilized in the sewers due to the height of 

the weir crest; 



1 0  i 5 3 2 1 47 0,s q3 0,2 
FREQUENCY 

Figure 7 I d e n t i f i c a t i o n  of indiv idual  events wi th in  the  p a r t i a l  s e r i e s  

of runoff volume (Q) and d i f f e r e n t  po l lu t an t  loads 

Figure 8 Annual percentage of overflowing TSS- and BOD -loads f o r  d i f -  
5 

f e r e n t  s e t t l i n g  assumptions f o r  a f i c t i v e  bas in  i n  Munich- 

Harlaching ( a f t e r  Geiger, 1984) 



- overflow structures providing enough volume that for areas with flow 

times of less than 15 minutes first flush may be retained in the 

sewer system; 

- overflow structures providing enough volume that for areas with flow 

times of more than 15 minutes matters can settle in the basin and be 

retained. 

The design procedures for all three cases mainly involve the determina- 

tion of critical flows where overflow starts and for the basins in 

addition of the maximum flow which can be diverted to the treatment 

plant. It is assumed, that if the procedures are followed 90 % of the 

biological degradable matters and of settleable solids are retained in 

the sewer system. 

To check the validity of this assumption the continuous time series of 

combined runoff measurements of Munich-Harlaching from 1977 to 1981 - 
missing quality data were added according to the relationships of 

Figure 5 - was imposed on a spectrum of basin volumes, outflow capaci- 
ties and settling efficiencies. For the case of a basin structure func- 

tioning as a settling tank - the flow time in Munich-Harlaching is 60 

minutes - Figure 8 shows the percentages of annual TSS and BOD5 loads 

discharged to receiving waters under different settling assumptions. The 

basin outflow was limited to twice the dry weather flow, the overflow 

was dimensioned for a rainfall intensity of 10 11s-ha. For Munich-Harla- 

ching according to the ATV-regulation (1977) a basin volume of 15 m3/ha 
red 

-hared reflects the impervious areas-would have to be chosen.Such a basin 

still would discharge between 14 % and 28 % of the annual TSS-load and 

between 17 % and 23 % of the annual BOD -load to receiving waters de- 
5 

pendent on its settling efficiency. The ideal settling rate according 

to Sierp , however, never could be achieved. Figure 8 also shows that 

exceeding basin volumes of 25 m3/hared only a few but intensive events 

lead to overflows that a further enlargement of the basin volume would 

increase costs tremendeously without reducing overflowing loads signi- 

ficantly. Although anoverflow basin design according to ATV (1977) does 

not meet the goal of 90 % BOD -load to be retained, the design volume 5 
at least is realistic in view of economic acceptability. 





4.2 Consideration of first flush behaviour for overflow 

basin design 

The discussion on first flush behaviour indicated that overflow basin de- 

signs which only follow one of the principles, namely catching first flush 

or settling are bound to fail. Koral (1984) promoted a combined design, 

which mainly is followed in Switzerland (Figure 9). One part of the basin 

volume is filled at the beginning of an event catching a first flush if 

existant. Another part only is loaded when the first portion is full and 

functiones like a settling tank. Aside from its effectiveness the subdi- 

vision into two parts eases maintenance as for smaller events only the 

first portion is filled. 

Hailer (1984) suggested to preferably place overflow basins after flat 

portions of a combined sewer system rather than making the choice of 

catching or settling basins dependent on catchment size. Low flow ve- 

locities will cause deposits, which in case of storm events are flushed 

and may be caught if a retention basin is placed properly. On the basis 

of a survey of 285 basins Hailer (1984) also demonstrates the importance 

of design details for effective operation. 

4.3 Operational control and other strategies 

The effect of basins for pollutant retention strongly depends on their 

location in the sewer network. For the combined system of Munich-Har- 

laching it was found that provision of individual basins only reduced 

overflow by a small amount. Due to the system configuration utilization 

of existing sewer volume proved to be more effective. Operational con- 

trols were investigated within the research projekt "Entwicklung nie- 

derschlags- und ortsspezifischer Kriterien zum wirtschaftlichen Einsatz 

der Kanalnetzsteuerung " (DFG-Ge 459/1), which again was financed by 
the German Research Society. For this operational control fictive gates 

at seven points in the network were introduced. For operation two moni- 

toring points were selected, where closing and opening of the gates are 

triggered. Simulating runoff under these conditions with a hydrodynamic 

model SESIM (Broeker and Schulze, 1980) the effectiveness of the opera- 
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Figure 1 1  Retardation of flow by controlled utilization of sewer volume 

for event of July-3-1981 (Geiger and Becker, 1985) 



tional controls can be demonstrated. Figures 10 and 1 1  compare the runoff 

and overflow hydrographs for conditions without and with operational con- 

trols. In both cases the rising limb of the runoff hydrograph is di- 

minished which results in less overflow at the beginning of the storm. 

This is very important when first flush occurs, which then can be brought 

to the treatment plant. In both cases operational control reduces runoff 

volume significantly whereby for event 2 (Figure 11) the first overflow 

is eliminated. On an average of 13 events investigated for controlled 

conditions the overflow volume was reduced by 25 % as compared to un- 

controlled conditions. In consequence flow above dry weather flow level 

to the treatment plant is prolonged. This again influences treatment 

plant efficiency. 

An alternative to detention of flow and pollutant retention is the mecha- 

nical, chemical and biological treatment of combined sewer overflows. 

Screens and microstrainers have been applied successfully for mechanical 

treatment, precipitation and coagulation was used mainly to reduce the 

PHO-load. As yet these possibilities, however, are seldom used. Chlori- 

nation has been tried, whereby the organic matters in combined runoff 

may lead to chlorinated hydrocarbons. 

Stormwater and combined runoff detention, pollutant retention and treat- 

ment are "end of the pipen-measures. An alternative is, to reduce runoff 

quantity and quality at their sources. Runoff from roofs, backyards and . 
parking lots may be infiltrated into the ground, which significantly 

reduces runoff peaks and consequently overflows. Inasmuch stormwater in- 

filtration is acceptable in urban areas depends on the quality require- 

ments of the grondwater and on the possibilities to quarantee continuous 

operation of infiltration facilities. 



5 Conclusions 

Storm and combined runoff pollution due to the intermittend occurrence of 

storms and due to the arbitrary accumulation of dust, dirt and other 

wastes on surfaces and in channels is highly variable and strongly de- 

pends on local conditions. The variation of flow and of pollutant concen- 

trations with time is significant. This leads to accumulation of loads in 

combined runoff, which differ from pollutant to pollutant and from storm 

event to storm event. Consequently pollutant retention strategies should 

provide for catching first flush and settling. The differences obtained 

in recurrence intervals for different properties of the same event 

suggest reconsidering the standard procedures for sewer design, which 

try to conclude from rainfall frequencies on all runoff properties. One 

possibility is continuous simulation with statistical analysis of the 

computed runoff figures. Any strategy, however, must consider its overall 

effect on receiving waters including sewage treatment plant efficientq as 

thetreatmentplant efficiency may well be influenced by the pollutant 

retention strategy chosen. 
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Abstract  

This paper descr ibes  t he  r e s u l t s  of a fieldwork program and 

subsequent s t a t i s t i c a l  ana lys i s  i n  which the  q u a l i t y  of storm sewage 

flows have been monitored, by sample and ana lys i s ,  a t  t h e  downstream end 

of the  combined sewer system a t  Great Harwood, Iancashire.  During a 

two-year period, 113 sepa ra t e  storm events  were monitored and t h e  

samples ext rac ted  were analysed f o r  suspended s o l i d s ,  chemical oxygen 

demand, ammonia and conduct iv i ty .  The r e s u l t s  of t h i s  ana lys i s  were 

then subjected t o  regress ion  ana lys i s  i n  order  t o  i d e n t i f y  t he  f a c t o r s  

c o n t r o l l i n g  t h e  p o l l u t a n t  concent ra t ions  i n  t he  f i r s t  f l u sh .  

For approximately 90% of the  storm events  sampled, a d i s t i n c t i v e  

f i r s t  f l u sh  of  suspended s o l i d s  and chemical oxygen demand was 

observed. Ammonia and conduct iv i ty  almost always fol low a d i l u t i o n  

p a t t e r n  i nve r se ly  r e l a t e d  t o  sewer flow. 

Two types of f i r s t  f l u s h  have been i d e n t i f i e d  and the  f a c t o r s  which 

in f luence  t h e  magnitude and temporal v a r i a t i o n  of SS and COD 

concentrat ion a r e  t he  length of antecedent  dry weather period,  t h e  

p o l l u t a n t  concent ra t ion  i n  t h e  d r y  weather flow and t h e  maximum r a i n f a l l  

i n t e n s i t y .  

1 Introduction 

The WRC/WAA sewerage r e h a b i l i t a t i o n  manual po in t s  t o  t he  excessive 



o r  too f requent  opera t ion  of combined sewer overflows and the  subsequent 

degradation of receiving watercourses a s  being the  major f a i l u r e  of 

sewer systems. However, a t  t h i s  t i m e  l i t t l e  cons idera t ion  i s  given t o  

the  qua l i t y  aspects  of combined sewer design and what is now required i s  

a q u a l i t y  model f o r  use i n  t h e  design and r e h a b i l i t a t i o n  of sewer 

systems. In order  t o  produce such a model, it is necessary t o  develop 

an understanding of the  sources of po l lu t an t s  and the  r e l a t ionsh ip  of 

t h e i r  loads t o  c l ima t i c  and catchment c h a r a c t e r i s t i c s .  

Qle major c h a r a c t e r i s t i c  of  t he  magnitude and temporal va r i a t ion  of 

po l lu t an t s  i n  storm sewage flows is  the " f i r s t  f o u l  f l u sh" ,  which has 

been i d e n t i f i e d  i n  a number of previous s t u d i e s  ( E l l i s  1977; Hedley and 

King 1971; Thornton and Saul 1986). though t h i s  phenomenon has been 

observed t o  vary widely i n  magnitude and duration.  Also, l a r g e  

catchments may not  experience a d i s t i n c t i v e  f lu sh  (Geiger 1984). For 

t h i s  reason more information is required on the  q u a l i t y  of combined 

sewer flows i n  r e l a t i o n  t o  the f a c t o r s  t h a t  con t ro l  the  concentrat ions 

of po l lu t an t s  a s  t h i s  information i s  v i t a l  t o  t he  design of overflows 

and t h e i r  impact upon rece iv ing watercourses. 

The aim of t h i s  paper is  t o  analyse the  r e l a t i o n s h i p  between the  

concentrat ion of po l lu t an t s  i n  the  f i r s t  f o u l  f l u s h  and the  f a c t o r s  t h a t  

a r e  l i k e l y  t o  play a r o l e  i n  determining t h e i r  l eve l s .  These inc lude  

the length of the antecedent dry  weather period (ADWP), the  i n t e n s i t y  of 

t h e  r a i n f a l l ,  the  s i z e  of t he  preceeding storm event  and its ADWP and 

the q u a l i t y  of t he  dry weather flow. 

2 The F ie ld  Measurement System 

The combined sewer catchment analysed i n  t h i s  study is t h a t  which 

d r a i n s  the town of Great Harwood, Iancashire,  which has an area  of 

1160 ha, 67ha of which is impermeable, and a population of 12,500. A 

sGhematic diagram of the  160 pipe system is shown i n  Fig.la. The 

sampling and monitoring system was s i t e d  within the  high side-weir 

s to rage  overflow chamber a t  the  downstream end of t he  combined sewer 

system, fo r  which a peak flow r a t e ,  corresponding t o  a design storm of 

r e t u r n  period one i n  two years ,  of 4.5 m3/s ,  was computed us ing  t h e  

simulation program WASSP-S IM of the  Wallingford procedure. 



Fig.la A schematic diagram of the Great Harwood combined sewer catchment 
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The sewer flow was sampled during storm events  using a por table  

d i s c r e t e  sampler ex te rna l ly  t r i gge red  by a f l o a t  switch and programmed 

t o  e x t r a c t  samples a t  pre-set  time i n t e r v a l s .  The samples were analysed 

f o r  Suspended Solids (SS), Chemical Oxygen Demand (COD), conduct iv i ty  

and ammonia (NH3)  by B r t h  West Water. The l e v e l  of flow i n  t h e  chamber 

was measured using an u l t r a son ic  transducer and a swingmeter designed by 

t h e  Water Research Centre (based on a swinging metal rod with a wire 

wound potentiometer ) . 
Final ly ,  t i pp ing  bucket raingauges were i n s t a l l e d  i n  the cen t r e  of 

the  catchment and a t  the sampling s t a t i o n  i n  order t h a t  r a i n f a l l  

i n t e n s i t i e s  and t o t a l s  could be measured. A l l  t he  d a t a  from the  l e v e l  

monitoring equipment and the raingauges was recorded e i t h e r  continuously 

o r  on a storm event  bas i s  using commercially a v a i l a b l e  d a t a  loggers. 

3 Results  

3.1 F i r s t  Foul Flush 

The f i r s t  f o u l  f l u s h  may be defined a s  the  i n i t i a l  period of storm 

flow during which the concentrat ion of po l lu t an t s  is s i g n i f i c a n t l y  

higher than those observed dur ing  the  l a t t e r  s t ages  of t he  storm 

event. However, it should be s t r e s sed  t h a t  the  above d e f i n i t i o n  is very 

subjec t ive  and may d i f f e r  from t h a t  of o ther  researchers.  It does, 

however, provide a use fu l  i nd ica to r  of system performance and a use fu l  

b a s i s  f o r  comparison. 

PO l l u t a n t  concentrat ion d a t a  have been recorded and analysed f o r  

113 separa te  storms a t  which 102 showed a recognisable f i r s t  f l u sh  of SS 

and COD. Conductivity and NH3 concent ra t ions  almost always e x h i b i t  a 

temporal pa t t e rn  of behaviour inverse ly  r e l a t ed  t o  the  combined sewer 

flow which suggests  t h a t  t h e  l e v e l s  of t hese  d issolved po l lu t an t s  is 

dependent upon the  degree of dry  weather flow d i l u t i o n .  

The 102 storms which exhibi ted  a f i r s t  f l u s h  can be divided i n t o  

two groups, termed 'Type A' and 'Type B' ,  dependent upon t h e  

c h a r a c t e r i s t i c s  of the  f i r s t  f l u s h  of SS and COD. Type A storms a r e  

charac ter i sed  by SS and COD concentrat ions t h a t  a r e  less than, o r  equal  



t o  the concentrat ions i n  the  p reva i l i ng  dry weather flow and Type B 

exh ib i t s  concentrat ions exceeding those i n  the  dry weather flow. 

Examples of both types a r e  given i n  Fig.2. 

In the case of the Type A f lu sh  the f i r s t  f l u s h  of COD and SS l a s t s  

l e s s  than 30 minutes and the re  i s  a sharp  drop of SS and COE) 

concentrat ions following the i n i t i a l  inflow of storm water t o  t h e  

chamber. The Type B f lu sh  i s  charac ter i sed  by a longer f i r s t  f l u s h  

l a s t i n g  between 35 and 45 minutes with an i n i t i a l  increase  i n  SS and COD 

concentrat ions t o  a peak which almost  coincides with the  peak of storm 

flow. 

Cbservation of the va r i a t ions  between the  types of f i r s t  f l u s h  

ind ica t e s  t h a t  they a r e  cont ro l led  by d i f f e r e n t  f a c t o r s  and it is 

poss ib le  t o  pu t  forward two hypotheses r e l a t i n g  t o  the  inf luences  

con t ro l l i ng  each type of f lush .  It may be hypothesised t h a t  a Type A 

f l u s h  r e s u l t s  from the  mixing of d ry  weather sewage and storm water a t  

the  f r o n t  of the  advancing flood wave and t h a t  SS and COD within t h i s  

f l u s h  derived almost e n t i r e l y  from t h e  dry  weather flow. 

In pipe deposi t ion  during dry  periods has o f t en  been put  forward a s  

an explanation of the  f i r s t  f o u l  f l u s h  (Fle tcher  e t  a 1  1978; Lindholm 

1984). Thornton and Saul (1986) noted t h a t  Type B f lushes  tend t o  occur 

a f t e r  an ADWP of a t  l e a s t  t h ree  days and i n  storm events  with a maximum 

r a i n f a l l  i n t e n s i t y  of 6-7mm/hr o r  more. From t h i s  evidence it i s  

poss ib le  t o  hypothesis  t h a t  Type B f lu shes  a r e  con t ro l l ed  by the  length  

of ADWP and r a i n f a l l  i n t ens i ty .  

These two types of f i r s t  f l u s h  and the  two associa ted  hypothesis 

i nd ica t e  a need f o r  a more d e t a i l e d  ana lys i s  of the  da t a  i n  order t o  

produce a more accu ra t e  explanation of t he  va r i a t ion  observed. For t h i s  

reason the da ta  were put  through a step-wise mul t ip le  regress ion  

ana lys i s  using a S t a t i s t i c a l  package developed f o r  s o c i a l  s c i e n t i s t s .  

This program introduces each independent var iable  i n t o  the step-wise 

mul t ip le  regress ion  according t o  pre-calculated p a r t i a l  co r re l a t ions .  
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3.2 Mult iple Regression 

The da t a  t h a t  i s  used i n  t h i s  s tudy was obta ined  from 102 storms 

sampled between February 1984 and February 1986. It is  composed of t he  

peak concent ra t ions  found wi th in  t h e  f i r s t  f o u l  f l u s h  f o r  SS, COD, NH3 

and conduct iv i ty  which make up t h e  dependent var iables .  The independent 

va r i ab l e s  a r e  t h e  length  of ADWP, maximum r a i n f a l l  i n t e n s i t y  f o r  each 

storm (MINT), the  s i z e  of t he  preceding storm (LSTM) and i t s  ADWP 

(ADWPB) and, f i n a l l y ,  t he  concent ra t ions  of SS, COD, NH3 and 

conduct iv i ty  found i n  the  dry  weather flow, (SSB, CODB, NH3, CONDB). 

These l a t t e r  concent ra t ions  a r e  mean hourly values der ived  from a s e r i e s  

of s i x  24-hour periods of d ry  weather flow sampling. R may be 

hypothesised t h a t  sewer flow would p lay  a r o l e  i n  determining the  

magnitude and dura t ion  of the  f i r s t  f l u s h  but  it is thought t h a t  flow is 

n o t  a  t r u l y  independent va r i ab l e ,  being a funct ion  of r a i n f a l l  

i n t e n s i t y ,  volume and dura t ion .  Furthermore, a s  flow data  was n o t  

a v a i l a b l e  f o r  a l l  storms a t  t h e  time of  wr i t i ng  t h i s  paper, it was 

the re fo re  not  included i n  the  mul t ip le  regress ion .  

3.2.1 A l l  storms 

Firstly, t he  step-wise regress ion  program was appl ied  t o  t he  

complete da ta  s e t  of 102 storms i n  order  t o  determine the  major o v e r a l l  

inf luences  upon t h e  concent ra t ions  of SS, COD, NH3 and conduct iv i ty  

within the f i r s t  f l u sh .  The accumulated c o r r e l a t i o n  c o e f f i c i e n t s  f o r  

each  s t e p  of t h e  mul t ip le  r eg re s s ion  a r e  given i n  Table 1. 

Table 1 

Accumulated Corre la t ion  Coeff ic ients  For A l l  Storms 

S S COD NH3 C OND 

STEP 1 ADWP 0.58 ADWP 0.65 ADWP 0.40 ADWP 0.28 

STEP 2 MINT 0.67 MINT 0.68 NH3B 0.51 ADWPB 0.34 

STEP3 SSB 0.67 CODB 0.70 ADWPB 0.53 MINT 0.38 

STEP4 ADWPB 0.68 ADWPB 0.70 LSTM 0.53 CONDB 0.39 

STEP5 LSTM 0.68 LSTM 0.71 MINT 0.53 LSTM 0.39 

The r e s u l t s  show t h a t  i n  t h e  c a s e  of SS and COD t h e r e  is a d e f i n i t e  

r e l a t i o n s h i p  between the  concent ra t ion  of t he  determinands i n  t he  f i r s t  



f l u s h  and the  independent va r i ab le s  of the  the  mul t ip le  regression,  

which a r e  i n  order of importance antecedent dry  weather period,  maximum 

r a i n f a l l  i n t e n s i t y ,  t he  concentrat ion of SS and COD i n  the dry weather 

flow, the ADWP p r i o r  t o  the  l a s t  storm and the s i z e  of the  l a s t  storm. 

However, it must a l s o  be s a i d  t h a t  although the  length  of the  ADWP is  of 

most importance, only 33% and 44% respect ive ly  of the  va r i a t ion  of SS 

and COD concentrat ions can be explained by the  va r i a t ion  i n  length of 

the ADWP. Thus, much of the va r i a t ion  is s t i l l  l e f t  t o  be explained a s  

t h e  following independent va r i ab le s  only inc rease  the  explanation t o  46% 

and 50%. 

A s  would be expected the  concentrat ions of t he  d issolved 

determinands NH3 and conductivity show l i t t l e ,  i f  any, r e l a t ionsh ip  with 

t h e  independent va r i ab le s ,  and although ADWP is of g r e a t e s t  importance, 

it only provides 16% and 7% of the explanation.  Therefore, t he  

hypothesis  t h a t  t he  concentrat ion of NH3 and conduct iv i ty  i n  the  f i r s t  

f l u sh  is l a rge ly  cont ro l led  by the  degree of dry  weather flow d i l u t i o n  

i s  upheld. 

3.2.2 Type A and Type B f lu shes  

Following on from the  hypotheses previously discussed r e l a t i n g  t o  

the  two types of f lu sh ,  the da t a  were divided i n t o  the  two groups which 

were composed of 57 Type A storms and 45 Type B storms respect ive ly .  

These were then introduced t o  the  regress ion  program i n  order  t o  improve 

t h e  l e v e l  of explanation and t o  show how Types A and B f lushes  may be 

cont ro l led  by d i f f e r e n t  f ac to r s .  The accumulated c o r r e l a t i o n  

c o e f f i c i e n t s  f o r  t h e  two s e t s  of d a t a  a r e  shown i n  Tables 2 and 3, which 

ind ica t e  no improvement i n  the  l e v e l  of explanation.  

In t h e  case of SS, COD and NH3 f o r  t he  Type A f i r s t  f l u s h  storms,  

the  most important f a c t o r  i n  determining t h e i r  concentrat ion i n  t h e  

f i r s t  f l u sh  is the  dry weather flow concentrat ion which tends t o  uphold 

the  hypothesis t h a t  the major con t ro l l i ng  f a c t o r  is the degree of d r y  

weather flow d i l u t i o n ,  although the  degree of explanation i s  less than 

31%. In the case of conductivity there  is no obvious r e l a t ionsh ip  with 

any of t he  independent va r i ab le s  a s  the  accumulated co r re l a t ion  

c o e f f i c i e n t  is only 0.38. 



Table 2 

Accumulated Corre la t ion  Coe f f i c i en t s  f o r  t h e  Type A Flushes 

SS COD NH3 C OND 

STEP 1 SSB 0.56 CODB 0.55 NH3B 0.47 ADWPB 0.23 

STEP 2 MINT 0.60 MINT 0.59 MINT 0.48 ADWP 0.33 

STEP3 ADWP 0.64 ADWP 0.60 ADWPB 0.49 CONDB 0.35 

STEP4 ADWPB 0.68 LSTM 0.62 ADWP 0.49 MINT 0.37 

STEP 5 LSTM 0.69 ADWPB 0.63 LSTM 0.38 

Table 3 

Accumulated Corre la t ion  Coeff ic ients  f o r  t h e  Type B Flushes 

ss COD NH 7 c OND 
- 

STEP1 ADWP 0.42 ADWP 0.54 NH3B 0.44 ADWP 0.28 

STEP 2 MINT 0.45 CODB 0.61 ADWP 0.49 ADWPB 0.34 

STEP3 SSB 0.48 LSTM 0.62 MINT 0.50 MINT 0.38 

STEP 4 LSTM 0.49 ADWPB 0.63 LSTM 0.51 LSTM 0.40 

STEP5 ADWPB 0.50 MINT 0.63 ADWB 0.52 CONDB 0.42 

In the  case  of t h e  Type B f i r s t  f l u s h e s  of  SS and COD t h e  

hypothesis  t h a t  they a r e  l a r g e l y  con t ro l l ed  by the  length  of the  ADW is  

s t i l l  upheld, bu t  t h e  r e l a t i o n s h i p  and t h e  degree of explanation (max 

31%) a r e  not  a s  s t r o n g  a s  i n  t he  case  of a l l  storms (Table 1 ) .  This is 

probably brought about by the  reduct ion  i n  t h e  d a t a  s e t  (from 102 t o  57 

and 45) producing a c l u s t e r  of r e s u l t s  r a t h e r  than a r ep re sen ta t i ve  

spread. In add i t i on ,  t h e  concent ra t ion  of NH3 appears  aga in  t o  be 

con t ro l l ed  by the  degree of dry  weather flow d i l u t i o n  and conduct iv i ty  

shows no r e l a t i onsh ip .  

4 Conclusions 

The d a t a  from t h e  Great  Harwood catchment has provided some u s e f u l  

information concerning the  q u a l i t y  of combined sewer flows and 

p a r t i c u l a r l y  of t h e  p o l l u t a n t  concent ra t ions  w i th in  t he  f i r s t  f o u l  

f l u sh .  



A c l e a r l y  defined f i r s t  f l u s h  of SS and C O  has been i d e n t i f i e d  i n  

90% of the monitored storm events  and t h i s  f i r s t  f l u sh  has been shown t o  

take  two forms. NH3 and conduct iv i ty ,  however, almost always exhibi ted  

a d i l u t i o n  p a t t e r n  inverse ly  r e l a t e d  t o  sewer flow. 

The maximum recorded SS and COD concent ra t ions  i n  the  f i r s t  f o u l  

f l u sh  a r e  r e l a t e d  t o  the length of the  antecedent dry weather per iod ,  

t h e  q u a l i t y  of dry  weather flow and t h e  maximum r a i n f a l l  i n t e n s i t y .  

This study has gone some way t o  show the  e f f e c t  upon the  f i r s t  

f l u s h  of these  f a c t o r s ,  but  t he  l e v e l s  of explanation wi th in  the  

r e l a t ionsh ips  (max 44%) show t h a t  more work is required t o  produce a 

f u l l e r  understanding. 
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THE HYDRAULIC PERFORMANCE OF TWO ON-LINE STORAGE CHAMBERS IN 

CCMB INED SEWER SYSTEMS 
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Abstract  

This paper descr ibes  t h e  r e s u l t s  of  a fieldwork program of research ,  

financed by the  Water Research Centre and North West Water (-U.K), t o  

a s s e s s  the  hydraul ic  performance of two on-line high s i d e  w e i r  s t o rage  

storm overflow chambers. Ra in fa l l  and sewer flow d a t a  have been 

recorded over a two year study per iod  and analysed t o  examine the  t h r e e  

main aspects of hydraul ic  performance. F i r s t l y ,  t he  paper shows the  

e x t e n t  t o  which the  frequency of discharge t o  r ece iv ing  streams is  

reduced throughout a given study period.  3n t h i s  r e spec t  the  paper goes 

on t o  show t h a t  s to rage  chamber opera t ion  may be predic ted  with a high 

degree of c e r t a i n t y  from r a i n f a l l  da ta .  Secondly, t h e r e  is an 

examination of t he  flow r e t e n t i o n  performance by each s to rage  chamber 

f o r  a s e l ec t ed  number of storm events .  This performance is then 

r e l a t e d  t o  a number of p reva i l i ng  r a i n f a l l ,  runoff and sewer flow 

c h a r a c t e r i s t i c s .  Thirdly,  t h i s  paper examines the  e x t e n t  t o  which t h e  

t i m e  of  f i r s t  s p i l l  is  delayed by t h e  on-line s to rage  f a c i l i t i e s  and 

d iscusses  i t s  relevance t o  the  behaviour of the rece iv ing stream. In 

conclusion, t h i s  paper cons iders  t h e  p re sen t  value and f u t u r e  

repercussions of t he  hydraulic behaviour and performance of on-line 

S torage  chambers. 

1 Introduction 

In t h e  United Kingdom t h e r e  i s  a n a t i o n a l  need f o r  a much improved 



hydraul ic  con t ro l  a t  stormwater overflows on combined sewer systems. In 

some cases of sewer r e h a b i l i t a t i o n  the main method f o r  achieving b e t t e r  

hydraul ic  c o n t r o l  has been the  provis ion  of on-line s torage  chambers a t  

t h e  point  of overflow. Other than maintaining a continuous volume of 

flow t o  treatment on-line s to rage  chambers have t h r e e  objec t ives  ; t o  

reduce the frequency of overflow, t o  reduce the  volume of storm sewage 

s p i l l e d  and t o  de lay  the  time of f i r s t  s p i l l .  In e f f e c t ,  each 

objec t ive  leads t o  reduced impact upon the rece iv ing watercourse. 31 

t h e  absence of a co-ordinated na t iona l  pol icy  f o r  t he  cons t ruc t ion  of 

s torage  chambers the re  a r e  ne i the r  universa l ly  accepted design c r i t e r i a  

nor many at tempts t o  a s ses s  the  hydraul ic  performance of these  s to rage  

chambers b u i l t  t o  da te .  For example, the  s to rage  capaci ty  of an 

overflow chamber may be determined according t o  one of many suggested 

methods; a mul t ip le  of dry weather flow, a volume per u n i t  a rea  of 

catchment, a volume per  head of catchment population,  a f r a c t i o n  of a 

one o r  two year design storm and a volume according t o  the volume of 

f i r s t  f o u l  f l u s h  i n  the  sewer system. 

In the  United Kingdom the re  have been only a few s t u d i e s  of t h e  

performance of on-line o r  o f f - l i ne  s to rage  chambers. The Ministry Of 

Housing And Local Government (1970) concluded from a study of four  

s to rage  chambers t h a t ,  with a capaci ty  of s i x  t o  n ine  hours of dry  

weather flow, the  provision of s torage  could reduce the  frequency of 

overflow by 22% t o  45% and reduce t h e  volume of s p i l l  by 30% t o  50%. 

The Scot t i sh  Development Department (1977) concluded from a study of two 

s to rage  chambers t h a t ,  with a capaci ty  of 68 l i tres pe r  head of t he  

catchment population, s torage  could reduce the  frequency of overflow by 

58% and 77% and reduce the  volume s p i l l e d  by 71% and 89%. & s p i t e  

these  r e s u l t s  s torage  chambers have not  been taken up a s  a na t iona l ly  

accepted method of achieving hydraul ic  c o n t r o l  a t  redesigned stormwater 

overflows. 

2 The Overflow Storage Chambers 

This paper descr ibes  r e s u l t s  from the study of two on-line s to rage  

chambers each a t  t he  downstream end of a combined sewer system i n  t h e  

Borough of Hyndburn, Iancashire.  The c h a r a c t e r i s t i c s  of each chamber 

and i t s  catchment a r e  provided i n  Table 1. Both chambers a r e  designed 



i n  accordance with t he  recommendations ou t l i ned  by Ackers e t  a 1  (19681, 

so  t h a t  the  s torage  capaci ty  is equal  t o  t he  volume of d ry  weather flow 

wi th in  t he  sewer system overtaken by the toe  of t he  advancing stormwave. 

In e f f e c t  the chamber volume is  a funct ion  of the volume of f o u l  flow, 

i t s  approach time, t h e  time of r i s e ,  the  i n i t i a l  f o u l  flow and the  flow 

allowed t o  treatment.  The chamber penstock is s e t  according t o  

Formula A i s  described i n  t he  Technical  Committee Report 1970. 

Table 1 The c h a r a c t e r i s t i c s  of t he  s torage  chamber and t h e i r  catchments 

Impervious To ta l  Mean Dry 
Population Area (ha )  Area (ha )  Weather Flow 

(m3/s) 

Great Harwood 12,500 56 121 0.30 
Clayton l e  Moors 6,500 29 41 0.20 

Maximum Flow Two Year Storage 
t o  Treatment Design Flow Volume 

( m 3 / s )  ( m 3 / s )  (m3)  

Grea t  Harwood 0.27 7.80 138** 
Clayton-le-Moors 0.1 3* 3.78 1 26** 

* A flow survey c a r r i e d  o u t  dur ing  t h e  study period has shown t h a t  t h e  

a c t u a l  maximum flow discharged t o  treatment a t  Clayton-le-Moors is 

0.33 m3/s .  

** The s torage  c a p a c i t i e s  of t he  two chambers a r e  very s imi l a r  desp i t e  

q u i t e  d i f f e r e n t  c h a r a c t e r i s t i c s  due to the  Ackers method of ca l cu l a t i on .  

The s torage  c a p a c i t i e s  of the  Great  Harwood and Clayton-le-Moors 

chambers a r e  small  i n  comparison t o  those  suggested by the e a r l i e r  

s t u d i e s  of the  Ministry of Housing and Local Government (1970) and the  

S c o t t i s h  Development Department (1977). A s  a means of comparison t h e  

Great  Harwood chamber has a capac i ty  of 11 litres per  head o r  77 minutes 

of d ry  weather flow, and the  Clayton-le-Moors chamber has a capaci ty  of 

19 litres per head o r  104 minutes of dry  weather flow. The S c o t t i s h  

Development Department predic ted  t h a t  the chambers would reduce overflow 

frequency by 30% and 45% and reduce the volume of s p i l l  by 35% and 50% 

respect ive ly .  
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3 The F ie ld  Measurement System 

The f i e l d  measurement systems were es tabl i shed a t  Great Harwood i n  

February 1984 and a t  Clayton-le-Moors i n  Apr i l  1985. The d e t a i l s  a r e  

shown i n  Figure 1. Inflow, t h r o t t l e  flow and overflow measurements a t  

Great Harwood a r e  derived from a computer program t h a t  r e l a t e s  flows t o  

the  increase/decrease of stormwater l e v e l  a s  monitored by an u l t r a s o n i c  

l e v e l  transducer i n  the  chamber and a Water Research Centre designed 

l e v e l  sensing "swingmeter" ( Harman and Forbes , 1983) located over t he  

overflow weir. Flows der ived by t h i s  method have been checked by a 

flow survey. Inflow and overflow data  a t  Clayton-le-Moors a r e  derived 

from the  d i r e c t  c a l i b r a t i o n  of l e v e l  i n  the  inflow pipe and over t h e  

overflow weir a s  measured by "swingmeter". The c a l i b r a t i o n  i s  provided 

by a flow survey. A l l  l e v e l  d a t a  a r e  recorded by Golden River d a t a  

loggers or  environmental computers. Ra in fa l l  is cont inual ly  monitored 

by a t i pp ing  bucket raingauge located  i n  t h e  cen t r e  of each catchment, 

Figure 2. 

4 Resul ts  

The r a i n f a l l  and sewer flow d a t a  have been analysed t o  test t h e  

hydraulic performance of each s to rage  chamber i n  terms of t h e i r  

opera t ional  frequency, t h e i r  r e t e n t i o n  of flow and the  de lay  of f i r s t  

s p i l l .  

4.1 The Frequency W Storage Chamber Cperation 

Table 2 presents  a synopsis of t he  r a i n f a l l  and overflow frequency d a t a  

der ived from a 36 week study period a t  Great  Harwood and a 37 week study 

period a t  Clayton-le-Moors between June, 1985 and March, 1986. Table 3 

presents  a synopsis of t h e  d a t a  der ived from t h e  whole 90 week s tudy 

period a t  Great Harwood; April ,  1984 t o  March, 1986. 



Table 2 A synopsis of the r a i n f a l l  and overflow frequency data for  
Great Harwood and Clayton-le-Moors 

Total Number of Total  Number Number of Percentage Number 
Number of Storms per of overflows overflows of storms t h a t  
Storms * week per week caused overflow 

Great 
Harwood 158 4.4 49 1.4 31 .O% 

Clay ton 
l e  Moors 161 4.4 32 0.9 19.9% 

Table 3 A synopsis of the r a i n f a l l  and overflow frequency data fo r  the 
whole study period a t  Great Harwood 

Total Number Total Number Percenta e 
Number of storms Number of over- Number ocf 
Storms* per week of flows storms t h a t  

overflows per week caused over- 
flows 

Whole Study Period 340 3.8 11 3 1.3 33.2% 
Spring/Summer 198 4 43 2.4 16 0.9 37.2% 
Autumn/Winter 1984/85 1 11 4.3 37 1.4 33.3% 
Spring/Summer 1985 85 4.1 29 1.4 34.1 % 

Autumn/Winter 1985/86 101 4.0 31 1.2 30.7% 

* A storm is  defined a s  an event i n  which flow increased above Formula 

A i.e. the theoret ical  penstock s e t t i n g  f o r  each chamber. 

These resu l t s  show t h a t  storage chambers effect ively  reduce the 

frequency of overflow. A t  Great Harwood a t  l e a s t  63% of storms t h a t  

would normally cause overflow (i .e.  flow t h a t  exceeds Formula A )  were 

retained, a reduction from 4.4 per week t o  1.4 per week. A t  Clayton- 

le-Moors a t  l e a s t  80% of storms were retained, a reduction from 4.4 per 

week t o  0.9 per week. Incidentally,  t h i s  is twice the reduction i n  

overflow frequency than t h a t  predicted fo r  chambers of t h i s  s i z e  by the 

Scot t ish  Development Department ( 1977 ) . Clayton-le-Moors re ta ins  a 

higher percentage of storm events than Great Harwood, t h i s  is almost 

ce r t a in ly  due t o  the very high penstock s e t t i n g  allowing an unusually 

large proportion of flow t o  be discharged t o  treatment. Table 3 shows 

t h a t  although the number of storms and.overflows per week var ies  

according t o  season and t h a t  during summer and autumn the re tent ion 

performance is s l i g h t l y  reduced, the  storage chamber continues t o  r e t a i n  



a t  l e a s t  6 3  of storms. The lower r e t en t ion  performance during spr ing  

and summer of the  Great  Harwood s to rage  chamber is due t o  the  incidence 

of higher r a i n f a l l  i n t e n s i t i e s  over the  catchment. 

Table 4 depic ts  t he  r a i n f a l l  required t o  cause an inflow o r  an overflow 

f o r  each of the  s torage  chambers. These f igu res  a r e  provided from a 

s h o r t  t e s t  period t h a t  i s  one t h i r d  of the  o v e r a l l  s tudy period (one 

t h i r d  was chosen so  a s  t o  ensure enough storms i n  both the t e s t  period 

and the  model-verification period that followed). 

Table 4 The r a i n f a l l  required t o  cause an inflow o r  overflow a t  each 
overflow s i t e  

R a i n f a l l  Required To Cause Inflow 
Overa l l  Peak 

Volume (mm) In t ens i ty  (mm/hr) In t ens i ty  (mm/hr) 

Great Harwood 0.5 1.5+ 2.0* 

Ra in fa l l  Required To Cause Outflow 
Overa l l  Peak 

Volume ( m m )  I n t ens i ty  (mm/hr) In t ens i ty  (mm/hr) 

Great Harwood 4.0 3.0+ 5.0* 

* This r a i n f a l l  i s  required f o r  a t  l e a s t  10 minutes. 
+ This r a i n f a l l  i s  required f o r  a t  l e a s t  30 minutes. 

In comparison, the  Great Harwood s torage  chamber requi res  a t  l e a s t  

1.5mm/hr of r a i n  f o r  a t  l e a s t  a 30 minute period t o  cause an inflow and 

a peak r a i n f a l l  of 5.0 mm/hr f o r  a t  l e a s t  10 minutes to cause an 

overflow. Due t o  i ts  high penstock s e t t i n g  the  r a i n f a l l  required t o  

cause an inflow to the  Clayton-le-Moor chamber is 4.0 mm/hr f o r  30 

minutes and the  r a i n f a l l  requi red  t o  cause an overflow i s  7.0 mm/hr f o r  

10 minutes. These simple thresholds  apply to almost a l l  storms, but 

t he re  a r e  two exceptions. Overflow may occur a t  lower r a i n f a l l  

i n t e n s i t i e s  when e i t h e r  baseflow l eve l s  a r e  high due t o  a very s h o r t  

antecedent dry period s ince  t h e  l a s t  storm (one o r  two hours)  o r  when 

t h e  prevai l ing  r a i n f a l l  is  prolonged f o r  over two o r  three  hours. The 



r a i n f a l l  thresholds  shown i n  Table 4 and the  exceptions noted above 

provide the bas i s  f o r  a simple model f o r  p red ic t ing  s torage  chamber 

operation.  This model has been t e s t e d  us ing  t h e  remaining two t h i r d s  

of the  study periods a t  Great Harwood and Clayton-Le-Moors. 

The r a i n f a l l  da t a  records f o r  both catchments were examined and each 

indiv idual  storm event  was c l a s s i f i e d  a s  e i t h e r  a r a i n  event causing no 

chamber inflow o r  a r a i n  event  causing chamber inflow o r  a r a i n  event 

causing chamber overflow. The r e s u l t s  of t h i s  p red ic t ion  model a r e  

shown i n  Table 5. 

Table 5 The p red ic t ion  of s to rage  chamber inflow and overflow 

Rain event Rain event  Fain event 
bu t  no inflow causing inflow causing overflow 

- 
Number Percentage Number Percentage Number Percentage 
o f Predic t ion  of Predic t ion  of Predic t ion  
Storms Storms Storms 

GreatHarwood 41 95% 130 91 % 65 94% 

Clayton-Le- 19 100% 12 83% 17 94% 
Moors 

A t  Great Harwood, o u t  of a t o t a l  number of storms of 236, 216 (93%) were 

predic ted  co r rec t ly  by t h i s  model. A t  Clayton-Le-Moors o u t  of a t o t a l  

number of storms of 48, 45 (94%) were predic ted  co r rec t ly .  3n t he  

p red ic t ion  of overflows the model achieved a 94% success r a t e  a t  both 

Great  Harwood and Clayton-Le-Moors. The success of t h i s  p red ic t ion  is  

a r e f l e c t i o n  of the  very t i g h t  hydraul ic  con t ro l  s to rage  chambers exhere 

over storm overflow opera t ion  and i ts  c l o s e  a f f i n i t y  wi th  r a i n f a l l  

c h a r a c t e r i s t i c s  within t h e i r  catchments. It is the  opinion of t he  

authors  t h a t  s i m p l i s t i c  models such a s  t h i s  can form a p o s i t i v e  

opportunity f o r  the  p red ic t ion  of overflow frequencies f o r  s to rage  

chambers i n  s imula t ion  programs such a s  WASSP-SIM of t h e  Wallingford 

Procedure (NWC/DOE Standing Committee, 1981 ). Furthermore, such models 

when operated i n  conjunction with continuously monitored r a i n f a l l  events  

may form the  bas i s  f o r  the  fu tu re  r e a l  t i m e  con t ro l  of combined sewer 

overflows. 



4.2 Flow Retention Performance 

Values of the percentage of the  t o t a l  flow re ta ined by each s to rage  

chamber have been ca l cu la t ed  from t h e  flow da ta  f o r  of 21 and 13 

indiv idual  storm events a t  Great Harwood and Clayton-Le-Moors 

respect ive ly .  These storms r e f l e c t  t he  v a r i e t y  of r a i n f a l l  i n t e n s i t i e s  

and dura t ions  encountered dur ing  the  study period. The mean value of 

flow re t en t ion  f o r  a l l  storms was 77.6% and 86.1%. while t he  lowest 

percentages of flow re ta ined f o r  an indiv idual  storm were 53.8% and 

70.5% a t  Great  Harwood and Clayton Ie Moors r e spec t ive ly .  The b e t t e r  

performance of the  Clayton-Le-Moors s torage  chamber r e f l e c t s  the  e f f e c t  

of  t he  high penstock s e t t i n g  and the  s ingu la r  shape of t he  storm 

hydrograph t h a t  includes an unusually long " t a i l " ,  poss ib ly  a r e s u l t  of 

some i n f i l t r a t i o n  of stormwater i n t o  the  sewer system a f t e r  overflow has 

ceased. 

It is c l e a r  from these  ca l cu la t ions  t h a t  these  s to rage  chambers r e t a i n  

the major proport ion of t o t a l  stormflow. In f a c t ,  a much l a r g e r  

proport ion of stormflow than was predic ted  by the  Sco t t i sh  Development 

Department i n  1977. This may be des i r ab le  f o r  t he  prevention of 

watercourse po l lu t ion ,  but  it may have an adverse e f f e c t  upon t h e  

e f f l u e n t  treatment works t h a t  rece ives  t h i s  g r e a t e r  proport ion of 

r e t a ined  storm water. During t h e  p a s t  few years  a study has been 

ca r r i ed  ou t  by North West Water t o  a sce r t a in  why the  Hyndburn Eff luent  

Treatment Works ( a t  which a l l  Great Harwood and Clayton-Le-Moors f o u l  

sewage is t r e a t e d )  has a comparit ively high c o s t  of e f f l u e n t  treatment 

(Hudson and Torevel, 1985) when compared t o  o the r  works i n  the  area .  

The r epor t  noted t h a t  t h i s  very high c o s t  was a r e s u l t  of t r e a t i n g  

unusually "weak" f o u l  sewage der ived from a sewer system t h a t  de l ive red  

a very high proport ion of i t s  stormwater. The North West Water s tudy 

concluded t h a t  t h i s  high propor t ion  of r e l a t i v e l y  "clean" stormwater was 

a d i r e c t  r e s u l t  of rout ing  a l l  the  system's combined sewage through a 

number of on-line s torage  chamber overflows. 

