Obtaining a clear view:
Sediment dynamics of river de Dommel
and the possible consequences of
suspended solids on the underwater
light climate

Obtaining a clear view | Thesis L. Brouwer

Lineke Brouwer (brouwer.lineke@gmail.com)
871112134100
November 2012

M.Sc. thesis
Aquatic Ecology and Water Quality Management Group
Report no. 022/2012
WAGENINGEN UNIVERSITY

Supervisor(s): Dr. Ir. J.J.M de Klein, Dr. Ir. E.T.H.M. Peeters

DATA FOR INTERNAL USE ONLY
EXTERNAL USE OF DATA IS ONLY PERMITTED WITH CONSENT OF THE SUPERVISOR

2

Obtaining a clear view | Thesis L. Brouwer

Abstract
The Dommel is a mid-sized river located in Brabant, the Netherlands. During the past decades
concentrations of Suspended Solids (SS) are discharged by Combined Sewer Overflows (CSO’s) and
the rain water buffer tank of the Waste Water Treatment Plant (WWTP) in Eindhoven into the
Dommel. Eventually, this long term input of SS can contribute to a poor chemical and ecological
status of the river. The impact of SS could lead to negative effects on benthic community and fish
community by change in habitat structures, increased drift rates and clogging of respiration
structures. High levels of SS could lead to macrophyte growth limitation by reduced underwater light
conditions. On average Suspended Solid Concentration (SSC) is around 15 mg/l; during periods of
heavy precipitation and CSO events SSC might even increase up to 150 mg/l. To investigate the
sediment- and suspended solid dynamics of river the Dommel and the influence of SSC on the
underwater light climate of the Dommel, a modeling study was conducted.
The sediment- and suspended solid model was designed in Duflow and supported by a field
campaign and literature study. Simulation was done for the period of September 2009 till September
2010. For most parts of the Dommel the measured suspended solid concentrations were simulated
reasonably well. In Eindhoven a net sedimentation flux was found; for the sections Borkel en Schaft –
Eindhoven and Eindhoven – Sint Oedenrode a net resuspension flux was simulated. During a small
CSO event, SSC increase in the river was mainly caused by the CSO. During a large CSO event, SSC
increase in the water column was predominantly caused by resuspension of the river bed sediment
due to high river discharge.
It was found that during periods of high flow in winter, the influence of CSO events on the SSC was
absent or small. During summer measured SSC increase was caused by input of SS originating from
CSO events and not from river bed resuspension: stream velocity was too low to cause resuspension.
Settling and resuspension of suspended solids discharged by the CSO’s were in general in balance
throughout the year. This means that most suspended solids originating from the CSO’s were
transported to downstream areas.
The influence of suspended solids on the underwater light climate was investigated by analyzing long
term Secchi-depth and SSC data. For most monitoring sites in the Dommel, a clear relation exists
between measured SSC and inverse Secchi-depth (turbidity). Underwater light climate of the
Dommel is thus affected by SS. Furthermore, it was found that during winter the Dommel turbidity
can increase significantly due to increased SSC. However, because macrophyte growth usually peaks
in spring and summer, high water turbidity in winter is of less ecological relevance. In summer light
was in general not found to be a limiting factor for macrophyte growth. However, it was found during
model simulation that during periods of heavy precipitation and CSO events turbidity levels can
increase significantly and light could become a limiting factor for macrophyte growth.
Summarizing, this research shows that SSC and transparency in the Dommel are highly dynamic, and
the effect of CSO’s is rather small compared to resuspension of river bed sediment during high
discharges.
Keywords: suspended solids, SSC, CSO’s, Dommel, macrophyte growth, underwater light climate,
sediment dynamics, sediment model
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1. Introduction
1.1

Background

The Dommel is a lowland river located in East-Brabant, which region is characterized by
increasing urban pressure and intensive farming. In the present situation, the chemical and ecological
quality status of the Dommel scores moderately to poor according to the Water Framework Directive
(WFD) standards. Main causes are the prolonged enrichment of the Dommel with organic matter,
suspended solid concentration (SSC), nitrogen and phosphorus (eutrophication) from the WWTP
effluent and increased concentrations of organic matter, NH4-N and SSC during heavy rain events.
These peak discharges are caused by Combined Sewer Overflows (CSO’s) (figure 1.1) and the
overflow of the Waste Water Treatment Plant (WWTP) in Eindhoven.

Figure 1.1: Illustration of an active CSO during rainfall. (Source: http://greenlearningstation.org)

If rainwater delivery exceeds storage capacity of the sewage system, waste water will be directly
discharged on the Dommel. In some cases extra retention capacity is created to prevent direct
discharge on the water system. The WWTP in Eindhoven makes use of such a retention system: the
rainwater buffer tank. Unfortunately the capacity is in some cases not enough and waste water from
the WWTP is immediately discharged on the Dommel. As a consequence of these overflow events,
periods of oxygen depletion (figure 1.2), toxicity by increased NH4-N concentrations (figure 1.3) and
increased SSC are measured during and after heavy rain events (Van de Graaf 2011).
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Figure 1.2: Measured oxygen concentration (red) and temperature (blue). Sint Oedenrode, june 2011. Source: van de
Graaf 2011

Figure 1.3: Measured NH4 concentration, downstream WWTP Eindhoven. Source: van de Graaf 2011

It is known that the chemical and biological water quality are negatively affected by CSO’s
(Pedersen and Perkins 1986; Seager and Abrahams 1990). Several chemical and physical impacts of
CSO events can be distinguished. The chemical impact is directly measurable by a decrease of oxygen
concentration caused by an increased BOD (Biological Oxygen Demand), NH4+ concentrations and
sediment oxygen demand (SOD) as a result of settled biodegradable layers upon the sediment.
Increased values of organic micro-pollutants, metal concentrations, pathogenic and fecal indicator
organisms are also recorded (Benoist and Lijklema 1990; Passerat, Ouattara et al. 2011). The physical
impacts of a CSO event are directly visible by increased flow velocity, discharge and SSC (turbidity).
To meet WFD standard of good ecological and chemical water status by 2015, water board
Dommel initiated project Kallisto. The aim of this project is to reach the goal of good water status in a
cost-effective way by reducing the emissions of nitrogen, phosphorus and suspended solids from the
CSO’s and the WWTP Eindhoven(Kallisto 2010; Van de Graaf 2011). Kallisto initiated already several
on-going studies to oxygen, nitrogen and phosphorus. This study focuses on the suspended solid
component and the possible consequences of suspended solids on the underwater light climate.
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1.2

SSC during heavy rain events

In the Dommel average SSC is approximately 15 mg/l. Suspended solid concentrations in the
range of 50 mg/l up to 90 mg/l are measured after heavy rain periods (data water board de
Dommel). SSC measured in the discharge of a CSO located in Eindhoven, showed even larger
concentration of SS (table 1.1). Also in the rainwater buffer tank of the WWTP Eindhoven increased
SSC can be found (table1.2). These SSC are often discharged with a frequency, timing and duration
different as in natural occurring processes. Stream organisms are mostly well adapted to withstand
natural occasional increases in SSC, but because of the irregular nature of CSO’s the capacity of biota
to withstand SSC could be surpassed and stream habitats can become degraded (Molinos and
Donohue 2009). After periods of heavy rain events, layers of settled sediment are visible on the
riverbanks of the Dommel (figure 1.4). These layers could harm the aquatic biota.
Table 1.1: SSC per CSO event, Vincent van de Heuvellaan (2007-2009)
Effluent CSO Vincent van de Heuvellaan, Eindhoven
Minimum
Maximum
Average
SSC (mg/l)
143
654
298
Q (m3) (per CSO
28
51.694
6.626
event)

Table 1.2: SSC per overflow rainwater buffer tank, WWTP Eindhoven (2010)
Effluent rainwater buffer tank,
Minimum
SSC (mg/l)
3.6
Q (m3) (per CSO
23.250
event)

WWTP Eindhoven
Maximum
Average
180
32
110.520
59.500

Figure 1.4: A thick layer of settled sediment covers aquatic vegetation in Sint Oedenrode ( December 2011).
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1.3

Study area

The Dommel is a stream located in the Eastern part of the province Noord-Brabant. Small
streams enter the Dommel upstream (figure 1.5). The source of river de Dommel is located at the
plateau of Kempen in Belgium. From this point the Dommel enters the Netherlands after 35 km,
nearby Borkel and Schaft, and continues its way via Eindhoven to ‘s-Hertogenbosch. In table 1.3 a
summary of hydrological characteristics, SSC and transparency of the Dommel is given. According to
WFD standards, the Dommel is partly classified as a “slow streaming brook on a sand bottom (R5)”
and as a “slow flowing middle course of a river system (R6)”(Van de Graaf 2011) .
The substrate and water column of the Dommel is rich in nutrients, which is reflected by the
aquatic vegetation present. Aquatic vegetation is not equally distributed along the Dommel. The river
course from the border of Belgium to Eindhoven is dominated by Potamogeton Pectinatus (Schede
fonteinkruid) and Cera tophyllum demersum (Hoornblad). Species like Sagittaria sagittifolia
(Pijlkruid), and Glyceria maxima (Liesgras) are found, but not in large numbers. The river course from
Eindhoven to Boxtel is characterized by riverbanks overgrown by Sagittaria sagittifolia, Glyceria
maxima and Glyceria fluitans (Mannagras). Between branches of these plants species of Elodea
(Waterpest) , Cera demersum (Hoornblad) and Myriophyllum spicatum (Aarvederkruid) can be
found. In the middle of the streambed a ‘gully’ can be found were no vegetation is present (personal
communication M. Scheepens water board de Dommel).

Table 1.3: Summary of hydrological characteristics, SSC and transparency of river de Dommel
Variable

Unit

Total or
range
Total: 120

Average

Length

km

Depth
Width
Flow velocity

m
m
m/s

1.5-2.5
10 - 15
0.19 – 0.65
0.12 – 0.38
0.34 – 0.64

2
12.5
0.35
0.31
0.53

Suspended solid
concentration

mg/l

1 – 50
1 – 63
1 – 70

15.30
12.68
13.49

Transparency

cm

30 - 150
20 - 130
40 - 160

71.5
69.8
82

Morphological
gradient

m/km

Additional information
85 km located in The
Netherlands

0.30

8

point 240011
point 243010
point 240021
period: 9-2009 up to 8-2010
point 240011
point 243010
point 240021
years: 2000-2011
point 240011
point 243010
point 240021
years: 2000-2011
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Figure 1.5 Map of study area with river Dommel and side streams.
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1.4

Objective

The main objective of this research is to provide more insight in sediment- and suspended
solids dynamics of river the Dommel. This will lead to a better understanding of the factors affecting
the ecological and chemical status of the river. Data of suspended solid concentration and
transparency are available, but only on a coarse spatial and temporal resolution (monthly). These
data do not reflect the changes of sediment dynamics during and after CSO’s. Therefore a dynamic
sediment- and suspended solid transport model is designed. The model will provide information
about sediment dynamics, areas of net sedimentation or net resuspension, estimates of suspended
solid concentrations, reveal sediment dynamics after a CSO event and provide more insight in the
turbidity variability of river de Dommel.
Second objective is to analyze the SSC in relation to light attenuation and macrophyte
growth. If light attenuation is mainly caused by suspended solids, it could be argued that growth of
submersed macrophytes is light limited by SSC.
Because of the short time spam of this research, no further attention is given to the effects of
suspended solids on the benthic macro invertebrate and fish community. However, a small literature
study (chapter 2) is conducted to underline the possible consequences of high SSC levels on the
aquatic environment.
Above objectives are subdivided into the following research questions:







What are the sediment and suspended solid characteristics of river the Dommel?
Are turbidity and suspended solid concentration related in the Dommel?
Is the growth of submerged macrophytes in the Dommel limited by turbidity?
Where are areas of sedimentation and resuspension located in the study area?
What is the short term influence of a CSO event on the suspended solid concentration?
What is the long term influence of a CSO event on the suspended solid concentration?

Above questions are answered making use of:
 Literature study
 Data analysis of SSC data and Secchi-depth data
 Data obtained from field campaign
 Modeling study

1.5

Reading structure

This research is divided into two parts. First part is related to the characteristics and optical
effects of suspended solids on light attenuation and the possible consequences on macrophyte
growth. The second part is related to the modeling of SSC. The results of the short literature study to
the effects of SS on the aquatic biota are summarized in chapter 2. Material and methods used are
explained in chapter 3, followed by the results in chapter 4. Chapter 5 deals with the discussion,
followed by a conclusion in chapter 6.

