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Extension of the River Water Quality Model No. 1 with the
fate of pesticides
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Piet Seuntjens and Peter A. Vanrolleghem

ABSTRACT
The existing River Water Quality Model No. 1 (RWQM1) was extended with processes
determining the fate of non-volatile pesticides in the water phase and sediments. The exchange
of pesticides between the water column and the sediment is described by three transport
processes: diffusion, sedimentation and resuspension. Burial of sediments is also included. The
modiﬁed model was used to simulate the concentrations of diuron and chloridazon in the river
Nil. A good agreement was found between the simulated pesticide concentrations and measured
values resulting from a four-month intensive monitoring campaign. The simulation results
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indicate that pesticide concentrations in the bulk water are not sensitive to the selected
biochemical model parameters. It seems that these concentrations are mainly determined by the
imposed upstream concentrations, run-off and direct losses. The high concentrations in the bulk
water were not observed in the sediment pore water due to a limited exchange between the water
column and the sediment. According to a sensitivity analysis, the observed pesticide
concentrations are highly sensitive to the diffusion and sorption coefﬁcients. Therefore, model
users should determine these parameters with accuracy in order to reduce the degree of
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uncertainty in their results.
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NOMENCLATURE
A

bottom surface (m2)

kb,20

biodegradation constant at 20 C (d1)

C

concentration (mg L1)

kburial

ﬁrst-order rate constant for burial (d1)

d

depth (m)

kres

ﬁrst-order rate constant for resuspension

dmax

maximum thickness of a sediment layer (m)
2

1

(d1)
ﬁrst-order rate constant for sedimentation

E0

erodibility constant (g m

fd

fraction of totally dissolved pesticides (–)

fDOC

fraction of sorbed pesticides on dissolved

K

temperature constant ( C1)

organic carbon (–)

KL,GC

diffusion mass transfer coefﬁcient (m d1)

fraction of sorbed pesticides on particulate

KOC

sorption coefﬁcient (m3 g1)

fp

d )

W

ksed

(d1)
W

organic carbon (–)

M

mass (g)

fsed

fraction that settles (–)

V

volume (m3)

kb

ﬁrst-order rate constant for biodegradation

p

porosity (–)

(d1)

Q

water ﬂow (m3 d1)
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reaction rate for conversion processes
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(mg L1 d1)
slp

bottom slope ()
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organic carbon content higher than 0.1%, it is proven that
the content of natural organic carbon is the dominant
sorbent (Karickhoff ; Ying & Williams ; Chefetz

dissolved

component

(mg L1)
SGC

pesticide concentration (mg L1)

TW

mean water temperature ( C)

vs

settling velocity (m d1)

X

concentration of particulate component

W

(mg L1)
Greek letters

et al. ; Chen et al. ). Hence, the sorption can be
described by a constant normalized for the organic carbon
content (Karickhoff ; Warren et al. ). For sediments
with a low organic carbon content (Karickhoff ; Ying &
Williams ; Warren et al. ) the sorption is proportional to the cation exchange capacity, to the sediment
speciﬁc surface and to pH (Rae et al. ; Madsen et al.
). Besides the clear effect that sorption has on the physical transport, it can also inﬂuence directly or indirectly the

θH

hydraulic retention time (d1)

degradation of the pesticide. The chemical reactivity of a

τb

bottom shear stress (N m2)

sorbed pesticide is signiﬁcantly different from that in sol-

τcrit

critical bottom shear stress (N m2)

ution (Warren et al. ). In addition, pesticides undergo
biological breakdown, especially when micro-organisms

Subscript
bed

sediment compartment

c

compartment (sediment þ bulk water)

d

inﬂowing water from tributaries

i

state variables

in

inﬂowing water from upstream

out

outﬂowing water to downstream

pore

porewater

res

resuspension

sed

sedimentation

are able to attach on surfaces such as the sediment–water
interface, rocks and plants. Several scientists (Ying & Williams ; Smalling & Aelion ) believe that the
sorption of pesticides to suspended solids and to sediment
organic carbon reduces the decay rates of pesticides in
water systems. Many studies (Warren et al. ) have
demonstrated an inverse relationship between decay rates
and the amount of organic matter. In some cases the opposite is observed, i.e. sorption accelerates degradation which
is mainly the consequence of abiotic pathways (Ying & Williams ). Hence, natural sorbents, like sediments, form
buffers that inﬂuence the reactivity of pesticides in a con-

INTRODUCTION

siderable way as they indirectly control processes in the
water phase by the release or uptake of pesticides.