The mean values of flow re t en t ion  d i sgu i se  a considerable v a r i a b i l i t y  

between ind iv idua l  storms. This v a r i a b i l i t y  is dependent upon a 

combination of hydraulic f a c t o r s  t h a t  con t ro l  t he  r a t e s  of chamber f i l l  



and overflow t o  rece iv ing streams. These f a c t o r s  inc lude  : t he  

penstock s e t t i n g ,  t he  time of rise t o  f i r s t  s p i l l ,  t he  r a t e  of flow 

s p i l l e d  and the  propor t ion  of t he  t o t a l  storm time t h a t  t h e  overflow 

operates.  These f a c t o r s  a re  i n  tu rn  a function of the  p reva i l i ng  

r a i n f a l l  and run o f f  c h a r a c t e r i s t i c s  such a s  : t h e  volume and dura t ion  

of r a i n f a l l ,  the i n i t i a l ,  o v e r a l l  and peak r a i n f a l l  i n t e n s i t i e s  during 

each storm and the  length of t he  preceding dry weather period. G£ 

these the  i n i t i a l  r a i n f a l l  i n t e n s i t y  and i t s  e f f e c t  upon the  time of 

r i s e  t o  f i r s t  s p i l l  is of p a r t i c u l a r  importance. 

The considerable v a r i a b i l i t y  of flow re t en t ion  performance of each 

s to rage  chamber between individual  storm events  and its complex causal  

r e l a t ionsh ip  with s o  many f ea tu res  br ings  i n t o  ques t ion  the  use of 

design storm hydrographs f o r  t he  design of stormwater overflows 

incorpora t ing  s torage .  It is the  opinion of t he  authors  t h a t  a more 

e f f e c t i v e  method of s to rage  volume es t imat ion  would involve the  

consideration of a time s e r i e s  of r a i n f a l l  events (Fiddes. 1984). 

The Delay G£ F i r s t  S p i l l s  

The delay time has been taken a s  the  time from the  f i r s t  rise of flow 

i n t o  the  s to rage  chamber t o  the  p o i n t  of  f i r s t  s p i l l  t o  t he  rece iv ing 

water course assuming t h a t  the  s to rage  chamber was empty a t  the  s t a r t  of  

t h e  storm event. Table 6 presents  a synopsis of  t he  de lay  t i m e s  

associa ted  with a l l  the  storm events charac ter i sed  by overflow i n  a 38 

week period a t  Great  Harwood (35 storms) and Clayton-Le-Moors (28 

storms ) . 

Table 6 The mean, minimum and d i s t r i b u t i o n  of de lay  t i m e s  

Mean Minimum Number of Number of Number of Number of 
Delay &lay  storms storms storms storms 
Time Time w i t h D e l a y w i t h D e l a y  wi thDe lay  wi thDe lay  
(mins) (mins) 0-10 mins 0-20 mins 0-30 mins 0-60 mins 

Great 5 3 4 7 (20%) 10 (29%) 17 (49%) 22 (63%) 
Harwood 

Clayton 67 9 1 (4%)  5 (18%) 12 (43%) 18 (64%) 
Le-Moor 



Table 6 shows t h a t  over t he  38 week study per iod  these  s torage  chambers 

de lay  the  po in t  of t h e  f i r s t  s p i l l  f o r  a mean time of about one 

hour. This al lows f o r  t he  s to rage  of any f i r s t  f o u l  f l u s h  p re sen t  a t  

t he  s t a r t  of storm events and g ives  t he  rece iv ing  watercourse some t i m e  

t o  a t t a i n  a c e r t a i n  degree of d i l u t i o n  of any s p i l l e d  e f f luen t .  The 

delay times of t h e  Clayton-Le-Moors s to rage  chambers a r e  longer than  

those of Great Harwood a s  a r e s u l t  of t he  d i f f e r ence  i n  penstock 

s e t t i n g s .  The de lay  times a t  both s to rage  chambers vary according t o  

t h e  i n i t i a l  r a i n f a l l  i n t e n s i t y  and i n  some storm events  the delay may be 

less than 5 minutes a t  Great  Harwood and less than 10 minutes a t  

Clayton-Le-Moors. In storms of t h i s  kind the re  is a d e f i n i t e  t h r e a t  of 

po l lu t ion  t o  t he  rece iv ing  watercourse because r e s u l t s  have shown t h a t  

t h e  f i r s t  f ou l  f l u s h  l a s t s  f o r  an  average of 30 to 40 minutes (Thornton 

and Saul, 1986). A s  Table 6 shows, a t  Great  Harwood and Clayton-Le- 

Moors g rea t e r  than 40% of storms t h a t  cause overflow have de lay  times of 

l e s s  than 30 minutes. 

The Hyndburn Brook rece ives  t he  s p i l l e d  e f f l u e n t  from t h e  two s torage  

chambers s t u d i e d  here.  Figure 3 dep ic t s  a storm hydrograph from t h e  

Hyndburn Brook i n  which the re  is a c l e a r  v i s i b l e  i npac t  on stream flow 

by the  four main on-line s to rage  chamber overflows loca ted  i n  t h e  

Hyndburn torough (Great  Harwood, Clayton-Le-Moors, Accrington and White 

Ash Brook). In t h i s  example a high i n t e n s i t y  r a i n f a l l  event  reduced the  

de lay  t i m e  of f i r s t  s p i l l  and c rea t ed  very high r a t e s  of overflow t o  t he  

Hyndburn Brook. A t  the  Great  Harwood overflow chamber, f o r  example, 

t h e  delay time was 11 minutes and the  peak r a t e  of overflow was 0.97 

m3/s.  A s  a r e s u l t  t he  stream hydrograph has an excess ive ly  peaked 

appearance where t he  h ighes t  flows a r e  associa ted  with overflow s p i l l  

before t h e  per iod  of normal r i v e r  flow. An e f f e c t  such a s  t h i s  r a i s e s  

t h e  quest ion a s  t o  whether t h e  type and capaci ty  of s torage  chamber 

overflows should be designed t o  s u i t  t he  sewage system o r  the  r ece iv ing  

r i v e r  system. 
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Figure 3 A Hydrograph From The Hyndburn Brook 

5 Conclusions 

A fieldwork program of research a t  two on-line s torage  overflow chambers 

has shown t h a t  good hydraul ic  con t ro l  may be achieved i f  cons t ruc t ion  

follows the design c r i t e r i a  suggested by Ackers e t  a 1  (1968). This 

hydraulic con t ro l  includes,  a minimum reduction i n  the  frequency of 

overflow of 60%, a mean reduction i n  the  t o t a l  flow s p i l l e d  of a t  l e a s t  

75% and a mean delay time of f i r s t  s p i l l  of one hour. 

A simple model f o r  t he  predic t ion  of s torage  chamber operation was 

formulated (based on r a i n f a l l  c h a r a c t e r i s t i c s  1. Tests showed t h a t  such 

a model may have a r o l e  i n  the  simulation and r e a l  time con t ro l  of 

s torage  chamber behaviour. 

Both s torage  chambers i n  t h i s  study showed good flow re t en t ion  

e f f i c i ency  and delayed the  t i m e  of f i r s t  s p i l l .  However, t he re  was 

considerable v a r i a b i l i t y  of performance between the  two s torage  chambers 

and between individual  storm events of the study period.  This 

v a r i a b i l i t y  has r a i sed  questions concerning : 



a )  The use of s i m p l i s t i c  des ign  c r i t e r i a  such a s  design storms and 

per  c a p i t a  based s to rage  es t imat ion  methods. A n  approach based on 

time s e r i e s  r a i n f a l l  events  is recommended. 

b )  The design of s to rage  chambers t o  s u i t  sewer systems r a t h e r  than  

t h e  rece iv ing  r i v e r  systems. The d ischarge  from overflows may 

have a s i g n i f i c a n t  e f f e c t  of t he  volume of r i v e r  flow. 

C )  The day-to-day opera t ion  and maintenance of  s to rage  chambers such 

a s  the  s e t t i n g  of penstocks. Such s e t t i n g s  should always be 

monitored i n  s i t u .  

d )  The pe r iphe ra l  e f f e c t s  of s t o r a g e  chamber cons t ruc t ion  and 

opera t ion  such a s  those i n f luenc ing  the  sewage system e f f l u e n t  

t rea tment  works. 

F ina l ly  it is  concluded t h a t  t h e  hydraul ic  e f f i c i e n c y  of on-l ine 

combined s e w e r  s t o rage  overflow chambers of t h i s  des ign  a r e  inarguable ,  

b u t  f u r t h e r  work is  requi red  t o  r e f i n e  t h e i r  cons t ruc t ion ,  app l i ca t ion  

and operat ion p a r t i c u l a r l y  with reference  t o  t he  q u a l i t y  a s  we l l  a s  t h e  

q u a n t i t y  of combined sewer e f f l u e n t s .  
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EFFECTIVENESS OF STORM SEWAGE 

OVERFLOW STRUCTURES IN HANDLING 

GROSS POLLUTING SOLIDS 

D.J. Balmforth 

Sheffield City Polytechnic, Sheffield S1 1WB, UK 

Abstract 

The paper describes the criteria that can be used to assess the perfor- 

mance of storm sewage overflow structures and explains why the ability 

to separate gross polluting solids is particularly important. Basic 

design concepts for effective hydraulic control and good solids separa- 

tion are presented and a comparison made with some design defects from 

the past. The author describes the results of model tests on four 

modern types of overflow structure, in which plastic particles were 

used to simulate the gross polluting solids. A comparison is made 

between the performance of these structures and recommendations are 

given for use in design. 

1 Introduction 

Storm sewage overflow structures are widely used in combined sewerage 

systems throughout the world to relieve overloading and to reduce the 

volumes of sewage that have to be dealt with at the treatment works at 

times of storm. They have been identified as one of the principal 

causes of urban river pollution so that in upgrading sewerage systems 

in the U.K. in recent years particular attention has been paid to their 

rationalisation and improvement. 

Many of the existing sewers were built during the 19th century when the 



sewers themselves were constructed. Since then additional overflows 

have been added, often on an ad-hoc basis as the needs arose. The 

simplest types of overflow used were the 'hole in manhole' and leaping 

weir overflows, neither of which were capable of diverting large 

volumes of flow. Where a large proportion of the flow had to be diver- 

ted the low side weir was used. These early types of overflow structure 

are illustrated in Figure 1 and are still in widespread use in the U.K. 

today. 

None of these early overflow structures were fitted with throttles on 

the continuation pipe so there is no precise control over the discharge 

at which first spill occurs, and the flow to treatment rises consider- 

ably as the combined inflow increases (Figure 2). Due to a lack of 

understanding of their hydraulic performance the amount of water over- 

flowing to the river was often underestimated, and this problem was 

compounded by increased flows as urban areas expanded. Additional 

overflows therefore became necessary and this has led to a prolifera- 

tion of overflow structures in the larger urban areas in the U.K. Since 

these early structures do not exercise proper hydraulic control, nor 

providefor any separation of polluting solids, urban watercourses are 

frequently polluted by storm sewage. In England and Wales alone there 

are over 2000 unsatisfactory overflow structures of which nearly 25% 

discharge to Class 1 rivers. 

2 Criteria for Effective Storm Overflow Structures 

The principal objectives of a sewerage system are: 

a) to carry foul sewage to a suitable point for treatment and/or 

disposal; 

b) to drain paved areas; 

c) to safeguard natural watercourses from pollution. 

When improving existing combined systems the engineer is faced with 

something of a dichotomy. On the one hand he would wish to remove all 

storm overflow structures in order to safeguard the watercourses from 

pollution, yet on the other he may need to retain discharge to the river 

in order to prevent overloading. The problem can be overcome, however, 



121 

adjustable trough 

i 

leapinq weir 

overflow 

flow t o  treatment 

hole 
in manhole 

overflow 

flow t o  treatment 

single or double sided 
spill weirs 

The Low Side Weir 

Figure 1 M y  Stwm !hwg Ckaflow Sbuctures 



Q in, m' h 

Uaatisfactory Low Side W r  



by rationalising storm overflow structures, i.e. by removing those 

structures with unsatisfactory performance and replacing them with a 

small number of effective overflow structures. 

In order to assess which of the existing structures are unsatisfactory 

and to be able to design effective new structures it is necessary to 

identify the criteria for effective storm overflow structures, as 

follows: 

a) fully automatic operation; 

b) the setting (flow at which first spill occurs) should be appro- 

priate to the location and desired function of the overflow; 

c) the flow to treatment should not increase appreciably as the amount 

overflowed increases; 

d) separation of pollutants so that the maximum amount of polluting 

material passes forward for treatment; 

e) minimum maintenance requirements; 

f) minimum cost of construction. 

Both existing structures and proposed designs can be evaluated against 

the above criteria. Where field data is unavailable the frequency and 

operation of overflow structures may be assessed by computer simulation 

using a suitable hydraulic model such as the Wallingford Procedure 

(1981). 

The setting of an overflow structure is particularly important. The 

setting should take into account the composition of the dry weather 

flow (e.g. is it particularly polluted by industrial effluent?), the 

capacity of the downstream sewer and treatment works, the impact on the 

receiving watercourse, and the current and proposed use of that water- 

course. Because of the continued growth of urban areas many overflow 

structures discharge at little more than dry-weather flow, whilst 

others overflow into small streams passing through residential areas. 

These are prime targets for rationalisation. 

3 Guidelines for New Storm Overflow Structures 

Before considering specific designs several general guidelines can be 

given for effective overflow operation. To ensure that the overflow 



operates at the prescribed setting the outlet should be throttled, 

using an orifice plate, penstock or throttle pipe, and the overflow 

weir set above the centreline of the incoming sewer. This will ensure 

a controlled gentle motion in the chamber not only ensuring a predict- 

able first spill, but also providing the required regulation of the 

flow passing forward to treatment. Such conditions are rarely achieved 

in older overflow structures (Figure 2). 

The velocity in the incoming sewer should be as low as possible (but 

not so low as to cause a build up of sediment in the overflow chamber). 

This is to encourage separation of polluting solids. Generally inlet 

conditions where Qin is greater than 1 . 5 ~ ~ "  (Qin in m3/s, D in metres) 

will not allow significant separation of pollutants. 

To reduce maintenance costs it is important that the chamber floor is 

self cleansing and the outlet throttle does not block. Experience has 

shown that a central 300 mm half round channel with a longitudinal 

slope no less than 1 in 50 and with benching sloping at 1 in 4 will 

ensure self cleansing in most cases, and a minimum dimension of opening 

of 200 mm at the throttle will reduce the risk of blockage. 

4 Recommended New Designs 

Three types of overflow structure are recommended for general applica- 

tion. They are the High Side Weir, the Stilling Pond and the Vortex 

with Peripheral Spill. 

4.1 The High Side Weir 

The High Side Weir gives good hydraulic control of the flow and may be 

constructed with single or double weirs. The downstream throttle 

ensures that subcritical flow occurs over the length of the weir and a 

simple graphical method developed by DeMarchi (1934) may be used to 

determine the required length of weir. The author has shown (Balmforth 

and Sarginson (1983)) that the weir coefficient is the same for side 

weirs as for transverse weirs. 



Saul and Delo (1982) determined appropriate dimensions for the width of 

chamber, crest height and scumboard dimensions to give good separation 

and retention of settleable and floating solids. They also recommended 

a short "inlet lengthf' before the weir and a small storage area between 

the downstream end of the weir and the throttle. The recommended cham- 

ber dimensions are given in Figure 3. 

4.2 The Stilling Pond 

The Stilling Pond overflow structure was devised by Sharpe and Kirkbride 

(1959) and improved and extended by the author (Balmforth (1982)). It 

is widely used throughout the U.K., and it also gives good hydraulic 

control. The recommended dimensions are given in Figure 4 and Table 1. 

When constructing the chamber on an existing sewer the requirement for 

Dmin is sometimes ignored and the chamber proportioned from the diameter 

of the existing upstream sewer. The length to the scumboard of 7Dmin 

in the figure refers to the extended stilling pond, and compares with 

the earlier 4.5Dmin recommended by Sharpe and Kirkbride. 

Table 1 

Dimensions of the Stilling Pond Overflow (~igure 4) 

Height of Minimum Diameter of Maximum depth Height of 

weir crest upstream sewer in chamber Scumboard 

The dimensions in Table 1 are D in metres and Q in m3/s. The best 
in 

performance is obtained from the 1.2D weir height. All vertical dimen- 

sions are measured from the invert of the upstream sewer at entry to 

the chamber. 
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4.3 The Vortex with Peripheral  Spi l l  

This i s  a new type of device (Balmforth e t  a 1  (1984)) which uses vortex 

motion t o  regulate the  outflow and t o  separate the  pol lu t ing sol ids .  

Due t o  the  vortex motion a t  ent ry  t o  the  continuation pipe the  hydraulic 

control  of the  flow i s  marginally b e t t e r  than the  High Side Weir and 

S t i l l i n g  Pond overflows. The formation of a forced vortex i n  the  

chamber great ly  a s s i s t s  i n  the concentration of s e t t l e a b l e  so l ids  i n  

the  centre  of the  chamber, and these  then pass through the  ou t l e t  and 

carry  forward f o r  treatment. Floatables  are  retained behind the  scum- 

board and a re  removed through t h e  cen t ra l  a i r  core. The dimensions of 

the  Vortex Chamber a r e  given i n  Figure 5 and Table 2. 

Table 2 

Recommended dimensions f o r  the  vortex with peripheral  s p i l l  

Weir Length L = 114 of circumference 

Weir Height H = 1.5D 

Chamber diameter = 4D 

I n l e t  channel width A = 1.15D 

I n l e t  channel length B = 1.2D 

Slope of chamber f l o o r  = 1 i n 4  

Diameter of o u t l e t  pipe d = 0.2 - 0.4D* 

* The diameter of the  o u t l e t  pipe w i l l  determine t h e  s e t t i n g  and may be 

obtained using the  theory of the  vortex drop devised by Ackers and 

Crump (1 960). 

5 Comparison of Performance 

The th ree  types work equally wel l  hydraulically.  To compare t h e i r  

c a p a b i l i t i e s  a t  handling pol lu t ing so l ids  the  r e s u l t s  of model t e s t s  

using p l a s t i c  p a r t i c l e s  have been used. The hydraulic models a re  

based on the  Froude Law of scal ing which has been shown by Saul (1977) 

t o  give a r e l i a b l e  predic t ion of prototype performance. He a l so  demon- 

s t r a t e d  t h a t  the performance of sewage so l ids  could a l s o  be modelled 

using p a r t i c l e s  with the  same r a t i o  of s e t t l i n g l r i s e  veloci ty  t o  mean 
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inlet velocity as would be found in the prototype. 

Figure 6 shows the comparative performance of the chambers as obtained 

in the model tests. To obtain a more global picture of the comparative 

performance of the overflows in the field three sets of data on sewage 

solids reported by the Scottish Development Department (1970) have been 

used. This data is summarised in Figure 7 and has been used to calcul- 

ate the overall separating efficiency of the chambers for the three 

different configurations given in Table 3. 

The High Side Weir is the least efficient of the three types, but it 

may be designed to have only a small drop in invert. Since it does not 

require the upstream sewer to be surcharged it is particularly suited 

to existing sewers with relatively flat gradients. 

The Stilling Pond requires a moderate drop in the invert and also some 

surcharge of the upstream sewer. Separating efficiency is more sensi- 

tive to changes in upstream conditions so that it would not be recommen- 

ded when the discharge Qin was significantly greater than 1 . 5 ~ ~ . '  for 

long periods. The extended stilling pond performs marginally better 

than the original version. 

The Vortex gives the best separating efficiencies of the three and is 

also the least sensitive to varying inlet conditions. It does however 

require a considerable drop in the invert of the sewer and is therefore 

more suited to hilly regions, particularly as it can readily be 

constructed in a circular shaft. 

The efficiency of all three types decreases if the inlet flow increases, 

or if the diameter of the inlet sewer is reduced. From the point of 

view of separating pollutant solids, therefore, as much flow as 

possible should be passed forward to treatment and the inlet sewer 

should be as large as possible. 

6 Conclusions 

A short list of criteria for effective overflow operation has been 

given to help the engineer identify existing structures that require 

replacement as a matter of priority. These criteria may also be used 

as a guide in the design of new structures. 

Three designs are recommended, the High Side Weir, Stilling Pond, and 

Vortex with Peripheral Spill. The choice will depend largely on 
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topography and the layout of the existing system. 

As much of the inflow as possible should be passed forward to treatment 

and the diameter of the incoming sewer should be as large as possible. 

Even though the bulk of pollutants consist of very fine suspended 

solids the results demonstrate that the separating capabilities of the 

recommended structures can make a very real impact on the quality of 

urban water courses. 

Table 3 

Comparison of stilling efficiencies 

Configuration Sewage Separating efficiency 

Sample Vortex Stilling Ext. stilling High 

Pond Pond Side 

weir 

Qin = 300 11s A 55.5 42 .O 43.1 35.8 

Vin = 0.35 m/s 

Qs = 60  11s B 75.5 62.7 60.2 62.8 

Q ~ / Q ~ ~  = 0.20 

D = 1050 m C 28.0 25.5 27.5 21.8 

Qin = 400 11s A 44.7 26.9 31.3 28.2 

'in = 0.46 m/s 

Qs = 60 11s B 72.9 45.1 52.2 47.2 

Qs/Qin = 0.15 

D = 1050 mm C 20.3 15.4 17.4 17.2 

Qin = 300 11s A 44.0 39.1 40.3 34.5 

"in = 0.47 m/s 

Qs = 60 11s B 69.1 59.2 60.1 48.6 

Qs/Qin = 0.20 

D = 900 mm C 24.5 24.4 26.6 14.8 
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A b s t r a c t  

The o b j e c t i v e  o f  a  p r o j e c t  s u p p o r t e d  by t h e  Deu t sche  Forschungsgemein- 

s c h a f t  was t o  d e t e r m i n e  t h e  e x t e n t  o f  w a t e r  p o l l u t i o n  a r i s i n g  f rom 

p l a n t s  f o r  combined sewage t r e a t m e n t  and from c l a r i f i c a t i o n  p l a n t  

e f f l u e n t s  d u r i n g  r a i n f a l l  e v e n t s .  

The r e s u l t s c a n  b e  summarized a s  f o l l o w s :  S u b s t a n t i a l  first f l u s h e s  o c c u r  

i n  t h o s e  sewer  s e c t i o n s  i n  which a  l a r g e r  accumula t ion  o f  p o l l u t a n t s  can  

be  e x p e c t e d  d u r i n g  p e r i o d s  o f  d r y  w e a t h e r  run-offand in which,  however,  

h i g h  f l o w  v e l o c i t i e s  a r e  found d u r i n g  s t o r m  w a t e r  r u n - o f f .  With i n c r e a -  

s i n g  c a p a c i t y  o f  t h e  d e t e n t i o n  b a s i n  t h e  amount o f  p o l l u t a n t s  d i s -  

cha rged  i n  e a c h  c a s e  w i t h  t h e  o v e r f l o w  i n t o  t h e  r e c e i v i n g  w a t e r  a l s o  

i n c r e a s e s .  On t h e  o t h e r  hand,  w i t h  i n c r e a s i n g  c a p a c i t y  t h e  f r e q u e n c y  

o f  o v e r f l o w  e v e n t s  d e c r e a s e s ,  t h u s  r e d u c i n g  t h e  amount o f  p o l l u t a n t s  

d i s c h a r g e d  i n t o  t h e  r e c e i v i n g  w a t e r  on a  y e a r l y  b a s i s .  The more sub-  

s t a n t i a l  t h e  first f l u s h  i n  t h e  combined w a t e r  r u n - o f f ,  t h e  l e s s  t h e  

e x t e n t  o f  t h e  p o l l u t i o n  a r i s i n g  f rom t h e  o v e r f l o w .  

1 I n t r o d u c t i o n  

During r a i n f a l l  e v e n t s  h i g h  p o l l u t i o n  l o a d s  a r e  d i s c h a r g e d  f rom paved 

and s e a l e d  s u r f a c e s  t o g e t h e r  w i t h  t h e  s t o r m  w a t e r  r u n - o f f .  T h i s  is  es- 

p e c i a l l y  t h e  c a s e ,  when r a i n w a t e r  is  mixed w i t h  sewage i n  a  combined 

sewer  s y s t e m ,  when s u r f a c e  p o l l u t a n t s  a r e  f l u s h e d  o f f  of paved o r  



sealed areas o r  when t h e  deposi ts i n  t h e  sewer system are  discharged. 

Natura l  bodies o f  water can thus  on ly  be succesfu l ly  protected,  when t h e  

t reatment o f  storm water i s  g iven t h e  same p r i o r i t y  as wastewater t r e a t -  

ment. Therefore storm water and wastewater t reatment must be looked upon 

as being o f  equal importance i n  respect  t o  t h e i r  e f f e c t s  on r e c e i v i n g  

waters. 

Already i n  t h e  sevent ies i n  t h e  F.R.G. i t  was recognized t h a t  dur ing  

storm water r u n - o f f  very h igh  amounts o f  p o l l u t a n t s  are  f lushed ou t  o f  

sewer networks. I n  order  t o  prevent these p o l l u t a n t s  from enter ing  r e -  

ce i v i ng  waters t h e  const ruc t ion  o f  de tent ion  basins was implemented. 

Thus t h e  f i r s t  h i g h l y  p o l l u t e d  p a r t  o f  t h e  storm water r u n - o f f  i s  s tored 

and detained before i t  enters t h e  sewage p lan t .  The more i n t e n s i v e  e f -  

f o r t s  i n  t h e  F.R.G. t o  equip sewer networks w i t h  detent ion  basins l e d ,  

f o r  example, a f t e r  G o t t l e  (1984) i n  Bavaria t o  t h e  const ruc t ion  o f  about 

600 000 m3 o f  usable storage capac i ty  by t h e  end o f  1983. Krauth (1984) 

reported,  t h a t  a t  t h e  beginning o f  1984 detent ion  basins w i t h  a t o t a l  

usable capaci ty o f  1 Mio m3 were i n  operat ion i n  Baden-Wurttemberg. 

About 213 o f  these basins are  designed as storage basins. 

The dimensioning and design o f  de tent ion  basins and overf low s t ruc tu res  

f o r  combined sewage i s  determined by t h e  gu ide l ines  o f  t h e  ATV working 

paper A 128 (1983). 

According t o  these gu ide l ines  l a r g e r  drainage areas are  t o  be d i v i ded  

i n  catchment subareas (Ared= 10 - 15 ha). I n  p r i n c i p l e  t he  f i r s t ,  h i g h l y  

p o l l u t e d  p o r t i o n  i s  d i ve r ted  t o  t h e  sewage works and t h e  l e s s  p o l l u t e d  

combined sewage i s  passed as soon as poss ib le  i n t o  t h e  rece i v ing  water. 

The gu ide l ines  i n  t h e  working paper are  based on g l o b a l  assessments and 

r e q u i r e  as an o b j e c t i v e  t h e  containment o f  a year ly  average o f  90% o f  

t h e  biodegradable and s e t t l e a b l e  substances. 

2 Types o f  storm water de tent ion  basins 

Detent ion basins are  necessary when t h e  c r i t i c a l  combined sewage r u n - o f f  

cannot o r  should n o t  be t r e a t e d  i n  t h e  sewage p lan t .  A f t e r  t h e  r a i n f a l l  

event t h e  contents o f  t h e  bas in  a r e  conducted t o  t h e  c l a r i f i c a t i o n  

p l a n t .  Storm water de tent ion  basins are  constructed e i t h e r  as storage 

basins o r  as detention-sedimentation basins. 



A combination o f  bo th  b a s i n  t y p e s  is  a l s o  p o s s i b l e .  A s  a  r u l e  b a s i n s  a r e  

dimensioned s o  a s  t o  a l low storm wate r  r u n - o f f s  reff t o  be d i scharged  t o  

t h e  c l a r i f i c a t i o n  p l a n t  a t  a  r a t e  o f  1 - 3 l / ( s . h a ) .  

De ten t ion  b a s i n ,  Type A (F igure  1 ) :  S torage  b a s i n s  o f  t h i s  t y p e  d e t a i n  

t h e  first p o r t i o n  o f  t h e  combined run-of f  completely and ,  on t h e  whole, 

d i s c h a r g e  t h e  major p o r t i o n  o f  t h e  combined run-of f ,  wi th  t h e  excep t ion  

of  t h e  p o r t i o n  d i v e r t e d  t o  t h e  sewage p l a n t ,  d i r e c t l y  i n t o  t h e  r e c e i v i n g  

wate r .  
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Figure  1 P r i n c i p l e  o f  o p e r a t i o n  o f  t h e  d e t e n t i o n  b a s i n ,  Type A 

If t h e  s t o r a g e  b a s i n  is arranged o n - l i n e  (F igure  l a ) ,  t h e n  its e f f l u e n t  

is d ischarged  t o  t h e  c l a r i f i c a t i o n  p l a n t .  If t h e  q u a n t i t y  o f  combined 

sewage run-off  is  s o  l a r g e  t h a t  it exceeds t h e  c a p a c i t y  o f  t h e  d e t e n t i o n  

b a s i n ,  t h e  overf low is d ischarged  d i r e c t l y  i n t o  t h e  r e c e i v i n g  wate r .  

I f  t h e  bas in  is  ar ranged  o f f - l i n e  (F igure  l b ) ,  t h e n  t h e  combined sewage 

i s  d iv ided  i n  two s t reams ,  one o f  which bypasses t h e  d e t e n t i o n  bas in  and 

goes d i r e c t l y  t o  t h e  c l a r i f i c a t i o n  p l a n t ,  t h e  o t h e r  o f  which i s  passed 

i n t o  t h e  basin.  The b a s i n  overf low only  goes i n t o  o p e r a t i o n  when t h e  

b a s i n  is  f u l l .  

De ten t ion  b a s i n ,  Type B (Detent ion-sedimentat ion-basin,  F igure  2 ) :  De- 

t en t ion-sed imenta t ion-bas ins  do n o t  d i f f e r  from s t o r a g e  b a s i n s  u n t i l  

t h e y  a r e  completely f u l l .  A t  t h e  beginning o f  s torm wate r  run-off  e v e n t s  

a l l  o f  t h e  combined sewage is  s t o r e d  i n  t h e  b a s i n .  After t h e y  a r e  



completely f u l l ,  however, t h e  i n f l o w  i s  l i m i t e d  t o  t h e  maximum overf low 

d i s c h a r g e  r a t e  (max Qku). Thus, an a d d i t i o n a l  e l i m i n a t i o n  o f  suspended 

s o l i d s  o f  t h e  combined sewage by sed imenta t ion  is  g iven .  If t h e  s torm 

wate r  run-off  exceeds t h e  c r i t i c a l  va lue  f o r  max Qku, t h e n  t h e  overf low 

o f  t h e  d e t e n t i o n  b a s i n  goes i n t o  o p e r a t i o n .  

DETENTION BASINS 
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Figure  2 P r i n c i p l e  o f  o p e r a t i o n  o f  t h e  d e t e n t i o n  b a s i n ,  Type B 

Detent ion b a s i n s  should be s o  planned t h a t  t h e y  a r e  connected t o  f l a t  

sewer s e c t i o n s ,  i n  which t h e  v e l o c i t y  o f  t h e  c a l c u l a t e d  d r y  weather  f low 

is  lower t h a n  0 , 5 0  m / s .  

The arrangement o f  d e t e n t i o n  b a s i n s  a t  s e v e r a l  p o i n t s ,  e s p e c i a l l y  a t  

p o i n t s  where p o l l u t a n t s  accumulate ,  is much more e f f e c t i v e  t h a n  a  system 

wi th  l a r g e r  b a s i n s  a t  l e s s  p o i n t s .  The t o t a l  catchment a r e a  should 

t h e r e f o r e  be d i v i d e d  i n  catchment s u b a r e a s  c o n s i s t i n g  o f  1 0  - 15 ha o f  

s e a l e d  s u r f a c e .  

The catchment sub-areas  should be homogeneous and t h e  f low t imes  t o  t h e  

d e t e n t i o n  b a s i n s  should  be n e a r l y  e q u a l .  When choosing a  s i t e  f o r  a  de- 

t e n t i o n  bas in  one should  a l s o  de te rmine ,  whether o r  n o t  a  t e c h n i c a l l y  

and economically f e a s i b l e  c o n t r o l  o f  t h e  d i s c h a r g e  r a t e  o f  t h e  d e t e n t i o n  

bas in  is  p o s s i b l e .  A n e a r l y  c o n s t a n t  d i s c h a r g e  r a t e  should  be achieved 

and t h e  maximum a l l o w a b l e  i n f l u e n t  r a t e  o f  t h e  c l a r i f i c a t i o n  p l a n t  must 

n o t  be exceeded. 

The op t imal  l a y o u t ,  a s  shown i n  t h e  ATV working paper  A 128,  should be  



t h e  o b j e c t i v e .  

3 Flushing behaviour  o f  sewer d e p o s i t s  

From t i m e  t o  t i m e  s o l i d s  can be d e p o s i t e d  i n  sewer systems.  Comprehen- 

s i v e  i n v e s t i g a t i o n s  c a r r i e d  o u t  on sewer s e c t i o n s  i n  S tu t tgar t -Busnau  

and i n  an exper imenta l  channel  showed t h a t  t h e  d e p o s i t i o n  o f  s o l i d s  and 

t h u s  t h e i r  scour ing  and d i s c h a r g e  a r e  in f luenced  by s e v e r a l  f a c t o r s .  

Most impor tan t  f o r  t h e  formation o f  d e p o s i t s  a r e  t h e  s h e a r  s t r e s s  o r  

f low v e l o c i t y  d u r i n g  dry  weather run-of f  and t h e  popula t ion  d e n s i t y .  The 

d u r a t i o n  o f  t h e  d r y  weather  per iod  between two r a i n f a l l  e v e n t s  p l a y s  a  

s i g n i f i c a n t  r o l e  f o r  t h e  accumulat ion o f  s o l i d  s u b s t a n c e s .  Measurements 

i n  Busnau showed t h a t  dur ing  comparable d ry  weather  p e r i o d s  approx. 8 

t i m e s  a s  much o f  s o l i d s  a r e  d e p o s i t e d  i n  a  r e l a t i v e l y  f l a t  sewer s e c t i o n  

(Is= 0.8%) t h a n  i n  a  more s t e e p l y  i n c l i n e d  one (Is= 2.2%). The f l u s h i n g  

behaviour  o f  sewer networks d i f f e r s  a s  a  r u l e  s i g n i f i c a n t l y  from t h a t  o f  

t h e  i n d i v i d u a l  sewer s e c t i o n s .  I n  F igure  3 t h e  r e l a t i v e  p o l l u t i o n  l o a d s  

Fs/Ftot t h a t  a r e  d i scharged  w i t h  t h e  first 30% o f  t h e  t o t a l  run-off  vo- 

lume (Qs/Qtot= 0.30)  a r e  p l o t t e d  a g a i n s t  t h e  s e a l e d  s u r f a c e  a r e a s  Ared 

i n  ha f o r  d i f f e r e n t  catchment a r e a s .  Ared was chosen a s  an idependent  

v a r i a b l e  because it is a s u i t a b l e  parameter  t h a t  i m p l i c i t l y  comprises  

t h e  e f f e c t s  o f  e v e n t s  r e s u l t i n g  i n  weaker f i r s t  f l u s h e s ,  when t h e  ave- 

r a g e  bed i n c l i n e s  and t h e  homogeneousness o f  t h e  networks a r e  comparab- 

l e .  
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Figure  3 Fs/Ftot a s  a  f u n c t i o n  o f  t h e  s e a l e d  s u r f a c e  a r e a  Ared 



The in te rdependence ,  a s  i l l u s t r a t e d  by t h e  p l o t t e t  c u r v e ,  shows unequi- 

v o c a l l y  t h a t  wi th  an i n c r e a s e  i n  t h e  s i z e  o f  t h e  s e a l e d  s u r f a c e  a r e a  

Ared t h e  i n f l u e n c e  o f  f a c t o r s  weakening t h e  f i r s t  f l u s h  a l s o  i n c r e a s e s  

s o  t h a t  t h e  first f l u s h e s  l o s e  more and more o f  t h e i r  i n t e n s i t y .  Ob- 

v i o u s l y ,  first f l u s h e s  seldom occur  when t h e  s i z e  o f  t h e  s e a l e d  a r e a  

lies above 100 h a ,  independent  o f  t h e  average bed s l o p e .  

I n  t h e  fo l lowing ,  c a l c u l a t i o n s  involv ing  t h e  i n d i r e c t  and d i r e c t  pol-  

l u t i o n  load  f o r  t h e  r e c e i v i n g  wate r  a r e  d e l t  wi th .  The b a s i s  f o r  t h e s e  

c a l c u l a t i o n s  a r e  t h e  d a t a  measured dur ing  a  two-year continuum o f  com- 

bined sewage r u n - o f f s .  Furthermore t h e y  a r e  based on t h e  model assum- 

t i o n  o f  an o f f - l i n e  s t o r a g e  bas in  (Type A2) being used a s  a  s torm wate r  

d e t e n t i o n  b a s i n .  

4 I n f l u e n c e  o f  t h e  s torm wate r  run-of f  

The d a t a  measured show t h a t  a  d i r e c t  i n t e r a c t i o n  e x i s t s  between t h e  

amount o f  p o l l u t a n t s  d i scharged  and t h e  amount o f  t h e  combined sewage 

run-of f  (average v a l u e  xM) a s  shown i n  F igure  4. 
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Figure  4 D i r e c t  p o l l u t i o n  load  o f  s o l i d s  i n  % vs. t h e  volume o f  com- 

bined sewage run-off  f o r  d i f f e r e n t  bas in  volumes 

F igure  4 a l s o  i l l u s t r a t e s  t h a t  more wate r  and p o l l u t a n t s  o f  a l l  t y p e s  

f low t o  t h e  r e c e i v i n g  wate r ,  when t h e  amount o f  combined sewage is l a r -  

g e r .  Thus it is  obvious ,  t h a t  every  s torm wate r  run-of f  l e a d s  t o  an 



o t h e r ,  d i f f e r e n t  d i r e c t  p o l l u t i o n  of t h e  r e c e i v i n g  wate r  when t h e  over-  

f low o f  a  d e t e n t i o n  b a s i n  goes i n t o  o p e r a t i o n .  On t h e  o t h e r  hand it i s  

a l s o  c l e a r ,  t h a t  t h e  f l u s h i n g  behaviour  o f  t h e  corresponding catchment 

a r e a  a l s o  e x e r c i s e s  c o n s i d e r a b l e  i n f l u e n c e  on t h e  d i r e c t  p o l l u t i o n  o f  

t h e  r e c e i v i n g  wate r .  

5 I n f l u e n c e  o f  t h e  s i z e  o f  t h e  bas in  

For known r a i n f a l l  e v e n t s  t h e  overf low frequency and t h e  corresponding 

overf low d u r a t i o n  can be i n f l u e n c e d  by t h e  d e t e n t i o n  bas in  s i z e  (F igure  

5).By dimensioning a  d e t e n t i o n  b a s i n  wi th  8 m3/ha t h e  y e a r l y  overflow 

frequency o f  241 e v e n t s  a t  V = 0 m3/ha can be reduced t o  a  va lue  o f  120. 

The year ly  overf low d u r a t i o n  o f  241 h /a  is t h e n  a l s o  reduced by 44% t o  

135 h /a .  T h i s  r e s u l t s  i n  a  d e c r e a s e  o f  54% o f  t h e  amount o f  water  d i s -  

charged v i a  t h e  overf low. By means o f  a  s t o r a g e  b a s i n  t h e  amount o f  so- 

l i d s  d i scharged  on a  y e a r l y  b a s i s  dur ing  first f l u s h  e v e n t s  (Busnau) de- 

c r e a s e s  from 497 kg/ (ha .a )  t o  241 kg / (ha .a ) .  

The e x t e n t  o f  t h e  d i r e c t  wate r  p o l l u t i o n ,  a s  a s c e r t a i n e d  i n  t e rms  o f  

t h e  y e a r l y  averages  f o r  s o l i d s  and BOD5, is n o t  on ly  dependent on t h e  

overf low frequency and t h u s  t h e  s p e c i f i c  bas in  s i z e  b u t  a l s o  on t h e  

f l u s h i n g  behaviour  o f  t h e  d e p o s i t s  i n  a  sewer network. T h i s  means t h a t  

it is  o f  g r e a t  importance f o r  t h e  e x t e n t  o f  t h e  d i r e c t  wate r  p o l l u t i o n  

whether o r  n o t  t h e  d e p o s i t s  i n  t h e  sewer network a r e  d i scharged  by a  

first f l u s h .  
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Figure  5 D i r e c t  p o l l u t i o n  l o a d  i n  kg/(ha.a)  and i n  % r s p .  vs .  b a s i n  

volume and overf low frequency r s p .  



I n  t h e  c a s e  of a  b a s i n  volume o f  1 5  m3/ha, a  y e a r l y  average  o f  167 kg/ 

(ha.a)  s o l i d s  i s  d i r e c t l y  d i scharged  i n t o  t h e  r e c e i v i n g  water  dur ing  a  

first f l u s h  e v e n t .  Th is  cor responds  t o  a  va lue  o f  23.2%, r e l a t i v e  t o  t h e  

p o l l u t i o n  load  dur ing  combined sewage f lows > 2Qs+ Q f .  If no first f l u s h  

- however t h e  same y e a r l y  d i s c h a r g e  o f  p o l l u t a n t s  o u t  o f  t h e  sewer n e t -  

work - took  p l a c e ,  t h e n  215 k g / ( h a . a )  o f  s o l i d s  would be c a r r i e d  i n t o  

t h e  r e c e i v i n g  wate r .  Th is  would amount t o  29% more t h a n  i n  t h e  c a s e  of 

a  first f l u s h  d i s c h a r g e ,  a s  found i n  S tu t tgar t -Busnau .  Analogously t h e  

same r e s u l t s  a r e  found i n  r e s p e c t  t o  t h e  BOO5-load, however l e s s  i n t e n s e  

t h a n  i n  t h e  c a s e  o f  t h e  d i scharged  s o l i d s .  

Besides t h e  BOD5-value and t h e  NHqf-concentration t h a t  a r e  d e t r i m e n t a l  

t o  t h e  oxygen ba lance  of a  body o f  w a t e r ,  t h e  s u b s t a n c e s  t h a t  form s e d i -  

ments and adhere  t o  s u r f a c e s  c a p a b l e  of suppor t ing  b i o l o g i c a l  films a r e  

a l s o  h igh ly  impor tan t  f o r  t h e  q u a l i t y  of wate r .  For s o i l  f l o r a  and fauna 

n o t  on ly  t h e  k inds  o f  s u b s t a n c e s  d i scharged  i n t o  t h e  wate r  a r e  impor tan t  

bu t  a l s o  t h e  frequency o f  p o l l u t i o n  e v e n t s  and t h e  a b s o l u t e  amount o f  

p o l l u t a n t s .  According t o  t h e  s t a t e m e n t s  o f  s e v e r a l  h y d r o b i o l o g i s t s ,  a  

s i n g l e  s t r o n g  e v e n t  t h a t  t a k e s  p l a c e  seldomly a p p e a r s  n o t  t o  be s o  r e l e -  

v a n t  f o r  t h e  wate r  q u a l i t y  a s  t h e  i n t e r a c t i o n  o f  s e v e r a l  p o l l u t i o n  

e v e n t s  t a k i n g  p l a c e  w i t h i n  a  c e r t a i n  per iod  o f  time. If t h i s  per iod  o f  

t i m e  is d e s i g n a t e d  a s  being t h e  i n t e r a c t i o n  t i m e  and i f  a l l  overf low 

e v e n t s  dur ing  t h i s  i n t e r a c t i o n  t i m e  a r e  combined t o  one s i n g l e  e v e n t ,  

t h e n  t h i s  e v e n t  is  looked upon a s  being r e l e v a n t  f o r  t h e  water  q u a l i t y  

when t h e  d i s c h a r g e  o f  p o l l u t a n t s  exceeds  8.4 kg/ha s o l i d s  o r  6  kg/ha 

BOO5 dur ing  an i n t e r a c t i o n  t i m e  of 1 6 . 7  hours .  The r e s u l t s  o f  such a  

c a l c u l a t i o n  a r e  shown i n  F igure  6. The graph i n  t h i s  f i g u r e  shows t h e  

c o u r s e  of  t h e  d e c r e a s e  i n  t h e  p o l l u t i o n  frequency? t h a t  ist r e l e v a n t  n '  
f o r  t h e  q u a l i t y  o f  t h e  w a t e r ,  a s  w e l l  a s  t h e  c o u r s e  o f  t h e  d i r e c t l y  d i s -  

charged s o l i d s  ;l (50%-value), t h a t  r e s u l t s  from a s t a t i s t i c a l  e v a l u a t i o n  

of t h e  i n d i v i d u a l  r e s u l t s  a s  a  f u n c t i o n  of t h e  s i z e  o f  t h e  s t o r a g e  b a s i n  

VFB f o r  e v e n t s  w i t h  first f l u s h e s  and wi thout  first f l u s h e s .  