10

Obtaining a clear view | Thesis L. Brouwer

2. Role of suspended solids in aquatic ecosystems
2.1

Effects of SS and sedimentation on benthic macro-invertebrates

The impact of fine sediments (< 2 mm in size) is mostly marked on the benthic community
and fish community (Waters 1995). This impact of SSC on the benthic community is mostly marked
by the following factors: change in habitat structures, clogging of respiration structures, increased
drift rates and reduced food quality.
Change in habitat structures
Sediment deposition affects the benthic community through habitat change: embeddedness
of substrate, loss of interstitial spaces and substrate instability. This often leads to a replacement of
the natural biota by organic pollution tolerant species as Oligochaetes and Chironomids. This
phenomenon is well documented in literature (Pedersen and Perkins 1986; Seager and Abrahams
1990; Ryan 1991; Wood and Armitage 1997; Molinos and Donohue 2009). Especially when organic
matter percentages of the depositions are high, the abundance of chironomid larvae and oligochaete
worms can become extremely (Pedersen and Perkins 1986; Seager and Abrahams 1990; Ryan 1991).
This change in community structure is often found rather than a total loss of the fauna. Pedersen and
Perkins (1986) in a study to the impacts of urban runoff on benthic invertebrate community
concluded that no difference was found between an urban stream and a rural stream in terms of
total number of invertebrates. However, the functional diversity of the streams showed a difference:
the rural stream had twice the functional biodiversity as the urban stream.
Clogging respiration structures
Increased concentration of especially fine suspended solids can cause mortality or reduced
growth of invertebrates by clogging the filtration or respiration structures. This phenomenon is
especially found by the zooplankton taxa Clodceran, a taxa often present in lentic ecosystems (Kirk
and Gilbert 1990). Although it is suggested that stream organisms as mayflies and larvae of the
blackfly Simulium are also sensitive to high suspended solid concentrations because of their gill
system, no clear evidence is found so far. A study to the effect of increased SSC on seven common
New Zealand invertebrates, showed a reduced number of species, but no increase in mortality rates.
The authors investigated two mayflies Deleatidium sp. Zephlebia sp, two caddisflies Polyplectropus
sp. and Triplectides obsoletus and the damselfly Xanthocnemis zealandica. The authors suggested
that ‘sensitive’ invertebrates are to some point tolerant of high SSC, and that even repeated
exposures to high SSC have little effect on survival. They concluded that the reduced numbers of
such species in streams with high SSC are most likely reflected by adverse changes in habitat
conditions instead of mortality due to clogging of the gill structures (Suren, Martin et al. 2005).
Drift rates
Increased drift rates of benthic invertebrates associated with high SS levels are found in
numerous studies (Ryan 1991; Waters 1995; Suren, Martin et al. 2005). Whether drift occurs
depends upon several factors including species involved, velocity of stream, discharge, exposure
time, SS concentration and bed instability (Gibbins, Scott et al. 2005; Molinos and Donohue 2009).
Lack of substrate stability may prevent recolonization of benthic macro-invertebrates from upstream
or reattachment of the invertebrates onto the substrate (Ryan 1991). Also the reduced visibility of
prey items can be a cause for observed increase of drift rates.
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Food quality
Growth of periphyton grazers could also be affected by reduced periphyton food quality. Fine
sediments, even at low values of 1 to 10 mg/l, can become entrapped by periphyton reducing the
mean organic content. At sites were periphyton is the primary food base of the benthic community
this reduced food value could have severe consequences (Graham 1990).

2.2

Effects of suspended solids and sedimentation on fish

The effects of sedimentation and SS on fish are complex and depend on several factors. Most
important factors are the concentration of SS, duration of exposure and particle size, size and fish
species involved and the degree of oxygenation of the water. Bruton (1985)noticed that at low to
moderate turbidity levels (10-80 NTU) no effect on fish community is found. Moderate levels appear
even to be beneficial: the cloudiness caused by suspended solids gives protection to fish from
predators. At high levels of SSC (> 100 NTU) several effects can be identified (figure 2.1). High levels
of SS could favour one fish species above another due to difference in tolerance levels causing a
change in fish community. Long term sedimentation could alter habitats, leading to a reduction in
fish community (Berkman and Rabeni 1987). Visual feeders are affected twofold: at high turbidity
levels benthic community could become reduced or smothered, reducing the food items for
benthivorous fish. At the same time, hunting efficiency is reduced through reduced visibility. This
could lead to a decrease in growth rate, size at first maturity and maximum size. Concentrations can
become lethal when the gill rakers and filaments become clogged with very fine sediments, leading
to respiratory problems and to death (Bruton 1985; Wood and Armitage 1997).At high sedimentation
rates fecundity of fish populations can decrease. Demersal eggs are characteristic for most
freshwater fish species. Demersal eggs need a clean and well aerated place to guarantee hatching.
Thick layers of silt can lead to a decrease in oxygen concentration and even burying of the eggs. In
this way, hatching of young larvae becomes difficult or even impossible (Berry 2003).

Figure 2.1: Possible effects of high suspended solid levels. Source: Bruton (1985).
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2.3

Effects of SS and sedimentation on submerged macrophytes

The impact of sedimentation and suspended sediment on macrophyte species composition
constitute of several interactions between local and physical factors. Nutrient availability, oxygen
content, sediment interactions, substrate conditions, depth, width, altitude, discharge and current
velocity of the river are all variables determining macrophyte growth and abundance in lotic systems
(Barendregt and Bio 2003). At the same time the hydrology of streams and rivers is not constant and
seasonally controlled by weather conditions. Sedimentation rates and SSC are both influenced by
many of these factors and vice versa. These complex interactions are also expressed in the
conclusions of numerous studies on the distribution and composition of macrophyte communities:
often there is not a single and most-important factor found explaining the patterns (Barendregt and
Bio 2003; Grinberga 2010). Although the interaction amongst the physical environment, macrophytes
and sediment dynamics is complex, some clear interactions can be distinguished.
Sediment nutrient availability
Nutrients are often transported by suspended solids. The sediment dynamics of a river
determines therefore, together with flow velocity, the distribution of aquatic vegetation. For
example, nitrogen and phosphor are important nutrients for macrophytes. These nutrients are
largely sediment-derived. However, besides being a stimulator of macrophyte growth, the physical
and chemical properties of the sediment could also be a potential delimiter of macrophyte growth
(Barko, Gunnison et al. 1991).
Nilsson (1987) found a maximum growth of aquatic vegetation at 0,5 m/s. Below this value
accumulated organic matter is decomposed, increasing nutrient availability. Above this value,
accumulation of organic matter will not exist anymore and bed material formed by inorganic
substratum. This strong relationship between nutrient availability, sediment density (driven by steam
velocity) and growth was also found by Grinberga (2010) and Chambers, Prepas et al. (1991). In the
study of Grinberga (2010), the highest species richness was found in slow flowing streams, with
gravelly substrate. Fast-flowing streams on sandy substrate where characteristic of a poor
macrophyte species composition. The results of Chambers, Prepas et al. (1991) suggest that the
plants are more responding to sediment nutrient concentrations rather than sediment texture,
although substrate stability is a significant controlling factor allowing rooting and establishment of
plant communities.
Growth limitation
Suspended solids have a large effect on the underwater light climate by the optical
properties of the particles. Turbidity is considered as a significant factor limiting macrophyte growth
through reduced light penetration (Barko, Adams et al. 1986). The underwater light climate
determines abundance, primary productivity and distribution over depth of primary producers. Any
change in light penetration could have far reaching consequences for the aquatic ecosystem through
its influence on photosynthetic capacity of aquatic plants. Periphyton and macrophytes form the
base of the aquatic food chain and any negative impact on macrophytes will probably also be
manifested in the invertebrate and fish community (Wood and Armitage 1997). It is argued by
Davies-Colley and Smith (2001) that the most ecologically significant role of suspended solids is
optical through the process of light attenuation. This reduction of growth of submersed macrophytes
due to increased light attenuation is widely studied in literature (Barko, Adams et al. 1986; Best,
Buzzelli et al. 2001; Berry 2003; Grinberga 2010).
13
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Stream velocity, macrophyte growth and turbidity
Madsen, Chambers et al. (2001) examined the complex interactions among submersed
macrophytes, stream velocity and sediment dynamics (including turbidity) as showed in figure 2.2.
When macrophyte community is absent or in a low abundance, stream velocity is not or slightly
affected by macrophyte growth and resuspension is high. This increases turbidity, reducing light
available for growth. However, when macrophytes are established, they intend to reduce flow
velocities locally within their beds. This enhances sedimentation and reduces resuspension. This
phenomenon will reduce turbidity, increase light availability and enhance growth of macrophytes.
However, this could also have a side-effect. When the flux of settling particles will become too large,
photosynthetic surfaces could become shaded or even totally buried. Resuspension events will then
be even beneficial by removing the accumulated layer of sediment particles.
To conclude, macrophytes are an important factor controlling suspended solid
concentrations and resuspension/sedimentation rates. It is therefore important to create an
underwater light climate which promotes macrophyte growth. Once established, the underwater
light climate will be maintained or even improved through the reduced resuspension flux.

Figure 2.2: Schematization of the interactions between current velocity, sediment dynamics, macrophyte abundance and
turbidity. A: low concentration of macrophytes B: high concentration of macrophytes. Source: Madsen, Chambers et al.
(2001).

Adjustment rooting level
At increasing deposition rates of sediment, individual plant species may respond by adjusting
their rooting levels to avoid smothering. Brookes (1986) concluded that rooted plants, which were
dominant before increased sedimentation level and were eliminated by this increased
sedimentation, recovered following wash-out of the sediment. However, certain submerged
macrophytes which were not able to adjust their rooting level became smothered and totally
eliminated leading to a loss of diversity.
Abrasion
Severe abrasion of plants, damaging stems and leaves is observed by coal mining operations.
Lewis (1973) investigated abrasion of leaf surfaces of the moss Eurhynchium riparoides. He found
that spore germination was reduced by 42% at concentrations of 100 mg/l up to 5000 mg/l. Only at
14
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concentrations below 500 mg/l, new shoots were developed. However, this effect was not noticed in
the research of Brookes (1986) where silt was used as sediment, which particle size is much smaller
as coal particles. This result could suggest that abrasion of plants depends on particle size and mostly
occurs when large particles are involved.
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3. Material and methods
Material and methods follows the structure of the research questions.

3.1

Analysis of SSC and Secchi-depth data

From the year 2006 onwards, a monthly monitoring system is set up by water board the
Dommel for several locations in the Dutch part of the catchment of the Dommel (table 3.1 and figure
3.1). For some measurement locations data from 2000 onwards are available. Data of Secchi-depth
and SSC are used for following purposes:




Analysis of temporal and spatial variation
Investigate relationships between Secchi-depth, turbidity and SSC
Conversion of Secchi-depth to euphotic depth (for detailed information see 3.2 and 3.3).

Table 3.1: Measurement points water board
Measurement
point
240011
240013
249943
243010
241016
241017
241018
241019
240021
240014
240015
240036
240047
240016

Name

- river section

Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - downstream
Dommel - downstream
Dommel - downstream
Tongelreep – upstream
Tongelreep – downstream
Keersop
Kleine Dommel
Hooijdonksche beek

Location
Border Belgium
Veldhoven-Waalre
Verdeelwerk, upstream Eindhoven
Upstream WWTP Eindhoven
Downstream WWTP Eindhoven
Soeterbeek, W. Hikspoor bridge, Eindhoven
Son en Breugel
Upstream WWTP Sint Oedenrode
Downstream WWTP Sint Oedenrode
Border Belgium
Eindhoven
Keersopper mill
Tongelre
Breugel-Nederwetten

Temporal variations are studied on three locations (figure 3.1) in the Dommel where long data series
are available (2000-2010):




Dommel upstream, border Belgium (measurement point 240011)
Dommel upstream, upstream WWTP Eindhoven (measurement point 243010)
Dommel downstream, Sint Oedenrode (measurement point 24021)

These variations will reflect the natural variability of river flow (from extreme peak discharges to low
levels), but also seasonal differences.

16
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Figure 3.1: Map of measurement points water board.

Spatial variations of SSC are studied on different locations to analyze possible differences
between the Dommel and side streams entering the Dommel. This is done by using two
measurement points of the Dommel: one measurement point upstream of the side stream entering
the Dommel and one measurement point downstream. One measurement point is taken from the
side stream itself. The measurement points (both from the Dommel and the side stream) are taken
as close as possible near the entering point (table 3.2). As seen in figure 3.1, in point 240013 both the
Keersop and the Run have entered the Dommel. Unfortunately, not enough data was available to
analysis the influence of the Run. Year 2008 and 2009 are used for this analysis. For those two years
complete data sets of all measurement points were available.
Special attention is given to the influence of the WWTP in Eindhoven. This is done by taking
one measurement point upstream of the WWTP and one point downstream of the WWTP.
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Table 3.2: Side streams analyzed and belonging measurement points.
Side stream
Keersop
Tongelreep
Kleine Dommel
Hooijdonksebeek and
Ekkersrijt

Measurement point
side stream
240036
240015
240047
240016 (Hooijdonkse
beek)
240063 (Ekkersrijt)

Waste Water Treatment Plant, Eindhoven

3.2

Measurement point
upstream Dommel
240011
249943
241016
241017

Measurement point
downstream Dommel
240013
243010
241017
241018

243010

241016

Field campaign

Two field campaigns were conducted. One in December of 2011 and one in March of 2012,
with measurement duration of respectively 14 days and 7 days. Measurement in March 2012 was
shortened from 14 days till 7 days to ensure a stable period, with stable hydrological conditions. Six
measurement points are located in the Dommel, one in the Tongelreep and one in the Kleine
Dommel (table 3.3 and figure 3.2). Seven variables were measured (table 3.4) and used for analyzing
and calculating light attenuation and/or serve as initial conditions for the model.
Table 3.3: Description of measure points of field campaign.
Measurement
points field
campaign
1. Valkenswaard
2. Genneper park
3. Tongel
4.1 Central Station
4.2 Soeterbeek

Name

5.
6.
7.
8.