Pesticides are of concern to water quality managers and

There exists a whole range of models predicting the fate of

environmental risk regulators to maintain and achieve a good

pesticides. Some of them assume steady state conditions, e.g.

water quality status. From this perspective, dynamic models

EXAMS (Burns ) and the Mackay Level III Model

can form suitable instruments for risk assessment and can

(Mackay ). The advantage of such models is that they

help to gain insight into the most important processes determin-

require relatively few input data, but they can never reﬂect

ing the fate of pesticides. When pesticides enter an aquatic

the dynamics – both in space and time – observed for pesticides

environment, they are exposed to different physical, chemical

in real river systems (Holvoet et al. ). As the occurrence of

and microbial processes. Two processes which have a major

pesticides is highly dynamic and can pose acute toxicity to eco-

impact on the fate of pesticides are the sorption–desorption pro-

systems, dynamic models are necessary to perform reliable risk

cesses and biodegradation. Both are strongly inﬂuenced by the

assessments. The European Surface Water FOCUS workgroup

presence of a sediment layer (Warren et al. ).

(Forum for the Co-ordination of Pesticide Fate Models and

The ﬁnal destination of pesticides in rivers is strongly

Their Use), which is an initiative of the European Commission

determined by their sorption behaviour. For hydrophobic

with the objective to harmonise the calculation of predicted

organic substances and for soils and sediments with a total

environmental concentrations (PEC), advises us to use the
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dynamic TOXSWA model (FOCUS ; ter Horst et al. ).

in the model parameters was tested to deﬁne the parameters

Limitations of this model exist in a short edge-of-ﬁeld water

that should be determined with accuracy in order to reduce

body and in neglecting sedimentation, resuspension and bio-

the degree of uncertainty in the results.

mass growth. There also exist non-point source pollution
models on the catchment scale such as AGNPS (Merritt
et al. ) and SWAT (Neitsch et al. ). These models

MATERIAL AND METHODS

both contain a mix of empirical and physics-based components
and do not have closed elemental mass balances.

Study site and pesticides

The purpose of this study was to develop a dynamic model
that simulates the fate of pesticides in the water phase and sedi-

In this study the model is applied for the ‘Nil’, a small, hilly

ments of surface waters. The presented model is an extension

basin situated in the central part of Belgium (Figure 1). The

of a simpliﬁed version of the existing model RWQM1 (Reichert

Nil catchment drains an area of 32 km2, where the main

et al. ; Deksissa et al. ). The strength of the developed

reach is 14 km long and has a retention time of about 1

model lies in its dynamics, in its ability to deal with closed

day. 7% of the area is inhabited and the main crops grown

elemental mass balances and in the fact that it takes into

are winter wheat (22% of the catchment area), corn (15%)

account the most important processes describing the fate of

and sugar beet (10%). 18% of the catchment consists of pas-

the pesticides in the water phase and the sediments (i.e. biode-

ture. The predominant soil type is loam. The Nil catchment

gradation, sorption, sedimentation, resuspension, diffusion

was selected because it is a well-documented basin, studied

and burial). A model performance evaluation of the developed

in detail in terms of pesticide application (Beernaerts et al.

model was performed for the case of the pesticides diuron and

) and comprehensively described by Holvoet et al. ().

chloridazon in the river Nil, a small stream ﬂowing in a rural

Two pesticides applied in the Nil catchment were

area in Belgium. Model predictions are compared with

selected to be studied in more detail: chloridazon and

measured concentrations for both pesticides in the water

diuron. Chloridazon is used as a speciﬁc herbicide to protect

phase as well as in the sediment. In addition, the model predic-

sugar beat, while diuron is a general herbicide which is even

tions were used to study the distribution of both pesticides

used for domestic use. These pesticides were selected among

between the water phase and the sediment in time and space.

others, because the legislature had decided not to forbid their

Furthermore, the sensitivity of the model output to changes

use in the near future. In addition, diruon and chloridazon

Figure 1

|

Location of the Nil catchment with crops and associated areas: CORN ¼ corn, SGBT ¼ sugar beet, WWHT ¼ winter wheat, WATR ¼ water. The • represents two measuring points;
the considered sub-catchments are indicated, with their corresponding number.
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have clearly different characteristics. Chloridazon contains a

was weekly analyzed to determine the biological oxygen

pyridazinone compound and is rather hydrophilic, while

demand (BOD) and the nutrient concentrations (total N,

diuron belongs to the phenyl urea herbicides group and is

NO3-N, NO2-N, NH4-N and PO4-P). An undisturbed sedi-

rather hydrophobic (Table 1). Due to their different proper-

ment sample was taken on 17 May by means of a macro-

ties, their fate in the river is expected to be different.

core and was immediately frozen in the ﬁeld with CO2 ice.
Once in the laboratory, the sample was sliced and analysed

Monitoring campaign

for pesticides in pore water and in the sediment. Besides this
collection of water and sediment samples, physiochemical

An intensive monitoring campaign was run during spring

variables (pH, water temperature, conductivity and oxygen

2004: it started on 15 March and ended on 15 June. Two

concentration) were measured at the mouth of the river

automatic samplers were placed in the river basin, one at

using a Hydrolab DS3 (HydroTech, Hutto, TX, USA)

the closing section and one upstream (Figure 1). Every 15

multi-parametric probe. A more detailed description of the

min, 50 ml of river water was taken by each sampler result-

data collection, sample handling and analysis of the differ-

ing in composite samples every 8 h. Pesticide analyses were

ent samples and fractions is given in Holvoet et al. ().

performed for at least one water sample a day for each moni-

Daily rainfall data for the meteorological station Chastre-

toring point. For the upstream sampling station, the ﬁrst

Blanmont were obtained from the Royal Meteorological

sample of the day was always analysed, which represented

Institute

the samples taken from 0 till 8 o’clock. In order to follow

mouth of the river Nil were made available by DGRNE

the pollution plug and taking into account a residence

(Direction Génerale des Ressources Naturelle et de

time of about 16 h between the two sampling stations,

l’Environnement).