Figure  

VFB in rn3/ha 

D i r e c t  d i s c h a r g e  o f  s o l i d s  X and decrease  i n  t h e  r e l e v a n t  

p o l l u t i o n  frequency%, r e s p .  vs .  bas in  c a p a c i t y  VFB 

A s  shown i n  f i g u r e  6 ,  a  s t o r a g e  b a s i n  wi th  a  c a p a c i t y  o f  1 5  m3/ha can 

reduce  t h e  p o l l u t i o n  f requency) ln  by 90%, when t h e  combined sewage run-  

o f f  is  d ischarged  wi th  a  first f l u s h  and by 84% i n  t h e  c a s e  o f  no first 

f l u s h .  Basins w i t h  a  c a p a c i t y  s m a l l e r  t h a n  1 5  m3/ha l e a d  t o  a  d r a s t i c  

i n c r e a s e ,  b a s i n s  w i t h  a  c a p a c i t y  l a r g e r  t h a n  15 m3/ha t o  a  r e l a t i v e l y  

i n s i g n i f i c a n t  d e c r e a s e  o f  t h e  p o l l u t i o n  f requency ,  a s  compared wi th  ba- 

s i n s  wi th  a  c a p a c i t y  o f  1 5  m3/ha. On t h e  o t h e r  hand, t h e  s t a t i s t i c a l  

e v a l u a t i o n  o f  each overf low e v e n t  shows t h a t  t h e  d i r e c t  d i s c h a r g e  o f  
9 

s o l i d s  i n t o  t h e  r e c e i v i n g  water  ( X )  f o r  each overf low event  is  always 

h igher  wi thout  a  first f l u s h  t h a n  w i t h  one. With i n c r e a s i n g  c a p a c i t y  o f  

t h e  s t o r a g e  b a s i n  (> 20 m3/ha) t h e  d i r e c t  d i s c h a r g e  o f  s o l i d s  g e n e r a l l y  

i n c r e a s e s .  T h i s  means t h a t  when t h e  overf low o f  l a r g e  s t o r a g e  bas in  goes 

i n t o  o p e r a t i o n ,  more s o l i d s  a r e  d i scharged  i n t o  t h e  r e c e i v i n g  water  t h a n  

from a  s m a l l e r  b a s i n .  I n  t h e  c a s e  o f  combined sewage run-off  wi th  a  

f i r s t  f l u s h  e f f e c t  t h e  s t o r a g e  b a s i n  w i t h  a  c a p a c i t y  o f  1 0  - 20 m3/ha 

t h u s  r e s u l t s  i n  t h e  s m a l l e s t  d i r e c t  d i s c h a r g e  o f  s o l i d s  i n t o  t h e  r e c e i -  

ving wate r  and a l s o  i n  a  d e c r e a s e  o f  t h e  r e l e v a n t  p o l l u t i o n  frequency 

by 90%. These f i g u r e s  prove t h a t  it is  much more purposefu l  t o  c o n t a i n  

t h e  first f l u s h  o f  combined sewage run-off  i n  smal l -capac i ty  s t o r a g e  

b a s i n s  t h a n  t o  a t t e m p t  t o  t r e a t  a  l a r g e r  q u a n t i t y  o f  homogeneously pol-  

l u t e d  combined sewage i n  a  l a r g e  b a s i n .  



6 I n t e r a c t i o n  between d i r e c t  and 

i n d i r e c t  water  p o l l u t i o n  

The e x t e n t  o f  t h e  d i r e c t  and i n d i r e c t  y e a r l y  p o l l u t i o n  o f  a  r e c e i v i n g  

wate r  ist r e l a t e d  t o  t h e  s torm wate r  d e t e n t i o n  b a s i n  s i z e  through t h e  

overf low f requency ,  n.. and t h e  time, tind, t h a t  is  necessary  f o r  
U '  

emptying t h e  b a s i n  (F igure  7 ) .  By i n c r e a s i n g  t h e  s i z e ,  VFB, t h e  y e a r l y  

overf low frequency and d u r a t i o n  and t h u s  t h e  combined sewage and pol- 

l u t a n t  amounts t h a t  a r e  d i scharged  d i r e c t l y  i n t o  t h e  r e c e i v i n g  wate r  de- 

c r e a s e .  I n  t h e  same measure i n  which water  is d e t a i n e d  by s t o r a g e  a t  t h e  

b a s i n  overf low, t h e  d u r a t i o n  o f  t h e  in f low o f  combined sewage i n t o  t h e  

c l a r i f i c a t i o n  p l a n t  and t h u s  t h e  amount o f  t h e  e f f l u e n t  from t h e  c l a r i -  

f i c a t i o n  p l a n t  i n t o  t h e  r e c e i v i n g  wate r  i n c r e a s e s .  

F igure  7 Overflow volume i n  %, overf low e v e n t s  p e r  year  and r e l a t i v e  

d u r a t i o n  tind/tR o f  t h e  combined sewage run-of f  vs .  bas in  

c a p a c i t y  VFB 

The e x t e n t  o f  t h e  d i r e c t  and i n d i r e c t  water  p o l l u t i o n  on a  y e a r l y  b a s i s  

is  shown i n  F igure  8, from which t h e  fo l lowing  conc lus ions  can be de- 

r i v e d  : 

The d i scont inuous  d i r e c t  p o l l u t i o n  load  is  s i g n i f i c a n t l y  diminished when 

us ing  d e t e n t i o n  b a s i n s  wi th  a  c a p a c i t y  o f  8 m3/ha. When no first f l u s h  

t a k e s  p l a c e ,  t h e n  l a r g e r  d e t e n t i o n  b a s i n s  a r e  r e q u i r e d  t h a n  when a  f i r s t  



f l u s h  occurs .  Therefore  it is  purposefu l  t o  l o c a t e  d e t e n t i o n  b a s i n s  a t  

t h o s e  p o i n t s  i n  t h e  sewer network where an i n t e n s i v e  first f l u s h  can be 

expected.  I n  t h i s  way it is  p o s s i b l e  t o  r a p i d l y  d i s c h a r g e  r e l a t i v e l y  

p o l l u t a n t - f r e e  s torm water  i n t o  t h e  r e c e i v i n g  wate r .  The i n d i r e c t  d i s -  

con t inuous  p o l l u t i o n  o f  t h e  r e c e i v i n g  wate r  i n c r e a s e s  wi th  i n c r e a s i n g  

d e t e n t i o n  bas in  c a p a c i t y .  The i n c r e a s e  i s ,  however, i n s i g n i f i c a n t  when 

us ing  d e t e n t i o n  b a s i n s  with a  c a p a c i t y  o f  20 m3/ha o r  more. This  i n d i -  

r e c t  p o l l u t i o n  i s  s t r o n g l y  dependent on t h e  e f f i c i e n c y  o f  t h e  secondary 

c l a r i f i e r  dur ing  combined sewage run-of f .  The t o t a l  y e a r l y  p o l l u t i o n  o f  

a  body o f  water  c o n s i s t s  o f  t h e  d i scont inuous  p o l l u t i o n  l o a d s  dur ing  

combined sewage run-off  and t h e  p o l l u t i o n  load  o r i g i n a t i n g  from t h e  dry  

weather  run-of f .  A minimum f o r  t h e  t o t a l  p o l l u t i o n  load  does n o t  e x i s t .  

Storm water  and wastewater  t r e a t m e n t  must be looked upon a s  being o f  

e q u a l  importance i n  r e s p e c t  t o  t h e i r  e f f e c t s  on r e c e i v i n g  wate rs .  There- 

f o r e  it is  not  purposefu l  t o  d i f f e r e n t i a t e  t o o  s t r o n g l y  i n  r e s p e c t  t o  

t h e  e x t e n t  o f  t h e  d i r e c t l y  and i n d i r e c t l y  d i scharged  p o l l u t a n t s  dur ing  

combined sewage r u n - o f f .  

INDIRECTLY WITH 
I H t  C.P.  EFFLUENT 

Figure  8 Yearly d i r e c t ,  i n d i r e c t  and t o t a l  d i s c h a r g e  o f  s o l i d s  v s  

b a s i n  c a p a c i t y  VFB 

7 Examination o f  t h e  e f f i c i e n c y  o f  a  

s t o r a g e  bas in  

During a  13-month per iod  t h e  q u a n t i t i e s  and t h e  p o l l u t i o n  l o a d s  i n  t h e  



combined sewage r u n - o f f  and i n  t h e  detent ion basin overf low were mea- 

sured. The ob jec t  o f  t h e  i nves t i ga t i ons  was a detent ion basin o f  t h e  

storage basin type w i t h  a s p e c i f i c  capaci ty o f  24 m3/hared, located on- 

l i n e .  The e f f l u e n t  o f  t h e  basin was t h r o t t l e d  t o  a discharge r a t e  o f  

Qrab = 24.5 l / s .  The catchment area had a sealed surface area of 

60.25 ha. The data do not  comprise any extreme cases o f  combined sewage 

run-o f f .  The basin was dimensioned according t o  ATV working paper A 128. 

Per year the re  were 43 overf low events; 37% o f  t h e  combined sewage, 18% 

o f  t h e  incoming BOD5-load and 6% o f  t h e  incoming s e t t l e a b l e  s o l i d s  were 

discharged i n t o  t h e  rece iv ing  water. Thus t h e  r e s u l t s  show t h a t  t h e  e f -  

f i c i e n c y  o f  t h e  detent ion  basin was very high.  
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EFFICIENCY OF STORMWATER 

OVERFLOW TANKS 
V .  Krejci, W. Munz and W. Gujer 
Swiss Federal Inst i tute  for  Water Resources and Water Pollu- 

tion Control (EAWAG) , CH-8600 Dubendorf , Switzerland 

Abstract 

The efficiency of two existing stormwater overflow tanks has been in-  
vestigated. To obtain the necessary resu l t s ,  experimental investigations 

during six months have been performed. For the analysis of an annual 

load balance during an average year as well as the pollution load during 
extreme single events the simulation model SASUM (EAWAG, Munz) has been 

applied. The experimental data have been used for the calibration and 
verification of t h i s  model. 

The most important factors affecting the pollution load from combined 
sewers overflow are the character is t ics  of the rainfal l  and the amount 
of pollutant on the ground surface and of deposits in sewers. Thus the 
transfer of general i zed overflow data between different  drainage areas 

i s  not reliable.  An open question remains with regard t o  the effects  of 

the short term p01 l ution load from combined sewage overflow on receiving 
waters. 

1 Introduction 

In Switzerland combined sewers dominate over separate sewer systems. The 

hydraulic capacity of wastewater treatment p1 ants (WWTP) i s  generally 
twice the daily peak dry weather flow. "Overflow tanks" are generally 

used to  reduce the pollution load from combined sewage overflows (CSO). 
Depending on the local conditions these tanks are designed 



a )  t o  store the f i r s t  flush and t o  return i t  a f t e r  the end of the rain 
to  the treatment p1 ant,  

b)  t o  provide clar i f icat ion (and some storage) before discharge into 
receiving waters; the sediment i s  treated a t  the WWTP a f te r  the rain 

event, 
c )  as a combination of 1) and 2). 

Some hundred overflow tanks have been bui l t  in Switzerland since the 
s ix t ies .  However, experimental information on the efficiency of these 
tanks i s  not available. 

The insuff icient  information about the efficiency of existing overflow 
tanks has lead to  the systematic investigation of two combined system 

drainage areas with emphasis on the experimental investigation of two 
overflow tanks (Lake Thun area i n  Canton Berne). 
The main purpose of th i s  investigation i s  to  obtain more information 

on the benefits gained from the use of overflow tanks in combined sewer 
system i n  relation t o  the high costs associated with construction of 
these tanks. 
The project has been managed by the Federal Office for  Protection of the 

Environment in Bern and the experimental investigations were conducted 

by the Consulting Engineers Prantl in Thun. The wastewater and i t s  sedi- 
ments were analyzed by the Cantonal Laboratory for  Water Pollution Con- 
t rol  in Bern, and the interpretation of the experimental data and the 

modeling has been performed by the Swiss Federal Ins t i tu te  for Water 
Resources and Water Pollution Control (EAWAG) in Dubendorf/Zurich. 

2 Experimental investigations 

The two investigated combined sewer areas Matten and Hilterfingen d i f fe r  
significantly. Matten (a suburb of Interlaken) i s  a f l a t  area of 0.8 km2 

between Lake Thun and lake Brienz with residential,  trade and business 

ac t iv i t i es .  Hi1 terfingen i s  a developing residential suburb of Thun ( in  
1982: 0.4 km2) lying on steep slopes, above Lake Thun. Both of the i n -  

vesti gated overflow tanks are operated parallel to  the main sewage flow. 

The inflow into these tanks (= combined sewage overflow) occurs i f  the 
flow of sewage exceeds the capacity of the interceptor (Figure 1). 



- DRY WEATHER FLOW 

SURFACE RUNOFF 

OVERFLOW 
CLARlFlCAl 

cJ;;;y;;;m 
W A T E R S  WASTE WATER 

TREATMENT PLANT 

Figure  1 Flow scheme o f  overf low tanks i n  the study areas 

Both o f  the tanks are designed p r i m a r i l y  t o  provide c l a r i f i c a t i o n  f o r  

CSO. The storage e f f e c t  o f  these tanks (espec ia l ly  i n  Matten) i s  f o r  

many r a i n f a l l  events on ly  small. Fur ther  in format ion about the study 

areas and t h e i r  overf low tanks i s  shown i n  Table 1. 

To obta in  the necessary resu l ts ,  hydrologic,  hydrau l ic  and chemical 

i nves t i ga t i ons  were conducted between May and October 1982. Figure 2 

shows the sketch o f  both tanks w i t h  the sampling s ta t i ons  f o r  chemical 

ana lys is  o f  the wastewater and o f  the sediments. Table 2 summarizes the 

r a i n f a l l  and the overf low events dur ing the invest iga ted period. 
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Table 1 C h a r a c t e r i s t i c s  o f  t h e  s tudy  areas 

MATTEN HILTERFINGEN 

Catchment area 

- to ta l ,  Atot 

- impervious, A. 
1 '"P 

Number o t  r a i n t a l  l gages i n  catchment area 

Max. f u l l  f low runof f  time, tF 

Number o f  inhabi tants  

Dry weather f l ow 

- peak, QTW 

- annual averages, jQTW 

Interceptor  capacity 

- absolute, Qan 

- speci f ic ,  ran = (Qan- jQTW)/Aimp 
Overflow tanks 

- absolute volume, It 
- spec i f i c  volume it = $/Aimp 

In - l i ne  storage i n  sewers 

- absolute volume, Isew 

- spec i f i c  volume, isew= It/Aimp 

Total storage i n  drainage system 

- absolute volume, Itot 

- spec i f i c  volume, itot= 
it + isew 

k" 

W INTO WATERS 
G WATERS 

F i g u r e  2 Sketch of o v e r f l o w  tanks  i n  Mat ten and i n  H i1  t e r f i n g e n  w i t h  

t h e  sampl ing s t a t i o n s  f o r  wastewater and t h e  sediments n 

Uni ts  

ha 

ha 
- 

Mi n 
- 

1 /S 

1 /S 

1 /S 

l/s.ha 

m3 

m3/ha 

m3 

m3 /ha 

m3 
m3/ha 

Study area 

Matten Hi l t e r f i  ngen 

86 41 
32.6 10.5 

3 3 

20 10 

4300 1500 

43 16 

17 6 

90 40 

2.2 3.3 

250 330 

8 31 

210 

6 - 

460 330 

14 31 



Table 2 Overview of the rainfall  and overflow events in Matten and in 
Hi1 terf  i ngen during the investigated period 

Month 

%: 

May 
June 

July 

August 
September 
October 
May - ktober 

Hi1 terfingen: 

May 
June 

July 

August 
September 
October 

May - October 

Rainfall (average of 3 gages1 

Number Duration Volume 

-1 [ m ]  [hrs] 

Overflow (recorded) 

overflow tanks) 

I t  appears that  from 70 - 80 investigated events, only about 20 % de- 

l i ve r  suitable and rel iable  data for  the planned evaluation due to  the 

f 01 l owi ng reasons : 

COMBINED SEWAGE OVER FLOW MATTEN (MAY-OCT. 1982) 

DURATION jhrs] V O L U M E  I m3/ha]  

Figure 3 Frequency distribution of recorded overflow events in Matten 

between May and October 1982 (combined sewage overflow = in- 
flow into overflow tank) 



- the lack of combined sewage overflow (about 40 % of rainfall  s were 

not intensive enough to  cause an overflow) , 
- repetition of events with similar character of rainfall  and overflow 

(see frequency distribution Figure 3) ,  
- significant variation in character of the same rainfall  within the 

study area (Figure 4), and 
- errors in measurments and in sampling. 

22. September 22. July 9. June 

Figure 4 Examples for the variation of the rainfal l  in 3 rain gauges 

within the investigated area in Matten. The average distance 
between the single rain gauges was about 600 - 700 m 

These experimental investigations are very expensive and involve a great 

deal of time. The estimated costs for  the performance and documentation 

of these experiments are in the order of 100.000.- $ (without costs for  

chemical analysis, and excluding costs for the eval uation of resul ts  and 

for the model ing e f fo r t s ) .  

3 Evaluation of resu l t s  

3.1 The method 

To study the influence of CS0 on receiving waters both annual load and 

single event loads are important. Since i t  i s  too expensive t o  obtain 

suff icient  resul ts  f rome experimental investigations a well balanced 

ra t io  between experiments and the application of mathematical modeling 

i s  required. 

Our  approach was the following: 

1) t o  perform a s t a t i s t i c a l  analysi S on rainfall  ser ies  (see "catalogue 
of rainfal ls"  in Figure 5): 



RAINFALL 1966 - 1970 ( m m ]  FREQUENCY 1966 - 1970 
1 2  5 1 0 2 0  50 

Figure 5 The catalogue of rainfal l  in Uster/Zurich. 1 + 2: frequency 

distribution of single events 1966 - 1970. 3+4+5: extrapola- 

tion t o  a 100 years period 

- each event in the catalogue i s  characterized with a duration, 

v01 ume, and i t s  annual frequency, 
- a hyetograph i s  generated as a function of duration and of 

average intensity , 



2) t o  transfer a rain event to  an overflow event by means of a simula- 

tion model (Munz (1984)). The catalogue of ra infa l l s  makes i t  possi- 
ble to  easily simulate a group of events or the whole annual preci- 

pi tation cycle, 

3)  t o  use the experimental investigations for the calibration and veri- 
fication of the runoff overflow and treatment model, 

4) t o  base final data analysis on the results of mathematical simula- 

t i  on. 

MATTEN 
COMBINED SEWAGE OVERFLOW 

COMPUTED FLOW (m31 

- 
0 1 

0 500 
COMPUTED TSS (kg] 

Figure 6 Agreement between observed and computed sewage overflow (=  

inflow into overflow tank) in Matten 

TOTAL SUSPENDED SOLIDS TOTAL PHOSPHORUS 

START OF COMBINED SEWAGE OVERFLOW 

~ 4 o o  
AT 14.00 . 

E" START OF OVERFLOW INTO RECEIVING 
W A T E R S  AT 14.34 

z 300 
0 + a OVERFLOW INTO RECEIVING 

W U 

g loo 

1 - 
15 16 17 18 

TIME I HOURS OF DAY ] 

Figure 7 Change in concentration of total suspended solids and of phos- 

phorus in the context of retention and treatment in the over- 
flow tanks a t  Matten (CS0 = inflow into tank, overflow into 
receiving waters = overflow from tank) 



Thus, a1 l resul ts  presented are based on mathematical predictions w i t h  

the aid of calibrated and verified simulation program. Figure 6 shows 

the comparison between computed and observed combined sewage overflow 
(= inflow into overflow tanks). The behaviour of the overflow tanks can 

be simulated very easily: Figure 7 indicates that  for  the pollutants 
considered, overflow tanks retain the material contained in the f i r s t  
flush, whereas overflowing water seems to  be barely affected by the 

tanks. 

3.2 The resul ts  

Table 3 summarizes the information about wastewater and TSS loads from 

combined sewage overflow during an average annual period. The si  gni f i - 
cant differences between Matten and Hilterfingen are primarily caused by 
the large specific volume of the overflow tank in Hi1 terfingen. 

Table 3 Average annual balance of wastewater and TSS load i n  drainage 

area Matten and Hi l terfingen during wet weather period (excl u- 
sive of WWTP outflow) 

Similarly, differences i n  frequency and duration of overflow into re- 

ceiving waters are shown in table 4. 

Total Flow 
(Surface runoff + dry weather) 
In-line storage in sewers 
Flow t o  WWTP (interceptor 
capacity) 
Combined sewage overflow 
Return flow t o  WTP (Effect 
of overflow tanks) 
Overflow into receiving waters 

The efficiency of overflow tanks i s  frequently expressed as: 

q = 1 - overflow into receiving waterslinflow. 

However, t h i s  ra t io  i s  not satisfactory for the characterisation of t h i  S 

problem. The significance of overflow tanks as a water pollution control 
measure a1 so varies with the capacity and the efficiency of the WWTP. A 

Wastewater ~ m ~ / h a ! ~ ~ )  
Matten H i  lterfingen 

6350 6400 

410 
2890 4220 

3040 2170 

470 1220 

2560 930 

' Total suspended solids (kgiha. ) imp 
Matten Hi1 terfingen 
1330 1070 

117 

670 760 

550 307 

240 270 

307 37 



Table 4 Average annual frequency and duration of overflow events in 

Matten and Hi l terf  i ngen. 

Matten Hi1 t e r f i  ngen 
Frequency [year-l] 

- CS0 66 69 

- Overflow into 50 17 

recei v. waters 
Duration [ hrs/year] 

- CS0 153 117 
- Overflow into 119 36 

receiv. waters 

r ea l i s t i c  analysis of efficiency of the overflow tanks has to  include 
a l l  pollution sources in the drainage area. Hence, balance of the load 
from a l l  important sources during single events and during an average 
year give more information about the environmental impact of overflow 
from combined sewers and about the cost/benefit ra t io  of the overflow 
tanks. 
For instance, in Matten the total annual overflow into receiving waters 
from urban area during dry and wet weather i s  28 t TSS without tank. 

WET WET 
WEATHER WEATHER 

DRY WEATHER FLOW FLOW DRY WEATHER FLOW FLOW 
( 8 4 6 0  hrslyear) (300 hrs/yl (8500 hrs Iyoar ) {260Lrsly) 

Figure 8 Total average annual balance (dry + wet weather period) of 

wastewater and TSS load in drainage area Matten and Hilter- 
fingen (WWTP outflow i s  included) 



This load i s  reduced by the existing tank t o  21 t TSSIyear. In Hi l ter-  

fingen the load i s  reduced from 7.5 t TSSlyear without tank t o  5.5 t 

TSS/year with tank. The actual efficiency of overflow tanks in reducing 
the TSS annual load t o  receiving waters i s  in both cases about the same: 

- 25 % (Figure 8). 

For the evaluation of water pollution control i n  r ivers and small 

streams the knowledge of the load of single overflow events i s  equally 
important. This i s  i l lus t ra ted  in Figure 9 showing the estimated d i s t r i -  
bution of overflows into receiving waters in Matten and in Hilterfingen 

in relation t o  the rainfall  distribution. 

M A T T E N  

RAINFALL 1966 - 1970 [mm ] 
1 2  5 1 0 2 0  50 

I I  I 

16 - 
RAINFALL DURATION 

RAINFALL l966 - 1970 [ mm 1 
1 2 5  10 20 50 

RAINFALL DURATION 

Figure 9 Estimated distribution of overflow events into receiving 

waters in Matten and Hi1 terfingen in relation to  the rainfall  
distribution. Solid l ines  indicate the total  amount of water 
discharged to the receiving waters 

4 Di scussi on 
4.1 Significance of resul ts  for  other appl ications 

Figure 10 shows the comparison between the resul ts  of th i s  investigation 
and some ear l ie r  predicted values for  the "Swiss average area" (residen- 

t i a l  area, full  flow time = 15 minutes, no s ignif icnt  deposits in 
sewers, no backwater effects ,  catalogue of rainfal l  in UsterIZUrich). 
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Figure 10 Comparison between the r e s u l t s  o f  the i nves t i ga t i on  i n  Matten 

and i n  H i l t e r f i n g e n  and some e a r l i e r  pred ic t ions  f o r  "Swiss 

average condi t ions" 

The comparison gives a  b e t t e r  agreement fo r  H i l t e r f i n g e n  than f o r  Mat- 

ten, espec ia l ly  f o r  the TSS load. The higher amount o f  po l l u tan ts  on the 

ground surface i n  Matten and some deposits i n  sewers are the main rea- 

sons f o r  the di f ferences.  

However, the comparison o f  the r e s u l t s  obtained i n  Matten and Hi1 t e r -  

f ingen w i t h  some s i m i l a r  data from Denmark (Johansen e t  a l .  (1984)), 

Germany (Krauth (1973)) and Belgium (Berlamont and Smits (1984)) r e s u l t s  

i n  more important  discrepancies. The main d i f fe rences are re la ted  t o  

e n t i r e l y  d i f f e r e n t  cha rac te r i s t i cs  o f  r a i n f a l l  and there fore  d i f fe rences 

i n  overf low (v01 ume, frequency and durat ion).  Thus, uni form app l i ca t i on  

o f  a  combined sewage overf low treatment strategy based on a  theo re t i ca l  

" t yp i ca l  Swiss s i t u a t i o n "  (Hor ler  (197811, Munz (1979) ) i s  not  feas ib le .  

I n  view o f  the v a r i a t i o n  o f  the p r e c i p i t a t i o n  cha rac te r i s t i cs  i n  d i  f f e -  

r e n t  areas o f  Switzer land (Figure 11) re1 i a b l e  design informat ion must 

be generated s p e c i f i c a l l y  f o r  each region, even i n  a  small (however 

mountainous) country such as Switzerland. 



RAINFALL DURATION  i in] 

Figure 11 Rainfall intensity - duration curves of 1 year frequency for  

some stat ion in Switzerland (Horler and Rhein (1962)) 

4.2 The significance of overflow tanks for  water p01 l ution con- 

t rol  in Switzerland 

Standards for discharge into receiving waters and receiving waters qua- 
l i ty regulations in Switzerland are not expl ici t ly  stated for wet 
weather situations. The goals of water pollution control during rain 

events are therefore i l l  -defined. In many countries di ss01 ved oxygen 

demand and col i form organisms serve for just i f icat ion of investment i n  

stormwater treatment - both aspects are of limited significance in 
Switzerland. 

Ecological problems related to  CSO's are barely characterized for 
r ivers ,  whereas for  lakes CSO's are usually considered in yearly budgets 
for  nutrients (predominantly phosphorus). Today, stormwater overflow 
tanks are primarily viewed as a solution for local aesthetic problems 

caused by sediments and floating coarse material S. 

From the comparison of ear l ie r  model predictions and the resul ts  of t h i s  , 

study (Figure 9) i t  appears tha t  the efficiency of the ut i l isat ion of 
overflow tanks i s  limited by the definition of the goals of their  appl i - 
cation, rather than by our understanding of the i r  operation. Thus, we 
are in urgent need of ecological c r i t e r i a  for the design of combined 
sewage overflow structures,  whereas further refinement of mathematical 
models appears t o  be rewarding. 



4.3 Cost/benefit ra t io  of overflow tanks in a wastewater net- 
work 

Stormwater treatment i s  in operation only a small percentage of the year 

whereas WWTP' S are operated continuously . The fol l owi ng direct  compari - 
son of specific costs per pollutant removed i s  therefore valid only i f  

yearly pollutant budgets are considered. 

The specific annual retention of TSS i s  27 and 7 kg T S S / ~ ~  of tank vo- 

l ume per year in Matten and H i  l t e r f  i ngen, respective1 y. This retention 
i s  further reduced by approximately 10 - 20 % i f  the TSS in the WWTP 

effluent are included in the balance. With estimated yearly costs of 

SFr. 50.- per m3 of tank volume for  investment and operation and addi- 

tional costs of SFr. 1.- per kg TSS for treatment i n  WWTP's the resul t -  

ing costs for  the net removal of 1 kg TSS with the aid of overflow tanks 

are  in the order of SFr. 3.20 - 9.40 (US $ 1.50 - 4.501 for Matten and 

Hi l terfingen, respectively. This simple analysis puts overflow tanks in 

the cost region of advanced wastewater treatment and could easily be 

matched by secondary effluent f i l t r a t i on .  A similar analysis for phos- 

phorus (where yearly budgets are most re1 evantl indicates specific costs 

of SFr. 200.- - 600.- per kg P removed, which i s  f a r  beyond the cost of 

the most advanced technologies. 

5 Conclusions 

Efficient ut i l izat ion of stormwater treatment must be based on two c r i -  

t e r i  a : 

1. The goal of the treatment must be defined from the perspective of 

the environment. 

2. Information and models must be available to  evaluate different s t ra -  

tegies in view of the goals. 

This study indicates that  our understanding of the behaviour of sewer 

systems during storm events i s  f a r  bet ter  than our grasp of the ecol ogi - 
cal significance of stormwater overflow. 

In view of the costs of stormwater treatment, research on the ecological 

aspects of CSO's i s  urgently needed and possibly more rewarding than 

research into technical aspects of stormwater treatment. In th i s  f i e ld  

natural sciences l ag behind engineering. 
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Abstract 

It has been recognized that combined sewer overflow is al- 

so responsible for receiving water pollution. In general 

storm water control regulations and ordinances for combined 

sewer systems require detention facilities for the sto- 

rage of peak flows. Their realisation as designed inline 

storage capacity (DISC) takes into account both constructio- - 
nal and economical aspects. An increase of inline storage 

capacity is easily obtained by choosing large pipe diame- 

ters. Thus a reduction of the drag force will result in a 

larger amount of deposits during dry weather flow. The per- 

formance of DISC facilities with respect to quality of storm 

runoff and discharges is obviously affected by these accumu- 

lations. 

Investigations are ongoing in the semi-urban catchment of 

Ense - Bremen ( near Dortmund). Within this combined sewer 

system six DISC facilities are realized. For rain events 

the composition of in-, out- and overflow of two DISC tanks 

has been determined. The results of these investigations 

will be discussed in this paper. 



1 Introduction 

For water quality management attention has to be focussed 

not only on waste water but also with emphasis on storm wa- 

ter. The joint responsibility of combined sewer overflow 

(CSO) for receiving water pollution is commonly respected. 

Within the Federal Republic of Germany the call for the 

establishing of detention facilities in sewer systems for 

the storage of peak flows is pursued. State of the art are 

the regulations and ordinances of the Abwassertechnische 

Vereinigung A 128 (ATV, 1977). Concerning these directives 

the storm water tanks have to be realized as an intercepting 

or a run through system. The necessary storage volume can 

be achieved by 

- seperate tanks 
- designed inline storage capacity (DISC) or 
- using the volume of the existing sewer system. 
In principle the application of one of these facilities is 

not restricted. The selection between these given alterna- 

tives depends on the local circumstances. 

2 Application of DISC facilities 

Constructional and economical aspects promote the realiza- 

tion of DISC tanks. Such facilities can be designed by 

the overflow at the beginning ( type I) or at the end 

( type I1 ) of the basin. These implementation feasibili- 

ties are taken into account by the design criteria A 128 

(ATV, 1977) as shown in Figure 1. The larger volume of 

DISCtank type I1 is explained by the fact that the total 

stormwater runs through the tank. 

The creation of storage capacity is easily obtained by 

choosing large pipe diameters or narrow rectangular sec- 

tions. Thus, the existing trace of the sewer can be used 

and no additional area is necessary. However, the application 



spec volume 
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Figure 1 Specific volume for DISC tank type I and I 1  

a critical rainfall of 15 l/s*ha provided 

of an enlarged cross-section will result in a reduction of 

velocity and drag force during dry weather conditions. 

To meet the problem of a reduced drag force different cross 

sections of DISC tanks are used to prevent an accumulation 

of deposits (Figure 2). Other types like egg shapedsections 

are conceivable. (The lay-out of any cross-section type is 

subjected to no limitations,). The installation of a trough 

for dry weather flow is considered to be necessary for the 

rectangular types and recommended for the conduit ones. 



Figure 2 Cross-section types of DISC tanks 

Statistics on storm water tanks carried out in the early 

eighties in the federal state Baden Wurttemberg reveals an 

interest of about 30 percent DISC tanks (Brombach 1979, 

MELUF 1980). Meanwhile the share of DISC facilitiesis still 

increasing. This is certainly due to cost savings. Compa- 

ring relative costs of covered seperate tanks with DISC 

facilities the economical advantage of the latter one is 

evident. Based on cost inquiries by Kaufhold (1981) rela- 

tive cost dependencies are derived supplemented by cost 

determinations of the authors (Figure 3). The given costs 

represent the average value of a certain mean variation. 

3 Investigations on DISC facilities 

Information about the pollution reduction efficiency of 

DISC facilities in fact has not been published so far. 

Results of quantity measurements and analysis of combined 

sewer concentrations are hitherto available only for sepe- 

rate tanks (Krauth 1984, RP Tubingen 1980, 1982). The effects 
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F i g u r e  3 R e l a t i v e  c o s t s  v e r s u s  s t o r a g e  vo lume  f o r  s e p e r a t e  

and DISC t a n k s  

o f  t h e  DISC t a n k s  o n  t h e  c o m p o s i t i o n  o f  s t o r m  w a t e r  and 

comb ined  sewer  o v e r f l o w  a r e  b e i n g  i n v e s t i g a t e d  i n  t h e  s e m i -  

u r b a n  c a t c h m e n t  o f  Ense-Bremen ( n e a r  D o r t m u n d ) .  W i t h i n  

t h i s  comb ined  sewer  s y s t e m  s i x  DISC f a c i l i t i e s  a r e  r e a l i z e d .  

C r o s s - s e c t i o n  Type C and  D  i n  F i g u r e  2 and e g g  shaped  

s e c t i o n  as  w e l l  g i v e  a  w i d e  r a n g e  o f  a l t e r n a t i v e s  i n  o b s e r -  

v i n g  t h e  DISC t a n k s  e f f i c i e n c y .  Q u a n t i t y  o f  r u n o f f  and o f  

e a c h  b a s i n  i s  b e i n g  c o n t i n u o u s l y  m o n i t o r e d  a t  a  c e n t r a l i z e d  

c o m p u t e r  b a s e d  s t a t i o n .  

F o r  c e r t a i n  r a i n  e v e n t s  t h e  c o m p o s i t i o n  o f  i n - ,  o u t -  and  

o v e r f l o w  o f  t h e  DISC t a n k s  i s  d e t e r m i n a t e d .  Samples  a r e  

t a k e n  b y  a u t o m a t i c a l  samp le  d e v i c e s .  A l l  s a m p l e  d e v i c e s  

a r e  b e i n g  c o n t r o l l e d  b y  e x t e r n a l  s i g n a l s .  The t w o  samp le  

d e v i c e s  a t  t h e  i n l e t  and  t h e  o u t l e t  o f  t h e  DISC t a n k  s t a r t s  



r u n n i n g  a f t e r  e x c e e d i n g  a  c e r t a i n  r a i n  i n t e n s i t y  c h e c k e d  b y  

a  c o n d u c t i v i t y  gauge. The o p e r a t i o n  o f  t h e  o t h e r  one samp- 

l i n g  t h e  CS0 depends on t h e  DISC t a n k  w a t e r  l e v e l .  The 

s a m p l i n g  i n t e r v a l l s  v a r y  f r o m  6 m i n u t e s  a t  t h e  b e g i n n i n g  o f  

t h e  r a i n  e v e n t  u p  t o  2  h o u r s  d u r i n g  t h e  d r a i n i n g  o f  t h e  

DISC t a n k .  

The m e a s u r e m e n t r e s u l t s  w i l l  be  e x e m p l a r i l y  d i s c u s s e d  a t  t w o  

e x i s t i n g  DISC t a n k s  o f  c r o s s - s e c t i o n  Type C ( F i g u r e  2 ) .  

T a b l e  1 c o n t a i n s  t h e  s i g n i f i c a n t  d a t a  o f  t h e  two  DISC t a n k s  

and t h e i r  s u b c a t c h m e n t s .  The g r e a t  s l o p e  d i f f e r e n c e  o f  

0.5 b r e s p .  4.0 76 s h o u l d  b e  n o t i c e d .  

T a b l e  1 C h a r a c t e r i s t i c  d a t a  o f  two  p r e s e n t e d  DISC f a c i l i t i e s  

Tank l Tank 2  

P o p u l a t i o n  E 2 ,110 1 ,360 

V / A  r e d  
m3/ha 21.5  29.5  

Type o f  t h e  t a n k  - DISC,Type I , C  DISC,Type I , C  

S l o p e  D< 0.55 4.0 

D r a i n i n g  t i m e  h  14.3 8 .6  

4  R e s u l t s  

F o r  s t a t e m e n t s  o f  g e n e r a l  v a l i d i t y  a  s u f f i c i e n t  e x t e n t  o f  

i n v e s t i g a t i o n s  d o e s n ' t  e x i s t  u p  t o  now. T h e r e f o r e  a  s i n g l e  

s i g n i f i c a n t  e v e n t  c a u s e d  b y  a  9 .6  mm r a i n  o v e r  a b o u t 4 h o u r s  

w i l l  b e  p r e s e n t e d  t o  d i s c u s s  e x e m p l a r i l y  t h e  e f f e c t s  o f  

DISC t a n k s  o n  t h e  c o m p o s i t i o n  o f  s t o r m  w a t e r  and  CSO. 

Maximum t e r m s  o f  s t o r m  w a t e r  c o n d i t i o n s  - d e f i n e d  a s  t i m e  

e l a p s e d  b e t w e e n  b e g i n n i n g  o f  s t o r a g e  a n d  t o t a l  d r a i n i n g  o f  



the tank - were approximately 22 hours for DISC tank 1 and 

14 hours for DISC tank 2 (Figure 4 and 5). The time varia- 

tion depends on different design criteria especially on the 

various DISC tank outflow. CS0 occured at DISC tank 1 for 

111 minutes discharging 429 m3 CS0 resp. a COD load of 99 kg 

and at DISC tank 2 for 26 minutes discharging 352 m3 CS0 

resp. a COD load of 4 kg (Figure 6). Load balances of this 

certain event are presented in Figure 7 and 8 as cumulative 

load curves versus cummulative runoff and in Figure 9 and l0 

as cumulative load curves versus time. 

The results of both investigated DISC tanks vary in a wide 

range. The hydograph of the cumulative COD inflow load 

reveals a distinct difference. Whereas at DISC tank 2 a 

faint first flush effect occurs (Figure 7) none can be 

ascertained at DISC tank 1 (Figure 8). 10 percent of cumu- 

lative runoff are related to a cumulative load of 30 percent 

at DISC tank 2 resp. 10 at DISC tank 1. Another characte- 

ristic is the percentage of the COD inflow load at the start 

of CSO. A share of 68 percent at DISC tank 2 stands against 

a share of only 30 percent at DISC tank 1. These facts are 

evidently affected by the difference in shape and the kind 

of their catchments. 

The characteristic of the COD outflow load is similar in 

both DISC tanks. The initial pollution is straight passed 

on to the following interceptors. After attaining 1/3 of 

the DISC tanks storage capacity a sedimentation effect 

occurs. Comparing the COD outflow loads with theCOD inflow 

loads it is conspicious, that inside DISC tank 1 25 percent 

of the inflow pollution is retained as deposits. On the con- 

trary an approximate load balance takes place in DISC tank 

2. An explanation for this effect might be given.by the 

different constructional and operational features. DISC 

tank 1 is executed in a slope of 0.55 percent DISC tank 2 

in one of 4.0 percent. As a distinct operational aspect the 

draining time of the DISC tanks has to be considered. The 

comparatively long lasting drainage of 18.75 hours for 

DISC tank 2 will result in a high level of sedimentation 
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Fig.7 Cumulative C O D  load Fig.8 Cumulative C O D  load 

versus cumulative run- versus cumulative r u n -  
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Fig.9 Cumulative C O D  load Fig.10 Cumulative COD load 

versus t i m e  for DISC versus t i m e  for DISC 

tank 2 tank 1 



a n d  a  l o w  s e l f  - c l e a n i n g  e f f i c i e n c y .  To g i v e  a s u r v e y  o n  

t h e  e f f i c i e n c y  o f  d i f f e r e n t  d e t e n t i o n  f a c i l i t i e s  o n e  c a n  o n -  

l y  r e f e r  t o  f e w  i n v e s t i g a t i o n s  c o n c e r n i n g  t h i s  s u b j e c t  

( K r a u t h ,  1 9 8 4 ,  R P  T u b i n g e n  1 9 8 2 ) .  T h e r e f o r e  a  c o m p a r i s i o n  

o f  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  p a p e r  a n d  t h e s e  o n e s  o f  

t h e  a b o v e m e n t i o n e d  i n v e s t i g a t i o n s  is  l i m i t e d .  I t  s h o u l d  b e  

c o n s i d e r e d  t h a t  t h e  o t h e r  i n v e s t i g a t i o n s  p u r s u e  v a r i o u s  

a i m s .  T h e  d i f f e r e n t  c o n s t r u c t i o n a l  a n d  o p e r a t i o n a l  f e a t u r e s  

h a v e  t o  b e  r e g a r d e d  a s  w e l l .  S i g n i f i c a n t  d a t a  o f  t h e  i n -  

v e s t i g a t e d  d e t e n t i o n  f a c i l i t i e s  a n d  t h e i r  c a t c h m e n t s  a r e  

g i v e n  i n  T a b l e  2 .  A r e l a t i o n  b e t w e e n  i n f l o w  a n d  o v e r f l o w  

c o n c e r n i n g  a  s i n g l e  e v e n t  i s  c i t e d  i n  T a b l e  3. 

T a b l e  2 S i g n i f i c a n t  d a t a  o f  d e t e n t i o n  f a c i l i t i e s  a n d  t h e i r  

c a t c h m e n t s  

P l a c e  o f  P r e v l o u s  Inrsk l lrnlll l~llf 

l n v e s t x g n t l a n  CS0 
A r e d  'rab 'ab V V/Ared t y p e  I IIIIP 

ha I / s  l / s . h a  m3 #m'/lnn 1, 

S t u t t q a r t t  110 60.2 26.5 0.61 1652 24.1 c ~ r r u l n f  16.5 

Rub, t n n k  1'  yes 15.6 10.5 0.67 600 24.6 rectangular 0.9 

Rub. t a n k  2 '  yes 33.5 37.8 1.91 120 3.6 c,rculsr 5.11 

Ense t a n k  1 no 30.0 12.5 0 . 4 1  645 21.5 01SC 14. f 

I (,'.P t a n k  2 no 29.0 27.5 0.95 055 29.5 UlSf B .  h 

aclaptcd rrom K r a u t h  ( 1 9 8 6 )  Adapted  f rom RP TObingen (1982)  

T a b l e  3 I n f l o w  - o v e r f l o w  r e l a t i o n s h i p  a t  i n v e s t i g a t e d  d e -  

t e n t i o n  f a c i l i t i e s  

P l n c e  o f  O v e r f l o w  l o ~ d  aC Lond o f  I l v v l  l low lo.ad 
--m 

l n v e s t l g a t l o n  I n f l o w  O v e r f l o w  I n f l o w  l n f l o w  o v e r r l o w  I r l l  l o a  loac j  

m3/ha m3/hs kg COD/lm k g  COU/lrs 

~ t u t t g n r t '  80.6 59.2 73.4 17.0 5.23 10.8 

Rub, t a n k  I' 385.8 96.7 25.1 50.67 11.66 23.0 

Rub. t e n d  2' 42.0 16.3 38.9 6.17 2.10 34.0 

Ense t a n k  l 71.9 10.3 19.9 13.68 1.30 26.5 

lnsr t a n k  2 72.3 12.1 16.8 3.23 0.14 4.2 

' ~ d n p t e d  f rom K r a u t h  (1984)  ' ~ d e ~ t e d  f r o m  RP l u b i n g e n  (1982)  



E x c e p t  o f  DISC t a n k  2 t h e  o t h e r  i n v e s t i g a t e d  d e t e n t i o n  f a -  

c i l i t i e s  r e v e a l  a  r e l a t i v e  h i g h  d i s c h a r g e d  s h a r e  f r o m  23 

t o  34  p e r c e n t  o f  t h e  t o t a l  l o a d .  A  c o r r e l a t i o n  b e t w e e n  t h e  

r a t i o  o f  CS0 and t h e  i n f l o w  i s n ' t  e v i d e n t .  However ,  t h e  i n -  

f l u e n c e  o f  t h e  i n d i v i d u a l  c o n s t r u c t i o n a l  and o p e r a t i o n a l  

p a r a m e t e r s  d o e s n ' t  p e r m i t  any d e t a i l e d  c o m p a r i s o n .  

5 C o n c l u s i o n s  

The i m p a c t  o f  comb ined  sewer  o v e r f l o w  on r e c e i v i n g  w a t e r s  

i s  u n c o n t r a d i c t e d .  T h e r e f o r e  one o b j e c t i v e  o f  w a t e r  manage- 

ment  has  t o  b e  t h e  d e t a i n i n g  o f  s t o r m  r u n o f f  a s  f a r  as  f e a -  

s i b l e .  I n  g e n e r a l  t h e r e ' s  n o  d o u b t  a b o u t  t h e  b e n e f i t  o f  de-  

t e n t i o n  f a c i l i t i e s  b u t  d e t a i l s  o n  t h e i r  e f f i c i e n c y  a r e  m i s -  

s i n g .  E x i s t i n g  r e s u l t s  d o n ' t  p e r m i t  any  c o n c l u s i o n s  o f  ge-  

n e r a l  v a l i d i t y .  However,  i t  i s  a s c e r t a i n e d  t h a t  DISC t a n k s  

e v e n  w i t h  a  g r e a t  s t o r a g e  c a p a c i t y  a r e  e q u a l  t o  t h e  o t h e r  

d e t e n t i o n  f a c i l i t i e s .  
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CONTROL OF WASTE WATER EIS- 

CHARGES WITH FIXED CONTROL 

ALGORITHMS, AND THE EFFECT 

ON RECEIVING WRTERS. 

Martens, J . 
1ng.-Buro Dilger ,  Dahn, 

West -Germany 

Abstract 

The water q u a l i t y  of a r i v e r  i s  unsteady even durinq per iods 

with steady flow r a t e s .  I f  good water q u a l i t y  condi t ions 

downstream of a waste water discharge a r e  wanted, i t s  f l oa -  

r a t e  includiny t h e  time of t h e  waste water discharges have 

t o  be cont ro l led .  

ka t e r  q u a l i t y  forecas t ing  f o r  t h e  receiving water a r e  use- 

f u l  t o  assess  t h e  nloments, t h a t  waste water discharges nay 

occur a i t hou t  th rea ten ing  t h e  water q u a l i t y  of  t h e  receiving 

water. Ir, t h i s  pa2er t he  t h e o r e t i c  e f f e c t  of storm water dis-,  

charges on a r i v e r  i s  shown. The e f f e c t s  of  storm water d i s -  

charyes on the  r i v e r  Leine have been recorded and t h e  ef--  

f e c t s  of f ixed con t ro l  algorithms i n  t h e  r i v e r  a r e  corsputed 

by a water q u a l i t y  simulation model. 

1 Introduct ion 

After  long per iods of  dry weather l a rpe  Cieposits of po l lu ted  

matter have accumulated on impervious sur faces .  