Kleine Dommel
Effluent WWTP
Dommel, downstream
Dommel, downstream

Kleine Dommel
WWTP
Son en Breugel
St.Oedenrode

- river section

Dommel - upstream
Dommel - upstream
Tongelreep - upstream
Dommel – upstream
Dommel - upstream

Location

Venbergsche water mill, Valkenswaard
Bridge A. Coolenlaan, Genneper park, Eindhoven
Genneper sports park, Eindhoven
Central station Eindhoven
Soeterbeek, Eindhoven (same location as
241017)
Opwettense watermill, Neunen
WWTP Eindhoven
Son en Breugel (same location as 241018)
Bridge A12, Sint Oedenrode
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Figure 3.2: Map of measure points of the field campaign.
Table 3.4: Variables measured during the field campaign.
Variable

Units

Aim

Suspended solid
concentration (SSC)
Total suspended solid load
(ɸTSS)
Organic fraction

mg/l

Fall velocity, ω (m/d)

g/m2/d

Fall velocity, ω (m/d)

mg/l

Particle size distribution

µm

Sediment layer thickness

cm

Analysing particle composition, light
attenuation
Analysing light attenuation, particle
behaviour (resuspension/sedimentation)
Initial condition for sediment transport model

Vertical attenuation
coefficient (Kd)
Secchi-depth ( Sd)

m-1

Estimating α and ε

m

Estimation of the sum α + Kd (m-1)
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3.2.1 Suspended solid concentration, SSC (mg/l)
At each location two bottles (1L) were filled with well mixed water. This was done at the start
and end of each measuring campaign, resulting in eight samples for each location. Flow velocity was
high enough to guarantee a mixed system. The samples were filtered over a 0.45 µm membrane filter
and SS concentrations were obtained by weighing after drying at 103 ˚C for a period of three hours.
All samples were kept at 4˚C to prevent decomposition. During the first measuring campaign water
samples were also taken at location six (WWTP, Eindhoven). During the second measurement
campaign, dredging activities took place at the original location (noted as 4.1) of measurement
location four. Therefore, a different location (4.2) with same hydrological conditions (flow velocity,
depth and with) compared to location 4.1 was used (figure 3.2).
3.2.2 Sedimentation flux, ɸTSS (g/m2/d)
The sedimentation flux was obtained by using sediment traps (figure 3.3). The sediment trap,
consisting of a 50 cm long plastic tube with a diameter of 27 mm and a floater of Styrofoam, was
placed in the water. A tile of 30 cm by 30 cm was used to keep the sediment trap on the same place.
At each location sediment traps were placed in threefold. After 14 or 7 days (respectively first and
second measuring campaign), the tubes were emptied and the sediment of all three sediment traps
were put into one bottle of 2 L. A small volume (< 10%) was used for determination of Particle Size
Distribution (PSD). The samples were filtered over a 0.45 µm membrane filter and total sediment
mass (MTS) was obtained by weighing after drying at 103 ˚C for a period of three hours. All samples
were kept at 4˚C to prevent decomposition. The sedimentation flux is calculated according to:
(3.1)
ɸTSS: sedimentation flux (g/m2/d)
MTS : total dry mass sediment (g)
A: surface opening of the sediment trap (m2)
d: time of experiment (days)

Figure 3.3: left: schematic drawing of sediment trap used. Right: sediment trap placed in the water. Photo taken at
location 7, Son and Breugel.
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3.2.3 Organic matter fraction
Organic matter fraction of the SSC samples and sediment from the sediment trap were
obtained by weighing the samples after heating at 550 ˚C for a period of two hours.
3.2.4 Particle size distribution (PSD)
For this analysis 10 L of well mixed water was taken at each site at the start of the campaign.
After a settling period of 24 hours (or longer depending on settling rate of sediment particles) the
volume of 10L was reduced to 1 – 1.5L, concentrating the SS in a volume small enough for
determination. The determination was performed by laser diffraction using a LS Particle Size Analyzer
(Beckman Coulter™). To analyze possible differences between the instantaneous measurement (10 L)
and the long term measurement (sediment traps) PSD of the sediment obtained from the sediment
traps was also determined. All samples were kept at 4˚C to prevent decomposition.
3.2.5 Sediment layer thickness
An indication of sediment layer thickness and vertical distribution of sediment layers was
made using a core sampler. The first twenty centimeters were determined to size class (clay, silt,
sand) and visible organic matter. This data was used as an initial condition for the model.
3.2.6 Underwater light climate
To analyze the underwater light climate Secchi-depth was measured with a Secchi-disk
together with light intensity measurements at a 15 cm interval using an illuminance meter (LI-COR®
LI-250A). From these measurements the vertical attenuation coefficient (Kd) is calculated according
to:
(3.2)
Iz: light intensity at depth z (µmol/m)
I0: light intensity just below water surface (µmol)
Kd: vertical light attenuation (m-1)
z: water depth (m)

3.3

Relating SSC to light attenuation in river de Dommel

Investigating the light attenuation in river the Dommel is important: it determines the energy
distribution under water and thereby growth possibilities of plants. When a photon reaches the
water it will be absorbed or scattered. The total light attenuation is defined by summing up all
individual components affecting absorption and scattering. Light attenuation is influenced by particle
size. Some theoretical background of light attenuation, variables causing light attenuation and the
effect of particle size on light attenuation can be found in appendix I.
SSC and Secchi-depth
Data analysis will be done by plotting data of SSC against inverse Secchi-depth (1/Sd) for
several locations (table 3.5). A linear relationship between inverse Secchi-depth and SSC is assumed
(equation 3.4). It is assumed that inverse Secchi-depth is dominantly related to detritus and inorganic
SS and hardly by chlorophyll-a and gilvin.
(3.4)
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: inverse Secchi-depth (m-1) (also referred as turbidity)
SSC: stands for both the organic (detritus) and inorganic part (ISS) (mg/l)
( ): represent turbidity due to gilvin, chlorophyll-a and other factors
The inverse intercept ( ) will represent Secchi-depth when SSC is zero. When chlorophyll-a, and
gilvin concentrations are low, the intercept represent visibility to the riverbed. σss represent the
strength of SSC on 1/Sd: a higher σss value means a stronger effect of SSC on 1/Sd.
To make sure SSC is closely related to transparency, the light attenuation should be dominated by
particles of similar size and composition. In this study the assumption is made that submersed
macrophytes are only growth limited by reduced light penetration and/or flow velocity. Nutrient
limitation is excluded, because the aquatic vegetation present in de Dommel indicates a nutrient rich
environment.
Use is made of Secchi-depth and SSC data measured at the same date to exclude different weather
conditions and hydrological conditions affecting SSC. High suspended solid concentrations as a result
of mowing and dredging activities are left out.
Table 3.5: Measurement points and time period used for analysis SSC and turbidity
Measure
point
240011
240013
249943
243010
241016

Location

241017

Dommel, upstream, Soeterbeek Eindhoven

241018
241019
240047
240014
240015

Dommel, downstream, Son en Breugel
Dommel, downstream ,upstream WWTP Sint Oedenrode
Kleine Dommel
Tongelreep, upstream, border Belgium
Tongelreep, downstream, Eindhoven

3.4

Dommel,
Dommel,
Dommel,
Dommel,
Dommel,

Period
ustream, border Belgium
upstream, Veldhoven-Waalre
upstream, verdeelwerk Eindhoven
upstream, upstream WWTP Eindhoven
upstream, downstream WWTP Eindhoven

2000-2011
2000-2011
2001-2011
2000-2011
2001, 20032011
2001, 20032011
2003-2011
2004-2011
2000-2010
2000-2010
2000-2009

Light limitation

Euphotic depth (zeu) is used for estimating growth possibilities of submerged macrophytes in
the Dommel. The euphotic depth is an index of the depth above which light is sufficient enough for
plants to grow (Scheffer 1998). If the euphotic depth is larger than water depth it is assumed that
light is not a limiting factor for germination and growth of young plants. If euphotic depth is smaller
than water depth, it is assumed that light is a limiting factor for germination and growth of young
plants.
Euphotic depth will be calculated according to two methods:



Method 1: Euphotic depth is calculated on monthly basis using the vertical attenuation
coefficient Kd.
Method 2: Euphotic depth is calculated on daily basis using the suspended solid transport
model
22

Obtaining a clear view | Thesis L. Brouwer
3.4.1 Method 1
The euphotic depth (zeu) is estimated by (Scheffer 1998):
(3.5)
zeu : euphotic depth (m)
Kd: vertical attenuation coefficient (m-1)
Data of Kd is not available. Therefore Kd is indirectly calculated using the method described by Tyler
(1968); Preisendorfer (1986)
Kd is calculated using Secchi-depth according to:
(3.6)
Kd : vertical attenuation coefficient (m-1)
Γ: coupling constant (value between eight and nine) (-)
Sd: Secchi-depth (m) (long term data water board)
c: beam attenuation coefficient (m-1)
The beam attenuation coefficient is written as1:
(3.7)
Where Sd is long term Secchi-depth data of the water board and ε is the ratio between Kd and c,
calculated by:
(3.8)
Note that ε ≤ 1
In order to make an estimate of ε, use is made of data obtained from the field campaign. Variable c is
calculated according to
̂

( ̂ )

(3.9)

The term ( ̂ ) is obtained from:
( ̂ )

(m)

(3.10)

Where ^ denotes ‘estimated value’. Sd (3.10) and Kd (3.9) are simultaneous measured during the field
campaigns by Secchi disc and illuminance meter (15 cm interval).

1

To obtain c the general formula used for estimation of the sum (c + Kd),

is rewritten, using Kd = εc.
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In order to use this method the assumption is made that calculated value of ε is valid over
time. This assumption makes it possible to convert the long term measurement data of Secchi-depth
(data water board) into vertical attenuation coefficient data. This value is used to calculate euphotic
depth.
Calculated euphotic depth is plotted together with water depth. The water depth will be
obtained from the Duflow model and therefore only time period between 01-09-2009 up to 30-82010 is analyzed. Following measurement points are analyzed: 240011,240013,249943,
243010,241016,241017,241018,240021 (all in the Dommel, direction upstream - downstream) and
point 240047 (Kleine Dommel). Kleine Dommel is also analyzed because of the high SSC.
3.4.2 Method 2
Euphotic depth (m) is calculated on daily basis using SSC (mg/l) from the suspended solid
transport model as input. Euphotic depth is calculated according to (Scheffer 1998):
(3.11)
Secchi-depth (m) is estimated by using the linear relationships (y=ax+b) between inverse Secchidepth and SSC (see paragraph 3.3):
(

)

(3.12)

To obtain inverse Secchi-depth, the relationships of eight locations in the Dommel are averaged (see
table 3.5):
(3.13)
SSC: suspended solid concentration calculated by the model (mg/l)

3.5

Modeling suspended solid transport and concentration in Duflow

Duflow is a software package to model one-dimensional steady-state and transient surfacewater and water quality systems. The program is designed for simple networks with nodes connected
by sections with a certain length, cross section and hydraulic resistance and/or hydraulic structures
like weirs and pumps. Duflow solves the Saint-venant equations of continuity and momentum using
initial and boundary conditions. Within the water quality module, water quality processes can be
defined by the user itself. Duflow solves the water quality processes using the flow parameters
(velocity, water level, discharge). For each section and time step, the flow parameters and the
defined quality parameters are calculated (Clemmens, Holly Jr et al. 1993). In this research a
suspended solid transport model is defined within the water quality module.
3.5.1 Sediment transport mechanisms
When a particle enters a water column, it will stay into the water column or it will sink to the
bottom depending on its weight. Due to water flow, a particle can become resuspended and enters
the water column again. This process of resuspension and sedimentation affects continuously the
suspended solid concentration of the water column. Although the general principle of resuspension
and sedimentation sounds simple, the interactions between water movement and sediment
dynamics are not. The interactions are very complex and difficult to describe mathematically.
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However, most of the equations used for describing sediment transport are based on seven variables
affecting sediment transport in steady and uniform flow: density of water (ρ), density of sediment
(ρs), dynamic viscosity coefficient (µ), particle size (D), flow depth (d), channel slope (S) and
acceleration of gravity (g) (van Rijn 1984; van Rijn 1984; Boiten 2008).
When a sediment particle enters a stream, it can be transported by three different transport
mechanisms (Figure 3.4) (Boiten 2008). Particles are transported as wash load or as bed material
transport. The bed material transport can be divided in bed load and suspended load. Bed load is a
transport mechanism where contact of the particles with the river bed is strictly limited by the effect
of gravity. Transport mechanisms are rolling, sliding and saltation (regularly jumps). Suspended solid
load is a transport mechanism where the motion of the particles is dominated by upward turbulent
forces, exceeding particle fall velocity. Particle goes in suspension and is no longer in contact with the
riverbed. Transport of material not found in the riverbed is called wash load. Depending on flow
velocity, a particle will be permanently in suspension (continuous background concentration) or it
will settle and becomes part of suspended load.

Figure 3.4: Overview of sediment transport mechanisms. Adapted from (Boiten 2008).

The distinction between bed load and suspended load is vague and often derived as a function of
particle size and flow conditions. In this thesis the definition of (van Rijn 1984; van Rijn 1984) is used:
when a particle exceeds the maximum saltation height it is assumed to be transported as suspended
load.
3.5.2 Approach in Duflow
The approach used to describe sediment transport in Duflow is relatively simple and based
on the equations of Krone and Partheniades as stated by (Blom 1996). An advantage of these
equations is that not many input parameters are needed compared to other, more complex models
(van Rijn 1984; van Rijn 1984). Duflow is based on water and bottom state variables. In other words,
only transport of particles in the water phase can be modeled and modeling of horizontal bed load
transport is not possible. Therefore, only suspended load and wash load are modeled. Wash load is
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included as a fixed background concentration. To obtain a realistic view of the total suspended solid
transport the assumption is made that bed load transport is not the dominant transport mechanism.
Equations used are only applicable to clastic, granular sediment. It is assumed that the suspended
solids are conservative; they do not coagulate, grow or flocculate and they are characterized by their
resuspension and sedimentation parameters.
The output of the model is a suspended solid concentration determined by the sum of
resuspension and sedimentation. Whether resuspension or sedimentation occurs, depends on the
turbulent forces exerted by the fluid on the riverbed. The driving force of particle motion, the bedshear stress, τ, must exceed a critical bed shear stress for initiation of motion. In other words, the
shear stress should be larger than the resisting forces that makes the particle stationary (particle size
and density). Within this model three different stages (figure 3.5) are defined based on the bed shear
stress (τ) and the critical bed shear stress for respectively sedimentation (τsed) and resuspension (τres):
1) τ ≤ τsed : sedimentation flux becomes larger as zero. Particles will settle. SSC in the water
column will decrease.
2) τsed ≤ τ ≤ τres: no sedimentation or resuspension occurs. Resuspended particles stay in the
water column and are transported by the flow velocity. Particles at the riverbed will stay
there. SSC in the water column will be constant.
3) τ ≥ τres : resuspension flux becomes larger as zero. Particles will move into the water column.
SSC in the water column will increase.