(RMI)

and

hourly

discharge

data

at

the

every second sample of the day at the mouth of the river
was analysed. Once the results of the screening analyses
were available, periods showing high peaks of pesticide con-

MODEL DESCRIPTION

centrations were selected. For these periods, the two
remaining samples per day were analysed as well, both

The main purpose of the developed model was to describe

upstream and downstream. In addition, one water sample

the fate of pesticides in both the bulk water and the sediment

Table 1

|

Properties of chloridazon and diuron (Tomlin 2000; Field et al. 2003; Caraciolla et al. 2005)

Parameter

Chloridazon

Diuron

89–340

170–1058

Formula

Koc
Biological degradation in water: DT50water (d)

35–66

30

Photolytic degradation in water: DT50water,fotolysis (d)

36.8

–

Hydrolytic degradation in water: DT50water,hydrolysis (d)

Stable

–

DT50water/sediment (d)

74–200

30

log Kow

1.2

2.71

Vapour pressure (mPa)

0.000001

0.0002

Henry coefﬁcient (Pa m3/mol)

6,520,000

7,040,000
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phase along the river. The model consist of: (1) a submodel

the river bottom (m/m). The wet perimeter can be calculated

describing the water ﬂow along the river and (2) a submodel

from the morphological parameters of the tank which are

describing the biochemical and physical processes that pes-

determined by its trapezoidal shape. The number of tanks

ticides undergo in the sediment and water phases.

and their morphological parameters are dependent on the
river under study.

Concept of the ‘dynamic water ﬂow’ submodel

Concept of the ‘pesticides fate’ submodel

The water ﬂow model consists of a cascade of continuously
stirred tank reactors in series (CSTRS) with variable
volumes (Beck & Reda ; Deksissa et al. ) (Figure 2).
The volume changes are based on the following water mass
balance per stirred tank reactor (CSTR):

pesticides between the bulk water and the sediment. Each
CSTR is subsequently subdivided into two compartments
which represent the bulk water phase and the sediment
phase. Water and pesticides can be exchanged between

dVðtÞ
¼ Qin ðtÞ þ Qd ðtÞ  Qout ðtÞ
dt

ð1Þ
3

with V the volume of water in the tank at time t (m ); Qin the
inﬂow from upstream at time t and equal to the outﬂow
of the previous tank (except for the ﬁrst tank) (m3 d1);
Qd the ﬂow from tributaries, ground water and run-off
along the considered river stretch (m3 d1) and Qout the outﬂow of the tank at time t (m3 d1). The considered tanks
have a prismatic shape with a trapezoidal cross section
(Deksissa et al. ). The outﬂow of the tanks is calculated
according to Manning’s equation:

2=3 pﬃﬃﬃ
Qout ðtÞ ¼ Ac ðtÞ=n : Ac ðtÞ=PðtÞ
: s

The ‘pesticides fate’ submodel describes the distribution of

those two compartments. In each compartment several
processes are taking place which determines the fate of
the pesticides (Figure 3).
Extension of a simpliﬁed version of RWQM1
This submodel is an extension of a simpliﬁed version of the
IWA River Water Quality Model No. 1 (RWQM1) (Reichert
et al. ) developed by Deksissa et al. (). They simpliﬁed the RWQM1 by selecting the most important
components (nutrients, suspended and dissolved solids)
related to the pesticides fate. In our study, this simpliﬁed

ð2Þ

with Ac the cross section of the tank (m2), n the Manning
coefﬁcient (–), P the wet perimeter (m) and s the slope of

RWQM1 is further extended with the fate of pesticides.
Table 2 shows the model components or state variables:
the soluble components are represented by means of an S,
the insoluble components by means of an X and the
subscripts are used to specify state variables. Table 3 represents the possible interactions between the different
state variables according to the considered model processes. Deksissa et al. () extended their simpliﬁed
RWQM1

model

also

with

the

fate

of

pesticides

(CHETOX1); nevertheless it was chosen in this study to
develop a new model. It was found that CHETOX1 did
not represent the sediment well. Namely the sediment
acted as a bioﬁlm at the bottom of the river in which biodegradation of pesticides occurred according to an empirical
equation designed for trickling ﬁlters (Melcer et al. ).
Trickling ﬁlters are wastewater treatment plants used to
purify water and are always performing under optimal conFigure 2

|

Schematic representation of continuously stirred tank reactors in series with
their conversion reaction rate r.
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Schematic representation of processes which determine the fate of pesticides in rivers according to the RM1GC model (based on Deksissa et al. (2004)).