Even during sho r t  storms a considerable  amount of po l lu t an t s  

can be discharged from storm sewers of 

separa te  systems, i f  t h e  r a i n f a l l  i n t e n s i t y  is  high enouah, 

t o  wash of f  t he  po l lu ted  ntatter ( s t r e e t  dus t  an6 d i r t /  

poll-uted d e ~ o s i t s )  . 



The e f f e c t  of stormwater discharges on t h e  q u a l i t y  of t he  

receivina water can be reduced by con t ro l l i n?  the  d i s -  

c h a r ~ e s .  In  t h e  United S t a t e s  examples e x i s t  of such con- 

t r o l l e d  sewer systems, where t h e  peak run o f f  i s  re ta ined  

i n  t h e  seher system. Control ac t i ons  of waste water d i s -  

charges have t o  be based on t h e  a c t u a l  water q u a l i t y  of 

both t he  receiving water and t h e  stormwater. These can be 

recorded by on-l ine measuring instrurilents. On-line i n s t ru -  

ments f o r  COD, BOD, POC and o the r  water q u a l i t y  parameters 

a r e  ava i lab le  on t h e  instrument market. 

In t h i s  paper con t ro l  algorithms a r e  used t o  cont ro l  sewers 

of separate  sewer systems. By a c o ~ p u t a t i o n  example based 

on measurements i n  t h e  storm sewer and i n  t he  receivinq 

water, it is shown t h a t  t h e  water q u a l i t y  of t he  receiving 

water can be improved by s to r ing  t h e  storm water f o r  some 

t i n e  ( f o r  example i n  a r e t en t ion  basin)  . 

Ef fec t ive  con t ro l  of waste water discharges 

by water q u a l i t y  f o r e c a s t i n ~ s  

During per iods of poor water q u a l i t y  condi t ions i n  t he  re- 

ceiving water, highly po l lu ted  discharqes have t o  be 

avoided . 

Stormwater discharges can be con t ro l l ed  by: 

s t o r ing  t h e  waste water i n  r e t en t ion  bas ins  o r  t he  

sewer system. 

With only one water q u a l i t y  measurement s t a t i o n  i n  t h e  re -  

ceiving water a t  t h e  sewer o u t f a l l  i n t o  t h e  receiving water 

it i s  only poss ib le  t o  r e a c t  on t he  a c t u a l  water q u a l i t y  

condi t ions.  Future changes i n  t he  water q u a l i t y  a r e  not  

considered and, a s  a r e s u l t ,  t h e  ava i l ab l e  s torage  capaci ty  

i s  not  used. 



Suppose the  po l lu t an t  concentrat ion i n  a receiving water i s  

decreasing, it i s  not known whether the  b e t t e r  water qua l i t y  

condi t ions a r e  of sho r t  o r  long durat ion.  I n  t h e  f i r s t  case 

it would be s ens ib l e  t o  reta in  a l l  t he  waste water over 

t h i s  sho r t  t i m e .  In t he  second case  t h e  r e t e n t i o n  basin 

could be e m ~ t i e d  slowly. The basin has t o  be empty again a t  

t h e  moment t h a t  t h e  next storm has t o  be s tored .  

With a second water q u a l i t y  measurement s t a t i o n  upstream of 

t he  sewer o u t f a l l  and water q u a l i t y  forecas t ings ,  informa- 

t i o n  on how t h e  water q u a l i t y  w i l l  develop over t h e  next 

hours is  ava i l ab l e  and a more optimal and sens ib le  cont ro l  

of  waste water discharges i s  poss ib le .  

The water q u a l i t y  forecas t ing  can moreover be used t o  change 

the  cont ro l  algorithms. I t  i s  use fu l  t o  choose a cont ro l  a l -  

gorithm with high sewer discharge i n  case a waste water wave 

is  forecasted.  

In  t h i s  paper t h e  fo recas t s  a r e  only made f o r  t h e  receiving 

water. It is  presupposed t h a t  t h e  storm water i s  highly pol- 

l u t ed  and t h a t  it is  necessary t o  con t ro l  it. 

3 Control algorithms 

A simple way t o  con t ro l  waste water discharges i s  by using 

con t ro l  algorithms. In assess ing  con t ro l  algorithms a number 

of sometimes c o n f l i c t i n g  aims have t o  be considered. 

For example, t h e  waste load i n  t h e  r i v e r  should be a s  low 

a s  possiole ,  t he re fo re  t he  waste water i s  r e t a ined  a s  much 

a s  possible .  On t h e  o the r  hand t h e  r e t en t ion  capac i ty  is  

l imi ted .  

In t h e  subsequent algorithms a compromise between these  aims 

i s  searched. 

The waste water discharge is  low, i f  t he  concentrat ion of 

t h e  po l lu t ion  (expressed a s  BOD) i n  t he  rece iv ing  xa t e r  is  



high, but  i f  t h e  r e t en t ion  capac i ty  i s  exhausted t he  ou t -  

flow nevertheless  increase.  

In t a b l e  one and two c o n t r o l  algorithms a r e  shown. I f  t h e  

water q u a l i t y  condi t ions i n  t he  receiving water a r e  high 

the  waste p ipe  i s  open (100 % )  , but  i f  t h e  water q u a l i t y  i s  

decreasing t h e  opening r a t e  i s  reduced. Under per iods with 

poor water q u a l i t y  condi t ions  t he  o u t l e t  opening of t h e  re -  

t en t ion  bas in  i s  c losed  (0 % ) .  I f  t h e  r e t en t ion  bas in  i s  

f i l l e d ,  t h e  o u t l e t  opening of r e t en t ion  basin i s  closed 

and the  inflow r a t e  i s  g r e a t e r  than zero,  t h e  inflow goes 

through a  separa te  spi l lway.  

degree of f i l l i n g  of 

t h e  r e t en t ion  capac i ty  

BOD conce 

BOD 2 , 7 m g / l  

B00 3,5 mg/l 

BOD 5,O mg/l 

BOD 5,O mg/l 

Outlet  opening of t h e  

r e t en t ion  basin ( % )  

Table 1 Algorithm1 f o r  t h e  cont ro l  of waste water d i s -  

charges 

In t he  con t ro l  algorithm 2 t h e  water out-flow i s  higher  

f o r  t he  same po l lu t an t  concentrat ions i n  t he  receiving 

water. 



\ degree of f i l l i n g  of t h e  

\ r e t en t ion  capac i ty  

BOD5 concentrat ion 

i n  t he  receiving water\ 25 % 50 % 75 % 100 % 

I 
BOD 2,7 mq/1 

BOC 315 mg/l 

BOD 5,O mg/l 

BOD 5,O mq/l 

100 100 100 100 

6 5 7 0 8 0 9 0 

4 5 50 5 5 6 0 

2 5 3 0 3 5 4 0 

Outlet  openinq of t he  

r e t en t ion  basin ( % )  

Table 2 Algorithm 2 f o r  t h e  con t ro l  of waste water d i s -  

charges 

Control a l g o r i t h  2 i s  chosen i f  waste water waves i n  t he  

receiving water a r e  forecasted.  I t  i s  wanted t o  have so 

much empty volume i n  t h e  r e t en t ion  basin a s  poss ib le ,  when 

t h e  waste water waves i n  t h e  receiving water a r e  passing 

t h e  o u t l e t .  

In  t h e  model t he  d i f fe rences  between t h e  forecas ted  water 

q u a l i t y  parameters a r e  sumed up. I f  t he  sum i s  g rea t e r  than 

zero a waste wave i s  t o  expect .  

In t h e  model algorithm two i s  chosen, i n  dependence of a 

l i m i t  of t he  sum of t h e  sumed up water q u a l i t y  parameters. 

It i s  possible  t o  enlarge t h e  model t o  t h r ee  o r  even more 

cont ro l  algorithms. In t he  model a new o u t l e t  opening of 

t he  r e t en t ion  bas in  i s  computed when new information about 

t he  water q u a l i t y  of t h e  receiving water is  ava i lab le .  

Computational example f o r  cont ro l led  sewer 

overflow water discharges and t h e i r  i n f lu -  

ence on t h e  water q u a l i t y  of t h e  receiving 

water 

The computational example s h a l l  show how t h e  inf luence of 



storm water discharges on a receiving water can be soothed 

by using con t ro l  algorithms. In t h i s  simple example no 

waste wave is forecas ted ,  so only algori thm 1 i s  used. 

In t he  c i t y  Hildesheim t h e  impervious sur face  drained by 

separate  sewer systems encloses  450 ha. No r e a l  cont ro l  de- 

v ices  o r  r e t en t ion  bas ins  a r e  i n s t a l l e d .  I n  the  model we 

have f i v e  f i c t i t i o u s  r e t en t ion  bas ins  with t he  s u ~ e d  up 

volume of 3100 m'. 

The durat ion of r a i n f a l l  was one hour. lleasurements were 

taken simultaneously i n  t h e  storm drainage system and i n  

t h e  receiving water,  t h e  r i v e r  a t  Hildesheim ( G e r -  

many). In t h e  storm drainage system NHg = 1 mg/l, 

BGD5 = 15 mg/l and COD = 80 mg/l were measured. In the  model 

t he se  a r e  t h e  water q u a l i t y  parameters of t h e  water which 

i s  s tored  i n  t h e  r e t en t ion  basins .  

These f i gu re s  a r e  higher than the  means measured i n  t he  

storm drainage i n  Hildesheim but  they a r e  no t  extremly high. 

Keasurements i n  the  r i v e r  show t h a t  t h e  water q u a l i t y  

is  worsened by t h e  Ciischarge of po l lu ted  matter washed off  

from impervious sur faces  ( s ee  t a b l e  3) . 

Measurement 1 time 1 BOD5 COD EH4 pH conducti-  

s t a t i o n  (mg/l) (mg/l) (mg/l) v i t y  (VS) 

Table 3 Measurements i n  t h e  r i v e r  

Keasurement s t a t i o n  1 i s  loca ted  20 m upstream of t he  f i r s t  

s e w e r  o u t f a l l ,  measurement s t a t i o n  two 300 m downstream of 

t h a t  point  and t h e  t h i r d  s t a t i o n  i s  400 m downstream of t h e  

l a s t  sewer o u t f a l l .  The time d i f fe rence  between the  measure- 

ments equals  t h e  flow t i m e  between t h e  measurements s t a -  

t i o n s ,  so t he  measurements a r e  taken from t h e  same water 



plug. 
Between the measurement stations no more outfall sites 

occur so there are only small differences between computed 

water quality parameters "with storm discharge" and obser- 

vations in the case "with storm discharge" in the receiving 

water (see figure 1 ) . 

The influence of a controlled stormwater discharge on the 

water quality of the receiving water can be shown only 

theoretically. 

The effect of the discharged pollutants in the river is 

computed by an enlarged Streeter-Phelps-model with equa- 

tions for BODgI NI CCD and Oz. 

X observations in the case 

"with stormwater dis- 

charge" 

... without stormwater dis- 

charge 
--- with stormwater discharge 

1 - with controlled discharge 

Figure 1 Computed and measured COD-concentrations in a 

water plug moving with the stream 



The concentrat ion jumps on the  2nd. October a r e  the  r e s u l t  

of stormwater discharges from t h e  5 catchment a reas .  The 

curve "without stormwater discharges" shows t h e  slowly re- 

ducing concentrat ion of po l lu t an t s  i n  t he  case  no storm- 

water discharges occured. The d i f fe rence  between t h e  curves 

"without stormwater discharges"  and "with stormwater dis-  

charges" is caused by t h e  stormwater discharges.  

The e f f e c t  of BOD5, PTH4 and COD oxidat ion on t h e  oxygen 

concentrat ion i s  shown i n  f i g u r e  2: 

... without stormwater discharge 
--- with storrfiwater discharge 

with con t ro l l ed  discharge 

Figure 2 Computed oxygen l e v e l  i n  water body moving with 

t h e  stream 

Approximately one day a f t e r  t h e  stormwater discharge t he  

minimum of t h e  oxygen l e v e l  is  computed. 

Khen con t ro l  algorithm 1 i s  appl ied t h e  stormwater d i s -  

charge i s  t h r o t t l e d ,  t he re fo re  t he  COD concentrat ion is  



COD [ m g l l l  
......- without  r a inwate r  d i s c h a r g e s  
--- with  rair iwater d i s c h a r g e s  
- with  c u n t r o l l e d  d i s c h a r g e s  

40 

l0 0 *M 149~ I c y  1 7 ~ ~  IF igPe time ( h r )  

Figure  3 Computed COD-concentrations a t  a  c r o s s  s e c t i o n  

l o c a t e d  24 h  f low t i m e  behind t h e  l a s t  storm 

sewer o u t f a l l  

........ withou t  r a inwate r  d i s c h a r g e s  
--- with  ra inwate r  d i scharges  

i i i t h  c o n t r o l l e d  d i s c h a r g e s  

7 . . . . . .. .. . .. . . . . . . . . . - . . . . . . . .. . . . . . . . . . . . . . . . 
6 

S p p -  \ .- d / 

1 
13" lLm 1 5  16= P 190Ptime ( h r )  

Figure  4 Computed 02-concentra t ion a t  a  c r o s s  s e c t i o n  

l o c a t e d  24 h  f low t ime  a f t e r  t h e  l a s t  s torm sewer 

o u t f  a l l  



lower ( f i g .  1 )  and the  oxygen concentrat ion higher ( f i g .  2 ) .  

The ove ra l l  r e s u l t  of t h e  con t ro l  of stormwater discharges 

can not  be shown by looking a t  only one plug of water. 

Therefore l e t  us  consider t he  curve of t h e  COC and O2 con- 

cen t r a t i ons  a t  a c ros s  sec t ion  downstream of t he  l a s t  storm 

sewer o u t f a l l  ( s ee  f i g .  3 and 4 ) .  

A t  t h i s  c ros s  sec t ion  the  COD-concentration i s  r i s i n g  from 

one hour; i n  t he  meantime t h e  oxygen concentrat ion i s  de- 

creasing due t o  BOD5, COD and NH4 oxidat ion.  

Kith cont ro l led  stormwater discharges vehement concentrat ion 

changes do no t  occur,  bu t  t h e  e f f e c t  of t h e  discharge i s  

d i s t r i bu t ed  over a longer period of t ime. 

Conclusion 

Storm water discharges from im;3ervious sur faces  a r e  threa-  

tening the  water q u a l i t y  of t he  receiving water.  They cause 

waste waves i n  t he  receiving water. With cont ro l led  storm- 

water discharges vehement concentrat ion changes do not  

occur. 

The e f f e c t  of t h e  discharges i s  d i s t r i b u t e d  over a longer 

time. Periods with low oxygen l e v e l s  i n  t h e  receiving water 

can be avoided. 
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Abstract  

A fieldwork programme of research  a t  the  Universi ty of Manchester, 

funded by the  Science and Engineering Research Council, Water Research 

Centre and bbrth West Water Authori ty a s  p a r t  of the  Water Industry 

River Basin Management Programme, is cu r ren t ly  being undertaken t o  

examine the  e f f e c t  of  the  discharge from four  ind iv idua l  combined sewer 

overflows on t h e i r  respect ive  rece iv ing watercourses. The f i e l d  s i t e s  

a r e  loca ted  a t  Bolton and Hyndburn and have been ope ra t iona l  s ince  Apr i l  

1985. This paper presents  r e s u l t s  from two storm overflow s p i l l a g e  

events  a t  t he  Great Harwood CSO. A t e n t a t i v e  ana lys i s  of combined sewer 

overflow impacts on receiving watercourses r e l a t e s  the  degree of e f f e c t  

t o  storm p r o f i l e ,  antecedent dry  weather period,  prevai l ing  r i v e r  

c h a r a c t e r i s t i c s  and chamber hydraul ic  performance. 

1 In troduc t i o n  

In r ecen t  years t he  problem of watercourse po l lu t ion  i n  the  U.K. has 

become a cause f o r  concern. The s i t u a t i o n  was reviewed by the  Sco t t i sh  

Development Department (1977) and it was recognised t h a t  many storm 

sewage overflows had de le t e r ious  e f f e c t s  on rece iv ing watercourse 

q u a l i t y .  Elsewhere the  Water Research Centre/Water Author i t ies  

Association Sewerage Rehabi l i ta t ion  Manual (1984) i d e n t i f i e d  the  

po l lu t ion  of watercourses by storm sewage overflows a s  a s i g n i f i c a n t  

problem. 



Aspinwall and E l l i s  (1986) have described aspects  of the  impact of 

combined sewer overflows (CSO) and urban run-off  on r i v e r  q u a l i t y  i n  

terms of the  p o l l u t a n t  load of such sp i l l ages .  Severe impairment of 

long t e r m  r i v e r  q u a l i t y  ob jec t ives  a s  w e l l  a s  more immediate shock 

e f f e c t s  were highlighted.  

Table 1 o u t l i n e s  a b r i e f  summary of the  hht ional  Water Council (1 980) 

r i v e r  c l a s s i f i c a t i o n  system i n  terms of the chemical c h a r a c t e r i s t i c s  and 

r i v e r  uses which is a t  present  used t o  assess  the  q u a l i t y  of B r i t i s h  

watercourses. A t  p resent  the  mechamisms and processes by which storm 

sewage overflows a f f e c t  watercourses a r e  imperfectly understood. It has 

been recognised within the U.K. Water Tndustry t h a t  i f  fu tu re  c a p i t a l  

investment i n  sewerage upgrading works i s  t o  be e f f i c i e n t  and e f f e c t i v e ,  

t h i s  understanding should be extended. 

Table l Summary of National Water Council River C l a s s i f i c a t i o n  

Class Chemical Po ten t i a l  Uses 

c h a r a c t e r i s t i c s  . 
l a  Mean B O D <  1.5 mg/l Supports Game Fishery 

Mean ammonia < 0.4 mg/l Sui table  f o r  potable supply 

DO > 80% sa tu ra t ion  with conventional  treatment 

lb Mean BOD < 2 mg/l High amenity value 

Mean ammonia < 0 .5 mg/ l 

DO > 60% s a t u r a t i o n  

2 Mean BOD < 5 mg/l 

DO > 40% s a t u r a t i o n  

Non-toxic t o  f i s h  

Supports Coarse Fishery 

Su i t ab le  f o r  potable  supply 

with advanced treatment 

Moderate amenity value 

BOI) no t  g rea t e r  than 17 mg/l Sui table  f o r  low grade 

DO 10% s a t u r a t i o n  i n d u s t r i a l  abs t r ac t ion  

Limited amenity value 

4 DO < 10% sa tu ra t ion  Grossly po l lu t ed  r i v e r  

Likely t o  be anaerobic Negative amenity value 

a t  t i m e s  

the  North W e s t  Water Authori ty (NWWA) a rea  the  sub jec t  is  a 

p a r t i c u l a r  matter  f o r  concern. Some 28% of the  3500 km of poor o r  bad 

q u a l i t y  (NWC Class  3 o r  below) in land waters i n  England and Wales l i e  i n  



the  NWWA region. NWWA published a discussion document (1983) which 

outlined the scale  of the problem and the cos t  of upgrading watercourses 

i n  the region t o  an acceptable (Class 2) standard. A f igure  of £3.7 

b i l l i o n  over a period of 25 years was estimated. The document 

iden t i f i ed  storm sewage overflow s p i l l a g e  a s  a major contributory fac to r  

t o  the unsatisfactory s t a t e  of many of these watercourses. 

The UK Water Industry Research Programme on River Basin Management 

described by Clifforde e t  a 1  (1986) has been ins t iga ted  i n  response t o  

the  problem. The aim of the programme i s  t o  provide the  necessary too l s  

and methodology t o  allow the ra t iona l  and objective upgrading of 

de f ic ien t  sewer systems. The main products of the programme a re  t o  be: 

a )  increased knowledge of the r a i n f a l l  inputs t o  sewer flow simulation 

models (time s e r i e s  r a i n f a l l ) ;  

b )  t o  develop a sewerage sub-model t o  simulate qua l i ty  fo r  use with 

the ex i s t ing  WASSP-S lM procedure (1981 ); 

C )  a simple CS0 r i v e r  impact model; 

d) t o  improve the exis t ing U.K. r i v e r  c lass i f i ca t ion  system t o  take 

i n t o  account t r ans ien t  and short-term changes i n  r i v e r  qua l i ty  due 

t o  storm events. 

A fieldwork programme of research a t  the  University of Manchester has 

been operational since April 1985 and is  current ly  invest igat ing the 

e f f e c t  of four CS& located and Bolton and Hydburn, Iancashire, on t h e i r  

respective receiving watercourses. The research is  funded by SERC, WRc 

and NWWA as  p a r t  of the Water a d u s t r y  Programme. Existing qua l i ty  

models such a s  SWMM (Huber e t  a 1  1981) a re  not applicable t o  such 

discharges due t o  the t r ans ien t  nature of the spi l lage.  !the object  of 

the research is t o  formulate a simple model t o  predic t  the impact of 

CS& on the qua l i ty  of the receiving watercourse. 

2 Description of Field S i t es  

The overflow under invest igat ion is  located a t  Great Harwood, Hyndburn 

i n  North Eastern Lancashire. The chamber discharges i n t o  the Hyndburn 

Brook. A t  the point  of discharge the watercourse is of Class 4 

standard. Geometric d e t a i l s  of the overflow chamber and d e t a i l s  of the 

sewer catchment charac te r i s t i c s  a r e  outlined i n  Table 2. 



Table 2 Sewer catchment and chamber c h a r a c t e r i s t i c s  

of the Great Harwood CS0 

- 
Chamber Catchment 

c h a r a c t e r i s t i c s  d e t a i l s  

Dimensions 30 X 2.7 X 1.7m Population 12500 

In l e t  d i a .  2100 mm 

Storage volume 1 4 h 3  Tota l  a r e a  120.9ha 

Peak inflow* 4.5 m3/s 

Flow t o  Treatment 0.27 m3/s jinpervious a rea  55.7ha 

Overflow 4.23 m3/s  -. 
* l-year design storm 

3 Sampling and monitoring system 

A schematic representa t ion  of t he  overflow sampling and r i v e r  monitoring 

system is given i n  Figure 1. 

The locat ion  of t he  sampling s i t e s  has been se l ec t ed  t o  provide 

representa t ive  samples of e f f l u e n t  and r i v e r  water. lh par t i cu la r ,  t he  

r i v e r  sites a r e  s i t u a t e d  a t  po in t s  where adequate mixing of any overflow 

e f f l u e n t  should have occurred. 

The water l e v e l  i n  the  overflow chamber is monitored by means of a 

WRc-designed swingometer ( a  metal rod with a f l o a t  a t  one end and a wire 

wound potentiometer a t  t he  o the r )  which sends a varying angle-dependent 

voltage t o  an on-si te Environmental computer. The microcomputer 

(programmed i n  the  real- t ime language polyFORTH), s t o r e s  the  overflow 

l e v e l  information. When a predetermined l e v e l  is exceeded, t h e  

microcomputer t r i g g e r s  t he  overflow sampler. CS0 inflows a r e  a l s o  

sampled and monitored i n  a s i m i l a r  manner, a s  described by Thornton e t  

a 1  (19861. S i r c o  and Manning d i s c r e t e  automatic samples a r e  used, each 

taking a maximum of 24 X 250 m 1  samples. 

The microcomputer is  programmed t o  t r i g g e r  a s e r i e s  of samples a t  

predetermined t i m e  i n t e rva l s .  The t i m e  and number of each sample is  

s t o r e d  by the  computer. The overflow l e v e l  is  a l s o  read and logged a t  



the  same moment. This l eve l  i s  subsequently used t o  compute the 

magnitude of the flow discharged t o  the watercourse. Samples and s tored 

da ta  a re  re t r ieved and taken t o  the  laboratory f o r  analysis.  

Overflow chamber 

River 

Figure 1 Schematic diagram of a samnling/monitoring system a t  a 

combined overflow 

1. Overflow leve l  monitor 7. Upstream r i v e r  ul t rasonic  

l e v e l  monitor 

2. Overflow microcomputer 8. Downstream r i v e r  microcomputer 

3. Orerflow sampler 9. Downstream r i v e r  overflow- 

triggered sampler 

4. Upstream r i v e r  microcomputer 10. Downstream r i v e r  level-  

tr iggered sampler 

5. Upstream r ive r  level-  11. Downstream r i v e r  ul t rasonic  

tr iggered sampler l eve l  monitor 

6. Upstream r ive r  overflow- 

triggered sampler 

The r ive r  samplers a re  act ivated by a s igna l  from the overflow 

microcomputer via landlines or  by a back-up system triggered by 

ul t rasonic  r i v e r  l eve l  sensors (Figure 1). River l eve l s  a re  monitored 

by an ul t rasonic  l eve l  transducer mounted on the underside of each of 

two bridges. River flows a r e  t o  be computed using da ta  from a flow 

gauging survey. Rainfall  i n  each catchment i s  measured by a raingauge, 

and associated data  logger, located i n  the  centre  of the catchment. 



4 Parameters 

The samples co l l ec t ed  a r e  a t  present  analysed t o  determine chemical 

oxygen demand (COD), suspended s o l i d s  (SS) ammonia (NH3)  and 

conductivity.  Analysis is  c a r r i e d  o u t  by NWWA. It is  a l s o  proposed t o  

determine organic and inorganic suspended s o l i d s  f o r  a l l  storm events ,  

and b io log ica l  oxygen demand (BOD) f o r  s e l ec t ed  storms. An 

inves t iga t ion  i n t o  any co r re l a t ion  between COD and BCD w i l l  then be 

undertaken. Continuous monitoring of d issolved oxygen ( D O ) ,  

conductivity,  pH and temperature is t o  be introduced a t  a l l  s i t e s  i n  the  

near fu ture .  

5 Results  

Two storms events  of 5 December 1985 and 17-18 January 1986 a r e  

presented t o  i l l u s t r a t e  i n i t i a l  r e s u l t s .  A primary objec t ive  of t h e  

programme i s  t o  determine whether t h e  chosen research  methodology is  the  

co r rec t  approach t o  the problem. A fu r the r  aim i s  t o  a s ses s  the  impact 

of indiv idual  events on the  Hydburn Brook i n  terms of po l lu t an t  

concentrat ion.  ( In fu tu re ,  p o l l u t a n t  loads w i l l  a l s o  be s tud ied )  . 
S a l i e n t  r a i n f a l l  d a t a  and c l ima t i c  and temporal hydraul ic  

c h a r a c t e r i s t i c s  of the  two events  a r e  presented i n  Table 3. 

Table 3 De ta i l s  of  storm events  

Event 

5.1 2.85 17-18.1.86 

Max. p r e c i p i t a t i o n  i n t e n s i t y  (mm/h) 11.5 

Tota l  p r e c i p i t a t i o n  (mm) 3.2 

Overall i n t e n s i t y  (mm/h) 5.7 

Delay t i m e  p r i o r  t o  overflow* (min) 34 

Antecedent d ry  weather period (h )  27 4 

* Time from f i r s t  stormflow en te r ing  chamber t o  time of f i r s t  s p i l l a g e  

For the storm event  of 5 December, Figure 2 shows the  concentrat ion of 

po l lu t an t s  i n  the  r i v e r  upstream of the  Great Harwood CSO, Figure 3 

i l l u s t r a t e s  the  concentrat ions i n  the  CS0 discharge and Figure 4 records 









t h e  r e s u l t a n t  concentrat ions i n  the  r i v e r  downstream of the  po in t  of 

discharge. Similarly,  Figures 5, 6 and 7 o u t l i n e  the  corresponding 

r e s u l t s  f o r  t h e  storm event  of  17-18 January 1986. 

For the  f i r s t  storm event,  out l ined  i n  Figure 2, p o l l u t a n t  

concentrat ions i n  the  r i v e r  upstream of the  d ischarge  a r e  low; SS and 

COD a r e  l e s s  than 120 mg/l, NH3 less than 0.5 mg/l, conduct iv i ty  i s  less 

than 450 mmho. Concentrations i n  the  overflow (Figure 3) a r e  

s i g n i f i c a n t l y  h igher ;  SS and CGD around 1000 mg/l, NH3 a s  high a s  

4.0 mg/l, conduct iv i ty  a s  high a s  550 mmho. The impact of t h i s  overflow 

discharge has a considerable e f f e c t  on the  q u a l i t y  of the  watercourse 

monitored a t  t h e  downstream r i v e r  s i t e .  With reference  t o  Figure 4, t he  

peak concentrat ions of SS is increased t o  380 mg/l, of COD t o  250 mg/l 

and of NH3 t o  1.0 mg/l. This represents  a major increase  i n  p o l l u t a n t  

concentrat ions downstream of the  po in t  of discharge a s  a r e s u l t  of t h e  

sp i l l age .  

In comparison, dur ing  the  second storm peak, overflow s p i l l a g e  p o l l u t a n t  

concentrat ions a r e  of the order of 180 mg/l SS and COD (Figure 6 ) ,  a 

considerably weaker discharge than produced dur ing  the  f i r s t  storm 

event. 

The degree of impact may be explained i n  terms of t he  d i f f e r i n g  storm 

p r o f i l e s  of the  two events.  Pearson e t  a 1  (1986) suggests  t h a t  overflow 

discharge q u a l i t y  may be adversely influenced by an  increased antecedent 

dry  weather period (ADWP) and high i n t e n s i t y  r a i n f a l l  (Table 3 ) .  

Hydraulic performance of t he  chamber is  a l s o  a f a c t o r  a f f e c t i n g  overflow 

q u a l i t y  (Thornton e t  a 1  (1986) ), p a r t i c u l a r l y  i n  terms of the  delay time 

p r i o r  t o  s p i l l a g e  (Table 3) and t h e  proport ion of any f i r s t  f o u l  f l u s h  

of po l lu t an t s  (which the increased flow has scoured ou t  of the  sewer 

system i n  the  i n i t i a l  p a r t  of t h e  storm) s to red  by t h e  chamber. 

The second storm event is charac ter i sed  by a low maximum p r e c i p i t a t i o n  

i n t e n s i t y  (1.3 mm/h) and a s h o r t e r  ADWP (4h), a s  shown i n  Table 3. In 

comparison, examination of t he  r a i n f a l l  da ta  f o r  t he  f i r s t  storm shows 

an  ove ra l l  p r e c i p i t a t i o n  i n t e n s i t y  of 5.7 mm/h and an ADWP of 27h, and 

it i s  c l e a r  t h a t  these  d i f ferences  a r e  s u f f i c i e n t  t o  c r e a t e  an e f f e c t .  



In addition, a s h o r t  ADWP of 4 hours a l s o  indicates  a difference i n  

r ive r  conditions between the two events. The r i v e r  on 17-18 January was 

exhibi t ing storm conditions with high flows and poor qual i ty ,  possibly 

resul t ing from resuspension of r i v e r  sediments and the e f f e c t s  of o ther  

upstream CS&. 

A difference can a l s o  be seen between the  delay times p r io r  t o  overflow 

fo r  the two events. The f i r s t  storm has a delay time of 34 minutes, 

whereas the second storm has a delay time of 219 minutes (Table 3 ) .  Tn 

the case of the second storm it is l ike ly  t h a t  the chamber has s tored 

the  majority of any f i r s t  foul  f lush ,  thus ameliorating the qua l i ty  of 

the overflow sp i l l age .  

6 Conclusion 

I n i t i a l  r e s u l t s  suggest t h a t  the research methodology adopted provides 

an appropriate assessment of overflow impacts on watercourses. 

Storms t h a t  exh ib i t  r e la t ive ly  long antecedent dry weather periods, high 

precipi ta t ion i n t e n s i t i e s  and shor t  delay times p r io r  t o  overflow 

sp i l l age  r e s u l t  i n  discharges with an increased degree of impact on the  

watercourse. Overflow sp i l l age  impact would be much greater  were it not  

f o r  the ameliorating e f fec t s  of chamber storage, withholding the major 

p a r t  of the f i r s t  fou l  flush and increasing the delay time before 

overflow operation. 

River behaviour a t  Hyndburn is complicated by other storm overflow 

discharges a f fec t ing  the degree of impact of the Great mrwood 

overflow. Ihe area  of study has been expanded t o  invest igate  the impact 

of other overflows i n  order t o  provide a more complete understanding of 

the  e f f e c t s  of CS& on watercourses. 

7 Acknowledgement 

The authors wish t o  thank SERC, W k ,  and NWWA fo r  t h e i r  f inanc ia l  

support, encouragement and advice. Thanks a r e  a l s o  due t o  Mr.M.Murrel1 

of Hyndburn Borough Council and s t a f f  a t  the University of Manchester 

f o r  t h e i r  help with the project.  



References 

Aspinwall, D.M.V. and J . B . E l l i s  1986. The impact of urban run-off and 

combined sewage overflows on r i v e r  qua l i t y .  Proceedings, 

Developments i n  Storm Sewerage Management, She f f i e ld  C i ty  Poly. and 

Inst., Public Health Engineers, March 24-25, 1986, Sheff ie ld ,  

pp 51-65. 

Cl i f forde ,  I.T., A.J. Saul, and J.M.Tyson 1986. Urban Pol lu t ion  of 

Rivers - t he  U.K. Water Industry Research Programme. Proceedings, 

Int.Conf. on Water D a l i t y  Modellding i n  the  Inland Natural 

Environment, B r i t i s h  Hydromechanics Research Assoc., June 10-1 3, 

1986, Bournemouth. 

Huber, W.C., J.P.Heaney, S.J. Nix,  R.E.Dickenson, and D.J.Polmann,l981. 

Storm Water Management Model User's Manual, Version 111, U.S. 

Environmental Protec t ion  Agency, EPA Report, C inc ina t t i ,  U.S.A. 

National Water Council 1980. River m a l i t y  - t he  1980 Survey and Future 

Outlook. WC, Iondon. 

National  Water Council/Department of  t he  Environment Standing Technical 

Committee, 1981. Report No.28. Design and Analysis of Urban Storm 

Drainage - the  Wallingford Procedure. NWC, Iondon, England. 

North West Water Authority 1983. Improving r i v e r s ,  e s t u a r i e s  and 

c o a s t a l  waters i n  the  North W e s t .  NWWA Consultat ion Paper. 

Pearson, L.G., R.C.Thornton, A. J. Saul and K. Howard 1986. An 

in t roductory  ana lys i s  of  f a c t o r s  a f f e c t i n g  the  concentrat ion of 

po l lu t an t s  i n  the  f i r s t  f o u l  f l u s h  of a combined sewer system. 

To be published i n  : Proceedings, Conf. on Urban Storm Water 

D a l i t y  and Effec ts  upon Receiving Water, k t o b e r  1986, Wageningen. 

Sco t t i sh  Development Department, 1977. Storm sewage separa t ion  and 

disposal .  HMSO, Edinburgh. 

Thornton, R.C ., A.J.Sau1, K.Howard and L.G.Pearson 1986. The hydraul ic  

performance of two on-line s torage  chamgers i n  combined sewer 

systems. To be published in :  Proceedings, Conf. on Urban Storm 

Water m a l i t y  and Effec ts  upon Receiving Water, Qztober 1986, 

Wageningen. 

Water Research Centre/Water Au thor i t i e s  Associat ion 1983. Sewerage 

Rehabi l i ta t ion  Manual. WRc Engineering. 



COMBINED SEWER OVERFLOWS, 

STATISTICS ON OXYGEN DEPLETION 

P. HarremoCs, 

Dept. Env. Eng., Tech. Univ. o f  Denmark, DK 2800, Lyngby 

T. Hvitved-Jacobsen , 
Env. Eng. Lab., Univ. o f  Aalborg, DK 9000, Aalborg 

N.B. J ohansen ,  

Cowiconsult,  Teknikerbyen, DK 2830, Virum 

Abstract 

Procedures f o r  t h e  d e s i g n  o f  combined  s e w e r  o v e r f l o w s  a r e  based  on 

performance eva lua ted  on t h e  b a s i s  o f  compliance w i t h  exceedence stati- 

s t i c s  on requi red  oxygen concen t r a t i ons  i n  a r i ve r .  Design is  based on 

s imu la t i on  of  t h e  runof f  process,  t h e  overf low and t h e  oxygen dep l e t i on  

i n  t h e  r i v e r .  A h i s t o r i c a l  r a i n  s e r i e s  i s  used  as i n p u t  and  a c o r r e -  

sponding s e r i e s  o f  oxygen concen t r a t i ons  is  compared w i t h  t h e  requi red  

oxygen concent ra t ion .  

1 Introduction 

Combined sewer s y s t e m s  i n  t h e  c i t i e s  i s  a c e n t u r y  l o n g  t r a d i t i o n .  Wi th  

t h e s e  sys tems  a r e  i n h e r i t e d  a n  i n c r e d i b l y  l a r g e  number of  combined sewer 

overf low s t r u c t u r e s ,  which r e l e a s e  unpu r i f i ed  sewage t o  t h e  environment 

wi th  a frequency t h a t  is  not  t o l e r a b l e  by todays yards t ick .  It is equal-  

l y  a t r a d i t i o n  t h a t  t h e s e  overf low s t r u c t u r e s  a r e  designed on t h e  b a s i s  

o f  r u l e s  o f  thumb, which have l i t t l e  r e l a t i o n  t o  t h e  real problem, even 

though they r ep re sen t  e s t a b l i s h e d  p r a c t i c e ,  engineer ing  codes o r  regula-  

t o r y  decrees .  

While design of  t r e a tmen t  f a c i l i t i e s  based on t h e  u l t i m a t e  goal: water  

q u a l i t y  i n  t h e  environment, has  been advocated and implemented i n  Den- 

mark f o r  more t h a n  a d e c a d e  i t  is n o t  u n t i l  r e c e n t l y  t h a t  t h i s  c o n c e p t  

ha s  been  a c c e p t e d  f o r  t h e  d e s i g n  o f  combined  s e w e r  o v e r f l o w s .  I n  t h i s  



a r t i c l e  a number o f  n o v e l  a p p r o a c h e s  a r e  combined t o  e s t a b l i s h  new 

procedures f o r  design of combined sewer overflows. 

2 Statist ical  concept 

I n  a s e r i e s  of  r e s u l t s  from measurements of water  qua l i t y ,  those  af fec-  

ted  by r a i n f a l l  c o n s t i t u t e  a r a t h e r  s m a l l  f r a c t i o n .  Accordingly ,  t h e  

d a t a  i n  a s e r i e s  of  water q u a l i t y  measurements have t o  be divided i n t o  

no l e s s  than two groups: 

a )  Data from per iods  without r a i n  

b)  Data which a r e  a f f ec t ed  by r a i n  events  

These two groups of  d a t a  w i l l  c o n s t i t u t e  two d i s t i n c t l y  d i f f e r e n t  s t a t i -  

s t i c a l  populations. A bend is  expected on t h e  r e l a t i v e  frequency curve 

f o r  t h e  measurements  a t  t h e  f r e q u e n c y  of  t h e  o c c u r r e n c e  o f  ove r f lows .  

The bend is  t o  be expected a t  1-5% frequency, depending on t h e  meteoro- 

logy of t he  l o c a l i t y ,  t h e  catchment, s t ruc tu re s ,  de tent ion  basins, e.tc. 

It t a k e s  100 - 1000 r e l i a b l e  d a t a  t o  d e t e r m i n e  t h e  t r a n s i t i o n .  T h i s  

f e a t u r e  o f  t h e  r e l a t i v e  f r e q u e n c y  c u r v e  makes e x t r a p o l a t i o n  o f  t h e  

r e l a t i v e  frequency curve t o  sma l l  f requencies  p o t e n t i a l l y  erroneous and 

always inaccura te .  

The o c c u r r e n c e  o f  s e v e r e  oxygen d e p l e t i o n  i n  a r i v e r  due t o  combined 

sewer overflow is a r e l a t i v e l y  rare event, compared t o  t h e  ma jo r i t y  of 

r e s u l t s  from r u t i n e  monitoring. I n  s t a t i s t i c a l  terms it is  s u f f i c i e n t l y  

r a r e  t o  be judged by e x t r e m e  e v e n t  s t a t i s t i c s  r a t h e r  t h a n  r e l a t i v e  

frequency curves a t  sma l l  frequencies.  Extreme s t a t i s t i c s  w i l l  t e l l  you, 

e.g. t h a t  a g i v e n  d e t r i m e n t a l  e f f e c t  w i l l  b e  exceeded eve ry  5 yea r s .  

From e x t r a p o l a t i o n  o f  r e l a t i v e  f r e q u e n c y  curv,es i t  may be d e t e r m i n e d  

t h a t  a g i v e n  d e t r i m e n t a l  e f f e c t  w i l l  be exceeded i n  0.01% of  t h e  t ime.  

On a yea r ly  b a s i s  t h a t  amounts t o  approximately 50 minutes. That i n fo r -  

mation does  n o t  t e l l  you how f r e q u e n t  t h e  e v e n t  is. I t  may be t w i c e  a 

year of 25 minutes dura t ion  o r  every 5 yea r s  w i th  an average dura t ion  of  

250 minutes. 

For t h e  purpose of t h i s  d iscuss ion  p o l l u t i o n a l  e f f e c t s  can be grouped 

broadly i n  t h r e e  ca tegor ies ,  Harremob (1 982). 



a )  Po l lu t iona l  e f f e c t s  l a s t i n g  f o r  t h e  dura t ion  of t h e  event  only. 

b) Po l lu t iona l  e f f e c t s  l a s t i n g  f o r  an  extended per iod  p a s t  t h e  occurren- 

ce  o f  t h e  event .  

c )  Accumulation o f  p o l l u t a n t s  t h rough  ex t ended  p e r i o d s  b e f o r e  t h e  

e f f e c t s  become detec table .  

An example  o f  t h e  f i r s t  c a t e g o r y  is  b a c t e r i a l  p o l l u t i o n  a f f e c t i n g  t h e  

h e a l t h  of  swimmers i n  rece iv ing  waters. That r i s k  occurs  only a s  long a s  

t he  w a t e r  i s  con tamina ted .  I t  is e s t a b l i s h e d  p r a c t i c e  t o  base  w a t e r  

q u a l i t y  s tandards  on permiss ib le  frequency, i n t e r p r e t e d  a s  percentage of 

t i m e  and i l l u s t r a t e d  wi th  r e l a t i v e  frequency curves. 

To t h e  t h i r d  category of po l lu t ion  belongs e.g. e u t r o f i c a t i o n  and pollu- 

t i o n  from heavy me ta l s  and p e r s i s t e n t  organic  compounds. Because of t h e  

accumulating e f f e c t s  t h e  r e l e v a n t  f i g u r e  f o r  t h e  p o l l u t i o n  i s  t h e  l o a d  

over extended periods,  l i k e  annual load. It is  i r r e l e v a n t  whether t h i s  

load i s  g e n e r a t e d  by a d a i l y  s t r e a m  o r  by p e r i o d i c  e v e n t s  l i k e  ove r -  

flows. 

The s u b j e c t  o f  t h i s  a r t i c l e :  oxygen d e p l e t i o n  due  t o  combined s e w e r  

overflows, belongs t o  t h e  second category. The overf low-event  may be of 

s h o r t  durat ion,  but  t h e  e f f e c t  may have a prolonged impact on t h e  r iver .  

A f i s h  k i l l  o f  v e r y  s h o r t  d u r a t i o n  w i l l  have  e x t e r m i n a t e d  t h e  f i s h  

populat ion f o r  a s  l o n g  t i m e  a s  i t  t a k e s  t o  b u i l d  up a new popu la t ion .  

The concern is: How inf requent ly  does t h e  event  occur, o r  how f requent ly  

can i t  be a l lowed.  Tha t  is judged by e x t r e m e  e v e n t  s t a t i s t i c s ,  n o t  

through percentage t ime  of  occurrence. 

I n  r ecen t  years  s e v e r a l  papers have advocated t h e  use  of  r e l a t i v e  f r e -  

quency curves and percentage t i m e  o f  occurrence a s  t h e  proper b a s i s  f o r  

t h e  e v a l u a t i o n  o f  t h e  pe r fo rmance  o f  combined sewer ove r f lows .  I t  is  

encouraging t h a t  a r e c e n t  p u b l i c a t i o n  from USEPA (1983). i n t r o d u c e  

exceedence s t a t i s t i c s  w i t h  t h e  words: 'Recurrence  i n t e r v a l  is a v e r y  

use fu l  def i n i  t i on l .  

3 Water quality standards 

Standards f o r  requi red  oxygen concent ra t ions  i n  r i v e r s  have been discus-  

sed f o r  y e a r s ,  i n  s o  f a r  a s  t h e  d a i l y  e v e n t s  are concerned.  There  a r e  

a l s o  s t a t i s t i c a l  methods f o r  t h e  evalua t ion  of t h e  compliance of  a given 
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Figure 1 Recommended standard for extreme event statistics on required 

oxygen concentrations in rivers, as affected by combined 

sewer overflows 

set of data with such standards. However, the counterpart to the concept 

of extreme event statistics is an adequate formulation of a new stan- 

dard. Figure 1 shows the new standard recommended by the Danish Water 

Pollution Control Committee. The standard expresses the required oxygen 

concentration as a function of return period (or recurrence interval). 

Such curves have been selected for two durations of the DO depletion, 1 

and 12 hours, and for three types of water quality, corresponding to 

habitats for spawning fish, salmon and carp. 

These standards have been derived from extensive literature studies on 

the effects of low oxygen concentrations, referenced in the basic 

report, Hvitved-Jacobsen (1984). The criterion selected is that half 
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Figure 2 Predicted extreme event  s t a t i s t i c s  f o r  oxygen concent ra t ions  

i n  a  r i v e r ,  compared wi th  t h e  standard f o r  t r o u t  

t h e  f i s h  p o p u l a t i o n  may be k i l l e d  a t  t h e  c o n c e n t r a t i o n  and d u r a t i o n  

ind i ca t ed  f o r  t h e  r a r e s t  events (from an 8  t o  a  16 year r e t u r n  period). 