Figure 3.5: Overview of the three different stages defined in the model
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3.5.3 Sedimentation flux (ɸsed)
If the bed-shear velocity decreases (fall velocity is larger than the vertical velocity
components), the particle will return to the riverbed. The sedimentation flux (ɸsed) is a function of fall
velocity and SSC and is written as:
(

)

for τ ≤ τsed

(3.14)

Φsed: sedimentation flux (g/m2/d)
Ws: fall velocity suspended solids (m/d)
τ: bed-shear stress (Pa)
τsed: critical shear-stress for sedimentation (Pa)
SSC: suspended solid concentration (g/m3)
The bed-shear stress (τ) is a function of density of the water and bed shear velocity and is written as:
̅

(3.15) and

(3.16)

ρw: density of the water (kg/m3)
bed shear velocity (m/s)
G: acceleration of gravity (m/s2)
C: Chézy-coefficient (m0.5/s)
̅ : mean flow velocity (m/s)
Fall velocity (Ws) is calculated making use of data obtained during the field campaign. Average fall
velocity for the suspended solids in the Dommel is calculated according to:
(3.17)
: sedimentation flux (g/m2/d)
SSC: average suspended solid concentration (g/m3) (t=0 and t= 7 or 14 days).
3.5.4 Resuspension flux (ɸres)
When the bed-shear stress exceeds the critical shear-stress parameter for resuspension, τres,
the resuspension flux will become larger than zero (figure 3.4 and 3.6).
The resuspension flux (ɸres) is written as:
(

) for τ ≥ τres

(3.18)

Φres: resuspension flux (g/m2/d)
M: Constant of Proportionality for resuspension (g/m2/d)
τ: bed-shear stress (Pa)
τres: critical shear-stress for resuspension (Pa)
The constant of proportionality for resuspension (M) is a function of sediment density, cohesion of
top sediment layer of the river bed and other particle properties (Toet and Blom 1992). In this study
M is obtained from literature and calibration during the modeling stage.
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Figure 3.6: Relationship between bed shear stress and resuspension flux. Change of resuspension flux is defined by the
slope,
.

3.5.5 Output parameters final model
In the sediment transport model the option is given between two different approaches:




Model 1: Simulation of two predefined classes, based on particle size. First class is defined by
particles < 45 µm (class 1). Second class is defined by particles larger than 45 µm and smaller
than 210 µm (class 2). This approach makes it possible to follow the behavior of a certain
fraction. The riverbed is assumed to be one layer containing all fractions. All fractions are on
the top layer of the riverbed and available for resuspension. Every fraction is defined by its
own specific resuspension and sedimentation parameters.
Model 2: No distinction between size classes is made.

For both models, change in SSC in the water column, amount of sediment on the riverbed (further
referred as stock) and thickness of the sediment layer are calculated. A complete overview of the
model script and used parameters can be found in appendix II.
SSC water column:
The change of SSC in time is modeled by:
(3.19)
If model 1 is used (predefined classes), SSC is modeled for both fractions by:
(3.20)
The total SSC for model 1 is calculated by:
SSCt = SSC0 + SSC1 + SSC2

(3.21)

SSCt : total suspended solid concentration for time t (mg/l)
SSC0: wash load (fixed background concentration) (mg/l)
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SSC1: calculated SSC of fraction 0 -45 µm (mg/l)
SSC2: calculated SSC of fraction 45-210 µm (mg/l)
For model 2 total SSC is calculated by:
SSCt = SSC0 + SSC

(3.22)

Amount of sediment on the riverbed (“stock”):
Total change in the amount of sediment on the riverbed is calculated according to:
(3.23)
In which stock (g/m2) is the total amount of sediment on the bottom of the river bed.
The amount of suspended solid which can be resuspended is not infinite. When there is no material
left to resuspend, the resuspension flux becomes zero.
Thickness of the sediment layer:
Thickness of the sediment layer is calculated according to:
(3.24)
3.5.6 Dommel application
The hydrological framework of the Dommel was already developed in Duflow and made
available for this research. Simulation period starts at 1-9-2009 until 30-8-2010. Model input is
summarized in table 3.6. Initial values obtained for τsed, τres and M are obtained from the Mark-Vliet
system modeled by van (Blom 1996). The Mark-Vliet system is a small river stream in Brabant and
hydrological comparable with the Dommel.
The model is used to study several research questions. Firstly, the thickness of the sediment layer
(“stock”) in all model sections at the end of the simulation period (30-8-2010) is used to determine
the areas of net sedimentation/resuspension. This will be done by running model 2 (one fraction).
Secondly, to study the short term effect of a CSO on the SSC, a single CSO event is modeled.
Suspended solid input from other CSO’s are put to zero. Use is made of model 1 (2 particle size
classes). This makes it possible to follow the behavior of different fractions during and after the
overflow, without SS input of CSO’s from upstream. Thirdly, to study the long term influence of a
CSO, SSC is simulated for a period of a year (1-9-2009 until 30-8-2010). A situation with CSO events
and a situation without CSO events are modeled. In both situations the input of suspended solids
from the WWTP Eindhoven is kept the same. These two situations are compared with each other to
study the long term influence of CSO events. Two locations are compared with each other,
measurement point 243010, upstream of the WWTP in Eindhoven and measurement point 240021 in
Sint Oedenrode. Use is made of model 1.
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Table 3.6: model input
Type
Initial condition
Boundary
condition 1
Boundary
condition 2
Boundary
condition 3
Parameters

External
variables

Name
SSC
SSriverbed
SSC1, border Belgium

Units
mg/l
g/m2
mg/l

Source
Field data
Field data
Data water board

SSC1, CSO

mg/l

Data water board

SSC1, WWTP Eindhoven

Data water board

ω1:fall velocity particle size class
1
ω2: fall velocity particle size class
2
ωc: constant fall velocity
τsed: critical shear-stress
sedimentation
τres: critical shear-stress
resuspension
M: constant of proportionality of
resuspension
Τsed1: critical shear-stress
sedimentation particle size class 045 µm
Τres1: critical shear-stress
resuspension particle size class 0 45 µm
M1: constant of proportionality for
resuspension
particle size class 0 -45 µm
Tsed2: critical shear-stress
sedimentation particle size class
45-210 µm
Tres2: critical shear-stress
resuspension particle size class
45-210 µm
M2: constant of proportionality for
resuspension
particle size class 45 -210 µm
ρw: density water
g: acceleration of gravity
Dt: time step

m/d

Calibration/Literature

m/d

Calibration/Literature

m/d
Pa

Field data, sediment traps
Literature

Pa

Literature

g/m2/d

Calibration/Literature

Pa

Calibration/Literature

Pa

Calibration/Literature

Pa

Calibration/Literature

Pa

Calibration/Literature

Pa

Calibration/Literature

Pa

Calibration/Literature

kg/m3
m/s2
day

Literature
Literature
Calculation settings

C: Chézy constant
D: Dispersion constant

m0.5/s
m2/s

Object properties
Object properties
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4.
4.1

Results
SSC characteristics

Yearly average SSC in the Dommel ranges between 8 -15 mg/l. SSC of measurement point
240011 at the border with Belgium are on average higher as the other measurement points (figure
4.1). In 2007 highest average concentration of 24 mg/l is measured at location 240011. Peaks of SSC
ranging from 50 -100 mg/l are measured. In a few cases even SSC up to 190 mg/l are measured.
Yearly average SSC in the side streams ranges between 5-10 mg/l. Most peaks of SSC are
ranging from 20 – 60 mg/l, with a few peaks up to 100 mg/l.

Figure 4.1: Yearly average SSC measured in the Dommel by water board the Dommel. For measurement locations see
figure 3.1.

Spatial analysis
No clear relationship is found between SSC measured in side streams and SSC measured in
the Dommel downstream of the inlet. A higher SSC measured in a side stream, does not always
results in higher SSC measured downstream in the Dommel. This accounted for the Keersop,
Ekkersrijt and Hooijdonksebeek (appendix III). The SSC of the Tongelreep are in the same range as
SSC of the Dommel. SSC of the Kleine Dommel is predominantly higher than SSC of the Dommel
upstream and/or downstream of the inlet point (figure 4.2). In year 2008 from March till July,
September and October 2008 SSC of measurement point 241017 (downstream of inlet Kleine
Dommel) was higher as measurement point 241016 (upstream of inlet Kleine Dommel). This
coincided with high SSC measured in the Kleine Dommel. In summer SSC of measurement point
241016 (upstream of the inlet) is higher as SSC measured downstream the inlet (241017), despite the
high SSC of the Kleine Dommel.
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No clear influence of the WWTP is found (figure 4.3). In 2008 SSC downstream the WWTP
(241016) was higher as SSC upstream the WWTP (243010) for the months February, July, August and
October. In the other months opposite was found. In 2009 SSC downstream the WWTP was larger in
the months January, March, April, June up to August, October and December compared with the SSC
of point 243010.

Figure 4.2: SSC of the Kleine Dommel and the Dommel

Figure 4.3: Average SSC upstream and downstream of the WWTP on the Dommel
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Temporal analysis
Same pattern is visible for all three evaluated locations. Therefore just one location is
explained in detail (figure 4.4). For other figures see annex III. A clear difference between summer
and winter is visible. SSC below 10 mg/l are found in June until September (summer) and highest
concentrations are found in October till April (winter). SSC at the border of Belgium averaged over all
years is around 15 mg/l. Incidental peaks are measured, ranging from 12 till 50 mg/l. Large peaks are
measured in April, September and October. There is variation between the years.

Figure 4.4: Monthly data SSC from 2000-2011.

4.2

Data obtained from field campaign

4.2.1 Suspended solid concentration
Highest SSC was measured at 14-12-2011, lowest values at 28-12-2011 (figure 4.5). SSC found at
location two, three and four are lower than SSC found at location one, five, seven and eight.
Suspended solid concentration of the effluent of the WWTP in Eindhoven was 4.45 mg/l. This SSC
was only measured at 28-12-2012 and not shown in the figure.
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Figure 4.5: SSC measured during field campaign at four different dates. Location 6 (WWTP Eindhoven) is left out.

4.2.2 Sedimentation flux and fall velocity
Sedimentation fluxes measured during the first measuring campaign (14-28 December) are
larger than sedimentation fluxes measured during the second measuring campaign (figure 4.6).
Remarkable is the small sedimentation flux of location two and the large sedimentation flux of
location three. The variation of ɸTSS of 13-3-2012 is smaller compared to the variation in the
measurement of 28-12-2011. Sedimentation fluxes of 13-3-2012 are all in the range of 2200 – 5000
g/m2/d with an average of 3507 ± 1074 g/m2/d.

2

Figure 4.6: Sedimentation flux (g/m /d)
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Calculated fall velocities of December 2011 are larger and show more variation compared to
calculated fall velocities of March 2012 (figure 4.7). Smallest fall velocity is found at location two,
highest fall velocity at location three. Variation in fall velocities of March 2012 is small compared with
fall velocities of December 2011. Average fall velocity of March 2012 is 192 m/d, with a standard
deviation of 26 m/d.

Figure 4.7: Fall velocity (m/d)

4.2.3 Organic matter content
Organic matter percentages measured in the sediment trap ranges between approximately
4-18 % in Decmeber 2011 and between 2-10 % in March 2012 (figure 4.8). Largest percentage
organic matter is measured during the first measuring campaign, especially for location two and four.
Highest percentage OM is found at location 2, December 2011 and in March 2012 lowest percentage.
Percentage OM measured in the water column (figure 4.9) is almost constant with a value
around 40%.
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Figure 4.8: Percentage organic matter captured in the sediment trap. Value of 13-3-2012, location 2 was too low to
measure (<1%)

Figure 4.9: Percentage organic matter measured during field campaign from the SSC in the water.
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4.2.4 Particle size distribution (PSD)
Almost same particle size distribution (PSD) is found for every location, except for location
two (annex IV). At location two (figure 4.11), the largest fraction of 210-2000 µm is very small or
absent compared with other locations. Particles in the size range of 16-63 µm are dominant in the
sediment trap, followed by the fraction 2-16 µm. For other locations PSD comparable with location
one was found (figure 4.10). The SS fraction of 0-2 µm is very small, followed by the fraction 2102000 µm. Most of the particles are in the size range of 16-63 µm and 63-210 µm. There is a
difference between the PSD of the SS samples directly taken in the water column and the PSD
measured from the sediment traps. The fraction of particles in the range of 210-2000 µm measured
in the sediment trap is larger compared with the fraction measured in the water column.

Figure 4.10: Particle size distribution of samples taken at location 1.

Figure 4.11: Particle size distribution of samples taken at location 2. Data of 13-3 is left out, there was not enough sample
to guarantee a qualitative good result.
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4.2.5 Sediment layer thickness
Except for location seven, a layer of organic matter rich sediment is found on top of the
profile (table 4.1). Below this layer of OM fine sand is the dominant soil type found.
Table 4.1: Summary of sediment profiles taken 14 December 2011
Location
1
2
3

4
5
7
8

Height sediment layer and sediment
type
3 cm of clay with sand and OM, below 17
cm of fine sand, black OM visible
1.5 cm of OM, below fine sand with OM
1.0 cm of OM, 19 cm of unsorted sand (fine
and large particles). No organic matter
found in sand layer.
3 mm OM, 15 cm of fine sand and clay,
lowest 5 cm contains much OM
1 cm very fine OM, 19 cm of fine sand with
large OM fractions (leaves, stems)
3 cm of fine sand with no OM, below 17 cm
of sand with much OM (black sand)
3 cm of fine organic matter with clay, 17 cm
of fine, greyish to black sand with OM

4.2.6 Underwater light climate
The vertical attenuation coefficient (Kd) is calculated according to Lambert Beer equation
(eq:3.2). The vertical attenuation coefficient ranges from 0.91 up to 5.84 m-1 (figure 4.12). Kd
averaged over date and location is 2.42 m-1. Kd coefficient of location two, three and four are small
compared to locations one, five, seven and eight. Largest value is found on location five, 14th of
December.

Figure 4.12: Vertical attenuation coefficient per date and location
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Secchi-depth follows almost an opposite pattern as the Kd (figure 4.13). If the Kd is large,
Secchi-depth is small. At 6-3-2012 and 13-3-2012 at location three, light reached the riverbed (depth
Tongelreep at measurement location is 72 cm). During the first measuring campaign Secchi-depth
varies between 0.25 -0.60 m. During the second measuring campaign Secchi-depth varies between
0.40 – 0.70 m. Lowest Secchi-depth values are found at the 14th of December, highest values at the
6th of March.