State variables in the model, soluble components are represented by means of
an S, insoluble components by means of an X, and subscripts are used to
specify the different state variables

compartment, respectively. The insoluble components
(components with an X in Table 2) of the water compartment represent the suspended load, while they represent

State

the bed load in the sediment compartment. In this case, bio-

variables

Description

1

SGC

Dissolved and sorbed generic compound
(pesticide)

2

SS

Readily biodegradable COD

3

SI

Inert soluble COD

4

SNH

Ammonia nitrogen (NH3 and HN4)

5

SNO2

Nitrite nitrogen

6

SNO3

Nitrate nitrogen

7

SPO

Phosphate phosphorus (H2PO4 and HPO4)

The simpliﬁed RWQM1 (Deksissa et al. ) was extended

degradation was determined not only by the ﬁrst-order
degradation constant, but also by the environmental
conditions such as oxygen and the activity of the heterotrophic biomass (Table 3, component 14).

Mass balance

8

SO2

Dissolved oxygen

with two generic pesticide components, i.e. the state vari-

9

XH

Heterotrophic biomass

ables SGC1 and SGC2. For simplicity, only one variable

10

XN1

Nitrifying biomass (ﬁrst step)

(SGC) is mentioned in the model description as there are

11

XN2

Nitrifying biomass (second step)

no assumed interactions between the two chemicals. The

12

XS

Particulate biodegradable organic matter

pesticides are subjected to aerobic biodegradation and sorp-

13

XI

Particulate inert COD

tion processes both in the bulk water and in the sediment

14

XP

Phosphorus adsorbed to particles

compartment. The considered transport processes between
the two compartments are sedimentation, resuspension

hence this approach of CHETOX1 was not followed.

and diffusion. In the sediment compartment a burial process

In our study the sediment is approached in a different

occurs as well (Figure 3). The pesticides can be present in

way. The sediment is seen as a physically separate compart-

three different forms: totally dissolved in bulk or pore

ment from the bulk water which contains all the state

water (TD), sorbed to dissolved organic carbon (DOC) and

variables considered in the simpliﬁed RWQM1 model

sorbed to particulate organic carbon (POC).

(Table 2). The soluble components (components with an

Pesticide concentrations are calculated by means of

S in Table 2) are assumed to be dissolved in the bulk

mass balances which include the following assumptions

water or

concerning the pesticide. The volatilization and hydrolysis

pore water

of

the water and
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The Petersen matrix for the model represents the interactions between the different state variables according to the considered model processes. In the matrix, the sign ‘ þ ’
indicates a positive stoichiometric coefﬁcient, ‘’ a negative coefﬁcient, ‘?’ and ‘(þ)’ indicates a coefﬁcient of which the sign depends on the composition of the organic
substances involved in the processes. For ‘(þ)’ the composition should be chosen in such a way the coefﬁcient is positive

Component → i

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

SGC

SS

SI

SNH

SNO2

SNO3

SPO

SO2

XH

XN1

XN2

XS

XI

XP

j

Process ↓

(1a)

Aerobic growth of Heterotrophs with NH4



(1b)

Aerobic growth of Heterotrophs with NO3



?

þ

(2)

Aerobic respiration of heterotrophs

(3)

Anoxic growth of heterotrophs with NO3



(4)

Anoxic growth of heterotrophs with NO2



(5)

Anoxic respiration of heterotrophs

þ

(6)

Growth of ﬁrst step nitriﬁers



(7)

Aerobic respiration of ﬁrst step nitriﬁers

þ

þ





1

?



1

þ



1

?



þ


?

þ

?

1

þ

1


1

þ



1





1

þ



1

(þ)

(þ)

(þ)

Growth of 2nd step nitriﬁers
Aerobic respiration of 2nd step nitriﬁers

(10)

Hydrolysis

(11)

Adsorption of phosphorus

1
1

(12)

Desorption of phosphorus
Aeration

(14)

Degradation of GC by heterotrophs

1

1
1


coefﬁcient is low (Tomlin ) and they are stable pesti(Tomlin

1

1

processes are neglected for both pesticides since their Henry
cides

þ

þ

(8)

(13)

þ



(9)

(þ)

þ

1

;

ARSUSDA

),

respectively.