4 Overflow series 

It is not  pos s ib l e  t o  judge t h e  performance of  combined sewer overflows 

on t h e  b a s i s  of extreme event  s t a t i s t i c s  wi th  t h e  t r a d i t i o n a l  methods 

appl ied  t o  urban storm drainage design. The a l t e r n a t i v e  is t o  use h i s to -  

r i c a l  r a i n  s e r i e s  d i r e c t l y  a s  input  t o  models f o r  c a l c u l a t i o n  of runoff 

and po l lu t ion  and t o  apply t h e  s t a t i s t i c s  t o  t he  ca l cu l a t ed  concentra- 

t i o n s  i n  t h e  r iver .  Such s t a t i s t i c s  a r e  i l l u s t r a t e d  on Figure  2, where a  

r e s u l t  is  compared wi th  t h e  standard. 

Available f o r  t h i s  app roach  is a  33 y e a r  l o n g  r a i n  r e c o r d  w i t h  a  2-5 

minutes time r e s o l u t i o n ,  a  t o t a l  o f  c l o s e  t o  6000 r a i n  e v e n t s ,  o u t  o f  

which were s e l ec t ed  1571 events  w i th  a  r a i n  depth g r e a t e r  than 3 mm. For 

t h e  study i n  ques t ion  t h e  whole catchment contained 85  overflow s t ruc -  

tures.  I t  is e a s y  t o  imag ine  t h e  number o f  computer  c a l c u l a t i o n s  t o  be 

made and t h e  c o s t  involved. Accordingly, t h e  fo l lowing approach was used 

t o  s imp l i fy  t h e  c a l c u l a t i o n s  without  s a c r i f i c i n g  t h e  bas i c  pr inc ip les .  

For each catchment above an overflow s t r u c t u r e  t h e  catchment is modelled 



with a kinematic wave approach model. From this is generated a time- 

area-curve for a rain event of mean intensity. That time-area-curve is 

taken as sufficient expression for the catchment characteristics. The 

overflow structure is characterized simply by the flow capacity of the 

interceptor. All flow exceeding that capacity is discharged to the 

river. All 1571 rain events are routed to the overflow structure accord- 

ing to the time-area-curve. The time of travel is adjusted according to 

the flow velocity in the partly filled pipes. This is done according to 

a standard relationship between mean flow during the event divided by 

the full pipe flow and the time of travel divided by the full flow time 

of travel. Details of this approach are described in Johansen et a1 

( 1984a1, Johansen ( 1984b) and Johansen and Jensen (198 1). However, this 

model is only a convenient way of cutting the cost of the main approach, 

but the details of this particular model of the runoff are not important 

to the basic principle. In principle any model of the runoff process can 

be applied to the 1571 rain events to generate a series of overflow 

events. 

5 Series of pollution discharges 

The study incorporated measurements of transport of pollutants past 

overflow structures during rain events over a period of one year for 

selected structures. From these brutto transports were subtracted the 

corresponding transports of sewage free of rain runoff, evaluated from 

daily flow records past the structure. From this was calculated the 

concentration in the rain runoff, which is a fictitious figure describ- 

ing the contribution from other sources than regular sewage. This 

approach, described by Johansen et a1 (1984a1 and Lindholm (19741, has 

the virtue that it is used in reverse to calculate the overflow for each 

event of a historical rain series. 

Investigations were made of the variations of concentration from event 

to event and during events. Like many other researchers we found no 

adequate deterministic description of these variations. Equally, it was 

found that though variations during events could be detected to a minor 

extent (like 60% of matter discharged by 50% of the water) it was judged 

to be of little significance. The use of average concentrations is 
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F i g u r e  3 P r e d i c t e d  e x t r e m e  e v e n t  s t a t i s t i c s  f o r  o v e r f l o w  volume a n d  

f o r  p o l l u t i o n a l  l o a d  o f  COD pr .  e v e n t  o f  a 47 y e a r  l o n g  r a i n  

r e c o r d  

j u s t i f i e d  f u r t h e r  by t h e  mechanism o f  oxygen  d e p l e t i o n  i n  t h e  r i v e r ,  

from which  i t  c a n  b e  deduced  t h a t  i t  is t h e  t o t a l  q u a n t i t y  d i s c h a r g e d  

d u r i n g  a n  e v e n t  t h a t  d e t e r m i n e s  t h e  d e p l e t i o n ,  i r r e s p e c t i v e l y  o f  t h e  

c o n c e n t r a t i o n  d i s t r i b u t i o n  w i t h  time. 

It is recommended t o  u s e  t h e  e v e n t  mean c o n c e n t r a t i o n  and t o  t a k e  i n t o  

account  t h e  v a r i a b i l i t y  b e t w e e n  e v e n t s  by m u l t i p l y i n g  t h e  o v e r - a l l  

average  e v e n t  mean c o n c e n t r a t i o n  by a f a c t o r  2.0-3.0, d e p e n d i n g  o n  

r e t u r n  p e r i o d .  I n  t h i s  s i m p l e  way t h e  combined  e x t r e m e  s t a t i s t i c s  o f  

r a i n  and c o n c e n t r a t i o n  is accounted f o r ,  Harremogs (1986). 

F i g u r e  3 shows a n  example o f  ex t reme event  s t a t i s t i c s  f o r  t h e  maximum 

over f low volume o v e r  a s t r u c t u r e  a n d  f o r  t h e  maximum q u a n t i t y  o f  a  

p o l l u t a n t  d i scharged  d u r i n g  a n  event.  

6 Oxygen depletion by overflows 

From t h e  h i s t o r i c a l  r a i n  s e r i e s  i s  produced a s e r i e s  o f  d i s c h a r g e s  i n t o  

t h e  r e c e i v i n g  water.  T h i s  series is subsequent ly  used a s  i n p u t  t o  models 

o f  t h e  oxygen d e p l e t i o n  caused by t h e  overflows. 

Recent s t u d i e s  o f  oxygen d e p l e t i o n  i n  small r i v e r s  have shown t h a t  t h e  

o r g a n i c  m a t t e r  i n  t h e  over f low is dominated by p a r t i c u l a t e  and c o l l o i d a l  

matter t o  t h e  e x t e n t  t h a t  m o s t  o f  t h e  m a t t e r  is a d s o r b e d  t o  t h e  s o l i d  

s u r f a c e s  i n  t h e  r i v e r  much f a s t e r  t h a n  i t  is  degraded, Har remoe  (19821, 

Hvitved-Jacobsen (1982)  a n d  H v i t v e d - J a c o b s e n  and Har remob (1982). T h i s  



orgamc matter f wed 
to 5011d Surfaces 

I Overflow structure 

l n t e r c e p t o r d  polluted 
water 

of ter 
discharge 

6rganlc matter flxed 
to w l ~ d  surfaces 

Figure 4 I l l u s t r a t i o n  o f  t h e  removal  o f  o r g a n i c  m a t t e r  from a w a t e r  

volume under t r anspor t  down a r i v e r  and t h e  equiva lent  accu- 

mulation of  t he  ma t t e r  a t  t he  su r f aces  o f  t h e  r i v e r ,  where it 

w i l l  degrade subsequently and cause delayed oxygen deple t ion  

i n  t h e  r i v e r  

causes  a delayed deple t ion ,  i.e. oxygen deple t ion  not  only i n  t h e  water  

volume rece iv ing  t h e  overflow and moving down t h e  r i v e r  wi th  t h e  over- 

flow, but  dominantly i n  t h e  water  t h a t  f lows pas t  t h e  overflow s t r u c t u r e  

i n  t h e  p e r i o d  j u s t  a f t e r  t h e  r a i n  even t s .  That  w a t e r  is exposed t o  t h e  

oxygen demand o f  t h e  o r g a n i c  m a t t e r  f i x e d  t o  t h e  s o l i d  s u r f a c e s .  The 

e f f e c t  is i l l u s t r a t e d  on Figure 4. 

It has been shown f o r  Danish r i v e r s  t h a t  t h e  delayed e f f e c t  i s  s i g n i f i -  

c an t ly  g r e a t e r  than  t h e  immediate e f f e c t  i n  t h e  water  volume a c t u a l l y  

rece iv ing  t h e  p o l l u t i o n ,  HarremoBs ( 19821, Hvitved-Jacobsen (1982) and 

Hvitved-Jacobsen and Harremok (1982). This  mechanism is enhanced by t h e  

f a c t ,  t h a t  t h e  removal r a t e  by sedimentat ion and adsorpt ion  is approxi- 

mately one o rde r  of magnikude g r e a t e r  than t h e  r a t e  of  a c t u a l  degrada- 

t ion.  The r e s u l t  is d e p l e t i o n  c o n c e n t r a t e d  i n  r e a c h e s  c l o s e  t o  t h e  

s t ruc tu re ,  where  t r i b u t a r i e s  may have l e s s  smoo then ing  e f f e c t  on  t h e  

depletion. Another  r e s u l t  o f  t h e  mechanism i s  t h e  f a c t  t h a t  o n l y  t h e  

t o t a l l y  discharged quan t i t y  of  organic  ma t t e r  is of  importance whi le  t h e  

d i s t r i b u t i o n  i n  time is immaterial. These mechanisms can be i l l u s t r a t e d  

f o r  t h e  s i m p l e s t  c a s e  o f  a un i fo rm r i v e r  p o l l u t e d  a t  t i m e  0 f rom a n  

overflow. I n  t h i s  case  t h e  c l a s s i c a l  oxygen sag  curve can be modified t o  

account f o r  t h e  adsorpt ion  and t h e  delayed degradation. 



Figure 5 A three-dimensional illustration of the superimposition of 

diurnal oxygen fluctuations on the delayed oxygen sag in the 

river. C is oxygen concentration in mg/l, th is the distance 

down the river as time of travel in hours and t' is hours 

after passage of the overflow volume 

Based on this concept the oxygen depletion at any point of a river can 

be calculated for each of the 1571 historical overflow events. However, 

it has been found that diurnal oxygen fluctuations have to be accounted 

for, because they can be very pronounced, Simonsen and Harremob (1978). 

Accordingly, it is of great significance whether the oxygen depletion 

caused by an event occurs during the day, when photosynthesis in the 

river has created high oxygen concentrations to deplete from; or whether 

the event occurs during the night, when respiration has depleted the 

oxygen ressources of the river already. Accordingly, it has been found 

essential to account for the time of day for each event and to combine 

the two phenomena by superposition of the oxygen deficits. A three 

dimensional illustration of the oxygen concentration as a function of 

the location in the river and time after the overflow event is shown in 

Figure 5. 

This constitutes the simplest of the models applied. In principle there 

is no limit to the complexity that can be built into these models, but 



t h e  model d e s c r i b e d  above is c o n s i d e r e d  t h e  b a s i c ,  i n d i s p e n s a b l e  

approach, t h a t  c a n  be c o n s i d e r e d  t h e  s t e p p i n g  s t o n e  t o  more complex 

models i n  ca ses  where t h e  problem warrants  an increased  complexity and 

an  increased c o s t  of l o c a l  d a t a  acquis i t ion .  

Statistical evaluation 

The u l t i m a t e  r e s u l t  of running t h e  oxygen deple t ion  model is a  s e r i e s  o f  

1571 events of  oxygen deple t ion  i n  t h e  r iver .  The s t a t i s t i c a l  approach 

is t o  rank t h e  events  according t o  l e v e l  of concent ra t ion  and t o  produce 

a  s e r i e s  o f  oxygen c o n c e n t r a t i o n  v e r s u s  r e t u r n  pe r iod .  An example  i s  

i l l u s t r a t e d  i n  F i g u r e  2. The c u r v e  can  be t e s t e d  w i t h  r e s p e c t  t o  com- 

p l iance  w i t h  t h e  s t a n d a r d  d e s c r i b e d  p r e v i o u s l y ,  a s  shown on F i g u r e  2 

with two curves :  One t h a t  c o m p l i e s  and one t h a t  does  not .  I t  is t h e  

experience t h a t  t h e  one-hour d u r a t i o n  s t a n d a r d  i s  a l w a y s  t h e  c r i t i c a l  

one. 

I n  c a s e  o f  non-compliance r e m e d i a l  measures  have  t o  be  t aken ,  e.g. by 

increas ing  t h e  capaci ty  of t h e  i n t e r c e p t o r  o r  b e t t e r  by in t roduc t ion  of 

a  de tent ion  bas in  t o  c u t  down t h e  frequency and quan t i t y  of  overflows. 

Compliance can be depicted a s  t h e  concent ra t ion  d i f f e r ence  between t h e  

s tandard  and t h e  c a l c u l a t e d  c u r v e  a t  t h e  w o r s t  p o i n t ,  w i t h  t h e  s i g n  

convention: p o s i t i v e  f o r  compliance and negative f o r  non-compliance. An 

example i s  i l l u s t r a t e d  on F i g u r e  6, where t h e  compl i ance  a s  mg/ l  o f  

oxygen i s  shown a s  a f u n c t i o n  o f  t h e  c a p a c i t y  o f  t h e  i n t e r c e p t o r :  f l o w  

capaci ty  pr. u n i t  s u r f a c e  o f  t h e  paved ca t chmen t  i n  um/s ( =  10 l / s  pr.  

ha). The c u r v e s  a r e  shown f o r  t h r e e  volumes  o f  b a s i n  pr. u n i t  o f  paved 

catchment: 0,  3 and 10 mm. The c u r v e s  a r e  v a l i d  f o r  a  r i v e r  w i t h  a  dry-  

weather f l o w  o f  100 l/s. I t  can  be  s e e n  t h a t  a volume o f  3 m m  f o r  a  

capaci ty  of t h e  i n t e r c e p t o r  o f  0.9 um/s w i l l  be required. 

Figure 2 i s  a n  i l l u s t r a t i o n  o f  t h e  u l t i m a t e  u s e  o f  t h e  app roach  t o  

design o f  combined sewer  o v e r f l o w  s t r u c t u r e s  based  on w a t e r  q u a l i t y  

s tandards  expressed s t a t i s t i c a l l y .  However, t h e  Danish Water Po l lu t ion  

Control Committee has found it expedient  t o  publ i sh  graphs a s  shown on 

Figure 6  f o r  a  v a r i e t y  o f  c a s e s  i n  o r d e r  t o  p r o v i d e  t h e  b a s i s  f o r  a  

f i r s t  p r i m i t i v e  evalua t ion  of  t h e  expected performance of a  p a r t i c u l a r  



constant parameters 
t j : l O m ~ n ,  q,=D2 m l s .  Fr=5ha ,AC=Lmgl l  

Figure 6 An example of  design curves  showing degree of  compliance wi th  

t he  oxygen s t a n d a r d  f o r  a  t r o u t  r i v e r  measured a s  oxygen 

concent ra t ion  d i f f e r ence  f o r  overflow from an urban catchment 

charac ter ized  by a r e a :  F,, sewage f low:  qs, and f u l l  f l o w  

t r a v e l  t ime  i n  sewer system: tf7 a s  a funct ion  of capaci ty  o f  
t h e  in terceptor :  a ,  f o r  t h r e e  volumes of  de tent ion  basin: Vb, 

d i scharging  t o  a r i v e r  charac ter ized  by flow: Qb 

s t r u c t u r e ,  Hvi tved-Jacobsen  (1984). I n  c a s e  t h e  s t r u c t u r e  does  n o t  

comply o r  is c l o s e  t o  non-compliance more r e f i n e d  methods must  b e  

appl ied  and more informat ion  provided. 

The recommendation inc ludes  a s taged approach, Harremob (19841, invol-  

ving f o u r  l e v e l s  o f  c o m p l e x i t y  - The f i r s t  one b e i n g  t h e  u s e  o f  g r a p h s  

a s  i n  Figure 6. The second is ind iv idua l  computer c a l c u l a t i o n s  f o r  t h e  

p a r t i c u l a r  c a s e ,  b u t  w i t h  models  and  p a r a m e t e r s  a s  used  f o r  t h e  b a s i c  

approach. The t h i r d  s t a g e  i s  t h e  u s e  o f  t h e  same models  a s  d e s c r i b e d  

above, but wi th  parameters chosen ind iv idua l ly  based on inves t iga t ions  

of t h e  catchment and t h e  r i v e r  i n  question. 

Such approaches have been introduced i n  Denmark a s  t h e  SVK-system, which 

is a package o f  programmes a v a i l a b l e  t o  t h e  m u n i c i p a l i t i e s  on t h e i r  

c e n t r a l  mainframe computer. The same programmes have been converted t o  

PASCAL-programmes f o r  microcomputers, using t h e  user - f r iendly  f a c i l i t i e s  

of  t h e  microcomputer. The system is c a l l e d  MOUSE. The bas i c  i dea  is t h a t  

t h e  e n g i n e e r  conce rned  w i t h  t h e  p rob lems  o f  d i s c h a r g e  shou ld  have  a 

system i n  f r o n t  of him t h a t  a l l ows  him t o  concent ra te  on t h e  problems of  



r a i n  r u n o f f ,  r a t h e r  t h a n  o n  t h e  p r o b l e m s  o f  c o m m u n i c a t i o n  w i t h  t h e  

computer. Accordingly, a l l  communication w i t h  t h e  microcomputer i s  based 

on menues g u i d i n g  t h e  u s e r  th rough  t h e  c a l c u l a t i o n s .  

The f i n a l  s t a g e  i s  t h e  u s e  o f  i n d i v i d u a l  m o d e l s  a n d  p a r a m e t e r s .  The 

u l t i m a t e  is  t h e  use  o f  d e t a i l e d  s i m u l a t i o n s  o f  h i s t o r i c a l ,  t r acked  r a i n  

s e r i e s  a s  i n p u t  t o  con t inuous  h y d r o l o g i c a l  model l ing  and s i m u l a t i o n  o f  

runof f  b a s e d  on  t h e  d y n a m i c  wave a p p r o a c h ,  combined  w i t h  a d e t a i l e d  

model o f  r i v e r  p o l l u t i o n  i n v o l v i n g  b o t h  i m m e d i a t e  and  d e l a y e d  oxygen  

d e p l e t i o n  due t o  o r g a n i c  m a t t e r  degrada t ion ,  n i t r i f i c a t i o n ,  oxygen f l u c -  

t u a t i o n s ,  e t c .  t o  t h e  p o i n t  w h e r e  t h e  b e n e f i t s  o f  f u r t h e r  r e f i n e m e n t  

becomes meaningless. 

I n  view o f  t h e  u n c e r t a i n t i e s  involved  w i t h  r e s p e c t  t o  o u r  knowledge o f  

t h e  p rocesses  and t h e  p a r a m e t e r s  involved,  and t h e  u n c e r t a i n t y  involved  

i n  t h e  s e t t i n g  o f  t h e  s t a n d a r d  it is  h a r d l y  e v e r  war ran ted  t o  engage t h e  

f u l l  o r c h e s t r a  o f  models .  It is  l e f t  t o  t h e  e n g i n e e r  i n  p r a c t i c e  t o  

choose t h e  l e v e l  o f  complex i ty  judged t o  be c o n s i s t e n t  w i t h  t h e  s e r i o u s -  

n e s s  o f  t h e  p r o b l e m ,  t h e  q u a l i t y  o f  t h e  i n p u t  d a t a  a n d  t h e  u n c e r t a i n t y  

o f  t h e  s tandard.  

The b a s i c  p r i n c i p l e  i s  t h a t  t h e  p e r f o r m a n c e  h a s  t o  b e  judged  on  t h e  

b a s i s  o f  c o m p l i a n c e  w i t h  s t a t i s t i c s  on  w a t e r  q u a l i t y  i n  t h e  r e c e i v i n g  

water  - a s  a n  a l t e r n a t i v e  t o  t h e  t r a d i t i o n a l  r u l e s  o f  thumb - w i t h o u t  

n e c e s s a r i l y  f o r c i n g  upon t h e  p r a c t i t i o n e r  compl ica ted  computer models t o  

be a p p l i e d  t o  e v e n  t h e  s i m p l e s t  c a s e ,  b u t  l e a v i n g  him w i t h  a r a n g e  o f  

approaches f r o m  s i m p l e  t o  complex.  The s t a g e d  a p p r o a c h  is b a s e d  on  

conf idence  i n  t h e  good  j u d g e m e n t  o f  t h e  p r a c t i t i o n e r ,  when g i v e n  t h e  

proper  o p t i o n s .  

Conclusion 
- 

Combined sewer  o v e r f l o w s  can be  designed on t h e  b a s i s  o f  wate r  q u a l i t y  

s tandards.  The p r o p e r  approach is t o  use  ex t reme e v e n t  s t a t i s t i c s  and t o  

i n t r o d u c e  w a t e r  q u a l i t y  s t a n d a r d s  v a r i a b l e  w i t h  frequency o f  recurrence.  

S tandards  f o r  oxygen d e p l e t i o n  i n  r i v e r s  caused by combined sewer  over- 

f lows  of  o r g a n i c  m a t t e r  a r e  proposed. 

The p r a c t i t i o n e r  should  be provided w i t h  means f o r  c a l c u l a t i o n  o f  per-  

formance o f  combined sewer over f low s t r u c t u r e s  w i t h  r e s p e c t  t o  complian- 



c e  w i t h  a wate r  q u a l i t y  s t a n d a r d  as d e s c r i b e d  above. T h i s  should  i n c l u d e  

approaches from t h e  s i m p l e  u s e  o f  g r a p h s  t o  complex u s e  o f  models o f  t h e  

runof f  p rocess  and t h e  processes  i n  t h e  r e c e i v i n g  water.  

A l l  a p p r o a c h e s  s h o u l d  b e  b a s e d  o n  t h e  u s e  o f  h i s t o r i c a l  r a i n  s e r i e s  a s  

i n p u t  t o  models ,  t h r o u g h  w h i c h  t o  p r o d u c e  s e r i e s  o f  oxygen  d e p l e t i o n  

e v e n t s  t o  be ranked and compared w i t h  t h e  s tandard.  

Simple g r a p h s  a r e  p r o d u c e d  by a p p l y i n g  s i m p l e  m o d e l s  t o  t y p i c a l  

catchments  and r e c e i v i n g  wate rs ,  c h a r a c t e r i z e d  by s e l e c t e d  parameters .  A 

f i r s t  impress ion  o f  compliance w i t h  t h e  s t a n d a r d  c a n  be reached f o r  t h e  

catchment and t h e  r e c e i v i n g  wate r  i n  q u e s t i o n  by mere i n t e r p o l a t i o n .  

More advanced models involv ing  i n d i v i d u a l  parameters  and more advanced 

modell ing techniques  a r e  a v a i l a b l e  and should be  a p p l i e d  i f  warranted,  

when c o n s i d e r i n g  t h e  s e r i o u s n e s s  o f  t h e  p o l l u t i o n ,  t h e  r e l i a b i l i t y  o f  

t h e  a v a i l a b l e  i n f o r m a t i o n  and when c o n s i d e r i n g  t h e  u n c e r t a i n t y  o f  t h e  

wate r  q u a l i t y  s tandard.  

9 References 

Johansen, N.B. (1984)  R e g n a f s t r A m n i n g  i ~ A l l e ~ s y s t e m e t ,  S a m l e r a p p o r t  

(Runoff i n  t h e  Catchment o f  t h e  MAlle River ,  f i n a l  r e p o r t )  Dept. Env. 

Eng., Tech. Univ. Denmark, Dec. 1981 and HovedstadsrAdet .  

Johansen, N. B. and Jensen,  M. (1981) RegnafstrAmning i MAlleesystemet, 

Modeler (Runoff  i n  t h e  C a t c h m e n t  o f  t h e  M A l l e  R i v e r ,  Models )  Dept. 

Env. Eng., Tech. Univ. Denmark. 

Johansen, N.B. e t  a1 (1984)  Methods  f o r  C a l c u l a t i o n  o f  Annual a n d  

Extreme Overflow Events  from Combined Sewer Systems,  Wat.Sci. Tech., 

Vol. 16, 311-325 

Harremok!~, P. (1982)  Urban S t o r m  D r a i n a g e  a n d  Water P o l l u t i o n .  P r o c e e -  

d i n g s  2' I n t l .  Conf. Urban S t o r m  D r a i n a g e ,  Univ. I l l i n o i s  Urbana- 

Champaign, Vol. 11, 469-494 

HarremoBs, P. (1982) Immediate and Delayed Oxygen Deple t ion  i n  Rivers ,  

Water Research, Vol. 16, 1093-1098 

HarremoBs, P. e t  a1 (1984)  A S t a g e d  Approach t o  A p p l i c a t i o n  o f  R a i n f a l l  

Data t o  Urban Runoff C a l c u l a t i o n s  Water S c i e n c e  and Technology, Vol. 

16, 237-250 



Hvitved-Jacobsen, T. (1982) The I m p a c t  o f  Combined Sewer  O v e r f l o w s  on 

t h e  D i s s o l v e d  Oxygen C o n c e n t r a t i o n  o f  a R i v e r  Wa te r  Resea r ch ,  Vol. 

16, 1099-1 105 

Hvitved-Jacobsen, T. and  Harremoes,  P. (1982) I m p a c t  o f  Combined Sewer  

Overflows on D i s s o l v e d  Oxygen i n  R e c e i v i n g  S t r e a m s .  P r o c e e d i n g s  2' 

I n t l .  Conf. Urban S to rm  Dra inage ,  Univ. I l l i n o i s  Urbana-Champaign, 

Vol. 11, 226-235 

Hvitved-Jacobsen, T. (1984) Forurening a f  VandlAb f r a  OverlAbsbygvYrker 

( P o l l u t i o n  o f  R i v e r s  f r om Ove r f l ow  S t r u c t u r e s )  P u b l i c a t i o n  no. 22 

from DIF1s S p i l d e v a n d s k o m i t e  (The Dan i sh  Water  P o l l u t i o n  C o n t r o l  

Committee), Denmark. 

Lindholm, 0. (1974) A P o l l u t i o n a l  Analysis  o f  t h e  Combined Sewer System, 

Div. H y d r a u l i c  Eng., Univ. Trondheim,  Norw. I n s t .  Tech., Trondheim,  

Norway 

Simonsen, J. and  Harremoes  P. (1978) Oxygen a n d  pH F l u c t u a t i o n s  i n  

Rivers, Water Research, Vol. 12, 477-489 

USEPA (1983) F i n a l  Repo r t  o f  t h e  N a t i o n a l w i d e  Urban Runoff  Program. 

USEPA Water Planning Division,  Vol. 1. 



THE USE OF WATER QUALITY MODEL 

QUAL I1 ON MICROCOMPUTER 
1 

F.L. Mwanuzi, P. Vanouplines , 
J. ~arivoet' and A. Van der Beken 

Interuniversity Postgraduate Program 

in Hydrology, 

Laboratory of Hydrology, 

Free University Brussels 

Pleinlaan 2, B-1050 Brussels 

Abstract 

The US-EPA Water quality model QUAL-I1 is a well known planning model 

for river systems and has been used extensively in many countries. In 

Belgium it was used for the first time in 1984 for evaluation of the 

effects of alternative wastewater treatment schemes in the Velpe, a 
2 

small river system of 144 km . The main frame computer used for this 
application was CDC (Cyber 170/175) of the University Computer Centre. 

However the practical use of such a planning model, especially in 

developing countries, but also at subregional level in developed 

countries is limited when a mainframe computer is not available or not 

readily accessible. The recent personal computer boom makes it 

possible for virtually any local office to implement calculation 

programmes, and thus planning model, of relatively high complexity. 

The aim of the paper is to discuss the advantages, disadvantages and 

problems of implementing the QUAL 2E version for microcomputer (NCR 

Decision Mate V and Olivetti M24). Graphs adapted from the original 

version are part of the implementation exercise. 

1 Introduction 

As it is a phase where mathematical models are overtaking physical 

models, many attempts have been made to build mathematical river 

models so that behaviour of the river water quality could be depicted 



at any location and time. Effects of certain advancements like 

treatment or discharge regulation into the river system can be known 

in advance by using the model to forecast/simulate the quality 

parameters. QUAL-I1 is a well known planning tool for stream water 

quality, which was developed by Water Resources Engineers for 

Southeast Michigan Council of Government (SEMCOG) under the 

sponsorship of the US-Environmental Protection Agency (EPA). The 

program is written in Fortran IV, (Roesner et al. 1984 a,b) and is 

compatible with the UNIVAC 1108, CDC 6400, and IBM 360 and 370 

computer systems. The SEMCOG version of QUAL-I1 requires an average 

51000 words of core storage. It uses the system's 80 columns format 

for its input and 136 columns for output. This model has been applied 

by many people in different countries. To mention some, Van der Beken 

and Vanouplines (1985) applied the model to compare the water quality 

in the river Velpe using different treatment techniques, and Crabtree 

et al. (1985) applied the model to aid resource allocation. A modified 

QUAL-I1 to QUALZE version for microcomputer was obtained from EPA 

Centre for water quality models, Athens, Georgia. Included on the 

diskettes from EPA are source program, executable program and three 

data set examples. The executable program was used by us to run the 

Velpe data on both Olivetti (M24) and NCR Decision Mate V (DMV). These 

data have been retrieved from CDC and filed for microcomputer. In this 

paper the results obtained from CDC will be compared with those from 

microcomputer. Time involved, advantages and disadvantages for CDC and 

microcomputer will be discussed. 

2 The model on CDC 

The original program of QUAL-I1 is constrained to 90 point loads, 75 

reaches, and 500 total computational elements. The program uses unit 5 
for its input and unit 6 for it S output. Van der Beken et al. (1984) 

modified the program to allow a maximum of 170 point loads to be 

accomodated. Figure 1 shows Velpe layout. It contains 106 point loads, 

14 headwaters, 74 reaches and 301 computational elements. 



Figure 1 The Velpe watershed. The numbered tributaries are modeled, 

the others are considered point loads 

The modified program was adapted again to include a unit called 7 for 
outputing interested quality parameters. A program which uses this 

unit 7 as its input was developed. This prepares Dissolved Oxygen (DO) 
and Biochemical Oxygen Demand (BOD) for any chosen sequency of 

reaches. These data are plotted using another developed plot program 

by the help of a graphic package FPL83 (Figure 2). 



Figure 2 Plot of DO and BOD for Velpe River using plot 83 package on 

CDC 

Execution of the Velpe data is done by a batch job. Compilation and 

execution time of the programs involved are summarized in table 1. 

Table 1 Compilation and execution times in sec. on CDC for River 

Velpe 

Program Compilation Execution 

Main program (QUAL 11) 51910 50,06 

Graphic data program 0,87 2,73 

plot program 0,64 6,SO 



3 The model on microcomputer 

The program was run on both Olivetti (M24) and NCR (DMV). In both 

cases the data transferred fron CDC were to be converted so that they 

can be run by use of QUALZE. The program to convert the data from 

QUAL-I1 to QUAL2E data which was provided by EPA needed a hard disk to 

be able to run it. Since this was not available at the moment of 

application and in any case is an expensive extension of the personal 

computer, a new program to convert these data was developed. This uses 

normal diskettes to run. The source program consists of 44 modules. 
Some of these modules were modified and all were compiled in two 

steps : FOR 1 and PAS 2 creating object modules. Linking of these 

object modules to make an executable program was not possible because 

of limited space of the diskette. An executable version from EPA was 

used instead to run the data. This is constrained to 25 reaches, 25 

point loads, 6 headwaters and 250 computational elenents. The Velpe 

data with 106 point loads was divided into 4 parts and the extra 6 
point loads were merged in two's which are similar and close together. 

These four parts were run separately starting with the upstream one. 

Concentrations of its most downstream element are taken as headwater 

concentrations for the next part. A program was developed to use the 

output from QUALZE as its input. This program extracts DO and BOD and 

prepares a data file for plotting. Graphs (Figure 3) were obtained by 

using the graphic package Supercalc 3. Since the output format uses 

136 columns, with EPSON FX-80+ printer under normal point mode, the 

output is unreadable. EPSON printer is capable of printing 136 

characters in one line under a CONDENS mode. Using this mode enables 

the output to be readable. Compilation time and execution time for 

both M24 and DMV are presented in table 2. 



Figure 3 Plot of BOD for Velpe River using Supercalc3 package on 

microcomputer 

Table 2 Compilation and execution time in min. on M24 and DMV for 

Velpe River 

OLIVETTI M24 

Program 

compilation1 ~xecution~ compilation1 Execution 2 

Main 8 5 15 120 70 

Graphic and 

Plot data 5 15 7 22 

1 Only compilation to create object modules without linking 

2 Execution of the executable version of EPA 



4 Comparison of OLIVETTI and NCR 

Olivetti is about 1i times faster than NCR. It has a memory capacity 

of 640 Kbyte while NCR has only 256 Kbyte. Once Olivetti is 

initialized using a system diskette, one can work till the end. With 

NCR re-initialization is necessary before another co~mand can be given 

because at the end of the execution of the program the system is lost. 

5 Comparison of the overall results 

Comparing figures 2 and 3 show that the results from the mainframe 

computer are almost the same as those obtained from the microcomputer. 

A slight difference is due to the fact that the model on the mainframe 

computer used QUAL-I1 and that on the microcomputer used QUAL2E which 

is a modified model. Blosser (1985), and Whitemore and Brown (1984) 

summarizes the modifications which have been made to QUAL-11. These 

modifications include Algal, Nitrogen, Phosphorus, Dissolved oxygen 

interactions, algal growth rate, temperature, Dissolved oxygen 

balance, arbitrary non-conservative minerals, hydraulic and downstream 

condition options. Also deviations of the results might be due to the 

point loads which were merged, in so doing the system configuration is 

changed. For dam rearation, Van der Beken et al. (1984) used equation 

(1). This was used by BUTTS and EVANS (1983) to coinpute oxygen input 

to the system. 

where r = deficit ratio 

a = water quality factor 

a = 1,O was used 

b = factor depending on the type of aerating structure 

b = 0,8 for free overfall was used 

h = height through which water falls 

T = temperature OC 

Reach and element containing a dam are specified 



But QUAL2E uses equation (2) described by Zison et al. (1978) and 

attributed by Gameson 

with a = 1,25 in clear to slightly polluted water 

= 1,O in polluted water (a = l,10 was used) 

b = 1,O for weir with free overfall 

= 1,3 for step weir or cascade (b = 1,O was used) 

D = oxygen deficit above dam, mg/l 
a 
D = oxygen deficit below dam, mg/l b 

Since r = D /D , rearanging equation (2) gives, a b  

The reach containing the dam and element below the dam are specified. 

6 Conclusion 

It is clear from the results obtained that even with small computers, 

one can attain the same results as obtained from mainframe computers. 

When comparing OLIVETTI and NCR (DMV), it is seen that the former is 

the best of the two. It is faster and more friendly. Mainframe 

computer is by far faster and time saving. If time is money, CDC is 

preferable. The use of the graphic package for CDC is more flexible 

since one can plot in any format and size desired. Packages for 

microcomputers are already prepared and no modification is possible. 

The only thing that can be changed is the input data. For places where 

mainframe computers are not available, microcomputers are appropriate. 

For big programmes which cannot be compiled and linked, an executable 

program can be purchased from elsewhere and used. 



Notes 

1 Presently at Royal Museum of Central Africa, Steenweg of Leuven 13, 

B 1980 Tervuren, Belgium. 

2 Presently at Research Centre for Nuclear Energy, Mol, Belgium. 
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Abstract 

This novel method, based upon the decomposition-aggregation principle, 

aims at an engineering comparative assessment of the effects of storm 

water management alternatives (larger sewage treatment capacity, larger 

sewerage storage) upon the dissolved oxygen concentration (DO) in the 

receiving stream. A moving-cell plugflow-with-dispersion model is first 

used to estimate the effective model parameters from field data during 

stormwater overflows. Next, the model is applied in an off-line fashion 

to generate relationships between overflow duration and intensity, and 

maximum extra DO deficit in the stream. This is done for a limited num- 

ber of characteristic environmental conditions, ensuring a minimum data 

requirement in contrast to the usual long term simulation procedure. The 

relationships derived are then used together with figures on treatment 

capacity and sewerage storage to construct equi-minimum DO lines for 

each of the alternatives in a plot of rainfall intensity versus rainfall 

duration. From this aggregated graph the expected annual frequency of 

occurrences of DO levels in the stream below a preset value can rapidly 

be determined, thus allowing for a comparison between various management 

options. The method developed from a case study of the River Vecht, 

Utrecht, the Netherlands, and the results are being used for actual 

decision support. 



1 The River Vecht DO problem 

The R. Vecht is a moderate size stream in the central part of the Neth- 

erlands (Figure 1). It originates in the city of Utrecht, and receives 

most of its water indirectly from the Rhine River. Its discharge rate 

can be controlled by manipulating a sluice in the centre of the city. 

Present policy is to maintain a low flow of about 2 m3/s during the day, 

and a flushing of about 8 m3/s during the night. The low flow value is 

dictated by the desire not to cause nuisance to the intensive recreation 

shipping during summer. 

The most important pollution load originates from the sewage treatment 

plant of Utrecht (STP), which has a capacity of 390,000 inhabitant equi- 

valents. The average dry wheater supply is 63000 m3/d. The present pump- 

ing capacity is 9000 m3 /h, but the effective full-treatment capacity is 

limited to 6000 m3/h due to insufficient hydraulic capacity of the post- 

clarifiers. As a consequence in case of rainfall the surplus of 3000 

m3/h has to be let off to the R. Vecht with not more than primary treat- 

ment. In the near future this undesirable situation will be terminated 

after completion of the post-clarifier expansion now under construction. 
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Figure 1 The River Vecht region, Figure 2 Dissolved oxygen obser- 

the Netherlands vations (at B03) (dots: 

weekly monitoring; line: 

continuous record) 



The average dissolved oxygen concentration in the stream is between 4 

and 5 mg/l in summer, but lower values have frequently been observed. 

Figure 2 gives an impression of the regular weekly monitoring values, 

and how they compare to continuous records at the same location (B03). 

Incomplete observations in the summer of 1983 showed anaerobic condi- 

tions for five times, and in addition about twice as much occurences of 

values below 2 mg/l. 

2 Causes of low DO 

An analysis based on field measurements and a plug flow model with sta- 

tionary inputs for average summer conditions showed that the moderate 

oxygen condition of the stream was due to low DO input from upstream, a 

considerable sediment oxygen demand (up to 100 mg/m2h), and nitrifica- 

tion of N-BOD originating from the STP. The average condition is taken 

as background and will not be discussed in detail herein. 

The occasional occurrence of low DO values turned out to be strongly 

correlated to heavy rainfall events, although not all occurences could 

be traced back this way. It is likely that the discharge of the surplus 

water at the STP during moderate rain periods also plays a part. The 

present storage capacity of the sewerage system of the city of Utrecht 

as a whole is about 85,000 m3 (5.7 mm). However, in the sewerage area 

around the treatment plant (209 ha) the storage is less than average 

(4.6 mm). Moreover, since the pumping capacity of the local area pumps 

exceeds the capacity of the STP pumps by 2600 m3/h, the effective pump 

overcapacity (Poc) is negative. Under the assumption of a storage of 1.5 

mm in the streets, these figures lead to an expectation of a theoretical 

storm water overflow frequency directly on the R. Vecht of roughly 40 

times a year under Dutch rainfall conditions. A large proportion of 

these must be expected to cause DO problems in the stream, as will be 

discussed below. 



3 Management options 

In this particular case study, several management options are available 

to cure the situation. The three most important are: 

- option 1: expansion of the hydraulic capacity of the STP to 15000 

m3/h, which allows the treatment of the dry wheather supply plus a 

rainwater supply of 30 llinhabitant h (a common value). 

- option 2: expansion of the storage in the sewerage system of the 

city. 

- option 3: the combination of both measures. The average storage to 

reach a stormwater overflow frequency of 5 per year (the standard in 

force) with the expanded hydraulic capacity of the STP in effect 

should be 8.7 mm for the city as a whole, and 9.85 mm for the dis- 

trict around the STP. These values are hold on for option 2 as well. 

Other additional measures related to the hydraulic regime of the stream 

will not be discussed in this paper. 

Considerable investment costs are associated with each of the options. 

Options 1 and 2 are about even in this respect. An interesting detail is 

that the measures come to the expense of different authorities: the STP 

is the competence of the provincial water authority, whereas the sewer- 

age system is under responsibility of the municipality of the city of 

Utrecht. So, prior to any decision making it is important to assess the 

effects of each of the options, not only in terms of expected annual 

stormwater overflow frequency, but also, more importantly, in terms of 

the expected dissolved oxygen conditions in the stream. 

4 Methodology 

Prediction of expected DO levels in the stream requires some form of 

modelling, because present observational data patterns can not simply be 

extrapolated to future conditions. An immediate decision in stream flow 

modelling is whether longitudinal dispersion should be included or not. 

In this case strong longitudinal gradients occur because of stormwater 

overflows, so dispersion can not be neglected. Also, stormwater over 

flows are highly dynamic. As a consequence, a fully dynamic one-dimen- 



sional model with longitudinal dispersion is needed. The problem with 

application of this type of model over a prolonged period of time, which 

is of interest here, is that it requires a long time series of input 

data. Such extensive data are usually not available, and even if they 

were, the creation of the corresponding input files and, especially, 

similarly detailed input files for each of the management options, would 

be a cumbersome task. So, another solution would be most welcome. 

The engineering method developed here is based on the principle of de- 

composition and aggregation. First, the problem is split into two parts: 

one related to average summer conditions, the other to overflow events. 

This is possible because the oxygen deficit model is linear. The average 

can be treated with a simple non-dispersive, stationary model, requiring 

a minimum of data. The more demanding fully dynamic model with disper- 

sion then needs to be used under overflow conditions only. The second 

step in the decomposition is to run the model (after calibration) for a 

synthetic representative set of possible events, rather than for a com- 

plete series of historical events. The resulting maximum extra oxygen 

deficit due to overflow is plotted as a function of the characteristic 

parameters 'overflow duration' and 'overflow size'. Thus, detailed in- 

formation from the model is aggregated in the form of this graph. In the 

final step, the aggregated graph is combined with the classical rain- 

fall-duration plot to yield equi-minimum-D0 lines, from which the annual 

frequency of occurrence of stream DO below a preset level can easily be 

evaluated. 

Summarizing, decomposition, off-line model use and aggregation all are 

essential elements in reaching the desired savings in time and data 

needs. 

4 .l Model 

In an engineering study, little time is available for additional field 

experiments for model identification. So, modelling must largely be 

based on generally accepted basic process descriptions, and parameters 

have to be evaluated from literature and by calibration on field data. 



The model is a classical DO-BOD model. State variables are DO, carbon- 

BOD, organic N, and NH4-N. The processes modelled are BOD-decay, reaera- 

tion, ammonification, nitrification and sediment oxygen demand (SOD). 

The influence of algae on DO could be neglected. 

The BOD-decay coefficient depends upon the type of pollution. With a 

formula suggested by Wolf (1974) a value of 0.15 d-l is estimated for 

average summer conditions, and 0.35 del during overflow events. The 

reaeration is estimated with the well-known O'Connor-Dobbins formula, 

but allowance is made for an additional constant contribution due to 

wind. The value of ammonification of organic N is taken from literature 

as 0.1 d-l. The model is not sensitive to this value. Sensitivity anal- 

ysis shows, however, that the model is sensitive to the nitrification 

rate coefficient. Under average conditions, a value of 0.35 d-l is o b  

tained by calibrating the model against a detailed longitudinal DO pro- 

file. The SOD has been measured in especially designed experiments on 

sediment cores. Typical values are in the range of 40-100 mg/m2 h. This 

is responsible for a permanent deficit of about 1-1.5 mg/l in the 

stream. 

Figure 3 Calibration of the dynamic model with dispersion 

(dots: measurements; line: model results) 
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longitudinal dispersion coefficient has been derived from an empirical 

formula presented by Rutherford (1981). Since nitrification during storm 

water overflows is probably low, its value was arbitrarily set to 0.1 

d-l. Possible deviations from this are aggregated in one single total- 

BOD decay coefficient, which accounts for all decay contributions. Cali- 

bration for two different stormwater overflow events leads to a value of 

0.37 d-l (Figure 3). The BOD-input was reconstructed from overflow dura- 

tion records of some of the overflow points, and from the BOD measured 

in the influent of the STP. 

The performance of the model is satisfactory; the time shifts are mainly 

due to deviations in hydrological transport. 

4.2 DO effects of a stormwater overflow 

The GELQAM model package still requires a carefully constructed input 

data set, and considerable computer time on a mainframe computer. There- 

fore, prior to using the model for further predictive calculations, a 

tailor made Pascal version running on a PC was developed. This version 

differs from the original one because a uniform cross-section is used, 

but is otherwise based on the same moving cell principle. Also the para- 

meter values are maintained. This model produces similar plots for the 

calibration case. Each stormwater overflow event of a certain size (mm 

overflow water) and duration (in minutes) creates a slug of polluted 

water in the by-passing stream. The model calculates the BOD and DO in 

this slug, and a series of adjacent water segments, during the time of 

travel downstream. Dispersion spreads out the BOD originally contained 

in the polluted slug, and thus mitigates the occurrence of oxygen deple- 

tion. Figure 4 gives a typical example of the output. The DO deficit in 

the centre of the slug, at the edges, and at half the slug length out- 

side the slug is shown. The effect of dispersion is directly apparent 

from this. In the top view the movement of the low oxygen slug through 

the river is recorded, as well as the boundaries of the area which is 

below the preset oxygen level of 2 mg/l. The deficit profile in the 

centre is rather flat in time due to the day-night rithm of the river 

discharge and the dispersion. Generally, the maximum deficit is reached 

at some 10 km downstream of the outfall. 
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Figure 4 Example of DO predicted by the model 

Top : travel through the system and area of DO below 2mg/l 

Bottom: DO in the centre (c), at the edge (b), and half-way 
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Figure 5 Maximum deficit contribution due to stormwater overflow in 



The model is run for a number of size and duration combinations. Figure 

5 summarizes the maximum extra deficit experienced somewhere in the 

river as a function of duration for a number of overflow sizes. A cer- 

tain amount of mm overflow represents a fixed pollution load, which is 

calculated by multiplying the associated amount of water with a BOD- 

infinite of 135 mg/l, in agreement with an average of 95 mg/l BOD-5 

measured in the STP influent during overflows. When the same amount 

enters the river in a shorter time, the BOD increase in the polluted 

slug is larger, which explains the more severe effects of short overflow 

times in Figure 5. 