Figure 4.13: Secchi-depth measured during field campaign per date and location
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4.3

Relation between turbidity and SSC in the Dommel

For different locations in the Dommel and the side streams Tongelreep and Kleine Dommel
relationship between SSC and inverse Secchi-depth are analyzed (table 4.2) assuming the linear
relationship of equation 3.4. Figures can be found in appendix V.
A correlation between SSC and turbidity is found for the Dommel, with R2 ranging from 0.47 up to
0.71. Most measurement points in the Dommel have a R2 around 0.65, which means that for most
measurement locations in the Dommel around 65% of the turbidity is caused by SSC. At locations
241016, 249943, 241018 and 241019 large values of σss are found, meaning that at those locations
the SSC has a strong effect on 1/Sd.
The Tongelreep shows no correlation between SSC and 1/Sd. For both locations in the
Tongelreep, R2 and σss are low. Values found for the Kleine Dommel are comparable with values
found for the Dommel.
Table 4.2: Found relationships between inverse Secchi-depth and SSC
2

Measurement point

Formula Trendline

R

240011 (border Belgium)
240013 (Veldhoven-Waalre)
249943 (upstream Eindhoven)
243010 (upstream WWTP, Eindhoven)
241016 (downstream WWTP, Eindhoven)
241017 (Soeterbeek, Eindhoven)
241018 (Son en Breugel)
241019 (Sint Oedenrode)
240021 (Sint Oedenrode)
240014 (Tongelreep)
240015 (Tongelreep)
240047 (kleine Dommel)

y= 0.0369x + 1.0330
y= 0.0439x + 0.9356
y= 0.0638x + 0.7710
y= 0.0325x + 1.1311
y= 0.0639x + 0.6248
y = 0.0475x + 0.8403
y= 0.0528x + 0.7606
y= 0.0518x + 0.6203
y= 0.0467x + 0.7754
y= 0.0215x + 1.3602
y= 0.0462x + 1.0948
y= 0.0472x + 1.2088

0.58
0.65
0.67
0.47
0.57
0.64
0.66
0.68
0.71
0.16
0.31
0.53

4.4

Secchi-depth if SSC = 0
(1/σ0) in m
0.97
1.06
1.30
0.88
1.60
1.19
1.31
1.61
1.29
0.74
0.91
0.83

Accuracy of the model

The model is calibrated using the results obtained from the measuring campaign, long term
SSC data of the water board and literature data. First, resuspension and sedimentation parameters of
model 2 were calibrated, using average SSC data of measure points 240011, 240013, 243010,
241017,241018, 240021 and 240047. Based on the final resuspension and sedimentation parameters
of model 2, model 1 was calibrated.
Simulated SSC are generally well in the range of measured SSC, except for the Kleine Dommel
(figure 4.14). There SSC is continuously underestimated and also the SS peaks are underestimated.
At the other locations, simulated SSC follows a seasonally pattern with higher SSC in the winter
compared with SSC during summer. Also peak concentrations of SSC are modeled well. At some
locations the model overestimates the SSC and at some location an underestimation of SSC is
simulated. At location 240011 the simulated SSC stays almost constant and measured peaks of SS
are underestimated. Keep in mind the time difference: SSC is simulated with a time interval of 30
minutes. Measured SSC is at a time interval of a month.
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Figure 4.14: Model output. Red line: simulated SSC (30 minutes interval). Blue line: measured SSC water board The
Dommel (monthly interval).
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4.5

Turbidity and macrophyte growth in the Dommel

4.5.1 Method 1: using Kd for calculating euphotic depth
From the Kd values and secchi-depth measured during the field campaign, the ratio ε is
calculated (table 4.3). A value of 8.7 is used for the coupling constant Γ. The ratio ranges from 0.08 to
0.28. Based on the differences in SS characteristics found during the measuring campaign, a
distinction is made between locations in Eindhoven (two, three and four) and locations outside
Eindhoven (one, five, seven and eight). A value of 0.17 is used for ε upstream and downstream of
Eindhoven. A value of 0.12 is used for ε in Eindhoven.
Table 4.3: Calculated ε values (ratio between Kd and c)
Location
14-12-20100
28-12-2011
1
0.19
0.10
2
0.15
0.14
3
0.05
0.11
4
0.14
0.11
5
0.25
0.10
7
0.14
0.06
8
0.14
0.10
Average ε location 1,5,7,8: 0.17
Average ε location 2,3,4: 0.12
Overall average: 0.15

6-3-2012
0.09
0.10
0.16
0.11
0.25
0.17
0.15

13-3-2012
0.28
0.08
0.08
0.26
0.13
0.22
0.39

Based on above ε values, euphotic depths for different locations are calculated. The
calculated euphotic depths for the Dommel are together with water depth plotted in figure 4.15. As
long as the line of the euphotic depth (blue line) is above the line of the water depth (red line),
euphotic depth is larger than water depth, indicating that there is no light limitation for macrophyte
growth. This is the case for most of the locations. A decrease in euphotic depth during winter is seen
at all locations. During March/April euphotic depth increases and values of 2 m or higher are
obtained.
Kleine Dommel
In the Kleine Dommel euphotic depth is smaller than water depth for 5 months, meaning that
growth of macrophytes is light limited (figure 4.16). In April euphotic depth increases and becomes
larger as water depth, indicating that there is no light limitation anymore for macrophyte growth.

Figure 4.16: Calculated euphotic depth and simulated water depth in the Kleine Dommel
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Figure 4.15: Calculated euphotic depth and simulated water depth in the Dommel
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4.5.2

Method 2: Calculating euphotic depth using the sediment transport model in
Duflow

Using the results of chapter 4.2 an average relationship between inverse Secchi-depth and
SSC is calculated resulting in a general formula for the Dommel:
(4.1)
The difference between euphotic depth (zeu) and depth of the water column (z) is calculated by the
model, resulting in positive values if zeu > z indicating that euphotic depth is larger as water depth
(green). This indicates that there is no light limitation for macrophyte growth. If negative values are
obtained, indicating zeu < z, euphotic depth is smaller as water depth (red). This indicates that
macrophyte growth is light limited. Special attention is given to the start of the growing season.
At the end of March (figure 4.17) growth possibilities are limited due to small euphotic depth. At
some parts in Eindhoven, euphotic depth is larger as water depth. In the side streams entering the
Dommel growth is possible except for some locations in the Kleine Dommel. Ten days later on 1-42011 the euphotic depth increases, especially upstream from Borkel en Schaft up to Eindhoven and
some parts in Eindhoven itself (Dommel upstream). Around the 6th of April and at the end of April
euphotic depth reaches the river bed at almost all locations, except for the Dommel near Sint
Oedenrode. At the 6th of June euphotic depth near Sint Oedenrode becomes larger as water depth
and colors green. During summer euphotic depth is larger as water depth at all locations. However,
around the 11th of July the area downstream of Eindhoven colors red for a period of three days (last
picture, figure 4.17.
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1-4-2010

22-3-2010

Sint Oedenrode

11-4-2010

Sint Oedenrode

Sint Oedenrode

Eindhoven

Eindhoven

Eindhoven

Borkel & Schaft

Borkel & Schaft

21-4-2010

Sint Oedenrode

Borkel & Schaft

11-7-2010

Sint Oedenrode

Eindhoven

Eindhoven

Zeu < z
Zeu > z
Borkel & Schaft

Borkel & Schaft

Figure 4.17: Ratio between Zeu and Z at five different dates. The circle represent the borders of the city of Eindhoven.
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4.6

Sedimentation and resuspension areas in the study area

In figure 4.18 sediment thickness after one year of simulation is shown. At starting point of
modeling (1-9-2009) a thickness of 5 cm was set as an initial condition. Areas dominated by
resuspension, are colored bluish, indicating a decrease in sediment thickness. These areas are
colored light blue (0-1.5 cm/year), bleu 1.5-3.0 cm/year) or dark blue (3.0-4.5 cm/year). Areas of
predominately sedimentation are colored light green (5.5-7.0 cm/year) and dark green (7.0-8.5
cm/year). The gray areas are areas where thickness increased or decreased with less than 0.5
cm/year. This can be seen as areas which are relatively stable (hardly resuspension or sedimentation)
or where resuspension and sedimentation are in equilibrium with each other.
Borkel en Schaft - Eindhoven
Downstream of Eindhoven resuspension areas are dominant. The thickness decreases in the
range of 0.5-2 cm/year (dark blue). A few sections are colored light blue, indicating a decrease of
thickness of 3.5 – 5 cm/year. In these sections resuspension flux is small or even absent. A few
sections are colored gray, indicating small changes in sediment thickness.
Dommel in Eindhoven
The Dommel in Eindhoven is predominantly colored gray, with a few green sections.
Thickness of the sediment layers stays almost constant or increases with a maximum of 2 cm
throughout the year. At the position where the Kleine Dommel enters the Dommel, thickness
decreases with 0.5-3.5 cm.
Dommel upstream of Eindhoven
From the point where the Kleine Dommel enters the Dommel up to the inlet of the
Hooijdonkse stream difference in thickness is small. After the inlet of the Hooijdonkse stream up to
the village of Sint Oedenrode resuspension is the dominant process. As a consequence sediment
thickness decreases even up to 5 cm. Thickness decreases in some sections with 2 – 3.5 cm/year
interspersed with sections counting a decrease of 3.5 – 5 cm/year. In the village of Sint Oedenrode
itself, a gray section and a small section of decreased thickness is found.
Side streams (denoted as a,b,c and d)
 Keersop (A): Stock of the Keersop hardly changes. A small section of decreasing sediment
thickness is seen.
 Tongelreep (B): Areas of sedimentation are interspersed with areas of resuspension. At most
sections difference in sediment thickness is small.
 Kleine Dommel (C): At most sections difference in sediment thickness is small. In the Smalle
Beekloop (side branch of the Kleine Dommel) a section of increased thickness is located.
 Hooijdonksebeek (D): Most sections are colored gray, indicating small increase/decrease in
sediment thickness. Few small sections of increase or decrease of thickness can be seen.
Klotputten
In the Klotputten an increase in sediment thickness of 2-3.5 cm is seen. The Klotputten is a
large sediment trap of 3 m depth; widths ranging from 80- 258 m and total length of 350 m. Sections
adjacent to the Klotputten are characterized by a decrease in sediment thickness of 0.5 – 5cm.
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Figure 4.18: Thickness of sediment layer after one year of simulation (1-9-2009 - 26-8-2010). Initial thickness was set on
5cm. A: Keersop, B: Tongelreep, C: Kleine Dommel, D: Hooijdonksebeek. A detail map and photo of sediment trap “de
Klotputten“ is inserted (source: Water board the Dommel).
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4.7

Short term influence of a CSO event

CSOs located in the study area differ in discharge and duration. Therefore a distinction is made
between a “small” (in discharge and duration) CSO event and a “large” CSO event of the month
October 2009. The CSO is located in Eindhoven, circa 800 m for measure point 243010, upstream of
the WWTP to exclude the influence of the WWTP. At the beginning of this month (6th) a “small” CSO
event occurred with a duration of 4 hours and discharges ranging from 0.05 – 0.371 m3/s. This CSO
event was followed up by a “large” CSO event with a duration of 10 hours (20:00, 7-10 up to 6:00, 810) and discharges ranging from 0.05 -1.4 m3/s. A small event on the 10th occurred with duration of
2 hours, discharges ranging from 0.003 – 0.103 m3/s. Simulation period started at the 5th of October
until the 30th of October. Two fractions were modeled using model 1. First the small event of the 6th
of October is analyzed for both fractions, followed by analysis of the large event.
The total SSC (summation of fraction 1, fraction 2 and wash load) is seen in figure 4.19.
During the first CSO event total SSC increases up to 18 mg/l followed by a decrease to 2.5 mg/l.
During the second CSO SSC increases up to 67 mg/l, decreases to 27 mg/l and increases again during
the last CSO event to 55 mg/l. After this last CSO event SSC decreases, increases a little bit at 13th of
October and decreases to a value of 4 mg/l after 7 days.

Figure 4.19: Time graph (days) of total SSC (wash load, fraction 1 and fraction 2)

4.7.1

Detail analysis of a small CSO event (6 October)

Fraction 1
SSC of fraction 1 (figure 4.20) follows the same pattern as figure 4.19. At the beginning of the
simulation period SSC is very small (< 0.5 mg/l). During the first CSO event, SSC increases up to 12
mg/l and reduces quickly due to sedimentation (red line). During the second CSO event a period of
resuspension is seen (blue line) and SSC increases up to 62 mg/l, followed by a short period of
sedimentation (red line) decreasing the SSC to 35 mg/l. After the last CSO event SSC increases to 50
mg/l. After eleven days (around the 20th ) SSC is decreased to around 6 mg/l. There the SSC
fluctuates between 3.5 and 8 mg/l depending on sedimentation rate (see enclosed detail picture
figure 4.20).
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Figure 4.20: Change of SSC fraction 1 (right axis), sedimentation and resuspension flux (left axis) in time. Magenta: SSC (mg/l), blue: resuspension flux (g/m2/d), red: sedimentation
flux (g/m2/d). Thick arrows represent starting time of the three CSO events.
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2

Figure 4.21: Simulated overflow of 6-10-2009, 16:15. Magenta: SSC (mg/l), red: sedimentation flux (g/m /d), blue:
2
resuspension (g/m /d.

A detail is made of the first small CSO event starting at 16:15, 6-10-2009 (figure 4.21). During this
time period no resuspension occurred. A short delay of about 15-30 minutes can be seen between
increase of SSC and sedimentation flux. The observed increase in SSC is all due to the CSO event.
This is confirmed by detailed analysis of the space related graphs where SSC (red color instead of
magenta!) is modeled along a distance (figure 4.22).