Furthermore it is assumed that the sorption equilibrium is

Sediment
dðVbed SGC;bed Þ
dt


¼ kb 1  fp;bed ðtÞ SGC;bed ðtÞVbed ðtÞ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

reached very quickly, hence the use of a partition coefﬁcient
is acceptable.
The mass balances for the pesticide concentrations are
as follows:

þ

biodegradation

þ ksed fp ðtÞSGC ðtÞVðtÞ  kburial SGC;bed ðtÞVbed ðtÞ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
sedimentation

burial

 kres fp;bed ðtÞSGC;bed ðtÞVbed ðtÞ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

Bulkwater

h

resuspension

i



 KL;GC 1  fp;bed ðtÞ SGC ðtÞ=p  1  fp ðtÞ SGC ðtÞ A
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

dðVSGC Þ
dt

diffusion

¼ Qin ðtÞSGC;in ðtÞ þ Qd ðtÞSGC;d ðtÞ  Qout ðtÞSGC ðtÞ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

ð4Þ

waterflow



 kb 1  fp ðtÞ SGC ðtÞVðtÞ  ksed fp ðtÞSGC ðtÞVðtÞ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

where SGC and SGC,bed are the total–dissolved and sorbed–
pesticide concentration in, respectively, the bulk water and

sedimentation

biodegradation

the sediment (mg L1); kb, ksed , kres and kburial are the ﬁrst-

þ kres f p;bed ðtÞSGC;bed ðtÞVbed ðtÞ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

order rate constants for respectively biodegradation, sedimen-

resuspension

h
i



þ KL;GC 1  f p;bed ðtÞ SGC ðtÞ=p  1  fp ðtÞ SGC ðtÞ A
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
diffusion

ð3Þ
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tation, resuspension and burial (d1); fp and fp,bed are the
pesticide fractions sorbed on suspended and benthic
POC (–), respectively; KL,GC is the mass transfer coefﬁcient
which describes the diffusion of the pesticide from sediment
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to bulk water (m d1); p is the porosity (–); V and Vbed are

biodegradation constant at 20 C, kb,20 (d1), with the

the volumes of the bulk water and sediment compartment

mean measured temperature in the compartment, TW. K is

3

W

(m ), respectively, and A is the bottom surface of the

a temperature constant and has a typical value of 0.069

reach (m2).

( C1) (Warren et al. ). The pesticides sorbed on POC
W

are considered as not biodegradable.
The sedimentation process is responsible for the trans-

Calculation of the model parameters

port of particles from the bulk water to the sediment. The
To solve the model a large number of model parameters needs

sedimentation rate constant, ksed (d1), is a function of the

to be provided. For the sorption process the most important

settling velocity of the particles and the shear stress on the

3

1

parameter is the partition coefﬁcient KOC (m g ). The use

bottom (Blom & Aalderink ; Liu et al. ; Lumborg

of this coefﬁcient presumes that sorption is proportional to

; Perianez ). To minimize the model complexity,

the organic carbon content (Karickhoff ; Warren et al.

the mass of particles that settles is calculated on the basis

). This assumption is reasonable for hydrophobic

of the outﬂowing ﬂux of bulk water:

pesticides (Chefetz et al. ; Chen et al. ), such as





ksed ðtÞ ¼ 1 τ b ðtÞ=τ crit;sed fsed ðtÞ=θH ðtÞ if τ b  τ crit;sed

diuron, and less valid for chloridazon, which is rather

ð11Þ

hydrophilic. When KOC is known, the fraction of total dissolved pesticides ( fd), of pesticides sorbed on DOC ( fDOC)
and POC ( fp) can be calculated in each compartment (i)

ksed ðtÞ ¼ 0



if τ b > τ crit;sed



ð12Þ

(Karickhoff ):
with :
f p;i ðtÞ ¼ KOC SPOC;i ðtÞ=ð1þKOC ðSPOC;i ðtÞþSDOC;i ðtÞÞÞ

ð5Þ

fDOC;i ðtÞ ¼ KOC SDOC;i ðtÞ=ð1þKOC ðSPOC;i ðtÞþSDOC;i ðtÞÞÞ

ð6Þ

fd;i ðtÞ ¼ 1  fDOC;i ðtÞ  f p;i ðtÞ

ð7Þ

with:

SDOC ðtÞ ¼ αC SS ðtÞ þ αC S1 ðtÞ

SPOC ðtÞ ¼ αC XS ðtÞ þ αC XI ðtÞ þ αC XH ðtÞ þ αC XN ðtÞ

τ b ðtÞ ¼ 0; 5 ρw fc v2 ðtÞ

ð13Þ

fsed ðtÞ ¼ vs θH ðtÞ=dðtÞ

ð14Þ

θH ðtÞ ¼ VðtÞ=Quit ðtÞ

ð15Þ

ð8Þ

vS ¼ g d2X ðρ  ρw Þ=ð18μρw Þ

ð16Þ

ð9Þ

where fsed is the fraction of particles that can settle on the
basis of their hydraulic retention time and their sedimen-

where αC is the fraction of organic carbon calculated according

tation velocity (–); τb is the shear stress at the bottom of

to RWQM1 (Reichert et al. ). SDOC and SPOC are the total

the river (N m2); τcrit,sed is the critical shear stress above

soluble compounds of DOC and POC which are derived

which no sedimentation can occur because of turbulence

from state variables calculated according to the simpliﬁed

(0.05 N m2); θH is the hydraulic retention time of the

RWQM1 and i stands for bulk water or sediment (bed)

bulk water compartment (d1); vs is the sedimentation

compartment.