The lower part of Figure 5 holds for overflows occurring during the day 

and with an average summer temperature of 2006. During the night the 

river discharge is larger, and so is the initial dilution. Therefore, 

the calculations had to be repeated for nighttime conditions (Figure 5, 

upper part). Also, renewed calculations were done for winter conditions, 

assuming a BOD-decay coefficient of 0.17 d-l (i.e. 10°C;(not shown). 

4 .3  Frequency of occurrence of low DO concentrations 

The next task is to determine how frequently DO concentrations below 2 

mg/l will occur during a year for each of the management options. A 

starting point for this analysis is an intensity-duration plot of rain- 

fall events over a large number of years (Figure 6). In these plots the 

amount of available storage in the sewerage system (including storage in 

the streets) represents a horizontal line. Theoretically, rainfall e- 

vents below this line can be stored completely, and will not cause a 

stormwater overflow. In addition, due to the pump overcapacity at the 

STP, during the rain a certain amount of water can be pumped away. This 

is represented by a line with a slope proportional to the Poc. 

Thus far, this is the classical 'dot-graph' frequently used in sewer 

system design. The novelty of the method, however, is that this graph 

can also be used to construct equi-DO-minimum lines ("iso-doxes"), with 

the help of Figure 5. As an example the iso-dox for option 3 is shown in 

Figure 6. Once this line has been drawn, it is a simple task to count 



the number of rainfall events above the iso-dox. These are the events 

causing DO problems in the stream. The annual amount is obtained by 

dividing this figure by the number of years on which the dot-graph was 

based (here: 37). So, in the end, a very simple and transparent way of 

evaluating the effects of overflows on stream DO is achieved. The pro- 

cedure is repeated for each of the alternatives; the differences are 

mainly due to differences in storage and Poc (not shown). 

0 ) I I I I I I I I I I I f 
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Figure 6 Equi-DO-minimum lines ("iso-doxes") in a rainfall duration 

plot ("dot-graph"). Bainfall events above the iso-dox cause 

DO'S below 2 mg/l in the stream 



4.4 Correction for day/night and summer/winter 

Rainfall statistics for the Netherlands show that 30% of the stormwater 

overflow events on the R. Vecht fully occur during the period of high 

discharge rates at night. A limited amount of events take place during 

the winter half-year; the winter-summer ratio is about 25:75. Since the 

iso-dox obtained previously holds for day and summer conditions only, a 

correction is needed. This is achieved by constructing iso-doxes for 

night-in-summer and day-in-winter conditions as well (Figure 6; night- 

in-winter conditions are not shown; they appear not to cause any DO 

problems). Again, the number of critical events is counted. Each of 

these numbers represents the amount of critical events had all rainfall 

showers taken place during the conditions used to construct the iso- 

doxes. The corrected annual average can now easily be computed by adher- 

ing weights to each condition in proportion to its relative frequency of 

occurrence. So, summer-day conditions, which are contributing the larg- 

est amount of critical events anyway, have a weight of about 53 % (0.7 * 
0.75), and so on. It appears that winter overflows rarely cause DO def- 

icit problems in this case. 

5 Results 

The results for the R. Vecht can be read directly from figures like 

Figure 6 for each of the options. They are summarized in Table 1. Al- 

though expansion of the STP (option l) leaves a few more overflow events 

than expansion of the storage in the sewerage system, the effects on the 

R. Vecht are slightly more favourable, because the increased pumping 

capacity reduces the severity of the remaining overflow events. Option 1 

turns out to be more favourable also from the point of view of average 

summer conditions outside overflow periods, especially if an adequate 

nitrification is implemented at the STP. It is, however, clear that 

minimization of DO problems requires that both options be realized si- 

multaneously. In view of the differences between low flow (day) and high 

flow (night) operational control of flushing could be an interesting 

additional possibility to reach even further improvements. 



Table 1 Annual stormwater overflow frequency and frequency of occur- 

rence of dissolved oxygen values below 2 mg/l in the stream 

annual average frequency of 

Opt ion 

stormwater in-stream dissolved 

overflow events oxygen below 2 mg/l 

0. no action 40 20 

1. expansion of STP 18 4 

2. expansion of storage 16 6 

3. both 1 & 2 5 2 

6 Discussion and conclusion 

An engineering method as developed in this paper relies upon the adequ- 

acy of the knowledge about processes taking place in the receiving 

stream during storm water overflows. From a scientific point of view, 

our knowledge about nitrification, and about coagulation, settling and 

resuspension during an overflow load is still poor. Also, it is unclear 

to what extend the SOD will change in response to load reductions. An- 

other factor for further consideration is the assumption that the pol- 

lutant load concentration in the overflow water remains the same irre- 

spective of the measures taken. 

It is, however, an advantage of the method that it allows the judgement 

whether a more accurate analysis or further research is really needed 

from the point of view of management. As the application to the R. Vecht 

shows, the kind of information required for decision making may prove 

not to be very sensitive to shortcomings in process descriptions. And if 

it does, the model-based tailor-made character of the method favours the 

easy implementation of additional knowledge. 
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GLATT RIVER VALLEY 
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Abstract 

Samples collected i n  a small sewer system, in a waste water treatment 
plant,  i n  a river and in ground water during an intense storm event 
allow the discussion of different processes which govern the dynamics of 
pollutants from the i r  source to  the i r  sink. Differences between the 
behaviour of particulate and dissolved compounds are presented. 

1 Introduction 

The dry weather situation in rivers i s  characterized by relatively slow 
changes of s ta te  variables (flow r a t e  and p01 l utant concentrations). 
This i s  in contrast to  the situation during storm events: 
- rapid changes of low rates resu l t  in large gradients of shear s t ress  

and therefore erosion and resuspension of sediments on drained sur- 
faces, i n  sewers and r iver  beds. 

- additional p01 l utants from surf ace runoff reach sewers and receiving 
waters. 

- sewer systems overflow and deliver untreated waste water t o  the 
r i  vers. 

- increased hydraul i c  loads decrease performance of treatment plants 
- elevated water levels and eroded sediments resu l t  i n  increased in-  

f i l t r a t i on  of r iver  water t o  the ground water. 
- etc .  



All these phenomena are of in te res t  to  different  research groups but i t  
i s  very seldom tha t  a l l  aspects are of in te res t  t o  one group. Due t o  a 

variety of a c t i v i t i e s  a t  EAWAG (Swiss Federal Ins t i tu te  for Water Re- 

sources and Water Pollution Control) i t  was possible to  direct  the in- 

t e r e s t  of some 40 collaborators from different  research projects t o  a 
common goal : 
To follow the pollutants during a rain event from the i r  source t o  
t he i r  sink and thereby gain insight  in to  a whole se r ies  of processes as  
related t o  rain events in an en t i r e  catchment basin. 
This report documents some of the resul ts  obtained i n  th i s  project, a 

more detailed discussion i s  given by Gujer e t  a l .  (1982). 

2 The study area 

The catchment area of the r iver  Glatt between the effluent of a lake 
(Greifensee) and i t s  discharge into the Rhine r iver  covers an area of 
260 kn? with a resident population of 240'000, 98 % of them are connect- 

ed to  "s tate  of the a r t "  secondary waste water treatment plants. Dry 
weather flow increases from about 3 m3sec-l t o  8 m3sec-I along the 

river,  up to  30 % of th i s  flow i s  treated waste water. The dominant 
pollutant source i s  the treatment plant of the north side of the c i ty  of 

Zurich (- 100'000 PE). In addition t o  4 sampling s tat ions on th i s  t rea t -  
ment plant (Fig. l ) ,  3 sampling stations and several calibrated level 

gages in the r iver ,  15 rain gages and flow information from other t rea t -  
ment plants are available in the area. 
One research project provided a sampling station in a small combined 

sewer system upstream of the ZUrich treatment plant (Fig. 1) and another 
f i e ld  project allowed to  follow the in f i l t ra t ion  of r iver  Glatt into the 
aquifer. All together a unique setup. 
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'e 1 The study area: Glatt River Valley in Switzerland. Overview of 

sampling s tat ions,  cumulative rain f a l l ,  rain and flow gages, 

sampling s tat ions 

Table 1 characterizes the catchment areas of the most important sampling 

s tat ions.  

Table 1 Characteristics of catchment areas for the different  sampling 

stations 

Units Sampl i ng s tat ion 

Sewer Treatment G1 a t t  River 

system P1 ant Rum1 ang Glattfel den 
Total area km2 0.15 20 110 200 

Sewered area total  km2 0.13 15 33 43 

impermeable km2 0.05 5.5 9.8 12 
Combined sewers km2 0.13 12 23 32 

impermeable km2 0.05 4.0 6.7 86 
Inhabitants - 1600 97000 200000 240000 
Length of area km 0.9 - 10 - 15 - 30 

Estimated concentr. time 

dry weather hrs 0.4 - 4 6 - 8 15 - 20 

storm event hrs 0.1 1 - 2  3 - 5  7 - 10 



3 The rain event 

After a dry period of six very warm days the r iver  carried extremely 

low flow ( Q  < 5 % probability on a yearly basis,  Table 2).  

Table 2 Water flow in the River Glatt  

Location Catchment Water flow in River Glatt ,  m3*s-l 

area km2 Annual mean Previous t o  Max. during 

event event 

Ef f l uent 0 3.3 1.6 1.7 

Lake Greifensee 

Hagenhol z 70 4.8 2.2 9.0 
Rum1 ang 110 6.0 3.5 18.5 

G1 a t t f e l  den 240 8.3 3.9 15.0 

Rheinsfel den 260 8.5 3.9 15.0 

On July 10, 1981 a storm occured over the G1 a t t  r iver  valley with 

variable intensity. Fig. 1 indicates the isohyets of the event, Fig. 2 

demonstrates the variabi l i ty  of rain intensi t ies  in the area: 
- The highest intensity was observed directly on the Zurich treatment 

plant (WWTP), with 233 1 sec-l ha-l (- 1.4 mm/min) during 15 min, an 

intensity which i s  expected only once every 10 years. 
- Only 4 km away from the treatment plant (Fluntern) the rain was much 

less  intense. 

- In the lower part of the r iver  valley (Bul ach) the storm occured 

1 hr. l a t e r ,  however th i s  part of the storm resulted in a discharge 

of water i n  the river Glatt  before the main wave reached the lower 

river valley (see Fig. 3, and 6, river in Glattfelden). The dis- 

cussion in th i s  paper i s  limited to  the effects  of the rain over the 

upper part of the valley only. 

Most of the precipitation occured over densely populated areas of the 

City of Zurich whereas large parts of rural areas remained essent ial ly  

dry: The resul ts  are therefore typical for runoff from urban areas 

only. 
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4 Results 

4.1 Water flow and ground water level 

Fig. 3 documents the specific flow ra te  in different  locations of the 

area. Variations are extreme and rapid. With increasing concentration 

time the peak specific discharge i s  reduced from > 5 m3 sec-l km-2 in a 

small sewered urban area down to  0.05 m3 sec-' kW2 for  the ent i re  

catchment area by a factor of 100. The ground water level close to  the 

r iver  responded w i t h  only 1 h r .  delay to  the increased water level in 

the river (Fig. 7, Top Figure), indicating significant changes in i n f i l -  

t ra t ion rates.  However, detailed interpretation of these resul ts  i S 

d i f f i cu l t  without the aid of mathematical model ing. 

Separation of instantaneous flow ra tes  from a base l i ne  (Table 3) indi- 

cates tha t  25 % of the additional discharge in the r iver  can be cha- 



racterized with samples obtained i n  the Zurich treatment plant, 88 % 

of the additional discharge are due to  precipitation in the upper par t  

of the river basin. 

Figure 3 Specific runoff relat ive t o  the size of the drainage area 

during the storm event 

Table 3 Characteristics of flood wave of the storm event in different  
sampling s tat ions 

Location Characteristics 

Beginning End Max. flow Volume m3 
hrs m3s-I m3s-lkm2 total  - peak1 

Small sewer 1726 - 1830 0.8 5.5 735 700 
system 

Influent 1730 - 2200 7.5 0.63 48000 35000 
treatment p1 ant  

River in Riimlang 1800 - 0400 18.5 0.17 268000 142000 

River in Glattfelden 1830 - 0600 15.0 0.06 326000 161000 

After subtraction of base flow 



4.2 Compari son of p01 l utant loads from different  s ize sewer 

sy S tems 

The small sewer area Friedacker (Fig. 1, Table 1) and the catchment area 

of the Zirich treatment plant d i f fe r  by a factor of 100 with regard t o  

impervious area and 10-20 with regard to  concentration time. Specific 

(per impervious area) mass flow rates  of p01 l utants d i f fe r  according1 y 

during the storm event (Fig. 4). However, integrated over the en t i re  

event, the total specific loads do not differ  significantly (Table 4) .  

Figure 4 Comparison of pollutant runoff rate  from a small sewered area 

I I 1 
TOTAL SUSPENDED SOLIDS 

and the en t i re  catchment area of the waste water treatment 

p1 ant of northern Zurich (1 ha = 104 m 2 )  

Table 4 Comparison of specific load in a small sewer system and in 

the en t i re  catchment area of the treatment plant (load per 104 

m2 of impervious area ) 

Glatt 

?loo- >sewage Frledacker 

- 

Compound Load in m3ha-limp or kg ha-limp 

17 18 19 m 
T I M E I h o u r s  o f  d a y  l 

\ 

cm - 
0 

250-  

Sewer system Treatment p1 ant 

i \ : :  

observed observed estimated total  l 
Combined waste water 137 119 170 

- 
m m I ! 1.110~ WWTP Zurich 
C 

Total org. carbon 6.6 5.8 8.2 

Di ss01 ved org. carbon 2.4 1.9 2.7 

Suspended sol i ds 37.2 27.5 39.3 

Corrected o r  30 % loss over sewer overflows 



The small Friedacker area which served as an experimental area for  the 

investigation of the sources and dynamic behaviour of different p01 l u- 

tants  i s  therefore reasonably representative for the en t i re  sewered area 

of Northern Zurich. A further analysis of these resul ts  i s  given by 

Dauber e t  a l .  (1984). 

4.3 Performance of the waste water treatment plant 

A discussion of the observed phenomena in th i s  plant requires a more 

detailed presentation of the hydraulic regime of th i s  plant: The main 

sewer upstream of the plant has a large hydraulic capacity (9 m3 sec-'), 

about 10 times actual mean dry weather flow. Only an estimated 30 % of 

the combined waste water was l o s t  during the observed event over over- 

flows. Primary set t1  ing tanks have a dry weather capacity of 4500 m3 of 

additional storage before the i r  e f f l  uent overflows to the river.  Bio- 

logical treatment has a capacity of 1.6 m3 sec-l and operates under 

nitrifying condition during summer months. 

Table 5 compares the different  mass flows of pollutants and water during 

the storm event and an equivalent dry weather period. The increase of 

water flow and particulate pollutants during the storm event i s  substan- 

t i a l .  

Table 5 Mass flux of waste water and pollutants during 4 hrs of dry 

weather and during the storm event in the treatment plant of 

northern Zurich 

Compound Load in the treatment p1 ant (m3 resp. kg) 

Dry weather Storm event 

Influent Effluent Influent Overflow Effluent 

F1 ow 9000 9000 48000 15000 33000 

DOC 350 90 750 340 270 

TOC 850 120 2300 700 400 

TSS 1300 90 l1000 2200 540 

Pb (lead) 1.5 0.3 98 18 1.5 

Cu (copper) 0.3 0.05 8.5 1.8 0.3 



Fig. 5 shows the concentrations and the mass fluxes of dissolved as well 

as particulate pollutants in the waste water treatment plant. Since 
di ss01 ved p01 l utants are di l uted by storm water, the primary sett1 i ng 
tanks contain waste water with higher DOC (dissolved organic carbon) 

concentration from the dry weather period before the storm event. The 
increased water flow pushes "older" waste water from the primary tanks 
over the overflow, which resul ts  in a net negative performance of the 
primary tanks for dissolved compounds. This i s  indicated by an elevated 
mass flux for DOC in the discharge of primary eff luent  t o  the river as 
compared to the influent.  For particulate pollutants,  the primary tanks 
do provide a net removal during the en t i re  event. Biological treatment 
does not respond to  the decreased concentration of di ss01 ved p01 l utants 
in the i nf l uent - increased water flow resul ts  in significantly reduced 

percent removal of these compounds. 
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As a summary, the dynamics of the pollutants in a conventional treatment 

plant during a storm event indicates,  that  overall performance of the 

plant i s  poor for  dissolved compounds and reasonable for particulate 
compounds. This i s  an interesting observation in view of the s ignif icant  
storage volumes generally planned i n  Swiss sewer systems. I t  i s  impor- 
tant  to  judge the performance of the ent i re  system, storage in sewers 
together with the capacity and efficiency of the treatment p1 ant,  and 

not only storage in sewers by i t s e l f ,  otherwise the effect  of storage 
may be significantly overestimated. 

4.4 Pol l utants in the r iver  G1 a t t  

Fig. 6 shows the variation of water flow, the load of suspended sol ids  

and ammonium a t  the different  locations along the river Glatt. 
The peak load of the suspended solids coincides with the discharge peak 
of water, which indicates tha t  the river i t s e l f  i s  the main source of 
these solids. The process controlling the solids load i s  resuspension 

rather than inputs during the storm event. The contribution of the 
treatment p1 ant t o  the suspended solids i s  insignificant.  Particul a te  

organic carbon (POC) behaves similarly to  total suspended solids.  In 
Glattfelden ( the lowest sampling station in the r iver )  the POC peak load 
amounted t o  about 4.5 t of organic carbon. From th i s  load, only about 
1.5 t originate from direct  input during the storm (0.5 t from the 

treatment plant surveyed). The difference ( 3  t POC) i s  due t o  resuspend- 
ed solids tha t  have been sedimented in the r iver  during the dry weather 

period (6 d) previous to  the event. During t h i s  period 1 t POC/d had 
been discharged i n  form of suspended solids by treatment plant e f f l  u- 
ent. The 3 t of POC are approximately equivalent t o  15 g POC/m2 of river 
bed or t o  a layer of not more than 0.5 mm. Other pollutants sorbed t o  
part ic les ,  such as lead, l ipophil ic  organic contaminants, etc.  behaved 
similarly as POC with a tendency towards increased significance of con- 
tributions due t o  direct  input during the event. 

Ammonium i s  a dissolved pollutant which i s  not discharged during dry 

weather t o  any significant extent (since the most important treatment 
p1 ants in the study area were operated in a ni t r i fying mode during the 
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Figure 6 Water flow and mass flow rate  of p01 l utants in the river Glatt  

and in the total  effluent from the treatment plant 

event. Ammonium i s  thefore a good t racer  for discharged untreated waste 
waters. Indeed, the contribution from the treatment plant surveyed i s  

significant.  In addition, the peak discharge in G1 a t t f e l  den i s  delayed 
relat ive to  the peak water flow. Other dissolved pollutants such as DOC 

and v01 a t i  l e  organic compounds behaved simi l arly t o  ammonium. 
In summary, a survey of the dynamics of particulate and dissolved p01 l u- 
tants  during a storm event in a r iver  indicates tha t  improved retention 



of particul a t e  p01 l utants during storm events woul d on1 y marginal l y 
improve water quality in the river.  The dissolved p01 l utants, which are  
ecol ogical l y more significant,  but a1 so more di f f icul t to reduce, are t o  

a significant extent contributed to  receiving waters during storm events 
(a somewhat ironic s i tuat ion) .  Improved waste water treatment during dry 
weather periods (e.g. f i l t r a t i on )  could significantly reduce part iculate  
pollutants due to  resuspension during peak r iver  flows. This e f fec t  

should not be underestimated i f  dissolved oxygen i s  of concern, since 
+.-- . 

resuspended sediments may effect  a significant oxygen demand. 

4.5 Pollutants in the ground water 

Increased turbulence and erosion of the river bed together with i ncreas- 

ed water levels during peak discharge lead t o  higher permeability of 
the river bed and higher pressure gradients between the river and the 
ground water, which again resul ts  in accelerated in f i l t ra t ion  of surface 
water to  the ground water aquifer. Since dissolved pollutants a re  

present a t  elevated concentrations in rivers during peak flow, signi f i - 
cant amounts of these compounds may percolate into the ground water. 
The fa te  of organic contaminants during inf i l t ra t ion  i s  control led by a 
series of physicochemical and microbial ogical processes such as di sper- 
sion, adsorption, biological transformation and degradation, etc. 

Fig. 7 i l l u s t r a t e s  the observed resul ts  for two different  specific orga- 

nic trace contaminants. 2-Heptanon, which has never been observed i n  the 
river before th i s  event, and therefore does not have a history in the 

aquifer, appears with a delay of only 5.5 hrs in the ground water 2.5 m 
from the river sediment. Based on physicochemical information i t  i s  
possible t o  s ta te ,  tha t  2-Heptanon i S on1 y s l  i ghtl y retarded in sediment 
and aquifer material re1 ative t o  water (Schwarzenbach and Westal l , 
1981). Contrary t o  2-Heptanon, 1,4-Dichlorobenzene i s  significantly 
retarded due t o  adsorption, the response of the ground water concentra- 
tion i s  therefore close t o  n i l .  
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5 Concl usions 

2- HEPTANON 

Data collected during the rain event of July 10, 1981 in the Glatt  
r iver  valley allowed to  characterize the dynamics of particulate as we1 l 
as dissolved pollutants between the i r  source and the effluent of the 

r iver  basin. Specific conclusions from th i s  study are: 

1) Information from small sewered areas may be used t o  estimate pollu- 
tant  loads from larger,  similar sewer systems. 

2) Treatment of combined waste water may be e f f ic ien t  for  the reduction 
of particul a te  p01 l utants, the treatment concept chosen in the ZU- 

rich treatment plant, however, resulted in a net increase of dis- 
charged dissol ved poll utants when compared w i t h  the inf l  uent to  the 
plant during the ent i re  event. 

3) The efficiency (percent removal ) of biological treatment i s  signi f i  - 



cantly reduced during storm events as compared to dry weather situa- 
t i  ons. 

4) During high flow, pollutants carried in the r iver  have three impor- 
tant  sources: 
- Resuspended sediments from the river bed, which were deposited 

into the river prior t o  the storm event. 
- Suspended and dissolved compounds carried into the river due t o  

storm water overflow and surface runoff. 
- Pollutants contained in the treatment plant before the storm 

event. 
The dominant source depends strongly on the character is t ics  of the 

pollutant. For many particulate compounds the f i r s t  source i s  impor- 

tant ,  for  many dissolved compounds the l a s t  source dominates. 

5 )  Dissolved compounds which have a high mobility in ground water aqui- 

fe rs  are subject to  important variations in the i r  concentration in 

the ground water near t o  the river.  

6) The results of th i s  study clearly indicate tha t  the means to  control 
pollution during storm events must be chosen very specifically fo r  

the compounds of interest .  For some particulate p01 l utants addi t io -  
nal waste water treatment during dry weather may be the most e f f i -  
c ient  mean for the i r  reduction, whereas careful l y p1 anned retention 
storage and subsequent treatment a t  low flow rates  may be e f f ic ien t  

for some di ss01 ved compounds. 

As a whole i t  appears that  the presented analysis of the reported re- 

su l t s  only touches the surface, a more sophisticated analysis requires a 
significant additional effor t .  The following paper indicates a possible 

route for such additional analysis. 
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Abstract 

A mathematical model designed t o  calculate the propagation of a flood 
wave and transport, t ransfer  and transformation of various pollutants in 
a r iver  i s  presented. I t  i s  used for  the analysis of the storm event 

data of the Glatt r iver  described in the f i r s t  part of th i s  report. 
Several compounds have been observed simultaneously ; those with known 
behaviour serve to  cal i brate the model , which then i s  used to  analyse 

the behaviour of other substances. This procedure leads to  a consistent 

simulation of the dynamics of the observed p01 l utants and provi des 
reasonable values for  the parameters of transport and transformation 

processes. 

1 Introduction 

A l o t  of work has been done on water quality of rivers during dry 

weather periods, however, l i t t l e  i s  known about the effects  of flood 
waves due to  storm events on the ecology of a river.  In order to  gain 

insight  into the dynamics of pollutants in a r iver  under f a s t  varying 
conditions, a local storm event in the Glatt river valley near Zurich 

(Switzerland) has been observed. A description of t h i s  event and a 
documentation of the resul ts  are presented in the f i r s t  part of th i s  

report (Gujer e t  a l .  ( 1986) 1. 
For the analysis of the extensive data and for the prediction of the 



behaviour of pollutants in non-steady s ta te  situations a mathematical 

model i s  an indispensable tool. This part of the report describes data 
analysis by means of a mathematical model, which calculates the propaga- 

tion of a flood wave and the transport, transfer and transformation of 
various physical , chemical or biological quantities in a river. 

2 Description of the Model 

Fast mixing over depth and width of the river i s  assumed and only 

longitudinal variations of the cross sectional averaged quantities are 

considered in the model. Experimental ly determined transverse diffusion 

coefficients show tha t  lateral mixing distances are short and tha t  the 
one dimensional model provides an appropriate simplification of 
real i ty . 

2.1 Hydraulics 

The dynamics of unsteady flow in open channels with gradually varying 

geometry i s  described by the well known St.  Venant equations 
(Henderson (1966), Strel koff ( 1969) ) : 

where 

and 

X = coordinate in flow direction ( L )  

t = time (T) 
y = water depth ( L )  

Q = discharge ( L 3 T - l )  

A = area of cross section ( L 2 )  



b = width a t  water level ( L )  

P = wetted perimeter ( L )  

R = A/P = hydraulic radius ( L )  

S, = slope of r iver  bed ( - )  

Sf = f r ic t ion  slope according t o  Manning-Strickler (-1 
K = fr ic t ion coefficient according t o  Str ickler  (L'I~T-') 
g = gravitational acceleration (LT-2) . 

Equation (1) i s  the continuity equation which describes conservation of 

mass. Equation (2)  i s  the equation of motion. I t  includes the effects  of 
gravity as driving force by the terms S, and ay/ax and i t  considers the 
f r ic t ion  between river bed and water body by the empirical formula ( 3 )  

of the fr ic t ion slope Sf. 
Equations (1) and (2) hold as long as the geometry of the river bed and 

the hydraulic variables vary only gradually. Thus, the river has to  be 

divided into reaches, bounded by discontinui t i e s  such as drops, weirs, 
t r ibutar ies  or other sudden changes of geometry. For each reach two 

boundary conditions are needed to obtain a unique solution of the 
equations. Since in our case the flow i s  always subcri t ical ,  one 
boundary condition has t o  be specified a t  the upstream end and the other 
a t  the downstream end of each reach (a thorough discussion of boundary 

conditions and the i r  numerical implementation is given by Li ggett and 
Cunge (1975) ). The upstream boundary condition i s  given by the inflowing 
discharge Q; the downstream boundary condition depends on the type of 
the discontinuity. For large drops or high weirs usual weir formulas 

(Henderson (1966) ) provide a relation between water depth and discharge 
a t  the end of the reach. This relation yields a t rue boundary condition, 

which a1 lows separate mathematical treatment of the reaches. Otherwise 
these formulas connect the hydraulic variables of adjacent reaches a t  

thei r common boundary and represent internal boundary conditions which 

do not uncouple the reaches. 
As i n i t i a l  condition for  equations (1) and (2) an appropriate steady 
s t a t e  solution i s  applied, but any measured spatial profi le  of the 

hydraulic variables could also be used. 
The nonlinear system of partial  differential equations (1) and (2) i s  
solved by an imp1 i c i  t f i n i t e  difference method. The chosen technique 
simplifies the method of Amein and Fang (1970). This reduction yields 



f i r s t  instead of second order accuracy in time, b u t  only requires a 
system of l inear  instead of nonlinear equations to  be solved for each 

time step. The method i s  of second order accuracy in space. 

2.2 Transport, Transfer and Transformation Processes 

The river i s  divided vertically into two compartments: One represents 

the body of flowing water, the other the benthic zone. Variables in 
the upper compartment are the concentrations of dissolved or par t iculate  

substances which are determined by advection, dispersion, transfer and 
transformation processes. Variables in the benthic compartment are the 

concentrations of substances contained in dead zones of the river or in 
the water of porous sediment layers,  or they represent areal densities 

of adsorbed substances or of fixed biomass. They are controlled by 
transfer or transformation processes only. As "transfer or transforma- 

tion processes" we define the sum of a l l  sources and sinks of a sub- 
stance in a compartment, i .e. a l l  i t s  chemical reactions or biological 

transformations, but also i t s  exchange between the compartments, with 
the atmosphere or with the groundwater. 

These processes are described mathematical l y by the following system of 
differential equations: 

where 
ci = concentration of substance i i n  the flowing water compartment 

( M L - ~  ) 

d .  = areal density of substance j in the benthic zone (ML-2) 
3 

n = number of variables i n  the flowing water compartment (-1 
m = number of benthic variables I-) 
E = coefficient of longitudinal dispersion ( ~ ~ 1 - l )  

Si = transfer or transformation rate of variable i in the flowing 

water compartment ( M L - ~ T - ~  ) 



s = t rans fe r  o r  t ransformat ion r a t e  o f  var iab le  j i n  the benthic 
j 

compartment (ML-*T-~ 1 . 
The hydrau l ic  var iab les  are def ined i n  sect ion 2.1. 

The terms on the r i g h t  hand side o f  the t ranspor t  equation (4)  represent 

advection, d ispersion and t rans fe r  o r  transformation processes o f  

substances i n  the f lowing water compartment; the r i g h t  hand side o f  

equation (5) describes t rans fe r  o r  t ransformat ion processes o f  benthic 

substances. The ra tes  Si and S.  may be funct ions o f  any ci, dj, Q, y, A, 
J 

b, P, X and t. The long i tud ina l  d ispersion c o e f f i c i e n t  E i s  ca lcu la ted 

according t o  Fischer e t  a l .  (1979) by the formula 

w i t h  

U,= Jgnsf = shear ve loc i t y  (LT-') 

C = 0.011 . 

For each reach and each var iab le  ci two boundary condi t ions are needed. 

As an upstream boundary cond i t ion  c o n t i n u i t y  o f  the mass f l u x  i s  used; 

the downstream boundary cond i t ion  i s  obtained by neglect ion o f  

dispersion. As i n i t i a l  cond i t ion  usua l ly  a steady s ta te  so lu t i on  i s  

applied. 

To avoid we1 l known numerical problems w i th  advection dominated f low 

a t h i r d  order accurate method i s  chosen t o  approximate the spa t i a l  

der iva t ives  (Leonard (1979)). For the t ime de r i va t i ve  a two step pre- 

d ic tor -cor rec tor  technique i s  used, which i s  o f  second order. This 

combination leads t o  an imp1 i c i  t f i n i t e  d i f fe rence scheme, which i s  

based on four  spa t i a l  g r i d  po in ts .  

3 Ca l i b ra t i on  o f  the Model 

The model has been ca l i b ra ted  f o r  the  G l a t t  r i v e r ,  a small heav i ly  

p01 l uted r i v e r  w i t h  a discharge i n  the order o f  10 m3/s, a width o f  

about 10 m and a bed slope o f  0.03 - 0.4 %. F i r s t  ca l cu la t i ons  have been 



performed with geometric data from the river bed which was avail able 
from construction plans of various corrections of the river and with 
estimated fr ic t ion coefficients obtained by visual inspection of the 

r iver  bed. A sensi t ivi ty  analysis revealed that  the precision of the 
calculation i s  limited mainly by the accuracy of the fr ic t ion 
coefficients and the discharge data. Inaccuracies due to  geometric data 
are one order of magnitude smaller. 

To adjust the f r ic t ion  coefficients K in formula (3) ,  to  t e s t  formula 
(6) for  longitudinal dispersion and t o  verify the assumptions of short 
la teral  mixing distances, a t racer  experiment was performed: For 13 
minutes rhodamine B was added a t  a rate  of 1.2 g/min in the middle of 
the river.  The concentration in the river was measured with a fluores- 

cence sensitive probe about one hundred meters below the injection 
point. A transverse profile showed a1 most complete cross sectional mix- 
ing. A recording of the passage of the rhodamine about 9 km downstream 
was used to  adjust the fr ic t ion coefficients.  I t  appeared that  besides a 

small loss,  a second process, which indicates a reversible exchange of 
the dye with dead zones of the r iver  was necessary to  f i t  the data 
properly. The calculation uses equations (4)  and (5)  with the t ransfer  
rates  

' k  c 'RHO ' - f ( k l c ~ ~ ~  - k 2 d ~ ~ 0 )  - A RHO 

k2 
S~~~ = k d k l C ~ ~ ~  - k 2 d ~ ~ ~  - A RHO 

where cRHO i s  the concentration of rhodamine in the flowing water 
compartment and dRHO the areal density of rhodamine i n  the dead zones. 
The areal density dRHO can easi ly  be converted into the concentration in 

the dead zone by k l / k 2 ,  which can be interpreted as a mean depth of the 
dead zone. The rate  constants kl and k 2  describe the exchange with dead 

zones. The parameter kA quantifies the loss terms, which are taken to be 
proportional to  the ra t io  of wetted surface t o  volume P/A and to the in- 

verse depth of the dead zone k2/kl, respectively. The values of the rate  

constants kI = 1.5*10-~ ./S, k2 = 2.5*10-' S-1 and kA = 2.5*10-~ m/s 

yield a very good f i t  between calculated and measured concentrations , 
as shown in Figure 1. I t  i s  also shown that  a calculation without an 



exchange process cannot produce an asymmetry large enough to f i t  the 
" t a i l  ", which typically i s  observed in the presence of dead zones. 

17 18 19 t (h1 
Figure 1 Comparison of measured and calculated concentrations of a 

rhodamine B pulse 9 km below the injection point. The calcula- 
tion (sol id  l ine)  indicates a loss of about 5% and an exchange 
of the dye with dead zones. The dashed l i ne  shows the same 
calculation without the exchange process 

Inf i l t ra t ion into the groundwater, even i f  i t  might be locally important 
for  the aquifers, was assumed to  have only a minor e f fec t  on the 
hydraulics and pollutant concentrations in the r iver ,  and was not taken 
into account in the model. 

4 Simulation of Flood Wave and Poll utants 

4.1 Propagation of the F1 ood Wave 

The hydraulic data base consists of four hydrographs of the Glatt re- 

corded a t  Hagenholz (9.3 km below Greifensee), a t  Rimlang (14.8 km) ,  

a t  Glattfelden (30.6 km) and a t  Rheinsfelden (35.1 km) .  The measured 
discharge of the wastewater treatment plant in Ziirich (9.6 km) i s  only 
of limited use for  our simulation because a tributary discharging into 
the Glatt a t  the same location was not recorded. The contribution of 

th i s  tributary was calculated from the hydrograph recorded a t  Rim1 ang. 
The discharges of four minor t r ibu ta r ies ,  which also have not been 
measured directly, were estimated from data collected in the catchment 



area. The hydrographs recorded a t  Riimlang and Rheinsfelden were used t o  
determine the f r ic t ion  coefficients.  I t  turned out that  the fr ic t ion was 

smaller for the flood wave than i t  was during the dry weather t racer  
experiment described i n  section 3. This may be due to  the difference in 
water level or to  the effect  of plants in the river,  the strong seasonal 
variation of which represent a well known phenomenon of th i s  river.  

Figure 2 
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Comparison of measured and calculated discharge a t  Rim1 ang 

(14.8 km) and a t  Rheinsfelden (35.1 km) 

Figure 3 Calculated discharge Q (dashed l ine)  and water depth y (sol id  
l ine)  a t  g30 pm (July 10, 1981) between Hagenholz and Rheins- 
fel den 

The correspondence of measured and calculated values of discharge a t  

Riimlang and a t  Rheinsfelden i s  shown in Figure 2. Figure 3 i l l u s t r a t e s  
the spatial expansion of the flood wave and the division of the observed 



r iver  section into 28 reaches. Tributaries are shown as discontinuities 

of discharge, drops and weirs as discontinuities of water depth and 
corresponding backwater curves. 

4.2 Transport, Transfer and Transformation of Pollutants 

Since there are no essential contributions to  the flood wave from Zurich 

below Riimlang, t h i s  section of the r iver  i s  suited best for modeling 
the transport and transformation processes. A t  Rumlang (14.8 km) and 
a t  G1 attfelden (30.6 km) volat i le  organic chloride compounds (FOCL), 
dichl orobenzene ( D C B )  , perch1 orethyl ene (PER) ,  m-xylene (XYL), to1 uene 
(TOL) and ammonia (NH,) have been measured and are modelled in the 

following subsections. The analysis of the data of lead and suspended 

sol ids  i s  not presented in th i s  report. 

4.2.1 Volatile Organic Chloride Compounds 

The dominant transformation process of volat i le  organic chloride com- 
pounds, dichl orobenzene and perchlorethyl ene i s  gas transfer t o  the 

atmosphere. This t ransfer  forms a sink which i s  proportional to  the 
concentration ci of the compound and to the rat io  of surface t o  volume 
b/A of the river.  In addition an exchange of the substances between 

flowing water and dead zones i s  considered, analogous t o  equation ( 7 )  

used for the evaluation of the t racer  experiment. Gas exchange with the 
atmosphere i s  assumed to  affect  the concentration in the flowing water 
compartment only, as dead zones are assumed to occur near the bed of the 
river.  This yields the following t ransfer  rates for volat i le  compounds: 

where K L  i s  the velocity of gas transfer.  Figure 4 shows that  a reason- 
able f i t  of the data i s  possible; systematic differences between measur- 

ed concentrations and the calculations are thought to  be due to  a gas 



transfer mechanism via bubbles which depends on the respective Henry 

constants of the compounds. 

Figure 4 Comparison of calculated concentrations of v01 a t i  l e  compounds 

with measured values a t  Glattfelden (30.6 km) 

The parameter values used for the calculations are k l  = 1*10-4 mls, 

k, = 5010-~  5-l and KL = 3*10-' mls. Comparison of the values of k1 and 

k, with those determined for dry weather by the t racer  experiment 



described in section 3,  reveal S that  the delaying e f fec t  of dead zones 

seems to be even more important during flood waves. The value of KL 
represents an average over a1 l reaches between Riiml ang and G1 a t t f e l  den. 

I t  i s  smaller than the value of KL = 6.8*10'5 m/s determined in a pre- 
vious experiment w i t h  DCB and PER (Schwarzenbach (1983) 1. This diffe-  

rence i s  to be expected, because the previous experiment had been per- 
formed in a reach, where small drops increase the turbulence of the 

river.  

4.2.2 XyleneandToluene 

These compounds are v01 a t i  l e and are assumed to be bi 01 ogi cal ly degraded 

mainly by benthic biomass. Due t o  the i r  high concentration in the 
flood wave, absorption from the atmosphere can be neglected. To account 
for  the degradation process an additional sink term is included in equa- 
tion (8). For the flowing water compartment this  sink term i s  proportio- 
nal to  the ra t io  of benthic surface t o  volume of the water body PIA, and 
for  the dead zones i t  i s  proportional to  their  inverse mean depth k,/k,. 

The resulting t ransfer  and transformation rates of xylene and to1 uene 
are 

For the coefficients k,, k, and KL the values determined in section 
i 4.2.1 are used; thus, the degradation rate  k B  remains as the only para- 

meter to  be adjusted in order t o  f i t  the experimental data. Figure 5 

compares measured concentrations of xylene with the calcul ation. No 
degradation was required to  f i t  the xylene data, but i t  cannot be ex- 
cl uded that  th i s  i s  an effect  of additional unknown sources, since the 
degradation rates  of toluene and m-xylene are expected t o  be of the same 

order of magnitude (Kappeler (1976) ). For to1 uene the degradation rate  
was determined t o  be kToL = 2.5010-~ m/s. The calculation i s  shown in  
Figure 6. 



Figure 5 Comparison o f  concentrations o f  xylene measured a t  

G l a t t f e l  den (30.6 km) w i t h  a ca l cu la t i on  wi thout  

biodegradation 

F igure  6 Comparison o f  ca lcu la ted concentrations w i t h  b io log i ca l  degra- 

da t i on  ( s o l i d  l i n e )  w i t h  values o f  to1 uene measured a t  

G la t t f e lden  (30.6 km). The dashed l i n e  shows the same 

c a l c u l a t i o n  wi thout degradation 

Since n i t r i t e  and n i t r a t e  have no t  been measured a t  Riimlang, we cannot 

es tab l i sh  a f u l l  model o f  n i t r i f i c a t i o n  and are r e s t r i c t e d  t o  the 

s imulat ion o f  the degradation o f  ammonia. E l im ina t i on  o f  gas t r a n s f e r  

from equations (9 )  y i e l d s  the fo l l ow ing  t rans fe r  and t ransformat ion 



rates  for the case of ammonia-nitrogen: 

The va lue of the degradation velocity of ammonia was determined as 

6- 10-~ m/s. This value i s  of the same order of magnitude as 
m/s calculated from nitrogen mass balances which have been 

estimated for July 1974 by Gujer (1976). As can be seen in Figure 7 a 
good f i t  of the experimental data i s  possible even i f  a loss of benthic 

biomass triggered by the flood wave and supposed by Gujer e t  al .  (1982) 
to  be significant has not been included into the model. 

22 24 2 4 6 B t (h1 

Figure 7 Comparison of calculated concentrations of ammonia-ni trogen 

with measured values a t  Glattfelden (30.6 km) 

5 Concl usi ons 

The developed dynamic mathematical model has a1 l owed a thorough analysis 

of the data collected during the storm event described in the f i r s t  
part of th i s  report (Gujer e t  a l .  (1986) ). With a minimum number of 

adjustable parameters a consistent simulation of the observed phenomena 
and a good f i t  of the experimental data was possible. 
The simultaneous observation of several quantities and compounds a t  



various locations i n  the river provided a data base large enough to  

allow calibration of the model, analysis of the dominant processes and 

identification of the i r  parameter val ues. The most important resul ts  

are: 
- The model revealed that  dead zones strongly a f fec t  transport of 

substances in the river and allowed to quantify the exchange between 

dead zones and flowing water. 
- For several compounds the model yielded v01 a t i l  ization and degrada- 

tion rates;  the obtained values are in good agreement with values 

measured in previous investigations or taken from the l i t e ra ture .  

The presented model may now serve as  a tool for  investigations on 

pollutants of unknown behaviour and on the effects  of storm events on 

the water quality of the Glatt  river.  
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Abstract 

A number of CSO-events and their effects upon the water quality in the 

receiving detention pond were measured and sampled intensively. A model 

was developed for the analysjs of the effects on djssolved oxygen (DO) 

and suspended solids (SS). The model parameters were estimated from 

field data. Conduetivjty measurements served to calibrate the parameters 

controlling mixing. Settling and deoxygenation rates were subsequently 

based on observed concentrations of suspended solids and oxygen and 

additional measurements. Although it is difficult to model the complex 

mixing phenomena in the pond in detail, the overall description of SS 

and DO is satisfactory. 

1 Introduction and Objectives 

During the last century the quantitative aspects of stormwater runoff 

have been studied extensively. Several theories and models have been 

developed for the assessment of runoff flow, flow routing through sewer 

systems and the estimation of overflow frequencies, resulting in design 

criteria for sewerage systems. The attention for the quality effects of 

runoff overflows and the effects upon receiving waters is of a more 

recent date. 



In the Netherlands in 1982 a comprehensive study was initiated by the 

NWRW (National Working Group on Sewerage and Water Quality) on rainfall, 

runoff, interception, overflows and effects on receiving waters. 

The research presented here is a part of this research program and deals 

with the effects of CSO's on DO and SS in the receiving water. The 

objective is an analysis of the processes that take place in the 

receiving water. Other effects studied are: 

- Hydrobiological effects as reflected by macrofauna (Willemsen and 

Cuppen, 1986) and by plankton and epiphytes (Roijackers and Ebbeng, 

1986). 

- Microbial effects (Lijklema et al., 1986). 

2 Research site and sampling 

The location studied is a detention pond of 120 X 35 m with a mean depth 

of 1 m, receiving CS0 from the small village Loenen (Figure 1). The 

system drains about 16 hectares impervious area and serves a population 

of more than 2,000 people and a few local industries. 

The pond is flushed by seepage (9.3 cm.day-l), rich in iron. The average 

hydraulic detention time is about 10 days. 

Figure 1 The pond in Loenen 

PI, P2 and P3: platforms 

L1, IA2 and L3: sampling sites 



During an overflow event the flow of the discharge was measured con- 

tinuously and volume-proportional samples were taken. The automatic 

sampler in the overflow well also actuated samplers on platforms PI and 

P2 in the pond and at the outlet P3. At these locations also dissolved 

oxygen and conductivity were measured continuously. The samples taken 

were analysed for BOD5 and suspended solids. 

The water leaves the pond over a weir. The verified weir formula and the 

water level registered by a gauge served to calculate the water balance 

during an overflow. 

3 Governing equations 

The model is based on the two-dimensional advection-diffusion equation: 

where 

C concentration (M/L~) 

Ex, E, horizontal and vertica3 dispersjon coefficients (I,~/T) 

U,, U, horizontal and vertical velocity (LIT) 

X, z horizontal and vertical dimension 

Si sources and sinks (M/L~, T) 

The selection of a two-dimensional system was based on both visual 

observations and on measured effects during overflow events. An eye wit- 

ness of an overflow event could clearly see that a polluted waterfront 

moved as a plug in the X-direciton. Measured profiles of temperature and 

conductivity over the ,-direction showed that the polluted inflow moved 

as a layer over the relatively clean pond water before a gradual ver- 

tical mixing started. The stream velocity in the X-direction depends on 

the inflow and outflow rates. The inflow is a combination of the 

constant seepage and the accidental overflow events. The outflow is 

related to the waterlevel in the pond according to: 



H > Hc: Qout = K1. (H~-H,)~/~ - KZ. (H-H,) 1 / 2  

where 

H water level in the pond (L) 

H, level of outflow weir (L) 

H c level of upper boundary of outlet construction (L) 

Qout outflow rate [la3/~) 

K1. K2 constants 

The constants K1 and K2 were estimated from the results of an experiment 

in which the waterlevel in the pond was raised artificially to 0,40 m 

above the outflow weir by blocking the outlet during 4 days. The ob- 

served drop of the water level after removing the blockage can be simu- 

lated using the overall water balance of the pond. 