Figure 4.22: SSC (red) and sedimentation (blue) at different time stadia of the CSO event: A: just before (16:00 h), B: start
of the CSO event (16:15 h), C: end of overflow (18:30 h) and D: SSC at 23:00 h. Thick, vertical red line represents location
of CSO. Distance in meters.

Before the CSO event start SSC decreases along the distance. At the location of the CSO (vertical red
line) the SSC is around 0.055 mg/l and sedimentation flux around 0.115 g/m2/d (figure 4.22A). At the
start of the CSO (16:15) SSC reacts immediately and increases to 12.5 mg/l (figure 4.22B). The
sedimentation flux reacts with a delay of 15 -30 minutes and increases after 16:30 to a maximum
value of 35 g/m2/d. After 2 hour and 15 minutes (18:30) the discharge of the overflow decreases,
resulting in a decrease of SSC to 8.5 mg/l (figure 4.22C). At 18:45 the overflow stops and the peak of
SSC moves along the distance and decreases slowly (figure 4.23 and 4.22C,D). Around 23:00 (figure
4.22D) SSC is decreased till 1.4 mg/l at the location of the CSO, reaching the same value as distance
2000m. After 17 hours (9:00 next day) SSC reaches a constant value of 0.30 mg/l along the whole
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distance. During and after the CSO event SSC upstream of the CSO is always smaller as the SSC
downstream the CSO. To conclude: increase in SSC is all due to input of SS from the CSO itself.
Part of suspended solids settles down immediately due to the sedimentation flux and a part
will be transported with the water flow and be settled further away from the CSO (figure 4.23). As a
consequence of sedimentation, advection and dispersion SSC will decrease. Around 17:45 a peak of
6.8 mg/l is noticed at distance 520 m from the CSO and around 18:30 highest concentration at
distance 1520 m is reached (1,60 mg/l). At this distance no clear peak is observed and the
concentration stays constant for 4 hours.

Figure 4.23: Simulated SSC plotted at different distances and time: near the CSO, at distance 520 m and 1520 m from the
CSO.

This is also confirmed by change in sediment stock (g/m2/d) between 16:00 and 0:00 (figure 4.24).
Change is formulated as the difference between the situation with CSO and without CSO event. It can
be seen that m within 500 m distance from the CSO largest increase in sediment is found. Almost all
particles settle down in a distance of 1520 m.

Figure 4.24: Difference in stock between 16:00 and 0:00, fraction 1.
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Fraction 2: small CSO event (6 October)
As seen by figure 4.25 same pattern is found compared to the simulation of fraction 1 except
for the continuous fluctuation of SSC and sedimentation found after the 20th of October. No
resuspension occurred during the three CSO events and the SSC reaches its begin value within six
hours, much sooner as fraction 1 (17 hours). Before the first CSO event, the SSC of fraction two was
zero and during the first CSO event SSC increases to 3.6 mg/l. During the second CSO event, SSC
increases to 6 mg/l, decreases to 2.3 mg/l and increases again to 4.4 mg/l. During the last CSO event
two small peaks up to a SSC of respectively 1.0 mgl/l and 0.7 mg/l are noticed. Around the 14th of
October, SSC is again 0.0 mg/l. The sedimentation flux follows the same pattern as the SSC.
Detailed analysis of the space graphs revealed the same patterns noticed for fraction 1. At 16:00 the
SSC around the location of the overflow SSC was 0.0 mg/l (figure 4.26A). Also the sedimentation flux
was 0.0 g/m2/d. At the start of the CSO event the SSC increases immediately up to 3.2 mg/l. A part
of the SS is transported away, causing an increase of SS further downwards (figure 4.26B). At 17:30
sedimentation flux reaches its highest value of 40 g/m2/d and decreases slowly afterwards together
with SSC. Around 18:30 SSC is decreased below 2 mg/l (figure 4.26C). Around 22:00 (figure 4.26D)
SSC has almost reached its begin value. During and after the CSO event SSC upstream of the CSO is
always smaller as the SSC downstream the CSO. To conclude, also for fraction 2 increase in SSC is all
due to input of SS from the CSO itself.

Figure 4.26: SSC (red) and sedimentation (blue) at different time stadia of the CSO event: A: just before (16:00 h), B: start
of the CSO event (16:15 h), C: end of overflow (18:30 h) and D: SSC at 22:00 h. Thick, vertical red line represents location
of CSO. Distance in meters.
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Figure 4.25: Change of SSC fraction 2, sedimentation and resuspension flux in time. Magenta: SSC (mg/l), blue: resuspension flux (g/m2/d), red: sedimentation flux (g/m2/d). Thick arrows
represent starting time of the three CSO events.
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Same pattern of settlement of fraction 2 is seen compared with fraction 1 (figure 4.27). Again a part
of the suspended solids settles down immediately as a consequence of sedimentation. SSC reaches
highest value of 3.5 mg/l around 17:00h. SSC peak arrives point 1520 m after 2 hours and stays
somehow constant after this time. Within 6 hours after the start of the CSO all suspended solids
were settled down.

Figure 4.27: SSC near the CSO and at distance 520 m and 1520 m from the CSO.

Largest increase in sediment stock is found just after the CSO event (figure 4.28). Almost all SS are
settled within 1520 m after the CSO.

Figure 4.28: Difference in sediment stock between 16:00 and 22:00, fraction 2.
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4.7.2

Detail analysis of a large CSO event (7-8 October)

Fraction 1: Large CSO event (7-8 October)
A different pattern is seen by a larger CSO event with higher discharges and longer duration.
One big difference compared with the small CSO is that discharge and velocity increases more
compared with a small CSO event, resulting in a short (2:30 h) period of resuspension and almost no
sedimentation. As a consequence, the parabola shape of figure 4.22 and figure 4.26 is not visible
during the simulation period. At the start of the CSO event (7-10, 20:00h), a peak comparable with
the shape of figure 4.22A is noticed (figure 4.29A). This peak is transported away (figure 4.29B),
causing an SSC increase till distance 900 m at 21:00h. At distance 1000m sedimentation flux
increases, causing a decline in SSC. At distance 2000 resuspension occurs, increasing the SSC at
distance 2000. Half hour later (21:30) flow velocity increases, causing a period (1 hour) of
resuspension along the whole length (figure 4.29C). Resuspension flux increases further away from
the CSO, causing an increase in SSC from 1000 m onwards (figure 4.29D).

Figure 4.29: SSC (magenta), resuspension (blue) and sedimentation (red) at different time stadia of the CSO event: A:
start of the CSO (20:00 h) B: 21:00 h C: start resuspension period (21:30 h) and D: second resuspension period 00:00 h.
Thick, vertical red line represents location of CSO. Distance in meters.

Around 1:30, 8 October SSC upstream the CSO becomes larger as SSC downstream the CSO (figure
4.30A). In other words, before 1:00 the CSO was the primary input of SS. After 1:00 input of
resuspended material from upstream is the primary input. As a consequence SSC increases up to 67
mg/l (figure 4.30B). After this time step, input of SS from upstream CSO decreases. Around the 10th
of October 1:00 h the sedimentation flux increases and SSC decreases (figure 4.30C). At 2:00 the last
CSO events starts, but the influence of this CSO event is small and no significant increase in SSC is
seen (figure 4.30D). Around the 13th of October input of SS upstream decreases and sedimentation
flux increases. As a result SSC decreases slowly across the whole length. However, the situation of
figure 4.22A, where SSC upstream the CSO is lower as downstream the CSO, is not reached before
the start of the next CSO event (beginning of November).
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Figure 4.30: SSC (magenta), resuspension (blue) and sedimentation (red) at different time stadia of the CSO
event: A: SSC from upstream becomes primary input (1:30h) B: highest SSC (8-10, 0:00h) C: increase sedimentation (1010, 1:00 h) and D: last CSO event (10-10, 2:00h). Thick, vertical red line represents location of CSO. Distance in meters.

During the small CSO event of 6 October it came clear that most of the SS of fraction 1 and fraction 2
are settled within 500 m from the CSO. It is likely that during the resuspension period these sediment
particles will become resuspended. Analysis of sediment stock confirmed this (table 4.4), but not all
material which was settled goes into suspension. Stock increase was calculated by the difference
before and after the CSO of 6th of November. Subtracting the resuspension flux, gives a net
difference. At distance 20-100 m from CSO a net increase in sediment stock of 3.52 g/m2/d was
calculated. At a distance of 500 m from the CSO, 76% of all settled material is resuspended, leaving a
net increase in sediment stock of 1.15 g/m2/d. The difference between the two distances is caused by
the second resuspension flux (figure 4.29D), who only occurred at distance 500 m away from the CSO
and not near the CSO itself.
Table 4.4: Difference in sediment stock. Stock increase: difference in stock from 16:00, 6-10-2009 (before first CSO) and
20:00, 7-10-2009 (just before the period of resuspension). Resuspended: material resuspended during the resuspension
period.
Distance from CSO

Stock increase
(g/m2/d)

Resuspension
flux (g/m2/d)

20-100m
500 m

5.23
4.78

1.71
3.63
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Fraction 2: Large CSO event
Difference compared with fraction 1 is the continuous sedimentation flux and the fact that
no resuspension occurred. Around 20:00 at the start of the CSO, SSC increases up to a maximum of
6,3 mg/l and decreases afterwards due to increased sedimentation flux (figure 4.31A). A flattened
SSC peak is noticed. This peak is slowly transported and because of the continuous sedimentation
flux, SSC decreases. Comparable with fraction 1, around 1:30h at 8 October input of SSC due to
resuspension upstream of the CSO becomes larger as the SSC after the CSO. However, increase in SSC
is small probably as a result of the larger sedimentation flux near the CSO (figure 4.31B). The second
peak of figure 4.25, where SSC increases up to 4.4 mg/l is caused by the SS input of the CSO of 8-102009 (figure 4.31C). SSC decreases slowly and at the 9th of October, 17:00 hour, concentration
becomes below 1 mg/l over the whole section (figure 4.31D). The last small CSO event (10-10) causes
a negligible increase of 0.7 mg/l in SSC. The slow increases of SS up to a maximum value of 1.4 mg/l,
found around the 11th of October, is caused by increased input from upstream. At the 14th of
October SSC is 0.0 mg/l and all material is settled within the 1520m.

Figure 4.31: SSC (magenta), resuspension (blue) and sedimentation (red) at different time stadia of the CSO event: A:
After start of the CSO (22:00h) B: input SSC upstream (8-10, 2:00h) C: increase discharge overflow (8-10, 4:00 h) and D: 910, 17:00h. Thick, vertical red line represents location of CSO. Distance in meters.

4.8

Long term influence of a CSO event

Two situations are simulated, a situation with CSO events and a situation without CSO
events. The difference between the two situations is calculated. Two fractions are modeled using
model 1. Two locations are used for this analysis, location 243010 upstream WWTP Eindhoven and
location 240021, Sint Oedenrode.
4.8.1 Fraction 1
As seen by figure 4.32 most of the time a very small or no difference between the two situations is
seen. During winter, no difference is noticed between the two situations. During autumn and
spring/summer differences are seen. SSC with CSO events ranges from 1 mg/l up to 134 mg/l.
Without CSO events, highest SSC is 119 mg/l.
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Figure 4.32: SSC fraction 1, location 243010 WWTP Eindhoven. Analyzed SS peaks are marked. Numbers corresponding
with table 4.5.

Although largest difference peak is found at the 23rd of November, the actual difference between
the situation with and without CSO event is just 15 mg/l (figure 4.33). At this day CSO event started
at 11:15h and ended at 20:45h. The SSC with CSO increases immediately after the start of the
overflow, followed by the discharge. In the situation without CSO, SSC increases later, reaching
highest concentration of 119 mg/l around 15:00 h. As a consequence of this ‘delay’ a large difference
peak is calculated. However, the actual difference is much smaller. SSC without CSO events follows
discharge pattern with a delay of approximately 12 hours. From the 25th onwards, both SSCs are
following the discharge pattern.

3

Figure 4.33: Detail of SSC, fraction 1 of 23-11-2009 up to 30-11-2009. Left axis: SSC (mg/l). Right axis: discharge (m /s)
without CSO events.
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Largest actual differences are seen during summer time, especially august 2010. There, increase in
SSC is predominantly caused by SS input from overflows. Analysis of SS-peaks (marked by a number
in figure 4.32, corresponding with table 4.5) revealed that the large difference found during summer
time is caused by CSO events with a long duration (table 4.5). CSO used for this analysis is located
800 m upstream of measurement point 243010. At five dates an increase in SSC is found, but no CSO
events were recorded in the model. However, the possibility exist that CSO event occurred, but that
they are not recorded in the model.
For location 240021 (figure 4.34) same patterns are seen as location 243010. Generally, no difference
exists between the situation with and without CSOs. For both locations difference peaks are at the
same dates. However, the differences are smaller compared to differences of figure 4.32. This is
probably due to the influence of the WWTP. This is especially valid for 26-7-2010 and 4-8-2010. At
location 243010, Eindhoven the difference was respectively 28 mg/l and 26 mg/l at these dates. At
location 240021, the differences at these dates are respectively 10 and 5 mg/l.
Table 4.5: Average discharge CSO and duration on several dates. Numbers correlate with figure 4.32.
Number
(fig.4.32
)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Date

6-10-2009
7-10 and 8-10-2009
10-10-2009
6-11-2009
23-11-2009
26-11 up to 28-11-2009
6-12-2009
10-12-2009
26-12-2009
31-12-2009
18-1-2010
2-2 and 3-2-2010
28-2-2010
21-3-2010
12-5-2010
9-6-2010
26-7-2010
4-8-2010
15-8 and 16-8-2010
23-8 and 24-8-2010

Average discharge
(CSO)
(m3/hour)
0.8
0.33
0.3
No CSO recorded
2.05
0.30
No CSO recorded
0.43
No CSO recorded
No CSO recorded
No CSO recorded
0.45
0.25
1.53
0.43
0.51
0.70
1.05
1.15
1.86
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Duration
(hour)
3.3
10.15
4.15
9.3
4.0
2.3
1.45
6.15
6.0
6.30
3.15
5.15
2.45
11.15
5.30
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Figure 4.34: SSC fraction 1, location 240021 Sint Oedenrode.