velocity (m d1); ρw and ρ are the density of water and par-

The biodegradation process for pesticides is typically

ticles (kg/m3); fc is the friction factor (–); v is the velocity in

described according to ﬁrst-order kinetics (Hamaker ;

the bulk water compartment (m/s); dX is the diameter of the

Wu & Nofziger ) with temperature-dependent rates:

particles (m); μ is the kinematic viscosity at mean temperature (TW) and g is the universal gravitational constant

kb ¼ kb;20 expðKðTw  20ÞÞ

ð10Þ

(m/d2). As shown in Equations (11) and (12), sedimentation
is only possible when the bottom shear stress is smaller than

The exponential term in the above equation corrects the
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The resuspension process is responsible for particles
ﬂowing from the sediment to the bulk water. The calculation
of the resuspension rate constant, kres(d1), is based on an
experimentally determined erodibility constant (Blom &
Aalderink ; Liu et al. ; Lumborg ; Perianez
). It is assumed that resuspension only occurs when
the turbulence is higher than a certain value:


kres ðtÞ ¼ E0 ðτ b ðtÞ=τ crit;res  1ÞA= MPOC;bed ðtÞ
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INITIAL AND BOUNDARY CONDITIONS
Boundary conditions
The calibrated SWAT model (Holvoet et al. ) estimated
the water inﬂow at the upstream measurement point (Qin)
and the water inputs along the selected river coming from

if τ b > τ crit;res



ð17Þ

tributaries, run-off and groundwater (Qd). The pesticide concentrations (SGC) of Qin were equated with the measured
pesticide concentrations at the upstream measurement
point. In contrast to the water input, the pesticide inputs

kres ðtÞ ¼ 0



if τ b ≤ τ crit;res



ð18Þ

with E0 the erodibility constant (g m2 d1); τcrit,res the critical
shear stress above which resuspension occurs (0.1 N m2);

(SGC) of Qd could not be predicted with the SWAT model,
because there were no data available concerning pesticide
application doses or dates during spring 2004. Therefore,
pesticide inputs from the tributaries and run-off were
estimated based on a mass balance. The comparison of the

MPOC,bed the mass of particles which are in the sediment

measured pesticide loads passing the upstream and down-

compartment at a certain time and which is calculated as

stream monitoring points gave an estimation of the

SPOC,bed · Vbed (g) and τb is the shear stress at the bottom of the
river (N m2) and is calculated as in Equation (13).

incoming pesticide mass between these two points. This
mass was then spatially distributed based on the land use

The burial process is introduced to create a gradient in

map (Figure 1). The state variables (Table 2, except SGC) of

the sediment layer. When settled material accumulates on

Qin were calculated from the measured BOD and nutrient

the river bottom, the sediment–water interface is advecting

concentrations at the upstream measurement point. The

upward and the active layer also moves accordingly.

mean water temperature (Tw) was set equal to the averaged

Although the deep sediments under the active layer do not

water temperature (11.8 ± 2.8 C) measured during the
W

actually move, their distance from the sediment–water inter-

entire monitoring campaign. All simulations and the sensi-

face increases. It is reasonable to conceptualize this process

tivity analysis were performed for the entire monitoring

to be a burial process, namely the interface is static and the

campaign from 15 March until 15 June, which corresponds

deeper inactive layers are moving downward (Wang et al.

to 92 simulation days.

). In the developed model, the sediment consists of
three sediment layers: the ﬁrst two have a maximum
thickness and the last one, the deepest layer, is a sink

Initial conditions

layer with unlimited thickness. The burial rate constant,
kburial (d1), is set proportional to the settling velocity, vs

The actual longitudinal dispersion of pesticides in the river

(Equation (16)):

can be overestimated by the use of CSTRS. To minimize
this effect, each CSTR is set equal to the river stretch situated

kburial ðtÞ ¼ vs A=Vbed

if ðd > dmax Þ

ð19Þ

in a sub-catchment. The deviation of the river Nil catchment
in three sub-catchments was done by a calibrated SWAT

kburial ðtÞ ¼ 0 if ðd ≤ dmax Þ

ð20Þ

model (Arnold et al. ) for the Nil catchment (Holvoet
et al. ) (Figure 1). The SWAT model calculated the

where d is the thickness of the layer and dmax is the maxi-

required morphological parameters for each sub-catchment

mum thickness of the layer. Between the different

(CSTR), i.e. length of the river (L); the slope of the river

sediment layers there is only exchange of material by diffu-

bank (z) and of the river bottom (s); the Manning coefﬁcient

sion and burial.