The best fit was obtained with values for K1 = 3000 [m312/h] and K2 = 

630 [m512/h], as illustrated in Figure 2. 

Fig. 2 Simulation of drop of the water level compared to measured 

waterlevel 

In order to solve equation 1 numerically, the pond is modelled as a 

series of compartments, each divided into a lower part with constant 

volume and an upper part with variable volume. This results in a dif- 

ferential scheme. The relevant terms are summarised in Table 1. 



Table 1 Contributing terms in differential scheme representing 

processes of advection (1,3), dispersion (2,4), sedimentation 

(S), decay (6)' reaeration (7) and sediment oxygen demand (8) 

(5b) [Vs. (Csl-Cba)-Vs. (Csi-Cba)l/Hlow ------------- ............................................................................................ 

(6a) RKD. (LS;-L~~) 

( 7 )  RKA. (oxs-tI0;) /Hn 
-----___-------_-_---!EEEEEEEEEEE-EEEEEE------------------------------------------------------------------ 

index i 

index j 

index n 

AX 

number of upper compartment 

number of lower compartment 

number of time step 

distance between midpoints 

of sequential compartments 

distance between midpoints 

of upper and lower layer 

time step 

value of 6C/6t 

concentration 

concentration of 

settleabte material 

background concentration 

concentration in seepage 

concentration of 

suspended solids 

concentration of 

settleable BOn, 

concentration of soluble 

and poorly settleable BOD, 

Hlow 

",PP 
vs 
RKD 

RKOX 

RKA 

SOD 

background concentration of 

soluble BOD, 

concentration of 

dissolved oxygen 

saturation concentration of 

dissolved oxygen 

stream velocity from 

compartiment i to i+1 

vertical stream velocity 

in lower layer 

horizontal and vertical 

dispersion coefficients 

thickness of lower layer 

thickness of upper layer 

sedimentation rate 

removal rate of LS 

oxidation rate of LS 

reaeration rate 

sediment oxygen demand 



The lower part of the compartments are assumed to be stagnant with 

respect to horizontal flow and dispersion. Hence this layer is subject 

to flow with velocity U, equal to the specific seepage rate qs. 

Assuming that at all times the waterlevel is equal in all compartments 

(disregarding wave propagation), the flow rates through the boundaries 

between linked comparments i and i+l can be computed by linear inter- 

polation between the inflow rate Qin at X = 0 and the outflow rate Pout 
at X = L, according to: 

where 

Qi flow rate through boundary between compartment 

i and i + 1 (L~/T) 

Ax length of compartment (L) 

L length of the pond (L) 

The horizontal water velocity Uxi in the upper layer can be computed as 

the flowrate Qi divided by the cross sectional wet area of the upper 

layer. 

Horizontal dispersion can be modeled according to term 2 in Table l. An 

additional dispersion is introduced as a result of the integration 

method used (Euler). This so called numerical dispersion can be 

substracted from the real physical dispersion and is approximately 

(Bella and Bobbins, 1968): 

n 
Enum = U . (AX - uxn . At)/2 i i 

For computional reasons term 2 was omitted from the differential scheme 

and the dispersion was represented by Enum only. A proper selection of 

the number of compartments (or the length Dx) in combination with the 

time step At allows to a certain extent the optimal representation of 

the actual horizontal dispersion. 

Vertical mixing is accounted for by term 4 in Table 1 ,  in which the 



dispersion coefficient E, is assumed to be the sum of a constant part 

EzO attributed to the wind-induced turbulence in the pond, and a 

variable part proportional to the horizontal velocity and the depth of 

the upper layer Hupp Hence, according to Fisher (1979): 

4 Calibration and results 

The overall calibration of the model was performed in several steps 

(Figure 3). 

Inflow 
conductivlt  

ffitmted !xXm&ers 

l Em, U, Hlw. N- 

C 
ln f  low sedlmtatlm slrnulated 
EE2w d e l  

4 + l 

D3 depletm simulated 
model response 

4 

Fig. 3 



The parameters describing the mixing in the pond were estimated indepen- 

dently from the conductivity profiles measured at location PI and Pp. 

Using these results the other parameters were estimated from observed 

concentrations at P1 and verified with observed concentrations at P2 

(Table 2). 

The estimation method used is based on the minimization of the sum of 

squares, using the Simplex method, as decribed by Nelder and Mead 

(1965). 

4.1 Mixing phenomena 

The optimal parameterset was found by varying the number of compartments 

N, independently followed by an estimation of the parameters HI,,, a and 

EzO (Table 2). In all cases the best fit was found when the pond was 

divided in 3 sections. The estimated depth of the dead zone (Hlow) at PI 

is about 0.5 m after all events. The value found for location P2 is 

about 0.7 m. This difference can be explained by the disturbance of the 

stratification by the overflow. A temperature gradient is induced by the 

cold seepage through the bottom and irradiance at the surface. The 

eroding effect of the overflow on the depth of the dead zone will 

decrease in the direction of the outlet. 

Merely during the comparatively short period of the overflow the velo- 

city dependent part of the vertical dispersion is in the same order of 

magnitude as the constant part EZo. Moreover, the advective transport is 

of greater importance during this period. So the model is not very sen- 

sitive to the parameter a. This explains partly the great spread found 

in the value of this parameter and mitigates the significance of the 

variations found in a. Due to the small contribution of this term, the 

vertical mixing is described for the greater part by the background dis- 

persion, which is caused by wind induced turbulence. The value of EZo 

varied between 5.7x10-~ - 37.4x10-~ m2/day at location PI. The low value 

was found after the event of 10/7, when wind velocity was low (1.6-2.0 

m/s). During the period after the event of 21/5 wind velocity varied 

between 3.6 and 4.9 m/s. 



Table 2 Estimated parameters affecting processes of mixing (Hlow, a, 

EZ0, N), sedimentation (KV,, Vlp) and oxygen depletion (RKD, 

RKOX, SOD) 

event date 21/5/84 4/6/84 10/7/84 

Hlow (P1) 0.40 0.59 0.45 (m) 

[P2) 0.66 0.71 0.73 (m) 

....................................................................... 

N (P1) 3 3 3 

(P2) 3 3 3 
....................................................................... 

KVs (P1) 34.6~10-~ 126.7xl0-~ 93.6~10-~ (m.m3/g.day) 
....................................................................... 

max. inflow 13.3 40 63 (m3/min) 

rate 

....................................................................... 

" l ~  (Pl) 1.4 53.3 43.2 (m/day 

....................................................................... 

RKD ('l) 0.85 0.86 1.93 (day-' 

....................................................................... 

RKOX (P1) 0.84 0.71 0.65 (day-' 

....................................................................... 

KSOD (P,) 0.13 0.14 0.12 (m/da~ 

Figure 4a shows the observed and predicted conductivity. The model gives 

a reasonable description of the mixing in the pond, but does not incor- 

porate all the processes involved. For instance, the disturbance of the 

stratification by the overflow is a dynamic process, but the model uses 

a constant value for the depth of the dead zone. Hence the value found 

for Hlow is an average over time. 



The lack of detail limits the predictive capacity of the model with 

respect to the mixing phenomena in the pond. A more detailed description 

should include the dynamic behaviour of the depth of the dead zone as a 

function of the impuls of the discharge, irradiance, buoyancy and wind 

induced shear stresses. Although these processes are not addressed in 

the model, it can nevertheless be used as a basis for the characteri- 

zation of the processes involved in the behaviour of suspended solids 

and dissolved oxygen, because the overall mixing is described suffi- 

ciently accurate. 

P1 14-6-141 
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Fig. 4 Calibration results for the event of 4/6 compared to the 

measured data of conductivity (a), suspended solids (b), 

biochemical oxygen demand (c) and dissolved oxygen (d) 



4.2 Suspended solids 

The model was extended with terms 5a and 5b of Table 1, which account 

for the sedimentation. As result of the assumption of a stagnant lower 

layer, the effect of resuspension has been neglected. Injtially sedimen- 

tation was modelled using a constant settling velocity (first order in 

SS-concentration). The settling velocity was estimated using the 

observed SS-concentrations at location P1 after the event of 4/E. The 

optimal settling velocity found was 14.4 m/day. However, the agreement 

between measured and predicted SS-concentrations was poor. This is due 

to a decrease in the average settling rate because coarser particles 

tend to settle out first. The use of a second order description for 

sedimentation is a way to represent this and indeed resulted in a better 

fit (Figure 4b). The estimated second order rate constants (KV,) are 

given in Table 2. The rate constants obtained vary considerably; espe- 

cially the value of 2i/J is much lower. As indicated, the sedimentation 

rate will reflect the size distribution of the suspended particles and a 

high value would be connected with a predominance of coarse particles. 

Near the inlet the water is shallow and the sediment is soft. Therefore 

local resuspension is probable and high inflow rates will increase the 

proportion of particles with a high settling rate (Table 2). Also 

inherently there will be a variation in the particle size distribution 

of the CS0 itself which is related to complex phenomena in the sewerage 

system during the preceding period. Hence one universal value for the 

sedimentation rate can not be expected. 

4.3 Dissolved Oxygen 

The input variable of the model for dissolved oxygen, the BOD-load, was 

divided into two fractions, based on the total BOD of the samples and 

the BOD after one hour settling. The latter represents the soluble and 

poorly settleable BOD5 (LS). The particulate or settleable fraction (LP) 

can be calculated from the total BOD5 and the BOD5 after settling [Table 

3). In order to simulate the oxygen depletion the BOD, should be used, 

but considering the fact that the BOD discharged is readily decom- 

posable, the BOD, can be approximated by the BOD5. 



Table 3 Discharged load of total BOD5, BOD5 after settling and 

set1 leable BOD5 

event total ROD5 ROD5 after settleable BOD5 

settling 

date (kg) (kg) (kg) 

21/5 63.2 28.7 34.5 

4/6 51.4 20.4 31.0 

10/7 147.4 41.7 105.7 

13/7 11.3 7.2 4.1 

Due to the relatively short retention time of the settleable BOD in the 

water phase this fraction will have no direct effect on the dissolved 

oxygen concentration. So only a part of the BOD load (25-50%) is respon- 

sible for the oxygen consumption in the water phase. 

The sedimentation rate (Vlp) of settleable ROD and the total removal 

rate (RKD) of the soluble and poorly settleable fraction were estimated 

using the observed total BOD concentratjon in the pond after an overflow 

and by incorporation of the terms 5 and 6 of Table 1 to model LP and LS. 

The removal of the latter fraction is caused by both oxidation and sedi- 

mentation. Formally the distinction of the BOD into two parts is a frac- 

tionation with respect to settling velocity. The oxidation rate constant 

(RKOX) was estimated subsequently from the observed oxygen concentra- 

tions after an overflow. For the simulation of the oxygen concentration 

DO and LS were calculated simultaneously, using the terms 1,3,4,6,7 and 

8 of Table 1. 

The sedimentation of LP was forced into a less appropriate first order 

term to allow comparison of the settling velocity with the first order 

removal rate of "soluble" BOD fraction. Except for the overflow of 21/5 

the removal of settleable BOD is very fast, so neglecting the oxygen 

consumption of this fraction in the water phase seems to be justified. 

Similar as found for SS after the event of 21/5, the low settling velo- 

city for LP can be explained by the low intensity of this overflow. 

The settling velocity found for settleable BOD only indicates that the 

removal of this fraction from the water is fast. The accuracy of the 



estimated velocities is low, because only the samples taken in the pond 

within one hour after an overflow contain settleable BOD. Hence, the 

estimation is based upon limited data. 

An independent model based upon the transport equation for oxygen in the 

sediment showed that at the high infiltration rates observed in Loenen 

and wjth the low penetration depth, the sediment oxygen demand (SOD) is 

approximately linear to the oxygen concentration in the overlaying 

water. Parameter estimation resulted in a value for the proportional 

constant KSOD of f 0.20 m/day resulting in a SOD of about 0.10 g/m2.day 

at the prevailing oxygen concentration of f 1 g/m3. 

The mass transfer coefficient of oxygen through the air-water interface 

was not estimated, but measured directly with a hood floating on the 

surface. The increase of oxygen under the hood after flushing with 

nitrogen is a measure of the mass transfer rate. An averazcd value of 

0.185 m/day was found. 

Figure 4c and d show the observed and simulated concentrations of BOD5 

and oxygen in the pond after the event of 4/6.  

Initially the oxygen concentration increases after an overflow due to 

the high oxygen content of the storm water. The model gives a reasonable 

prediction of the minimal oxygen concentration after an overflow. 

Because the primary production was neglected, the model is not suitable 

to predict the recovery of the oxygen depletion. According to the model, 

within a period of one week a new equilibrium concentration will be 

reached in the order of 3 to 4 g/m3. Growth of algae may increase this 

value. After the event of 10/7 the observed concentrations are below the 

predicted equilibrium concentration. This can be explained by the large 

proportion of settleable BOD discharged during this event (Table S ) ,  

resulting in a delayed oxygen consumption of the sediment. The SOD esti- 

mation however is based on the first part of the oxygen sag curve, where 

its role is of lesser importance as compared to the recovery phase. 



5 Conclusions 

- Although the mixing phenomena in the pond are not represented in 

detail, the model gives a reasonable description of the mixing in 

the pond for the purpose to study the short term effects on re- 

ceiving water quality. 

- The analysis of the processes produced a number of descriptions and 

characteristic rate constants that can be used in modelling the 

short term effects on SS and DO, but exhibit variability inherent to 

the properties of the CS0 and may be blurred by local resuspension. 

- The settling velocity of SS decreases after an event. A better per- 

formance of the model is obtained when using a second order descrip- 

tion of sedimentation. Introduction of a settling velocjty distri- 

bution would be interesting for the prediction of the distribution 

of the different fractions of the SS, but requires unusually 

detailed input data. 

- The BOD-load can be subdivided into two fractions. The soluble- and 

poorly settling fraction has a direct effect on the oxygen-concen- 

tration. The settleable BOD will sustain the SOD and cause a delayed 

effect on the oxygen concentration. 

- The organic matter discharged is readily decomposable, resulting in 

a fairly high value for the oxidation rate constant of BOD (0.6 - 
0.8 day-'). 
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Abstract 

Macro-evertebrates were sampled monthly (February till November) at 

three sites in a detention pond receiving combined sewer overflows of 

the village of Loenen (the Netherlands). The results have been compared 

with samples from a similar pond without sewer overflows in the city of 

Apeldoorn. Special attention has been given to the short-term and long- 

term effects of the overflows on the macro-evertebrates coenoses. The 

results are mainly processed by cluster analysis and ordination tech- 

niques. 

The macro-evertebrates coenoses in the detention pond at Loenen indicate 

a heavier oreanic pollution in comparison with the reference pond in 

Apeldoorn. The deeper sections of the detention pond are more polluted 

than the shallow parts and close to the inlet the effects of the over- 

flows are also more pronounced than at some distance. Due to the nume- 

rous overflows in the past, no pronounced short-term or long-term 

effects were found during the sampling period. 

1 Introduction 

Effects of sewer overflows on macro-evertebrates communities have re- 

ceived little attention. In the Netherlands an extensive study by Roos 

(1983) can be mentioned. In the past (much) more attention has been 

given to the effects of raw sewage and effluents on the macro- 



evertebrates communities, e.g. Moller Pillot (1971) and Waterschap 

Zuiveringschap Limburg (1985). Nowadays nearly all waste waters are 

treated in sewage treatment plants and the remaining discharpes will be 

sanitated in the near future. After this, combined sewer overflows will 

be the main causes of direct organic pollution of surface waters. 

The estimated number of sewage overflow constructions in the Netherlands 

is about 5500 (Nationale Werkgroep Rjolering en Waterkwaliteit, 1984). 

The effects of overflows on the water quality will be different from 

(un)treated effluents from sewage treatment plants because overflows 

occur at irregular intervals (mainly in the summer in the Netherlands) 

in contrast to the regular and continuous flow of effluents. The imme- 

diate effects of an overflow will depend on the intensity of the rain- 

fall, the intervals between overflows, the type and size of the 

receiving water, etc. 

The present study is mainly descriptive and has the aim to review the 

main effects of the overflows on the quality of the receiving water 

("quality" of the macro-evertebrates coenoses) in relationship with the 

amount and quality of the overflowing water. Special attention has been 

given to the short-term and long-term effects on the macro-evertebrates 

coenoses. 

The research presented here is part of a comprehensive study in the 

Netherlands in the framework of the NWRW (National Working Group on 

Sewerage and Water Quality) on rainfall, runoff, interception, treatment 

and storage, overflows and effects on receiving waters. Macro- 

evertebrates communities in the detention pond are compared with com- 

munities in a similar pond without sewer overflows. Other investigations 

in the same ponds and in the same period compare physico-chemical para- 

meters in water and sediments (Aalderink and Lijklema, 1985 and 

Aalderink et al., 1986), survival of bacteria and bacteriophages in the 

detention pond (Lijklema et al., 1986) and the plankton and epiphytic 

diatom communities (Roijackers and Ebbeng, 1986). 



Description of the ponds and the 

sampling sites 

The detention pond is a rectangular water body with a length of 320 m, 

a width of 35 m and an average depth of I m (Figure 1). The pond is 

situated near the village of Loenen (the Netherlands) on the eastside of 

the Veluwe and receives combined sewer overflows (CSO) from this 

village. The system drains about 16 hectares impervious area and serves 

a population slightly over 2000 people and a few local industries. The 

past four years the average frequency of CSO-events was about 15 times a 

year. The pond is flushed by iron-rich seepage with an average seepage 

rate (in 1983 and 1984) of about 9.3 cm.day-l. Hence the nominal hydrau- 

lic detention time is about 10 days. The pond drains seepage over a weir 

into a brooklet. 

Figure 1 The detention pond at Loenen with sampljng sites 

(Ml, M2 and M3) 

As shown in Figure 1, the sampling sites M1 and M2 are situated near the 

margins of the detention pond, respectively close to the inlet of CS0 

and at some further distance. At M1 there is a sparse vegetation of 

Typha latifolia L. and Callitriche spec. At M2 there is a dense vegeta- 

tion dominated by Typha latifolia L.. The sediment at both sites con- 

sists of about 10 cm anaerobic mud on sand, covered with litter from the 

vegetation and leaves and twigs from the trees. Sampling site M3 is 

situated in the deeper part of the pond near the inlet of CSO. Here the 

sediment consists of a layer of 20-25 cm anaerobic mud (mainly from CSO) 

on sand; there is no vegetation. 



The reference pond in Apeldoorn (Figure 2) has the same characteristics 

as the detention pond, except for a larger surface area (18.450 mz) and 

the absence of CSO. The average seepage rate (also iron-rich) is about 8 

cm. day-' and the hydraulic detention time is about 20 days. 

The sampling site (Ap) is situated near the northern margin, where the 

vegetation is dominated by Myriophyllum spicatum L.. The sandy sediment 

is redbrown coloured by ironhydroxide deposits. The sampling sites in 

both ponds were chosen after an introductory study. 

Figure 2 The reference pond at Apeldoorn with sampling site (Ap) 

3 Material and methods 

Monthly samples were collected at all sampling sites from February till 

November 1984. In May and October also samples were collected one week 

after a CSO-event to study possible short-term effects from CSO. All 

together 46 samples of macro-evertebrates were collected. The samples 

were taken with a standard macro-evertebrates net (aperture 20 X 30 cm; 

mesh-size 0.5 mm). The sampled area was approximately 1 mZ at M1, M2 and 

Ap and 1/3 mZ at M3. Samples were transported to the laboratory in 

plastic buckets, sieved and sorted in a white tray as soon as possible 

(but always within two days). The macro-evertebrates were preserved in 

80%-ethanol, except for the Oligochaeta (4% formaldehyde) and Hydra- 

carina (Koenike-solution). Triclads were not preserved but identified 

immediately. The nomenclature for the macro-evertebrates taxa follows 

Mol (1984). 



The numbers of organisms, standardized for 1 m2, were transformed 

according to an abundance scale from 1 till 9: 1 specjmen (l); 2-3 spe- 

cimens (2); 4-6 specimens (3); 7-12 specimens (4); 13-20 specimens (5); 

21-40 specimens (6); 41-100 specimens ( 7 ) ;  101-500 specimens (8) and 

more than 500 specimens (9). The (CO-)occurrence of taxa has been 

investigated with computer processjng procedures as Detrended Correspon- 

dence Analysis (DECORANA) and Two Way Indicator Species Analysis 

(TWINSPAN), respectively ordination and cluster analysis techniques 

(Gauch, 1982). 

4 Results 

The results of the TWINSPAN-clustering for the macro-evertebrates are 

given in Figure 3. 

"Level of division" 

L L o e n e n  M3 -Loenen M, - Lwnen MZ -- -wApeldoorn -4 

Figure 3 Macro-evertebrates. Dendrogram of the TWINSPAN-clusters 

for Loenen and Apeldoorn 

The results from DECORANA for the samples from both ponds are presented 

in Figure 4, while the results for only the samples from the detention 

pond are presented in Figure 5. 



Figure 4 Macro-evertebrates. DECORANA-ordination plot from the samples 

from both ponds. The TWINSPAN-clusters (Figure 3) have been 

indicated. 

1-12: samples at M1 from February (1) till November (12), 

with in May (4,5) and October (10,ll) two samples; one 

week before (q) and one week after (Y) a CSO-event 

13-24: samples at M2 from February (13) till November (24), 

with in May (16, 17) and October (22, 23) two samples 

(as at M1) 

25-36: samples at M3 from February (25) till November (36), 

with in May (28, 29) and October (34, 35) two samples 

(as at M1) 

37-46: samples at Ap from February (37) till November (46) 



Figure 5 Macro-evertebrates. DECORANA-ordination plot of the samples 

from the detentjon pond at Loenen. The TWINSPAN-clusters 

(Figure 3) have been indicated. 

Explanation see Figure 4 

The meaning of DECORANA-ordination plots is that they reveal relative 

differences or similarities between the samples (the (CO-)occurrence of 

the macro-evertebrates taxa). Ordination of a sample along a principal 

ordination axis (score) depends on the composition of the macro- 

evertebrates coenose of this sample in comparison with all other 

samples. Hence the scores along the axes in an ordination plot can be 

related to one (or more) important explanatory factor(s). 

In Figure 4 the score along the first axis (I) can be interpreted as the 

degree of organic pollution or influence of CSO. A heavier polluted 

sampling site (M3) has a low score, while the samples from the reference 

pond have a relatively high score. On this first ordination axis no pro- 

nounced difference can be noticed between the samples from sites M1 and 

M2 in the detention pond. On the second axis ( 1 1 )  however, the M1- 

samples have a higher score than the M2-samples on the same date. This 

difference may reflect a difference in the structure of the vegetation 

of the sites; M2 has a dense vegetation, dominated by T. latifolia L., 



whereas at M1 only a sparse vegetation of T. latifolia L. and 

Callitriche spec. is present. 

In Figure 5 the difference between M1 and M2 is more distinct, because 

interference with the Apeldoorn-samples is eliminated. (The Apeldoorn- 

samples tend to blur smaller differences between the Loenen-samples). 

The scores along the first axis in this figure may indicate a difference 

in the degree of organic pollution or influence by CSO. In that case it 

should be noticed that the scores along the first axis in Figure 5 are 

reversed with respect to those in Figure 4: a high score (M3) indicates 

a heavier organic pollution, and it can be concluded that M1 is 

disturbed more permanently than M2 due to the frequent CS0 in the past. 

However, the scores along the first axis can be also interpreted as a 

difference in the structure of vegetation. Further, the clockwise 

arrangement of the consecutive samples from sites M1 and M2 in Figure 5 

reflects a seasonal change in the abundance and composition of the 

macro-evertebrates communitjes. This pattern is more pronounced on the 

second axis, where the vegetation structure controls variations and a 

seasonal effect is obvious. However, to a lesser extent also along the 

first axis the seasonal cycle can be observed. This can be attributed 

(also) to variations in the quality and structure of the vegetation, 

which superimposes variations on the pollution background effect of CSO. 

Main organisms responsible for this seasonality are Chironomidae and 

Cloeon dipterum (emergence in summer), Anisus vortex, Lymnaea peregra, 

Gammarus pulex and Proasellus coxalis (appearance of juveniles in 

summer) . 
The ordinatjon plot shows no remarkable differences between samples from 

sites M1 and M2 one week before, respectively one week after a sewage 

overflow (May and October). At M3 however, the plot shows a short-term 

effect of CSO, especially after the big overflow on the fifteenth of 

May. Samples, taken one week after an overflow, contain very few orga- 

nisms and taxa. This decline is explained by wash out of most of the 

organisms present due to the strong current along the bottom of the pond 

near the inlet (passive transport) and/or because organisms seek shelter 

in the vegetation belt along the margins (migrations). 

The ordination plots are appropriate for a rough distinction and 

description of CS0 effects on macro-evertebrate coenoses. However, the 



presence of relevant indicator organisms is a further possibility to 

analyse mutual differences within the pond in Loenen or differences be- 

tween the detention pond and the reference pond (see Table 1). 

Table 1 Macro-evertebrates taxa with an abundance of b 4% on at least 

one of the sampling sites (+: abundance < 1%) 

Sampling sites 

Taxa M3 M 1 M2 Ap 

Chironomus spec. 44.2 23.2 6.0 1.2 

Psectrotanypus varius 40.1 5.6 + + 

Tubificidae 8.7 7.2 2.3 2.7 

Cricotopus spec. + 10.0 + + 

Proasellus coxalis + 9.6 + - 

Lymnaea peregra - 6.7 + 1.5 

Anisus vortex + 6.6 13.6 + 

Erpobdella testacea + 6.2 3.5 + 

Helobdella stagnalis + 5.6 1.9 + 

Pisidiidae/Sphaeriidae + 1.6 50.2 + 

Gammarus pulex - + 4.5 4.4 

Trichoptera - + + 5.3 

Asellus aquaticus - - - 8.5 

Stylaria lacustris - + + 9.1 

Dicrotendipes gr. lobiger - + + 12.9 

Proasellus meridianus - - 17.8 

other taxa 5.5 16.8 16.5 34.9 

Table 1 shows that site M3 is strongly dominated by Chironomus spec., 

Psectrotanypus varius (both chironomids) and Tubificidae; these three 

taxa (Chironomus-combination) represent more than 90% of the organisms. 

According to e.g. Moller Pillot (1971) and Moller Pillot and Krebs 

(1981) dominance of these benthic organisms is characteristic for highly 

dynamic situations, strongly fluctuating oxygen levels and transport of 

sediment. A strong decline in oxygen level in the detention pond after a 

CSO-event occurs frequently and can last several days (Aalderink and 

Lijklema, 1985). From the remaining organisms at M3 the most abundant 



species is Chaoborus flavicans (abundance of 2.7%; not in Table 1). 

According to Parma (1969) C. flavicans is typical for lakes with anoxic 

conditions or a low oxygen content beneath the thermocline. The food- 

chain at M3 is very simple: Chironomus and Tubificidae feed on detritus, 

while P. varius predates on both taxa. The anaerobic mud and the lack of 

vegetation structure prevent the occurrence of a better developed macro- 

evertebrates community on this site. 

The mutual differences between the sites M1 and M2 near the margins of 

the detention pond are smaller than the differences between M3 and M1 or 

M2. The Chironomus-combination represents over 35% of the organisms at M1 

and only about 8% of the organisms at M2. Other organisms occurring 

frequently at M1 generally have a great tolerance for organic pollution 

and low oxygen levels, e . ~ .  Cricotopus spec. (Moller Pillot, 1984), 

Proasellus coxalis and the leeches Erpobdella testacea and Helobdella 

stagnalis (Dresscher and Higler, 1982). Especially snails as Anisus 

vortex and Lymnaea pereEra indicate some structure in the vegetation. 

The most abundant organisms at M2 are the bivalve molluscs (Pisidiidae/ 

Sphaeriidae), which represent just over 50% of the organisms. These 

organisms are present in the superficial mud layer, provided that the 

mud is not heavily polluted (Janssen and De Vogel, 1965). Another good 

indication for the absence of major disturbance at M2 is Gammarus pulex, 

which can be seen as an indicator organism for a relatively good water 

quality (Moller Pillot, 1971). In total 734 specimens of G. pulex have 

been sampled at M2, whereas at M1 only in the summer period some juve- 

nile specimens, migrated from less polluted parts of the pond, were 

found. Also at Apeldoorn G. pulex was found regularly. In conclusion it 

can be said, that the organisms (Table 1) indicate a difference in 

degree of organic pollution or disturbance between the sites near the 

inlet and at some distance. Further, the macro-evertebrates coenoses in 

the detention pond indicate a heavier organic pollution than the 

reference pond. M2 resembles the reference pond more than M1. The most 

important indications for an undisturbed environment in the reference 

pond are the relatively low presence of the Chironomus-combination, the 

abundant presence of Proasellus meridianus (Moller Pillot, 1971) and, to 

a lesser extent, G. pulex (Moller Pillot, 1971) and several species of 

Trichoptera [Lepneva, 1966). 



5 Discussion 

During this investigation no pronounced effects of individual CSO-events 

on the macro-evertebrates coenoses could be found. One observation is 

that immediately after a CSO-event the number of taxa and specimens in 

the deeper part of the detention pond is reduced. This is caused by 

passive transport of organisms and/or migration to the vegetation belt 

near the margins. Also no change in a certain direction in the compo- 

sition of the macro-evertebrates communities during the year could be 

found, which means that the coenoses are rather stable and adapted to 

the occurrence of overflows. A further impoverishment of the macro- 

evertebrates coenoses is, considering the frequency of overflows and the 

quality of the overflowing water, not to be expected. A further increase 

of the number of CSO-events and/or a higher number of inhabitants in the 

drained area respectively an increase of industrial activities may 

result in a further impoverishment of the macro-evertebrates communi- 

ties. Ultimately, there will be no life at all in the deeper parts of 

the detention pond and a reduction of species near the margins. Species 

of the Chironomus-combination will be the last to disappear. An jmprove- 

ment of the quality of the overflowing water or a strong reduction of 

the number of CSO-events will result in a better developed vegetation 

and macro-evertebrates community. Certain species, now occurring only 

near the margins of the pond, will be able to colonize deeper parts and 

a more differentiated and complex ecosystem will develop. It is also 

possible that some species from outside the pond will be able to colo- 

nize this ecosystem. The presence of a thick anaerobic mud layer, how- 

ever, will prevent the development of a more differentiated ecosystem 

such as in reference pond. This would require careful dredging of and 

termination of overflows in the Loenen pond. Dredging of the detention 

pond without the prevention of CSO-events will be useless, as the impro- 

vement of the sediment conditions wjll only last till the first big 

overflow. 
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Abstract 

In  1984 a whole-year invest igat ion has been done on the e f f e c t s  of 

combined sewer overflows on the water qua l i ty  of a receiving detention 

pond (near Loenen). A pond i n  Apeldoorn was chosen a s  reference. Both 

ponds a re  highly influenced by seepage. This paper deals  with the 

e f f e c t s  of CSO-events on phytoplankton, zooplankton and epiphytic com- 
-1 

munities. Phytoplankton biomass was low (Max. 40 pg.1 i n  Loenen and 
-1 

4.7 yg.1 i n  Apeldoorn).The number of species was a l s o  very low, both 

fo r  the plankton and the  epiphytes. This s e t s  bounds t o  the use of 

quotients characterizing the  degree of eutrophication o r  organic o l -  

lu t ion.  Structural  charac te r i s t i c s  of both planktonic and epiphytic 

communities showed c lea r ly  the e f f e c t s  of CSO-events. Short-term 

e f f e c t s  observed a r e  the  plankton being washed ou t ,  r e su l t ing  i n  a high 

transparency, thus enabling the  phytoplankton t o  develop large popula- 

t ions .  The inocculation function of the l i t t o r a l  and sediments was 

important. Long-term e f f e c t s  a re  re f l ec ted  by the  species d ive rs i ty  and 

composition: short-l iving organisms were found i n  Loenen and long 

l iv ing  species i n  Apeldoorn. The s t ruc tu re  of the epiphytic diatom 

communities revealed a more s t a b l e  developing community i n  Apeldoorn 

and a more o r  l e s s  pioneer s t a t e  development i n  Loenen. 



1 Introduction 

The use of planktonic and benthic (mikro)organisms as  indicators  f o r  

inorganic and organic pol lut ion has a long and well-documented his tory 

(Kolkwitz and Marsson, 1908, 1909, Thunmark, 1945, Nygaard, 1949, 

Liebmann, 1951, Pantle and Buck, 1955, Zelinka and Marvan, 1961, 

SlddeEek, 1963, 1973, Dresscher and Van der Mark, 1976). These methods 

a re  r e s t r i c t e d  t o  s t a t i c  charac te r i s t i c s  of the communities and do not  

inform on t h e i r  dynamic proper t ies .  A s  the s t ruc tu re  of a community is 

the r e s u l t  of i t s  functioning, it i s  obvious t h a t  methods a re  needed 

t o  reveal the functioning of communities. 

In  more recent  s tud ies  the r e s u l t s  of many years of monitoring and 

experimental s tud ies  i n  the f i e l d  and laborator ies  on planktonic and 

benthic communities have been reviewed, r esu l t ing  i n  new ins ights  and 

a l so  new l i n e s  of approach t o  the assessment of inorganic and organic 

pol lut ion by means of planktonic and benthic organisms (Harris, 1978, 

1980, Round, 1981, Reynolds, 1982, 1984). In these s tudies  a t t en t ion  

is  drawn t o  the dynamic charac te r i s t i c s  of the communities, such a s  

l i fe-cycle ,  growth r a t e ,  productivity,  adapatation, mobility, e t c .  

This paper intends t o  compare the r e s u l t s  of some of the c l a s s i c  

methods of biological  assessment of water qua l i ty  with some of the 

recent ins igh t s  based on the functional aspects of communities. 

The present study is  p a r t  of an overa l l  study i n  The Netherlands i n  

the framework of the NWRW (National Working Group on Sewerage and 

Water Quality) on r a i n f a l l ,  runoff,  in tercept ion,  treatment and 

storage, overflows and e f f e c t s  on receiving waters. The objectives 

of the study included an inventar isa t ion of the e f f e c t s  and an analysis  

of the processes t h a t  take place i n  the receiving water. The e f f e c t s  

studied a re  various and include: 

- hydrobiological e f f e c t s  a s  r e f l ec ted  by macrofauna (Willemsen and 

Cuppen, 1986) and by plankton and epiphytes ( t h i s  paper) ,  

- microbiological e f f e c t s  (Lijklema e t  a l . ,  1986), 

- physico-chemical e f f e c t s  i n  water and sediments (Aalderink and 

Lijklema, 1985, Aalderink e t  a l . ,  1986). 

The s t ructure  and functioning of planktonic and epiphytic communities 

i n  a pond receiving CS0 i n  Loenen a r e  compared with the planktonic and 



epiphytic communities i n  a pond i n  the  neighbourhood (Apeldoorn), 

closely resembling the pond i n  Loenen, except f o r  the absence of CSO. 

2 Description of the ponds 

The location studied is  a detention pond of 120 X 35 m with a mean 

depth of 1 m, receiving CS0 from the small v i l l age  Loenen (Figure 1). 

The system drains about 16 hectares impervious area and serves a popu- 

l a t i o n  of more than 2,000 people and a few local  indus t r i e s .  The pond 

is flushed by seepage (9.3 cm.day-l) , r i c h  i n  i ron.  The average hy- 

d rau l i c  detention time is  about 10 days. 

Figure 1 The pond i n  Loenen 

P1, P and P3: platforms 
2 

L1, L2 and L3: sampling s i t e s  

The reference pond was located i n  Apeldoorn. It has a surface area of 

18,450 m2, a mean depth of 1 m and i s  a l s o  flushed by iron-rich seepage 
-1 

(8 cm-day 1 .  The average hydraulic detention time is  about 20 days 

(Figure 2 ) .  



Figure 2 The reference  pond i n  Apeldoorn 

AI: sampling s i t e  

3 Mater ia l  and methods 

Planktonsamples have been taken f o r t n i g h t l y  a t  t h e  s i t e s  L L2. L and 
3 

Al. Phytoplankton was co l l ec t ed  i n  the  f i e l d  according t o  genera l ly  

accepted methods (Roijackers,  1985) and concentrated i n  t h e  labora tory  

bymembrane f i l t r a t i o n  (3  pm pore wid th ) .  Zooplankton was co l l ec t ed  with 

a planktonnet(60 l i t r e s ;  60 pm gauze width) .  I d e n t i f i c a t i o n  of t h e  t axa  

was ca r r i ed  o u t  a s  soon a s  poss ib l e  on l i v i n g  specimen. The abundancy 

was estimated using an abundancy s c a l e  1 ( ra re )  t o  5 (abundant) 

(Roijackers,  1985). Epiphytic diatoms were co l l ec t ed  from wooden s t i c k s  

placed a t  the sampling s i t e s .  The r e l a t i v e  abundancy of the  diatoms 

was determined by counting 300-400 valves and ca l cu la t ing  the  percen- 

tage  presence of each taxon. 

Phytoplankton biomass was est imated weekly a t  Loenen and f o r t n i g h t l y  a t  

Apeldoorn; chlorophyll-a was s e l e c t e d  a s  measure of biomass. The bio- 

mass da t a  of t he  th ree  Loenen s i t e s  have been averaged. 

The CO-occurrence of taxa has been inves t iga t ed  using c lus t e r ing  

(TWINSPAN) and ordinat ion  (DECORANA) techniques (Gaugh , 1982 ) . 

4 Resul ts  and d iscuss ion  

4.1 Nutr ients  and phytoplankton biomass 

Both ponds a r e  eut rophic  regarding t h e  concentrat ions of dissolved 

nu t r i en t s .  The pond i n  Apeldoorn i s  l e s s  eut rophic  than the  one i n  



Loenen. The chlorophyll-a content  is very low i n  both ponds: max. 

40 ug.  l-l i n  Loenen and 4 -7  ug. 1-I i n  Apeldoorn (Figure 3 )  . The high 

concentrat ions of c o l l o i d a l  i r o n  causes l i g h t  l imi t ed  phytoplankton 

growth. The low phytoplankton biomass i s  a l s o  the  r e s u l t  of t he  r a t h e r  

high f lushing r a t e .  

chlorophyll-a(kg/l) 
a---* Apeldoorn 
m----. Loenen 

-1 
Figure 3 The phytoplankton biomass (chlorophyll-a i n  pg.1 ) . 

Arrows i n d i c a t e  CSO-events 

The f luc tua t ions  i n  the  phytoplankton biomass i n  Loenen ind ica t e  an 

immediate response of t he  phytoplankton organisms t o  a f luc tua t ing  

environment. P a r t l y  these  f luc tua t ions  coincide w i t h  CSO-events. I t  i s  

obvious from Figure 3 t h a t  the  overflows i n  February and March had no 

e f f e c t  a t  a l l  on the  phytoplankton a s  the  biomass was very low; the  spe- 

c i e s  succession i n  t h a t  period followed the  p a t t e r n  t h a t  is  known from 

s l i g h t l y  eut rophic  non-influenced ponds i n  t h a t  region.  A l l  o the r  over- 

flows r e s u l t  i n  an immediate dec l ine  of biomass. This i s  due t o  the  

physica l  e f f e c t  of  overflows on phytoplankton: it is  f lushed ou t  of  t he  

main waterbody. The water then becomes very t r anspa ren t  a s  a l s o  t h e  

c o l l o i d a l  i r o n  p a r t i c l e s  a r e  f lushed.  In  period of s u f f i c i e n t l y  high 

i r r ad iance  phytoplankton can grow very f a s t  a s  i t  i s  n o t  l i g h t  l imi t ed  

up t o  3 o r  4 days a f t e r  the  CSO. The observed biomass increases  i n  

such per iods  a r e  mainly du t o  f a s t  growing taxa  l i k e  Chkmydomonas spp. 

and Cryptornonas marsonii. 



4.2 Comparison of the plankton samples from Loenen and 

Ape ldoorn 

In  Figures 4 and 5 the ordination p lo t s  of the data  a r e  presented fo r  

the phytoplankton and zooplankton respectively.  Differences between 

the points a re  the r e s u l t  of d i f ferences  i n  the s i m i l a r i t i e s  of the 

species composition i n  the samples. It is  c lea r  from Figures 4 and 5 

t h a t  the Loenen samples a re  q u i t e  d i f f e r e n t  from the Apeldoorn samples, 

pa r t i cu la r ly  the  zooplankton samples. This r e f l e c t s  t h a t  complete d i f -  

f e ren t  communities a re  present i n  both ponds throughout the  year.  The 

differences a r e  l e s s  well pronounced i n  the phytoplankton, which re-  

f l e c t s  the t rophic  l eve l ,  and very well pronounced i n  the zooplankton, 

which r e f l e c t s  the  saprobic l eve l .  I t  is obvious t h a t  the f i r s t  prin- 

c ipa l  component i n  the ordination can be associated with the l eve l  of 

perturbation, pa r t i cu la r ly  the  organic pol lut ion.  

4.3 Trophic and saprobic l eve l  

The trophic l eve l ,  primarily determined by nu t r i en t  content, w i l l  be 

ref lected by the  s t ruc tu re  and functioning of the communities of auto- 

trophs. So the high trophic l eve l  i n  both ponds can be i l l u s t r a t e d  by 

t h e i r  species composition (Table 1). 

Table 1 Contribution of the  d i f f e r e n t  a l g a l  groups t o  the t o t a l  

phytoplankton communities i n  Loenen and Apeldoorn 

Number of taxa Relative abundance ( %  ) 

Loenen Apeldoorn Loenen Apeldoorn 

Cyanobacteria 3 2 11 5 

Chrysophytes 9 3 9 13 

Diatoms 2 4 12 33 

Euglenophytes 2 3 7 11 

Chlorococcales 7 1 6 1 

remaining groups 7 3 55 3 7 



p h ytoplan kton 

l 

Fiqure 4 Phytoplankton. DECOWA-ordination p l o t  of the sampling- 

data.  The TWINSPAN-clusters have been indicated 

e : Loenen data;  : Apeldoorn data 

zooplankton 

I 

Figure 5 Zooplankton. DECORANA-ordination p l o t  of the  sampling- 

data.  The TiqINSPAN-clusters have been indicated 

: Loenen data; : Apeldoorn data 



The use of quotients a s  introduced by Thunmark (1945) and Nygaard 

(1949) i s  inadequate a s  the t o t a l  number of taxa i n  both ponds is  too 

low and the important group of Desmids has been sampled only once i n  

Loenen. Judging from Table 1, par t i cu la r ly  the presence of eutrafent  

Cyanobacteria and Chlorococcales, the pond i n  Loenen i s  extremely 

eutrophic and the pond i n  Apeldoorn only s l i g h t l y  eutrophic. However, 

more important i s  the  abundancy of the  'remaining groups1. In Loenen 

many specimen of the taxa ChZamydomonas spp. and Cryptornonas marsonii 

are  found, taxa with high growth ra tes ;  i n  Apeldoorn these taxa a r e  

l e s s  well represented. 

The saprobic l eve l  is  re f l ec ted  b e t t e r  by the zooplankton communities 

than by the phytoplankton communities. In Loenen 29 zooplankton-taxa 

have been iden t i f i ed ,  i n  Apeldoorn 13. These values indicate  the 

higher saprobic l eve l  i n  Loenen. Dresscher and van der  Mark (1976) 

developed an index based upon the  presence of several  a l g a l  and zoo- 

plankton groups i n  a water body, a l l  indicat ive  of a cer ta in  degree of 

saprobity (Figure 6 ) .  From Figure 6 the following can be infered: 

- The saprobic l eve l  i s  higher i n  Loenen than i n  Apeldoorn. 

- The f luctuat ions  i n  the saprobic l eve l  i n  Loenen a re  more frequent 

and of greater  amplitude than i n  Apeldoorn. 

-31 Apeldoorn IpO~ysaprObr 

Loenen 
-3 -polysaprob~c 

B-mesosaprob~c 

Figure 6 The saprobic l eve l  according t o  the  method of Dresscher 

and van der  Mark (1976) f o r  the ponds i n  Loenen and Apeldoorn 



Application of SlbdeEek's (1973) method t o  assess the  saprobic l eve l s  

is  appropriate f o r  the discrimination between the d i f f e r e n t  biological 

components, such a s  phytoplankton, zooplankton and epiphytic diatoms 

(Figure 7 ) .  From Figure 7 addi t ional  conclusions can be drawn: 

- The saprobic l eve l  i s  ref lected most c lea r ly  i n  the zooplankton; a l s o  

the immediate reaction of the communities upon changes a re  seen. 

- Long-term e f f e c t s  a r e  ref lected by the saprobic l eve l  a s  indicated 

by the epiphytic diatom communities. 

0-• Loenen 
----g Apeldoorn E Polysaprobic 

a-rnesosoprob~c 

, Polysoprob~c .,.k,,- a-rnesosaprob~c 
/3-rnesosoprob~c 

zooplankton Ol~gosaproblc 
Xenosaprob~c 

phytoplankton 

F M A M J J A S O N  

Figure 7 The saprobic l eve l  according t o  SlddeEek (1973) 

f o r  the ponds i n  Loenen and Apeldoorn 

4.4 The e f f e c t s  of CS0 on planktonic and epiphytic communities 

4.4.1 Short-term e f fec t s  

Immediately a f t e r  a CS0 the planktonic organisms a re  flushed ou t  of the  

open water area; zooplankton species take refuge near the vegetation i n  

the  l i t t o r a l  or  near the  bottom, whereas the phytoplankton organisms 



are  washed out  i n  proportion t o  the  volume of the CSO. In  the open 

water some benthic mikrofaunal species a re  observed a f t e r  an event. 

This is due t o  resuspension and they w i l l  disappear a f t e r  a few days. 