4.8.2 Fraction 2
SSC is, as expected, lower as the SSC of fraction 1. Same patterns are found as for fraction 1.
Largest differences are found during summer (July and August), during winter no differences are seen
(figure 4.35).

Figure 4.35: SSC fraction 2, location 243010 upstream WWTP Eindhoven.
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The detail of the CSO event at 23rd of November shows also the same patterns (figure 4.36).
SSC with CSO increases immediately when the CSO starts, followed by the discharge. SSC without
CSO events increases later. The actual difference in peak concentration is 7 mg/l. SSC without CSO
follows discharge pattern with a delay of about 12 hours.

Figure 4.36: Detail of SSC, fraction 2 of 23-11-2009 up to 30-11-2009.
3
Left axis: SSC (mg/l). Right axis: discharge (m /s) without CSO events.

For location 240021, Sint Oedenrode (figure 4.37) same patterns are found as for fraction 1,
location 243010. SSCs are higher, but the difference between the two situations is smaller. At 4-82010 a difference peak is noticed at location 243010. At location Sint Oedenrode this difference
peak is not present.

Figure 4.37: SSC fraction 2, location 240021 Sint Oedenrode.
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Sediment
Analysis of the sediment stock revealed a difference between the two situations, but the
difference is negligible small (range of 0.025 mm). The difference is calculated by subtracting the
sediment thickness with CSO event from the sediment thickness without CSO events. At location
240021, Sint Oedenrode the difference is even smaller and the difference is negative. In other words,
the thickness of the sediment without CSO event is larger as the thickness of the sediment with CSO
events.
To conclude, during autumn several SSC increases are noticed. However, these increases are
mainly caused by resuspension from upstream as a consequence of increased discharge and flow
velocity. In spring and summer SSC increase is dominantly caused by CSO events. The influence of
CSO events on the sediment thickness of the riverbed is negligible small.
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5. Discussion
5.1

SSC variability

On average SSC ranges from 8-15 mg/l in the Dommel. Incidental SSC peaks are measured
ranging from 50 – 150 mg/l. These measured SSC coincided mostly with periods of extreme rainfall
(analysis rainfall data KNMI). Whether this increase was caused by river bed resuspension due to high
river discharge or CSO events could not be verified: it was not recorded in the data provided by the
water board whether during the high measured SSC CSO events occurred.
During summer SSC are lower compared with SSC measured during autumn and winter.
During summer, river discharge and flow velocity are small resulting in a net sedimentation flux. This
effect could be enhanced by macrophyte growth. Macrophyte beds reduce flow velocity within and
around their beds and stabilize the sediment, thereby decreasing the potential for resuspension
(Madsen and Warncke 1983; Madsen, Chambers et al. 2001) .

5.2

Field measurements

The first measuring day of the first measuring campaign (14th of December) coincided with
periods of extreme rainfall and the occurrence of CSO events. As a consequence, river discharge and
flow velocity were larger than during the second measuring campaign. This resulted in higher SSC,
sedimentation fluxes and fall velocities for most measuring locations, except for locations two and
four. Of those two locations the total suspended solid mass from the sediment traps were lower
during the first measuring campaign compared to the second field campaign. This is due to the lower
organic matter percentage found during the second measuring campaign. It is known that organic
matter concentration is large in untreated waste water (Passerat, Ouattara et al. 2011). It is
therefore not unlikely that the increased OM concentrations measured during the first field
campaign are a result of organic matter input from CSO’s. Largest total sediment mass was measured
during the first measuring campaign for location three. At this location a dominance of sand was
found in the sediment trap (personal observation). However, this dominance of sand was not
measured by the particle size analyser: the PSD of location three shows no dominance of particle
size 63 µm and larger. Presumably sample of location three was not well mixed and only the smallest
fraction was transferred to the second bottle used for particle size analysis, resulting in an
underestimation of particles larger as 63 µm.
During the first measuring campaign, fall velocity values ranging from 21 – 1700 m/d were
found. The high fall velocities are a direct consequence of the fact that during periods of increased
river discharge and flow velocity heavier particles with a large fall velocity will become resuspended.
During the second measuring campaign, less variation in fall velocity was noticed and an average fall
velocity of 192 m/d was obtained. Compared with other studies (Blom 1996; Blom 1996; Blom and
Aalderink 1998) obtained fall velocities are high. In this research fall velocity was obtained by dividing
the measured sedimentation flux from the sediment traps by average mass of SSC measured in the
water column. The average SSC used in this calculation is the result of two measurement moments:
SSC at the beginning of the measurement period and SSC at the end of the measurement period. If
between these two measuring moments stream velocity will increase, heavier sediment particles
with a larger fall velocity will become resuspended and trapped in the sediment trap. This results in
dominance of large, heavy weight particles in the sediment trap. However, this dominance of heavy
weight particles will not be measured during the two measuring moments. It could therefore be
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argued that used method is sensitive for overestimation and underestimation of fall velocity if
conditions change during measurement moments. It is therefore recommendable to take more SSC
samples.
After the 14th of December, the first measurement moment, water level decreased. As a
result the top of some sediment traps were above water level. These values are corrected using
discharge data of the water board. One sediment trap (location Son and Breugel) was drawn onto the
river bank.
During both measuring campaigns the influence of sediment trap ‘de Klotputten’ was seen
for measurement locations two and four, both located in Eindhoven. De Klotputten is located
upstream of Eindhoven, just before the Dommel enters Eindhoven. The influence of the Klotputten
was seen by the absence of the large and heavy size class 210-2000 µm, the lower SSC and the
smaller attenuation coefficient measured at location two and four compared with the other
measurement locations.

5.3

Relation between turbidity and SSC

Analysis of routine measurements of SSC and Secchi-depth data showed a clear relation
between SSC and inverse Secchi-depth for most locations in the Dommel except for the Tongelreep.
This absence is caused by the low water levels found in the Tongelreep, which makes it hard to
measure Secchi-depth. For the Dommel SSC alone explains 65% to 71% of the found variance in
turbidity (R2: 0.65- 0.71). From the PSD of the SS taken from the water column during field
campaigns, it came clear that 65% up to 90% of the suspended solids are smaller than 63 µm. From
previous studies it is known that mineral particles in the size range of 0.2 – 5 µm and organic
particles in the size range of 1- 20 µm are dominating light attenuation. Particles in the size range of
> 63 µm contribute hardly to light attenuation (Davies-Colley and Smith 2001). Campbell and Spinrad
(1987) showed that suspended solids < 100 µm in size correlated well with the beam attenuation
coefficient and that particles in size range of 100 -210 µm were optically inactive. Van Duin, Blom et
al. (2001) found that the contribution to light attenuation of particles with high fall velocity (large
particles) was negligible. The contribution to light attenuation of particles with fall velocity of 2.5 x
10-6 – 2.5 m/s (small particles) was large. It is therefore reasonable that almost all suspended solids
in the water column contribute to absorption and scattering of light and thereby to turbidity. DaviesColley and Smith (2001) argues that the functional dependence of Kd on SSC is a power law with an
exponent exceeding 0.5 and sometimes as high as 1, indicating a linear relationship. Indeed, plotting
measured Kd values against measured SSC, yielded a power exponent of 0.73 with R2 of 0.3989. This
data confirms the relevance of SSC on the light attenuation.
For all locations a “background turbidity” was found (1/σ0 > 0). This implies that other factors
such as gilvin and chlorophyll-a also contribute to the calculated turbidity. That chlorophyll-a is
present, is confirmed by two day measurements of Wageningen University (unreported data) of June
2010. They found chlorophyll-a concentrations ranging from 7-30 µg/l, with an average of 11.5 µg/l.
At 23rd of August 2012, chlorophyll-a measurements taken in Sint-Oedenrode ranged from 20.3 –
29.6 µg/l (unreported data Wageningen University). It is therefore likely that besides SS, chlorphyll-a
affects turbidity in the Dommel.
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5.4

Turbidity and macrophyte growth in the Dommel

To investigate the possible consequences of turbidity on macrophyte growth euphotic depth
was calculated. To calculate euphotic depth, Secchi-depth data was converted to Kd with help of the
ratio between the beam attenuation and the vertical attenuation coefficient, ε. It is known that Kd
and c (and thereby ε) is a function of time and location. Local meteorological events, light conditions,
composition and concentration of suspended solids are all factors influencing Kd and c. Assuming a
constant ε over a time period of a year is therefore not completely valid. However, it is found that
the ratio Kd/c is relatively stable (Tyler 1968; Preisendorfer 1986). This is also found in the Dommel
where the PSD and percentage organic matter was constant during both field campaigns, despite the
difference in measuring time of 2 months. Used values of ε of 0.12 and 0.17 are in range of ε values
calculated using data of Holmes (1970). Holmes measured Kd and c at depths ranging from 6 -22m in
coastal waters of Goleta bay, California. The author found values of ε ranging from 0.16 up to 0.30. A
better estimate of ε can be obtained by simultaneous measurements of Kd and c and obtaining a
linear regression by making a scatter plot (Preisendorfer 1986). Applying this method to data of
Holmes, a slope of 0.13 was obtained with a R2 value of 0.79. This suggests that found values of ε are
well in range of other values found in running waters.
Euphotic depth was also calculated in the sediment and suspended solid model by
multiplying Secchi-depth with 1.7. In literature this method is mostly seen as an unreliable basis for
calculating euphotic depth (Preisendorfer 1986; Scheffer 1998). Light attenuation is highly variable
and Secchi-depth (or turbidity derived as 1/Sd) is more affected by scattering than Kd which is mostly
affected by absorption (Kirk 1985). Using Secchi-depth will therefore give an unreliable estimate of
euphotic depth. However, as stated earlier particles smaller than 20 µm dominate light attenuation
and particle larger than 63 µm contribute hardly to light attenuation. Particles smaller than 2 µm
(clay) mostly scatter (Scheffer 1998). From the PSD it can be seen that almost all SS particles are
smaller than 63 µm. Percentage particles smaller than 2 µm, is negligible (2 -5%). It is therefore likely
that scattering does not dominate Secchi-depth and that euphotic depth correlates well to Secchidepth.
From this study it came clear that in winter the Dommel can become turbid. However, this
period is of less ecological relevance because macrophyte growth peaks in spring and summer.
Around 11-7-2010 low values for euphotic depth were obtained in a part of the Dommel upstream of
Eindhoven, meaning that light could become a limiting factor for macrophyte growth in that specific
part. Increased turbidity levels were a consequence of increased SSC in the effluent of the WWTP.
This result suggests that during periods of heavy precipitation and overflows the water can become
turbid and macrophyte growth could become limited by light for a short period of time especially if
duration and frequency of extreme weather events and overflows increases.

5.5

Sediment and SSC transport model

In general the accuracy of the model is good, taken into account the assumptions and
simplifications made. The model sometimes overestimates and sometimes underestimates the SSC
or the SS peaks. This is partly due to model schematization and partly due to the coarse calibration
time scale. Only monthly data of SSC were available, which makes it difficult to calibrate the model
properly.
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In the model the sedimentation flux was not simulated well. From previous studies it is
known that on yearly basis an average of 2500 m3 of sediment will settle in sediment trap de Vleut,
located upstream in the Tongelreep, Eindhoven (Termes, Bakker et al. 2007). One year simulation
indicated that on yearly basis a maximum of 400 m3 of sediment was settled in the Vleut (assuming
sediment density of 1300000 g/m3), an underestimation of 600%. In the suspended solid transport
model only wash load and suspended load were modelled. From above sedimentation values it is
likely that also bed load is an important factor contributing to net sedimentation. It is therefore
recommended to use another more complex modelling program to model sedimentation fluxes.
Fall velocities larger than 12m/d resulted in model instability. Therefore values of 12 m/d or
lower are used instead of the obtained value of 191 m/d during the field campaign. As stated earlier,
the value of 191 m/d is large. Used value of 12 m/d is in range with other fall velocities cited in
literature (Blom 1996; Blom 1996; Blom and Aalderink 1998) .
There are three specific areas which can be characterized by resuspension and/or
sedimentation. Sections from Borkel en Schaft up to Eindhoven and from Eindhoven up to Sint
Oedenrode are characterized by a net resuspension flux, whereas the city of Eindhoven can be
characterized by a net sedimentation flux. This is probably a result of difference in flow velocity
leading to differences in resuspension frequencies. As can be seen in figure 5.1, simulated flow
velocity increases upstream and downstream of the city of Eindhoven (blue and green line). As a
consequence, the frequency of resuspension periods will also increase compared with the situation
in Eindhoven itself.

Figure 5.1: Simulated flow velocity from the SS transport model. Simulation period: 1-9-2009 until 30-8-2010. Upstream
and downstream are taken relative to Eindhoven
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From year to year, meteorological and hydrological conditions change resulting in different
sedimentation and resuspension frequencies and areas. One year of simulation may therefore not be
representative to conclude where areas of resuspension and sedimentation are located. It is
therefore recommended to simulate more years.