(n); and the depth (dbf ) and width (Wbf ) of the river when it is
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at full capacity (Table 4). For each sub-catchment the initial

state values of the CSTRs during all simulations and sensi-

amount of water and sediment was calculated according to

tivity analysis.

their morphological parameters and assuming a sediment
porosity of 58% (v/v), which was experimentally determined.
The initial values of the state variables (Table 2) were calcu-

MODEL IMPLEMENTATION IN WEST

lated by means of a steady state simulation for both sediment
and bulk water compartment of each CSTR. A mean composition of the upstream incoming water was used as model
input for this simulation and the simulation time was set to
100 d, because then all variables reached a steady state.
These calculated steady state values were used as the initial

The proposed model was implemented in the WEST® modeling
and simulation software (MOSTforWATER NV, Kortrijk) (Vanhooren et al. ). Figure 4 shows the WEST® conﬁguration of
the CSTR-in-series model for the case study of the Nil River.
Figure 4 points out that each river stretch consists of one bulk
water compartment and one sediment compartment of three

Table 4

|

Estimated parameter values of each CSTR (sub-catchment) calculated by a
SWAT model (Holvoet et al. 2005) for the river Nil

CSTR 1 (sub-

CSTR 2 (sub-

CSTR 3 (sub-

Parameters

catchment 5)

catchment 7)

catchment 17)

Wbf (m)

2.5

2.5

3.5

dbf (m)

0.474

0.483

0.517

z

0.5

0.5

0.5

slp

0.0008

0.0008

0.003

n

0.07

0.07

0.07

L (m)

2567

405

4990

Figure 4

|

Model conﬁguration in WEST of the pesticide fate model for the river Nil.
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tanks for each of the three sediment layers. In the conﬁguration
the full and striped arrows represent, respectively, physical and
data transfers. The physical transfers refer to mass ﬂuxes, while
the data transfer refers to information exchange. How the different transport processes are implemented in WEST® is shown in
Figure 5. The mass of each component, which is transported
from the bulk water to the sediment by sedimentation and diffusion, is calculated in a special ‘splitter’. In contrast, the mass that
will leave the sediment layer through resuspension, diffusion or
burial, is calculated in the sediment compartment itself. The
resuspended sediment particles are added to the inﬂowing
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Schematic presentation of the model implementation in WEST.

bulk water. To get the overall exchange between bulk and

into uncertainty in the output results while non-inﬂuential

sediment, the equilibrium is calculated between the diffusion

parameters are of minor importance in this aspect. This

from the bulk water to the sediment and the diffusion in

information is useful for model users as it tells which par-

the opposite direction, namely from the sediment to the

ameters should be investigated with the most accuracy.
In this study, the sensitivity S of a variable R to a par-

bulk water.

ameter P is deﬁned as follows: S ¼ jΔR=Rj=jΔP=Pj. Note
that, as R is a dynamic variable, the sensitivity is also a func-

SENSITIVITY ANALYSIS

tion of time. The sensitivity analysis was performed for 13
parameters that may have an inﬂuence on the fate of pesti-

In order to gain insight into the parameter sensitivity of the

cides in a river system (Table 5). Each parameter has a

developed model, a sensitivity analysis was performed with

certain range of variation, as the exact value is, in most

the WEST® software. In this way, model parameters that

cases, not known or is not determined in the ﬁeld. The

have signiﬁcant inﬂuence on the modelling results can be

ranges of variation of the parameters in this study are

identiﬁed. Uncertainty in inﬂuential parameters propagates

based on the literature and on values observed in the

Table 5

|

Parameters and parameter ranges used in the sensitivity analysis. All parameters have a uniform distribution, except n, slp, dX and τcrit,sed which have a triangular distribution

Name

min

median

max

Deﬁnition

Process

dX

1

45

60

Particle size diameter (µm)

Sedimentation

E0

207

–

311

Erodibility constant (g m2 d1)

Resuspension

fc

0.0032

–

0.0048

Friction coefﬁcient ()

Sedimentation

kb,GC1

0.02

–

0.028

Biodegradation constant for pesticide 1 (d1)

Biodegradation

1

kb,GC2

0.0105

–

0.02

Biodegradation constant for pesticide 2 (d )

Biodegradation

KL,GC1

0.00432

–

0.00648

Diffusion coefﬁcient for pesticide 1 (m d1)

Diffusion

1

KL,GC2

0.00432

–

0.00648

Diffusion coefﬁcient for pesticide 2 (m d )

Diffusion

KOC,GC1

89

–

340

Sorption coefﬁcient pesticide 1 (m3water g1 POC)

Sorption

KOC,GC2

453

–

1058

Sorption coefﬁcient pesticide 2 (m water g

n

0.02

0.04

0.07

Manning coefﬁcient ()

3

1

POC)

Sorption
Hydraulics

1

slp

0.01

0.015

0.02

Slope of the bottom of the river stretch (m m )

τcrit,res

0.09

–

0.11

Critical shear stress above which resuspension occurs (N m2)

τcrit,sed

0.045

0.05

0.055
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Hydraulics
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Critical shear stress below which sedimentation occurs (N m )

Resuspension
Sedimentation
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Measured and simulated values of pesticide concentrations in pore water and
the amount of sorbed pesticides on the sediment particles at the mouth of the
river (MPE: Mean Percentage Error)

). The outputs studied were the pesticide concentrations
in the bulk water, the pore water and on the sediment

Compartment

Pesticide

Measured Simulated MPE

particles.