The water w i l l  be transparent fo r  a few days as  together with the 

plankton the co l lo ida l  i ron is  washed out .  This enables the phyto- 

plankton t o  increase i ts  biomass, especia l ly  through the f a s t  growing 

taxa.  The water mass becomes turbid  again and the phytoplankton growth 

becomes l i g h t  l imited. Inocculation of phytoplankton occurs from the 

l i t t o r a l  and sediments. Also a f t e r  a few days zooplankton w i l l  leave 

i t s  she l t e r  and move towards the open water. This combined mikrofaunal 

succession by behthic and planktonic species is re f l ec ted  by the 

saprobic l eve l  a s  i l l u s t r a t e d  i n  Figure 7.  

So the short-term e f fec t s  upon microflora and microfauna a re  mainly 

saprobical. The normal succession pa t t e rn  w i l l  be disturbed by CS0 a s  

long l iv ing  organisms do not g e t  a chance t o  develop. Another c lea r  

e f f e c t  is the appearence of large a l g a l  beds on the water surface a f t e r  

an event, they o r ig ina te  from the sediments of the  pond. These algae a re  

blue-greens, adapted t o  low l i g h t  i n t e n s i t i e s .  After a CS0 these algae 

w i l l  be very productive, due t o  the  increased i r radiance a t  the sedi- 

ment surface. The oxygen produced than causes f l o t a t i o n  of the a l g a l  

mat and a t  the  surface bleeching of  the algae is  followed by decay due 

t o  the high l i g h t  i n t e n s i t i e s .  

4.4.2 Long-term e f fec t s  

The long-term e f f e c t s  of CS0 a r e  ref lected i n  a l l  communities by a 

higher saprobic l eve l  and i n  the phytoplankton by a higher biomass. 

The saprobic l eve l  i n  the pond i n  Apeldoorn is  more constant than t h a t  

i n  the pond i n  Loenen. In the s t ruc tu re  of the epiphytic diatom com- 

munities a c lea r  long-term e f f e c t  can be seen. The number of taxa i n  

both ponds is r e s t r i c t e d  t o  a basic  association of 10 species.  I n  

Loenen f ive  addi t ional  species a r e  found. Most of them indicatinq 

a higher trophic and/or saprobic l eve l .  The e igh t  ex t ra  species i n  

Apeldoorn on the  contrary a r e  indicators  fo r  a lower trophic and/or 

saprobic l eve l .  It is  s t r i k i n g  t h a t  a l l  e igh t  ex t ra  diatom species i n  



Apeldoorn a re  l a rge r  species,  which a r e  not attached t o  the substratum 

a t  t h e i r  f u l l  length,  but  only by t h e i r  apexes and i n  f a c t  they a re  

loosely attached. Hence they a re  i n  a favourable posi t ion t o  u t i l i z e  

more space for  t h e i r  nu t r i t ion .  We suppose t h a t  t h i s  type of organisms 

has no chance t o  colonize the pond of Loenen a s  the frequent CSO-events 

impair t h e i r  development. Therefore epiphytic diatom communities i n  

Apeldoorn thus have developed more diversely ,  including several  species 

which have the opportunity t o  spec ia l i ze  i n  many direct ions  (nu t r i t ion ,  

d ispersal ,  e t c .  ) . 

5 Concluding remarks 

A s  i l l u s t r a t e d  the frequent CSO-events i n  the pond i n  Loenen r e s u l t  i n  

a diverging s t ruc tu re  and functioning of both planktonic and epiphytic 

communities as  compared t o  a pond not  affected by CSO's. However, the 

differences a re  l imited because both ponds a re  constantly influenced 

by seepage, which a l s o  can be seen a s  a perturbation of the ecosystem. 

This perturbation r e s u l t s  i n  a l e s s  s t a b l e  ecosystem: low species d i -  

ve r s i ty  and niche-diversification. The use of quot ients  t h a t  indicate  

the trophic degree of the pond is  prac t i ca l ly  impossible, due t o  the 

low species d ive rs i ty  i n  the autotrophic component of the ecosystem. 

Other ways t o  i l l u s t r a t e  the high t rophic  l eve l  of both ponds a re  t o  

be detected i n  the other s t r u c t u r a l  but pa r t i cu la r ly  functional (dyna- 

mic) charac te r i s t i c s  of the communities: species composition, growth 

r a t e  (productivity) , and space u t i l i z a t i o n  (niche-diversification) . 
Among the methods used t r ad i t iona l ly  t o  characterize the degree of 

perturbation, i n  our study only the  quotients of SlZdeEek (1973) and 

Dresscher and Van der  Mark (1976) a r e  useful l  t o  ind ica te  the  degree 

of saprobity. The quot ient  of SlddeEek permits us t o  t r ace  the short-  

term e f f e c t s  of CS0 a s  ref lected by the  zooplankton and the long-term 

e f f e c t s  a s  r e f l ec ted  by the epiphytic diatoms. Application of such 

quot ients ,  character iz ing s t a t i c  proper t ies  of the  ecosystem, a r e  still 

insuf f i c ien t  t o  understand the complete reaction of (pa r t s  o f )  the eco- 

system. Penzhorn (1976) and Caspers and Penzhorn (1976) therefore have 

used productivity measurements i n  t h e i r  s tudies  on the  e f f e c t s  of CS0 



upon planktonic communities i n  the  surface waters i n  Hamburg. In  this 

way they actual ly  could measure the change i n  productivity as  caused 

by the succession of slow growing phytoplankton species and f a s t  growing 

species. They a l s o  showed t h a t  due t o  the changing environmental con- 

d i t ions  resu l t ing  from a CS0 ( l i g h t  penetra t ion) ,  productivity changed 

but  the species composition remained the same. 

In  f a c t  the pond i n  Loenen is  intended a s  a buffering system t o  reduce 

the e f f e c t  of CS0 upon the actual  receiving surface water. Seen from 

the present invest igat ions ,  we may expect the pond t o  f u l f i l  i t s  

function very well ,  a s  the succession of organisms shows a regular 

pat tern .  I t  remains, however, t o  be seen whether this succession pat-  

t e rn  w i l l  be s imi la r  over a longer period of years,  a s  the accumulation 

of organic and inorganic mater ia l  continues. There w i l l  be a thresh- 

hold somewhere, over a t  which the  system can not  longer process the 

ex t ra  material  or iginat ing from CSO. Then the  system w i l l  become 

biological  dead and the receiving surface water w i l l  be charged i n  an 

unacceptable way. 
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Abstract 

In this paper a study is reported on the effects of stormwater 

discharges on the aquatic biota of the receiving waters. The study 

area concerns the separate sewerage system of the newtown Lelystad, a 

low level pollution area with respect to stormwater discharges. The 

biological effects are evaluated by means of biological water quality 

assessment. 

Quite remarkably, the storm sewer discharges caused a limited but 

significant disturbance in the composition of the aquatic ecosystem. 

In the vicinity of storm water outlets, the /J - W  -mesosaprobic state 

of the canals in Lelystad tends to the more polluted M-mesosaprobic 

state. 

1 Introduction 

As opposed to the combined sewer system generally applied in The 

Netherlands, the separate sewer systems collect wastewater and storm- 

water in separate sewer lines; the wastewater is transported to a 

treatment plant, while the stormwater runoff directly flows into 

receiving surface waters. 



Major advantages of separate sewer systems are that the hydraulic 

capacity of the treatment facility is minimized and that a higher 
treatment process stability is attained, thanks to less fluctuations 

in hydraulic loading. In separate sewer systems, stormwater runoff 

causes high incidence low level pollution, whereas combined sewer 

systems incidentally discharge high pollutional loads, when over- 

flowing during intensive rainfall. 

The annual pollutional loads for receiving waters are not necessarily 

less in a separate system, while the costs are generally higher 

(~ogendoorn-Roozemond et al., 1981). 

1.1 Quality of stormwater runoff 

In former days, stormwater runoff was considered to be rather clean. 

Besides the hydraulic advantages, separate sewer systems were 

propagated for this reason. However, it has been found that 

significant pollution of stormwater can be caused by: 

- atmospheric fall-out/precipitation; in Finnish cities 10 to 30% of 
organic matter, phosphorus and heavy metals present in urban runoff 

has been found to be caused by atmospheric fall-out (Melanen, 1981); 

- corrosion of buildings and other facilities in urban areas; this has 
markedly increased by acid rain; 

- street dirt, caused by e.g. traffic emission, animal faeces, litter; 

- application of chemical detergents, insecticides and herbicides; 
- vegetation. 

In the past decade the water quality of storm sewer discharges has 

been investigated extensively (~rauth, 1979; Melanen, 1981; Brunner, 

1975; O.E.C.D., 1982). The pollution load per ha of impervious area 

has been found to vary greatly from one area to the other, depending 

on land-use (Table 11, age of the city, street sweeping frequency etc. 

(Field and Struzeski, 1972). 



Table 1 Concentrations of pollutants in street dirt by land-use characteristics 

(after Manning, 1977, and Sartor and Boyd, 1972). 

Concentrations in pprn, unless indicated. 

Significant decrease in the quality of stormwater discharges generally 

occurs because of the inevitable "false" connections between the 

wastewater and storm water system. 

Industrial 

2920 

25100 

430 

26 

1590 

280 

87 

1000-2000 

BOD 

COD 

Total-N 

Soluble PO4-P 

Lead 

Zinc 

Copper 

PCB's (ppb) 

As opposed to the quality of stormwater runoff, little is known about 

the effect of stormwater discharges on the receiving waters. Because 

of the low concentrations of the different pollutants in stormwater 

runoff the classical water quality criteria are generally met and 

Residential 

3370 

42000 

550 

58 

1980 

280 

73 

810-2000 

hence no mitigating measures are considered necessary. 

Recently, the IJsselmeer Development Authority initiated long-term 

Land-use 

Commercial 

7190 

61700 

420 

60 

2330 

690 

95 

510-990 

studies on this subject in the newtown Lelystad. Within the framework 

of this research programme, physico-chemical and biological effects of 

stormwater runoff were investigated. 

Lelystad can be characterized as a low level pollution area, because 

of its rural surroundings, limited size and its intensive street 

cleaning (Greiner and Jong, 1976). Also the incidence of false 

connections is extremely low due to strict control measures during 

construction of the sewerlines. 

Because of this low level pollution, Lelystad represents an ideal 

situation with respect to stormwater discharges. In this paper special 

attention is directed towards the biological effects on the aquatic 



biota in the receiving waters in Lelystad. The minimum biological 

effects due to stormwater runoff could thus be evaluated in this 

study. 

1.2 Biological water quality assessment 

The urban canals receiving the stormwater runoff serve ecological and 

recreational purposes besides their hydrological function. Ecological 

water quality criteria are now being developed for different water 

types. These criteria will not only imply physico-chemical, but also 

hydrological and biological characteristics. 

Biological water quality assessment, as one of the tools in water 

quality monitoring, differs fundamentally from the classical physico- 

chemical methods. The most pronounced differences are shown in Table 

2. Being mutually complementary, the two methods are to be applied 

simultaneously in in-depth studies. 

Table 2 Main differences between classical and biological water  quality 

assessment methods (after Anonymus, 1981). 

Classical analysis 

-each analysis is t ime isolated 

Psnapshot"); even in an intensive 

monitoring programme, incidentally 

occurring extremes can be missed 

-each analysis gives one factor, 

parameter 

-sampling and analysis are relatively 

time-extensive 

-a  direct quantitative indication is 

obtained 

Biological analysis 

- each sample gives a time-integrated 

indication; different periods are 

found for various organisms, i.e.: 

. algae: one to  several weeks 

. hydrophytas: 3 - 6 months 

. macro-invertebrates: 1 - 2 years; 

extremes are time-integrated and 

indirectly measurable 

- each analysis gives an overall-view 

of the  water a s  an ecosystem, 

including many parameters 

- sampling and analysis are relatively 

time-consuming 

- still difficult to  quantify; however 

quantitative criteria are being 

developed, generally the  indication 

of pollution obtained is qualitative 



Biological water quality assessment is more closely related to the 

original goal of water quality management: maintenance of a stable and 

diverse ecosystem. An aquatic ecosystem is defined as a complex of 

biotic freshwater communities, their functional, physical, chemical 

and biotic interrelationships. 

The structure of an ecosystem can give information on the stability 

and diversity of the system, and can thus serve as pollution indicator 

as well. Freshwater communities are diverse. In case of the canals 

studied here, the most important inhibitants of the ecosystem are: 

fish, macro-invertebrates, benthic organisms, hydrophytes, planktonic 

algae, epiphytic algae (diatoms) and filamentous algae. Many methods 

have been developed for biological water quality assessment, using 

many different groups of organisms as indicators. One of the most 

widespread is the saprobic system, initiated by Kolkwitz and Marsson 

(1902) and modified by a.0. Sladerek (1973). 

2 Materials and methods 

2.1 Study area 

In Lelystad, a newtown in the polder Flevoland, the stormsewers 

discharge into semi stagnant, shallow urban canals of limited size ( 5  

- 10 m. wide, 1 m. deep). The canals also receive water from the 

subsurface drainage system containing infiltrated precipitation and 

upward seepage. 

Upward seepage is a common phenomenon in a polder situated below the 

level of the surrounding lakes, and amounts to 0.12 m/yr (gunk and Van 

de Ven, 1984). The water inputs of the canals are enumerated in Figure 

1 .  
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Figure 1 Hydraulic inputs of the urban canals in Lelystad 

Two study areas were selected in Lelystad: "Bastion" and "Schouw". 

Both are primarily resendential areas. In Figure 2, the canals, the 

storm sewer outlets and the main flow direction are indicated. The 

sites B(astion) 1, ~(chouw) 1 and S6 are not influenced by storm sewer 

discharges; S1 and S6 are situated in canals that at some distance are 

in open connection with a eutrophic lake. B3, S2 and S5 are situated 

in the vicinity of stormwater outlets.' 
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Figure 2 The study areas in Lelystad, The Netherlands 



2.2 Sampling methods 

Samples were taken every two weeks in the period May 15th - September 
15th, 1983. At every sampling station, macro-invertebrates and 

epiphytic diatoms were sampled as well as the filamentous algae, 

present in mats floating on the water surface. Hydrophytes were 

identified on location. 

Physico-chemical parameters were analysed in the laboratory. Macro- 

invertebrates were trapped by moving a net (mesh 500 /urn) through the 

vegetation and over the bottom of the canal. For further 

identification, samples were taken to the laboratory after fixation 

with formaldehyde. Leeches, flatworms and water-mites were identified 

alive. Epiphytic diatoms were obtained from submerged reed-stalks 

(Phragmites) and fixated according to Werff and Huls (1957 - 1973). 

2.3 Biological assessment methods 

The biological water quality assessment applied in this study is based 

on the saprobic system, in which organisms are used as indicators for 

different degrees of organic pollution. 

Sladecek (1973) listed in detail saprobic indices for approximately 

2000 aquatic organisms. 

The main saprobic classes are: 

- oligosaprobic, almost no organic pollution; 
- /J mesosaprobic, slightly polluted with organic matter; 

- -mesosaprobic, moderately polluted with organic matter; 

- polysaprobic, very polluted with organic matter. 

In order to obtain an overall picture of the effects of pollution, 

attention was also given to the more general characteristics of the 

ecosystem, such as diversity. 



3 Results 

In total, 96 samples were analysed, in which 176 species or other 

taxonomic entities were identified: 19 hydrophytes, 53 epiphytic 

diatoms, 99 macro-invertebrates and 5 filamentous genera of algae. The 

macro-invertebrates can be categorized as is shown in Table 3. The 

majority (110) of these 176 types of organisms were more ora less 

specific for one or a few sampling stations, the others (66) were 

omnipresent. This phenomenon is illustrated in Table 4. In Table 5 the 
occurrence of aquatic organisms at the different sampling locations is 

shown. 

Table 3 Number of species per subgroup of macro-invertebrates 

Subgroup (larvae of) 

Diptera : flies, mosquitos, midges 

Trichoptera : caddis-flies 

Ephemeroptera : mayflies 

Anisopteralzygoptera : dragon fliesldamsel flies 

Hemiptera : water bugs 

Coleoptera : water-beetles 

Hydrachnellae : water-mites 

Hirudinea : leeches 

Moilusca : clams, mussels, snails 

Crustaceae : water-fleas etc .  

Restgroup : worms etc .  

Number of species found 

15 

5 

3 

5 

10 

25 

7 

3 

6 

4 

6 



319 

Table 4 Occurrence of aquatic organisms at the sampling locations 

total number 

of species 

number of species at sampling locations 

E1 82 E3 B4 E5 86 51 52 53 S4 55 56 

macrophytes 19 13 9 9 9 8 8 13 10 12 11 13 10 

filamentous algae 5 4 1 3  6 1 2 3 3 3 3  3 0  

epiphytrc diatoms 53 32 34 28 32 29 31 33 29 34 36 40 33 

macro-invertebrates 99 61 36 47 46 54 55 63 52 54 51 50 31 

Total 176 110 80 87 91 92 96 112 94 103 101 106 74 

Table 5 Occurrence of aquatic organisms in relation to the presence 

of storm sewer outlets 

number of species 
T 0 R I : speciesnot or species, abundant 

rarely found at near storm sewer 
storm sewer outlets outlets 

macrophytes 19 16 1 2 : Lemna minor 
Myriophyllum spicatum 

filamentous algae 5 1 3 1 : Vaucheria sp. 

eprphytic diatoms 53 21 24 8 : Amphora otalis NiLzschla palea 
Epithemra sorex Gomphonema par! ulum 
Eprthemia zebra 
Nabicula radiosa 
Nasrcula srmplex 
Nrtzschia amphrbia 

macro-rn~ertebrates 
P : Planarra 
T = Trrchoptera 
E = Ephemeroptera 
Z = Zygoptera 
H = Hemrptera 
C = Coleoptera 
M . Mollusca 
D 5 Diptera 
W = Worms 

99 28 57 l4 : Dugesra Iugubrrs (P) Chaoborus obscurrpes (0) 
Holocentropus picrcornrs (T) Chrronomus plumosus (D) 
Mystacides longicornrs (T) Gloss~phon~a complanata (H) 
Oecetis Furva (T) Culex piprens (D) 
Caenrs horarra (E) Lumbrrculrdae (W) 
Lestes virrdis (Z) 
Notonecta lutea (H) 
Halrplus obllquus (C) 
Planorbis albus (M) 

T = total 

0 = omnipresent 

R = randomly present 

I = indicators 



4 Discussion 

The physico-chemical results are listed by Roos and Uunk (in press) 

and indicate that : 

- there are no direct adverse effects of the storm sewer outlets on 
the oxygen balance of the canal water; 

- indirect adverse effects are merely found in eutrofication 

stimulating activity; 

- pollution of the underwater sediments is significant in the vicinity 
of the storm sewer outlets (phosphorus, some heavy metals and 

PCB'S). 

The biological results show that in general the canals can be 

classified as - M mesosaprobic, based on species composition. This 

is the most common saprobic state for Dutch eutrofic polderwaters, and 

indicates a light to moderate input of allochthonous organic matter 

(Caspers & Karbe, 1967) besides high nutrients-input. 

Of the 176 (groups of) organisms identified, 76 could be classified as 

discriminative for a distinct saprobic state. In particular some 

Molluscs, Diptera, Hirudinea, Trichoptera and epiphytic diatoms were 

indicative. 

The distribution of these discriminative organisms was: 

- indicating slight organic input ( /31nesosaprobic) : 50% 

- indicating moderate organic input ( dmesosaprobic) : 35% 

- indicating almost no organic input (oligosaprobic) : 15% 

As is shown in Table 5, there are limited but distinct differences in 

species composition in the vicinity of the storm sewer outlets. This 

is quite remarkable, considering the low pollution level of the 

stormwater runoff in this study area. In particular some Diptera, 

Trichoptera and epiphytic diatoms were indicative for changes in the 

ecosystem. Species abundant near the storm sewer outlets are for the 

larger part (70%) indicators of the more polluted lnesosaprobic 

state. 



Species that are listed as not or rarely found near outlets 

represent the more undisturbed /?-mesosaprobic state. An exemption to 

the above mentioned finding was sampling site 55, where species 

indicating the less polluted /3 lnesosaprobic state were even more 

abundant than at the other sites in the Schouw area. A closer 
investigation of the runoff area showed that only relatively 

unpolluted runoff from tennis courts was received in the S5 outlet. 

This illustrates the sensitivity of the aquatic ecosystem. 

The highest species diversity of all sites was found at sites S1 and 

B1, which were not influenced by storm sewer discharges. In S6, 

however, the diversity was quite low. Wind-induced turbulence of the 

water and a finely textured clayey underwater sediment resulted in a 

high turbidity and poor conditions for hydrophytes and therefore also 

for the hydrophyte -related macro-invertebrates. Despite this low 

diversity of organisms, the species present at S6 were indicative for 

the p -saprobic state, the same as at S1 and B1. 
Though situated upstream from a storm sewer outlet, site B2 shows a 

poor water quality. B2 is situated near a dead end of the canal, 

receiving accumulating duckweed and floating debris. Here, the 

stagnant conditions and covering of the water surface cause 

deterioration of the water quality and reduction of the available 

habitats for aquatic organisms. 

5 Conclusions 

In Lelystad, the storm sewer discharges cause a limited but 

significant disturbance in the species composition of the aquatic 

community in the receiving urban canals. 

This is a remarkable phenomenon as the degree of pollution in runoff 

from these areas is reduced to a minimum. 

Biological water quality assessment is a useful and sensitive 

instrument in assessing the impact of stormwater runoff. 

As opposed to most hydrophytes, water-beetles and water-mites, some 

of the Diptera, Trichoptera and several epiphytic diatoms were 

particularly indicative for the saprobic state of the water. 



In general, the canal water has a eutrofic and /3 - a  lnesosaprobic 

character indicating an ample supply of allochthonous organic matter. 

In the vicinity of storm sewer outlets, the water tends to the more 

polluted lnesosaprobic state, indicated by a shift in species 

composition. 

Dead ends result in' poor water quality and from a water quality 

management point of view, should be avoided as much as possible. 
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Abstract 

In the Netherlands, sewage water is often treated on a regional basis. 

In case of combined systems that are spread within a large region of 

several hundreds of square kilometers, reduction of the hydraulic ca- 

pacity of the regional treatment plant seems possible, because of 

space-time variations in rainfall. 

1 Introduction 

In the Netherlands, sewage water, is usually treated on a regional 

basis by sewage treatment plants, that serve a number of combined sew- 

age systems, spread within the region. Only a minor part of such re- 

gions consists of impervious area contributing to flow in combined 

sewage systems. In designing the regional treatment plant, the common 

design procedure is to set its hydraulic capacity equal to the sum of 

discharge capacities of the contributing sewage systems. In case of 

combined systems spread within a large area, however, it seems worth- 

while to investigate the possibility of reduction in design capacity of 

the regional treatment plant, because of space-time variations in rain- 

fall. 

Space-time variations in rainfall and its effects on the hydraulic 



capacity of the regional sewage transport system and treatment plant 

are studied in the region of West-Brabant (450 km2). In this region, 

rainfall is measured by nine recorders. Other components of the water- 

balance of the regional sewage transport system are measured as well. 

2 Waterbalance of the regional collection system 

For time interval j and combined sewage system i, the waterbalance 

reads : 

where 

Q : discharge to regional treatment plant 

c : runoff coefficient for impervious area (c may be time-dependent) 

At: size of impervious area 
h 

XA(i,j): estimated areal rainfall over combined sewage system i 

0 : overflow 

S : storage 

F : estimated dry weather flow 

Q,: discharge to sewage system from "upstream" system(s) 

In Equation 1, Ai and total available storage S are known, Q is being 
A 

measured, F has been estimated from measurements of Q during long dry 
A 

periods, and XA is the estimate of areal rainfall by IRF-0 block- 

kriging . 

The waterbalance (Equation 1) has been analysed for 37 rainfall events. 

These events occurred during the period July '83 to October '85, and 

have been selected by means of a peaks-over-threshold method. The rain- 

fall events have been discussed in Witter (1986). It appears that with- 

out any monitoring and control of sewage flow to the collection system, 

there is already some reduction because of the variability of rainfall. 

In Cusell (1985) two rainfall events have been extensively evaluated. 



For those events it was concluded that both a local control policy, 

(reduction of local pump capacities at the start of an overflow) and a 

regional policy (reduction of local pump capacities in order to keep 

XiQ(i,j) below some threshold level) could have resulted in a reduction 

of XiQ(i,j) by 20%. However, without special provisions such as reten- 

tion reservoirs, this would have resulted in an increase of the volume 

of overflows by 5-10% of total discharge, XjXiQ(i,j), for that event to 

the treatment plant. 

The poster that will be presented at the Conference on "Urban storm 

water quality and effects upon receiving waters" will give information 

on the selected rainfalls, and will demonstrate and evaluate some con- 

trol policies of the regional collection system in terms of (i) possi- 

ble reduction of hydraulic capacity of treatment plant, (ii) conse- 

quences on number and volume of overflows, (iii) costs. 
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Abstract 

The object of this study is to produce practical directives, which 

should be applied by sewerage authorities who intend to disconnect 

specific paved surfaces or roofs from the combined sewerage system. 

An inventory of experiences in the Netherlands in separating the runoff 

from paved areas and roofs was made. Many roofs and paved areas have 

already been disconnected. 

Up to now there have been reported very few analyses of stormwater 

runoff from specific paved areas in the Netherlands. 

It is determined that a number of gaps in knowledge need to be filled. 

Further investigations have started in april 1986. 

1 Introduction 

In the Netherlands most of the sewerage systems are combined systems; 

they collect and transport the rainfall runoff from paved areas and 

roofs as well as the wastewater. 

During the last decennia the amount of paved areas and roofs is 

increasing. This has negative consequences for the hydraulic loading 

rate of the sewerage systems and wastewater treatment plants, and in 

consequence for the surface water quality. 

Disconnection of the flow from certain paved areas and roofs is a 

possible solution for this problem. The stormwater runoff is then 

discharged separately to surface water or is infiltrated. 



2 The rainfall runoff from specific surfaces 

There is a vast number of factors which influences the quality of 

rainfall runoff from paved areas and roofs. 

Most important are: -the length of the preceding dry weather period; 

-the quality, quantity and intensity of the atmospheric deposition; 

-the types, the function, the age and the intensity of use of the paved 

areas and roofs. 

Substantial variations may exist from site to site, seasonally at a 

given site and even within a single storm event. 

Until1 now there have been reported very few analyses of stormwater 

runoff from specific paved areas in the Netherlands. 

Stormwater quality does not always meet the water quality requirements, 

for example 

. the corrosion of galvanized steel in drain ~ipes, gutters, and 
fences can be a source of (sometimes problematic) high zinc 

concentrations in the stormwater runoff. 

. the sediment collected by runoff from asphalt roads contains high 

concentrations of polycyclic aromatic hydrocarbons (PCA) and heavy 

metals produced by vehicular traffic. 

. loading and unloading of certain materials, for example meal, diary 

products, can lead to an increase in the organic matter concentration 

in stormwater runoff. 

3 Inventory of experience in disconnecting paved 

areas and roofs 

An inventory of experience in the Netherlands was made by interviewing 

seven water quality authorities and nine municipal authorities 

(sewerage-system authorities). The most important reason for the 

municipalities to separate paved area runoff are the quantity require- 

ments set by the water quality managers for the sewer system. Many roofs 

and paved areas are already kept separate. Only very few storm runoff 

samples have been analyzed for water quality. The effects on the 

recipient water quality has not been considered by the authorities. 



4 Research needs 

A number of gaps in knowledge needs to be filled before practical 

guide-lines can be given on the separation of runoff from paved areas 

and roofs from combined sewer systems. In this respect the most 

important topics are an extensive and systematic sampling program of 

stormwater runoff from specific types of paved areas and roofs in the 

Netherlands and an inventory and assessment of simple separation 

techniques. 

The second phase of the study started in april 1986. The following 

sampling program and analysis are planned: after this, flow weighted 

samples will be collected for the most important surfaces. 

land use surf ace analysis 1 ) 

type number 

residential roofs heavy metals 

streets EOC1, PCA, 

parking-places 4 oil, BOD, 

market-places 2 Nkj 

industrial 

- with organic micro- - 10 EOX, PCA 

pollutants 

- with heavy metals - 10 heavy metals 

- with organic macro- - 5 BOD, Nkj 

components 

l) only the most frequently measured components are noted 
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Abstract 

The french investigation method to evaluate urban storm water quality 
by experimental catchments has been tested. The resul ts  obtained en- 
abled us to define the constraints and the limits of any urban runoff 

study. 

1 Introduction 

One of the most important problems encountered by swiss towns that  have 
been equiped a long time ago with sewage systems i s  the overloading of 
combined sewers and wastewater treatment plants in rainy periods. 

The eventual changing of sewer networks into separate systems in bui l t -  
up areas, and the possibi l i ty  of t reat ing the urban stormwater runoff 
are discussed; the considerable expense involved in such work requires 
serious cost/benefi t studies.  

Information about p01 lution load in urban runoff i s  needed; but the 
differences in the resul ts  of many studies carried out a l l  over the 
world i l l u s t r a t e  the d i f f icu l t ies  in applying them to another situation. 

And thus, everytime important work i s  planned, measurements and samp- 
lings are required. 



2 Aims of the study 

As Federal Ins t i tu te  of Research and Teaching, our main aim has been t o  
make available to  the interested public bodies, a method of investiga- 
tion for  evalution "in s i tu"  of urban storm water quality.  To do t h i s ,  
we have carried out a bibliographic study, chosen the most suitable 
method suggested by the documentation then tested i t  under real condi- 

t ions. The resul ts  obtained enabled the method to be corrected, and to 
define the i r  constraints and the i r  limits. 

As well we have added a s c i en t i f i c  aim to the teaching one and t ry  to  
understand bet ter  the pollution mechanisms of runoff water using the 
accumulated information. 

3 Method 

The selected method was developped in France and described by Hemain 
(1981 ) and Ranchet and Deutch (1982); i t  consists in choosing and equi- 
ping some experimental catchments and in calculating the p01 lution load 
of runoff water a t  the i r  out lets .  The studies of Gl t t l e  (1978) and 
Gutteridge, Haskins and a1 (1981 ) helped us to  define the characteris- 
t i c s  of the experimental catchments. The sampling and flow measurement 
problems in separate storm drainage have been resolved thanks to  

Grange (1982), Gros (1982), De Heer, Holenweg and a1 (1984). 

In our testing we measured and analysed as many different  parameters as 
possible, t o  describe the rain events and the outcome runoff. 

3.1 Selection and equiping of catchments 
TWO experimental catchments near the c i ty  of Lausanne and the Geneva 
Lake have been used as studies,  both with an area of approximately 6 ha, 
one in a residential town (bungalows or small 2-3 storeyed buldings) 
and the other in the suburbs ( large 5-10 storeyed buldings). 

The following c r i t e r i a  determined the selection of the catchments . 



- impervious surface larger than 30 % of the catchment, 
- uniform ground occupation, 
- no defini te  source of atmospheric pollution in the surroundings, 
- separate storm drainage system. 

The equipment of the catchments was : 
- raingauge, 
- water level recording equi pment. 
- three automatic samplers (one of them i s  specially equiped to 

a i  crop01 l utants study) with 24 bottel s each, 
- threshold swi tch-on mechanisms, 
- "chronologue" : equipment to  record the s tar t ing time of sampling. 

3.2 Regulation of the equipment, measurement, sampling and 
analysis. 

The water level equiprnents were s e t  t o  measure the level every minute. 
P t  the measuring section, the relationship between level and flow were 

obtained by chemical ganging (using the dilution method). 
The automatic samplers and thresh01 d swi tch-on mechanisms were regulated 
a f t e r  study of : 

- the water level variations in the sewers for  some rainy periods, 

- the s t a t i s t i c a l  re1 ationship duration/frequency of the rain from 

1985 to 1980. 
The f i l l ed  bottels were grouped t o  form the samples, taking into account 
the evaluation on the discharge of runoff water. 

18 pollutants were analysed, systematically or  occasionnally (several 
compounds of nitrogen and phosphorus, suspended sol ids ,  COD,  DOC, seve- 
ral heavy metals, hydrocarbons and other organic micropol lutants ,  . . . ) 

4 Comments 

The quality of a runoff event was described by total  load and time- 
variations of each pollutants. The most significant sources of impre- 

cisions were quantified. The biggest problem was encountered in gauging 

of measurement sections and maintenance of measurement equipement in 
rainy periods. 
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Abstract 

Improved overflows are at present mainly applied in combined sewerage 

systems in the United Kingdom to reduce the pollutant load on surface 

waters. The applicability of improved overflows in the Netherlands has 

been investigated. In a first phase an inventory has been made of 

various types of improved overflows. In a second phase the performance 

of one selected type i.e. the high side weir chamber, will be tested 

under field conditions. 

1 Introduction 

In 1982 the Netherlands National Research Committee on Sewerage and 

Water Quality has been established. Main study object of this Commit- 

tee is the influence of stormwater overflows on the quality of the 

receiving waters. The research programme is divided into 11 themes, 

one of which is: the efficiency of overflow devices with respect to 

the reduction of the pollutant load on receiving waters. Within this 

framework a study has been performed by BKH consulting engineers on 

the applicability of improved overflows in the Netherlands. 



2 Improved overflows 

Main objective of improved overflows in a combined sewerage system is 

to reduce the pollutant load. This reduction mainly consists of a 

decreased spill of suspended solids as a result of an improved lay-out 

of the overflow chambar. The processes involved are sedimentation and 

flotation. Choosing the optimal dimensions, the overflow chamber works 

as a stilling chamber. In case of a vortex overflow an additional ad- 

vantage is the ability of vortex motion to separate settleable solids. 

In a literature survey an inventory of the types of improved overflows 

has been made. From the literature it can be concluded that improved 

overflows are mainly applied in the United Kingdom. Visits have been 

paid to research institutes and municipal maintenance departments in 

the United Kingdom to exchange views on the improved overflows. 

3 Applicability in The Netherlands 

3.1 Differences in sewerage systems 

The effect of improved overflows is highly dependent on the specific 

characteristics of a sewerage system. Main differences in characte- 

ristics of sewerage systems in the Netherlands compared with those in 

the United Kingdom are: 

- a mesh structure of the sewerage systems instead of a tree struc- 

ture; 

- relatively large sewers and low fall; 

- a pump is used to transport the sewage to a treatment plant instead 

of transport by gravity; 

- overflows are preferably situated in the upper part of the sewerage 

system and therefore no throughflow occurs; 

- during an overflow situation the sewers are filled completely; 

- relatively many overflows, low overflow discharge, low overflow 

frequency and low total discharge are typical for the situation in 

the Netherlands; 

- a pronounced first foul flush does not always occur. 



These items have been discussed with the researchers in the United 

Kingdom. It was concluded that the differences should lead to an 

overall positive effect on the performance of an improved overflow in 

the Netherlands. However research is needed to determine the optimal 

dimensions of the improved overflow in the Netherlands. 

3.2 Selection of the most suitable 

improved overflows 

The most suitable improves overflows have been defined on the basis of 

several criteria. The selection procedure is presented in table 1. 

Table 1 Evaluative matrix of the selection procedure 

= very positive 

+ = positive 
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For the circumstances in the Netherlands the high side weir chamber, 

the stilling pond and the stilling pond with siphon overflow are the 

most suitable. The vortex overflow with peripheral spill, the high 

side weir chamber incorporating storage and the shaft overflow are 

still in the design stage but the characteristics of these overflows 

with respect to separating efficiency, sensivity and reliability are 

very promising. 

Comparison of the selected improved 

overflows with a conventional overflow 

chamber 

To get an impression of the costs of the selected improved overflow 

structures compared with the costs for a conventional overflow chamber 

designs have been made for a representative situation in the 

Netherlands. The cost-accounting has a global and indicative charac- 

ter. The results are summarized in table 2. 

Table 2 Capital costs and volume of overflow chambers 

5 Conclusions and recommendations 

volume of overflow 
chamber (X) 

350 

500 

500 

100 

high side weir chamber 

stilling pond 

stilling pond with siphon 
overflow 

conventional overflow 
chamber 

The circumstances in the Netherlands compared to those in the United 

Kingdom seem to have a positive effect on the performance of improved 

overflows. To ascertain this, research is needed. 

capital costs 
(X> 

175 

190 

230 

100 



As the high side weir chamber is the cheapest improved overflow and is 

widely applicable, it is recommended to start research for this type. 

To gain more insight in the effect of the high side weir chamber on 

the reduction of the pollutant load on receiving waters, a field study 

has to be carried out followed by research at a laboratory scale. This 

should result in design criteria for the situation in the Netherlands. 

Notes 

Preparations for the field study have been made. The high side weir 

chamber has been designed based on the British design rules and is 

being constructed in Rotterdam. 
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Abstract 

Minimum quality standards of surface water receiving storm water dis- 

charges in Amstel- en Gooiland are met only in a minority of the inves- 

tigated locations. Sewer storage capacity does not seem to keep up with 

growth of waste water supply. In sewer construction rules are handled to 

estimate allowable storm water discharge frequency. Predictive models to 

estimate DO indicate that these rules do notgarantee acceptable 

transient water quality conditions during a storm water discharge. 

1 Introduction 

Anticipating the water quality management plan 1986-1991 an investiga- 

tion program was started in 1984 to evaluate the effect of storm water 

discharges on the quality of receiving water. The program is focused on 

urban canal-pond systems. A regional system of reservoirs for super- 

fluous polder water is included in the project. 

Investigation objectives are to determine whether : 

- standing water quality conditions meet the minimum water quality 

standards (VROM/V&U, 1985) ; 

- higher water quality aspirations will be in conflict with the 

licensed storm water discharge frequency (3 - 10 times a year) ; 
- urban water quality management needs adjustement. 

In this communication preliminary results and possible management 

alternatives are presented. 



2 Investigation 

Knowledge of surface water receiving urban storm water discharges in 

Amstel- en Gooiland is rather poor. The decision has been taken to set 

up a reduced monitoring program allowing a greater number of locations 

to be examined. The collected data are processed and interpreted with 

the experience obtained in other investigations on this subject, 

especially regarding storm water discharge quality. In the subjoined 

table a general outline of the investigation is presented. 

General data Xonitoring data * 

Size of the catchment area Temperature, pH, Eh, 

Constitution of the catchment area Conductivity, Chloride 

(industrial/residential, paved/ 

unpaved, terrain slopes) 

Sewer system (combined/seperate, 

pumping capacity/frequency, 

storage capacity) 

Dry weather flow 

Rainfall 

Licensed and theoretical storm 

water discharge 

Transparency, Suspended solids 

BOD , 02, Chlorophyl -a 
Phytoplankton composition 

NH -N, N02,3-N, Kj-N 
4 

Or tho -P, Total-P 

As, Cd, Cr, Cu, Hg, Ni, Pb, Zn 

PCA, PCB, Pesticides, Phenol 

E.coli (bacteriological indicator) 

Storm water discharge f-equency/ 

duration (automatic registration) 

* Surface water sampling frequency once a month: 

Sediment sampling once during the investigation. 

For some of the investigated systems predictive models are used with 

regard to the quantification of storm water discharge pollution and the 

oxygen depletion in waste receiving surface water. 

3 Results and discussion 

Standing water quality conditions only meet the minimum water quality 

standards at locations with a seperate sewer system. The observed storm 



water discharge frequencies in almost all cases are higher than the 

licensed discharge frequencies. Theoretically computed average discharge 

frequencies based on actual sewer storage capacity and waste water 

supply, agree fairly well with the observed frequencies. Sewer storage 

capacity therefore does not seem to keep up with growth of waste water 

supply. The pollution of surface water receiving storm water discharge 

is mainly determined by the parameters BOD, 02,  total-N, total-P and to 

a lesser degree by the parameters NH4-N, PCA and phenol. Sediment can 

always be qualified as rnoderacely to seriously polluted (VROI, 1983). 

Zflodel calculations used to estimate acceptable storm water discharge 

frequencies indicate that rules handled to determine acceptable storm 

water discharge frequencies in sewer construction do not garantee 

acceptable water quality conditions (Verstraelen et al., in prep.). 

4 Possible management alternatives 

The most obvious measure to be taken in order to meet water quality 

standards is to limit the amount of storm water discharges into recei- 

ving surface water. Sometimes this can be achieved by simply altering 

the sewage pumping regime during periods of rainfall. However, often it 

involves enlarging sewer storage capacity. Economic alternatives in 

consideration are: 

- flushing during periods of heavy rainfall; 

- enlarging and/or deepeningof urban waters; 

- installation of tanks for waste water storage; 

- transposition of storm water discharge: 

- artificial aeration. 
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Abstract 

A programme of research which seeks to establish techniques for the 
effective management of river quality in the U.K. is described. The 

initial phases of the programme are concerned with the impact of 

combined sewer overflows on receiving streams; work is currently under 

way to quantify overflow impacts and to develop appropriate sewer and 

river quality modelling techniques. 

1 Introduction 

This programme has been established to review, and where possible 

fulfil, the needs of the Water Industry to effectively manage the 

quality of rivers in the U.K. Early phases of the programme are 

concerned with the impact of combined sewer discharges on receiving 

streams, which has been defined as an area of major concern in many 

regions of England. Concurrently, the more wide-ranging problems 

associated with river quality management are being reviewed with the 

objective of identifying modules of work which will be necessary in the 

longer term. The growing agricultural pollution problem, the 

significance of pollution "incidents" and the problems of effective 

consent setting for all types of discharges are likely areas for future 

consideration. This note restricts itself to describing the objectives, 

targets and benefits to be derived from the short-term programme of 

sewerage impact research which is currently in hand. 



2 Definition of the problem 

There are in excess of 3500km of rivers in England and Wales that are 

classified as being of poor to bad quality in terms of their chemical 

composition and the uses that can be made of them"). The effect of 

discharges from storm sewage overflows (SSOs) on combined sewer systems 

has been identified as a major contributory cause of this situation. It 

has been e~timated'~' that there are some 10000 to 12000 SSOs in England 

and Wales and that by any reasonable standards approximately 40% may be 

regarded as unsatisfactory. Clearly then the problem is extensive, 

although it tends to be concentrated in the north of England. One 

Regional Water Authority serving part of the north has estimated that 

expenditure of £3700 millions is necessary to attain acceptable 

standards for all its inland surface waters. Of this figure some £1500 

millions is directed towards the rehabilitation of sewer systems causing 

pollution. Thus the problem is of major importance to the future funding 

requirements of the U.K. Water Industry. 

3 Present practice 

In recent years SSOs have frequently been designed to "Formula A", a 

criteria devised by the Technical Committee on Storm ~verflows'~) which 

is dependent on the dry weather flow, contributing population and 

industrial inputs. Such criteria approach the subject from the point of 

view of the sewerage system, potentially to the detriment of the 

receiving stream. 

The Sewerage Rehabilitation ~anual'~), whilst recognising the 

shortcomings of existing methodology in this area, was unable to offer 

any major advances to aid the effective rehabilitation of sewer system 

causing pollution. A more recent update of this Manual (published in 

April 1986) has embodied the preliminary output of the RBM programme and 

sets out an interim procedure to establish rather more rational criteria 

for SS0 design. 

4 Needs for the future 

The vast majority of conurbations in the U.K. are served by sewer 

systems which are to some degree combined in character. Financial 

constraints on sewerage expenditure are such that these systems are 



likely to remain in service for the foreseeable future. Hence, the bulk 

of future expenditure will be directed towards rehabilitation of 

existing systems rather than towards major reconstruction works. This 

means that a methodology is required to enable realistic criteria for 

the setting of SSOs to be established and to allow design of engineering 

works which attain these criteria. 

Four elements have been identified where improved tools are required to 

enable these objectives to be fulfilled: 

(i Appropriate rainfall inputs to sewer flow simulation models, 
(ii) A sewer flow quality model, 

(iii) A river impact model, 

(iv) A comprehensive receiving water quality classification 
system. 

Considering each element in detail: 

4.1 Rainfall inputs 

The use of design storms is only appropriate to the design of works 

where peak rate of flow is important. New sewer construction falls into 

this category. In looking at the performance of SSOs, the volume, 

frequency and duration of storm events is of interest. Hence a "time 

seriesv of historic storms has been synthesised which represents the 

complete spectrum of rainfall events occurring over a period of time. 

At present the series is rather crude but further development will 

enhance the statistical validity of the tool. 

4.2 Sewer flow quality model 

WASSP-SIM is the most widely used sewer flow quantity simulation 

programme in the U.K. Hydraulic Research (the authors of WASSP-SIM) 

have been contracted by the Department of Environment to develop, in 

collaboration with WRc, a complementary quality modelling capability for 

this programme. 

4.3 River impact model 

The effect of SS0 discharges which is of most immediate concern is that 

of the short term impact in terms of DO sag and toxics. Hence the 

immediate program is intended to develop a river impact model which 

simply looks at the implications of an SS0 discharge on the reach of 

river immediately below the discharge point. More comprehensive and 

sophisticated models may follow in the future. 



4.4 Receiving water quality standards 

Existing water quality classification systems(4) are based on 

statistical compliance of routinely taken samples. Such an approach is 

not appropriate to consideration of the impact of SS0 discharges. A 

more comprehensive framework which considers the short term pollution 

effects of intermittent discharges is required. Present activity is 

directed towards the gathering of existing knowledge in this area and 

the setting of preliminary standards. Subsequent research will fill the 

gaps which are identified by the current review. 

5 Conclusion 

A great deal of data collection and fundamental research is required to 

enable the targets that have been described to be produced. Much of 

this activity is currently in hand and, in addition to feeding into the 

overall programme, these activities are frequently providing much useful 

flspin-off" information and knowledge. The bulk of the data gathering 

activity for the programme is being handled by the University of 

Manchester under the guidance of Dr A J Saul. The three papers 

presented to this conference by K Howard, L Pearson and R Thornton (in 

co-authorship with Dr Saul) are examples of the benefits that are being 

derived in understanding the fundamental performance of combined sewer 

systems and their interaction with rivers. 

It is anticipated that the programme of research outlined in this note 

will be completed in approximately 3 years. At this time the products 

which have been described will be available to the U.K. Water Industry 

and the wider areas of RBM will be addressed. 
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