5.6

Influence of combined sewer overflows

Analyzing the short term influence of CSO events on SSC revealed a difference between
small and large CSO events. During small CSO events, SSC increase was caused by input of SS from
the CSO. This was valid for both SS fractions. A large part of the SS settle near the CSO inlet, which
was also observed by a previous study to the distribution of sedimentation rates of SS originating
from CSOs (Benoist and Lijklema 1990). During a large CSO event, SSC increase was predominantly
caused by resuspension of river bed sediment from upstream the CSO. The differences between the
small and large CSO events are the result of the different hydrological circumstances. During the
small CSO event, flow velocity was not high enough to cause resuspension of river bed sediment.
During the large CSO event, flow velocity was high enough to cause resuspension of river bed
sediment. This is especially valid for the small, low weight fraction of 0-45 µm. The resuspension flux
of the larger, heavier fraction of 45-210 µm was small. This difference is a direct consequence of the
difference in resuspension and sedimentation characteristics. The suspended solids particles of size
0-45 µm are easily resuspended; they will only settle during low flow velocities. The heavier particles
of size fraction 45-210 µm are only resuspended by high flow velocities and will settle easily.
In this analysis just one CSO was studied. It is known that advection, dispersion and
resuspension are all processes influencing the distribution of SS around and downstream CSOs and
that these processes are site specific (Benoist and Lijklema 1990). The patterns found in this analysis
could therefore be different at other CSO locations. However, the process of sedimentation is less
site specific and it is therefore likely that found results of settling is also valid at other CSO locations.
However, most overflows are located close to each other in the city of Eindhoven where hydrological
conditions are relatively stable. It is therefore likely that found patterns are valid for CSOs located in
Eindhoven.
Results of the long term influence of CSOs revealed that during autumn the influence of CSO
events on SSC is small. During winter time the influence of CSO events is even negligible. Here SSC
increase was mostly caused by resuspension of sediment. In spring and summer opposite was found:
SSC increase was dominantly caused by CSO events. During spring and summer, discharge and flow
velocity decreases. As a consequence, resuspension will be less occurring and the contribution of SS
input from the CSO is larger.
The large difference peak found at the 23rd of November between the simulation with and
without CSOs is a consequence of different starting points of SSC increase. In the situation with CSO
events, SSC increases immediately due to the overflow, ahead of the increase in discharge. In the
second situation without CSO events, SSC lags the discharge peak with approximately 12 hours. This
can be explained by the fact that the increase in discharge is a slow process and that it takes time to
exceed the critical bed shear stress parameter for resuspension.
There was a negligible difference found in sediment thickness between the situation with
and without CSOs. This result indicates that most SS from the CSO are transported to downstream
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areas. At first sight, this result contradicts with the results of the short term influence of a small CSO
event, where most particles settle within approximately 1500 m from the CSO. However, during large
CSO events resuspension of river bed sediment was noticed. It is therefore plausible that on yearly
basis most of the SS are transported to downstream area as a consequence of increased discharge
and flow velocity. The negative difference values seen in figures 4.32, 4.34, 4.35 and 4.37, indicating
that SSC without CSO events are larger than the situation with CSO events, are probably due to
model schematization.
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6. Conclusion
The current suspended solids concentrations (SSC) are simulated reasonably well with the Duflow
model for most parts of the Dommel, except for the Kleine Dommel. Over a whole year simulation
showed a small net sedimentation flux in the city of Eindhoven and a net resuspension flux in the
sections from Schaft en Borkel up to Eindhoven and from Eindhoven up to Sint Oedenrode.
During a small CSO event SSC increase in the water column is mainly caused by the CSO. Suspended
solids are settled within approximately 1.5 km downstream the CSO inlet and predominantly just
after the CSO inlet. During a large CSO event the increase in SSC in the water column is
predominantly caused by resuspension of river bed sediment. The reason is that large CSO events
usually coincide with high discharges in the river.
During periods of high flow in winter the influence of CSO events on the SSC is absent or small.
Increase in SSC is caused by resuspension of river bed sediment. During summer increase in SSC was
caused by CSO events. In summer flow rates are too low to cause river bed resuspension.
Settling and resuspension of suspended solids discharged by the CSO’s are generally in balance
throughout the year which means that this material is mainly transported to downstream areas.
A clear relation between measured SSC and inverse Secchi-depth (turbidity) was found for most
monitoring locations in the Dommel. This good correlation shows the importance of suspended
particles for the underwater light climate.
In winter turbidity levels can increase significantly due to resuspension. However, this season is
ecologically less relevant for macrophyte growth which peaks in spring and summer. During summer,
light is generally not a limiting factor for macrophyte growth. However, during periods of heavy
precipitation and CSO events light may become a limiting factor for a couple of days.
Above conclusions are based on one year simulation and just one CSO and CSO event. From year to
year, meteorological and hydrological conditions change resulting in different sedimentation and
resuspension fluxes and areas, so it is not clear if the findings are general. To increase the validity of
the conclusions, it is recommended to simulate more years and investigate more CSO events.
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9. Appendix
Appendix I
Light attenuation
When a photon reaches the water, it can be absorbed or scattered. These processes are
expressed in the absorption coefficient (a, unit: m-1) and the scattering coefficient (b, unit: m-1): the
proportion of photons that are adsorbed or scattered by length of the light pad (Duin, Blom et al.
1992).
The total light attenuation is called the beam attenuation coefficient (c) and is just the summation of
a and b. So, when light penetrates into water it diminishes by depth through the processes of
absorption and scattering. According to the Lambert-Beer equation (1), attenuation of light happens
in an exponential way (Scheffer 1998):
(equation 1)
where Iz and I0 (µmol) are the intensities of light at depth z and z ≈ 0 (m), Kd is called the vertical
attenuation coefficient (m-1). The attenuation of radiation with depth (Kd) depends on absorption
and scattering (just a c) but is not simply the summation of a and b! Scattering removes light via a
different way as absorption; it changes the directions of photons, increasing its path length which
ultimately increases the chance of being absorbed. In other words the scattering coefficient (b) can
be seen as a variable divided into two ‘parts’; a part which absorbs (by increasing path-length) and a
part which scatters.
Variables causing light attenuation
The total absorption coefficient and total scattering coefficient can be defined by summing
up all the individual components responsible for the absorption and scattering. Water, humic
substances (or gilvin), phytoplankton and detritus are all contributing to the absorption of light. Here,
detritus is defined as the total suspended matter – inorganic fraction – clorophyll biomass, yielding
the organic matter content corrected by algae biomass. The water itself, phytoplankton and
inorganic suspended particles are components merely causing scattering (Buiteveld 1995).
Furthermore, Buiteveld showed that inverse Secchi-depth (

) is linearly related to the input

concentrations of algal chlorophyll-a (Chl), detritus (Det) and inorganic suspended solids (iss):
(equation 2)
Where σ0 represent light attenuation due to gilvin or other components not included.
Particle size: geometrical cross section
Particle size is an important attributor to absorption by his geometrical cross section. The
geometrical cross section is defined as the projected area (m2) per unit volume (m3). From this it
follows that although the concentration of a particular ‘large’ suspended solid is small, but his
geometrical cross section is large, that these ‘large’ particles contribute more to light attenuation as
‘small’ particles with high concentration. The distribution of particle size is therefore important for
estimating light attenuation. This dependence of particle size distribution to light attenuation makes
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it difficult to find a close relationship between SSC (measured as a mass-unit) and turbidity or Secchi
disk depth. However, when the light attenuation is dominated by particles of similar optical character
(size and composition), a close relationship between turbidity, Secchi depth and SSC can be found
(Davies-Colley and Smith 2001).
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Appendix II:
Model description
Particle size classes of model 1
Measurement done by water board Dommel to particle size distribution in the discharges of CSO’s was
used to determine size classes (unreported data water board the Dommel, 2011). The CSO located at Vincent
van de Heuvellaan, Eindhoven was used to define the particle size class of model 1.
Table 1: Particle size classes of fraction 1 and fraction 2. Source: Unreported data, Water board the Dommel, 2011

Particle size class
Fraction 1: 0-45 µm
Fraction 2: 45 -210 µm

Percentage in
effluent CSO
75 %
25 %

In the sediment traps 48% of the sediment belonged to fraction 1 and 52% belonged to fraction 2. In the
suspended solid samples taken from the water respectively 60% belonged to fraction 1 and 40% to fraction 2.
Initial conditions
Based on the results obtained during the field campaign, a sediment thickness of 5 cm is used.
Thickness used as initial condition for model 1 is calculated according to above mentioned percentages of
respectively 48% and 52%.
Based on average SSC of the Dommel, initial condition for SSC is set on 12 mg/l. The sediment stock on
the riverbed is found in table 2.

Table 2: Thickness, density of sediment and stock of model 1 and model 2

Model 1
Fraction 1
Fraction 2
Model 2

3

2

Thickness (m)
0.024
0.026

Density sediment (g/m )
1200000
1400000

Stock (g/m )
28800
36400

0.05

1300000

65000

Boundary conditions
Boundary conditions used can be found in table 3. Boundary conditions used for the WWTP,
Eindhoven was already present in the hydrological model.
Table 3: Boundary conditions

Location

Model 1: SSC
Model 1: SSC
fraction 1
fraction 2
Border Belgium
2.5
11
CSO*
75
25
Runoff
1
1
* Based on unreported measurements performed by water board the Dommel, 2011.

Model 2
16
100
1

External variables
0.5
2
Chézy coefficient was set to a value of 40 m /s and the dispersion was set to a value of 50 m /s for all
sections.
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Parameters
The following parameters are used (table 4):
Table 4: Parameters

Parameter Unit
Value
Ws1
m/d
3
Tsed1
Pa
0.2
Tres1
Pa
0.5
2
g/m /d
M1
300
Ro1
g/m3
1200000
Ws2
m/d
12.0
Tsed2
Pa
0.4
Tres2
Pa
0.9
2
g/m /d
M2
200
3
Ro2
g/m
1400000
Wc*
m/d
10
Tsed
Pa
0.30
Tres
Pa
0.90
2
g/m /d
M
250
Robot
g/m3
1300000
Rowat
Kg/m3
1000
2
g
m/s
9.81
Model
1 or 2
* Although the average fall velocity obtained during the field campaign was 191 m/d, a smaller fall velocity is
used due to modeling artifacts.
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{
across=V/dx; note2
vel= abs(Q/across);
if (vel>maxv)

2

If a node coincided with a steep morphological gradient (a drop in river bed of more than 30 cm)
the water level suddenly dropped until the threshold value of 0,1 m. As a consequence high flow
velocity values and bed-shear stress values (τ) were simulated. To solve this problem, flow velocity
was calculated by dividing Q by an average cross section instead of the wet cross section (As). This
did not solve the whole problem but in general realistic SSC and resuspension fluxes were obtained.
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{
vel = maxv;
}
Uster=((g^0.5) * vel) / Chezy;
Tau=rowat * (Uster^2);
diepte=Z;
timestep=dt/86400;
if (Ws1*timestep>Z)
{
Ws1 = (Z/timestep);
}
if (Ws2*timestep>Z)
{
Ws2 = (Z/timestep);
}
if (Wc*timestep > Z)
{
Wc=(Z/timestep);
}
if ((model == 1)&& Tau<Tsed1)
{
Sed1 = Ws1*(1-(Tau/Tsed1));
Res1 = 0.0;
}
else if (Tau<Tres1)
{
Sed1 = 0.0;
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Res1 = 0.0;
}
else
{
Sed1 = 0.0;
Res1 = M1*((Tau/Tres1)-1);
}
if ((Res1*timestep)>(stock1))
{
Res1 = (stock1)/timestep;
}
if ((model == 1)&& Tau<Tsed2)
{
Sed2 = Ws2*(1-(Tau/Tsed2));
Res2 = 0.0;
}
else if (Tau<Tres2)
{
Sed2 = 0.0;
Res2 = 0.0;
}
else
{
Sed2 = 0.0;
Res2 = M2*((Tau/Tres2)-1);
}
if ((Res2*timestep)>(stock2))
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{
Res2 = (stock2)/timestep;
}
if (model == 1)
{
k0(SS1) = Res1/Z;
k1(SS1)= -(Sed1/Z);
k0(stock1) = (Sed1*SS1)-Res1;
thickn1 = (stock1)/ro1;
k0(SS2) = Res2/Z;
k1(SS2)= -(Sed2/Z);
k0(stock2) = (Sed2*SS2)-Res2;
thickn2 = (stock2)/ro2;
Sedimentation1=Sed1*SS1;
Sedimentation2=Sed2*SS2;

SSC = SS0+SS1+SS2;
stock = stock1+stock2;
sedlayer = thickn1+thickn2;
}
if ((model == 2) && Tau<Tsed)
{
Sed = Wc*(1-(Tau/Tsed));
Res = 0.0;
}
else if (Tau<Tres)
{
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Sed = 0.0;
Res = 0.0;
}
else
{
Sed = 0;
Res = M*((Tau/Tres)-1);
}
if ((Res*timestep) > (stocka))
{
Res = (stocka)/timestep;
}
if (model == 2)
{
k0(SSa) = Res/Z;
k1(SSa)=-Sed/Z;
k0(stocka) = (Sed*SSa)-Res;
thickna = (stocka)/robot;
SSC = SS0 + SSa;
stock = stocka;
sedlayer = thickna;
y=0.0489*SSC+0.8325;
secchi=1/y;
zeu=1.7*secchi;
change=zeu-Z;
}
}
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Appendix III

Figure: Average SSC, Dommel compared with Keersop

Figure: Average SSC, Dommel compared with Tongelreep
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Figure: Average SSC, Dommel compared with Ekkersrijt and Hooijdonksebeek

Figure: Average SSC over time at measurement location Sint Oedenrode
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Figure: Average SSC over time at measurement Johan van Oldebarneveltlaan, Eindhoven
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1. Valkenswaard
2. Genneper park, EHV
3. Tongelreep, EHV
4. Central Station, EHV
5. Kleine Dommel
7. Son en Breugel
8. St.Oedenrode

Figure: Particle size distribution of all locations during field campaign
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Appendix V

Figure: Relation between inverse Secchi-depth and SSC
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Figure: Relation between inverse Secchi-depth and SSC

Measurement
point
240011
240013
249943
243010
241016
241017
241018
241019
240021
240014
240015
240047

Name

- river section

Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - upstream
Dommel - downstream
Dommel - downstream
Dommel - downstream
Tongelreep – upstream
Tongelreep – downstream
Kleine Dommel

Location
Border Belgium
Veldhoven-Waalre
Verdeelwerk, upstream Eindhoven
Upstream WWTP Eindhoven
Downstream WWTP Eindhoven
Soeterbeek, W. Hikspoor bridge, Eindhoven
Son en Breugel
Upstream WWTP Sint Oedenrode
Downstream WWTP Sint Oedenrode
Border Belgium
Eindhoven
Tongelre
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