Pore water (ng/L)

Chloridazon 940

594

0.37

Diuron

73.5

0.95

1540

Sediment particles (ng/g) Chloridazon 1.2
Diuron

RESULTS AND DISCUSSION
Results of the monitoring campaign

4.9

2.5

1.08

13.4

1.73

simulated values in Figure 7. At several times (three
times for chloridazon and two times for diuron) there

Figure 6 represents the measured values upstream and at

was, for a very brief moment, a major overshoot of the

the closing section in the river Nil during the monitoring

measured pesticide concentration. It appears that the

campaign.

From

this

ﬁgure

it

is

clear

that

the

simulated concentrations approximate the measured con-

pesticide concentrations at certain times are much higher

centrations well for diuron (r ¼ 0.521, SSE ¼ 1.3 × 105)

downstream than upstream. This phenomenon is mainly

and less well for chloridazon (r ¼ 0.382, SSE ¼ 7 × 104).

caused by run-off (rain) and point losses (in periods

This discrepancy between chloridazon and diuron can

without rain) in the considered river section (Holvoet

be explained by the differences in the amount of point

et al. ).

losses and run-offs which occurred in spring 2004 along
the considered river section. From Figure 6 it is clear

Simulated values versus measured values

that the amount of point losses and run-off for chloridazon was much higher than for diuron. There were no

This section veriﬁes whether the simulation results approxi-

data available concerning application doses, dates and

mate the measured pesticide concentrations. The parameter

point losses, so the pesticides input caused by run-off,

values in the model were taken from the literature. Hence,

groundwater ﬂow and tributaries could not be accurately

no automatic calibration was performed to reach the results

estimated from the SWAT model (cf. the section on

presented in Figure 3 and Table 6. However, when a range

boundary conditions). Due to the larger amount of point

of literature values was available a manual calibration was

losses for chloridazon, more estimations had to be made

performed to select the best parameter values.

for this pesticide. Therefore, it is reasonable to assume

The measured pesticide concentrations in the bulk

that the accuracy of the input data for chloridazon is

water at the closing section are compared with the

lower than for diuron. Furthermore, it needs to be

Figure 6

|

Measured chloridazon (a) and diuron (b) concentrations upstream (black line) and downstream (grey line) of the river Nil, with measured rainfall (black bars).
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Simulated (full lines) and measured (dots) concentrations of chloridazon (a) and diuron (b) at the mouth of the river Nil. The data in the dotted box is zoomed in.

mentioned that the water inﬂow coming from tributaries,

for chloridazon. However, for diuron the simulated pore

groundwater ﬂow and run-off were daily estimations cal-

water concentration downstream is much lower than the

culated by an existing SWAT model (Holvoet et al.

real measured concentration. Regarding the pesticides

). Since the water entering by run-off was estimated

sorbed on the sediment particles, the model overestimates

as only one value for one day, the run-off peaks on an

compared to the measured value. This overestimation

hourly scale were spread out over the whole day. Hence,

could be caused by an underestimated measured pesticide

an underestimation was made of the real pesticide ﬂuxes

concentration: stones were not removed from the sediment

which are ﬂuctuating with an hourly timescale as the

in the performed analyses, leading to an overestimation of

experimental data showed, especially during periods

the sediment weight. Another possible cause is that the par-

with large run-offs. Consequently, the estimated pesticide

ameters from the literature, such as sorption constant and

input is not as dynamic as the measured concentrations;

biodegradation constant, are not representative for the

therefore, an underestimation could appear when peaks

considered sediment. If the sorption constant would be cali-

occur.

brated, it is clear that a lower value would generate lower

In Table 6 the measured sediment concentrations

diuron concentrations in the sediment and higher concen-

observed on 17 May (day 63 in the simulation window)

trations in the pore water. Finally, it is necessary to

are compared with the simulated values. Measurements

mention that data of only one day was available to compare

were available of pesticide concentrations in the pore

simulated and measured pesticide concentrations in the

water and of the amount of pesticides sorbed on the sedi-

sediment phase. For a thoroughness validation more data

ment particles. Table 6 shows that the developed model

points should be available: consequently, at this stage only

is able to reasonably predict the pore water concentration

a preliminary validation could be performed.

Downloaded from https://iwaponline.com/jh/article-pdf/14/1/48/386707/48.pdf
by guest

61

V. C. J. De Schepper et al.

|

Extension of the River Water Quality Model No. 1 with the fate of pesticides

Journal of Hydroinformatics

|

14.1

|

2012

Model-based analysis of pesticide fate in the Nil

proﬁle in pore water shows a tailed behaviour, i.e. the concen-

catchment

trations do not vary as much as in the bulk water and maintain
elevated levels much longer. For chloridazon this results in

The developed model gives the opportunity to study the distri-

a higher concentration in the pore water compared to

bution of pesticides between bulk water and sediment in time

that in the bulk water at the end of the simulation period

and space. Such a distribution is shown in Figure 8, showing

(Figure 8(a)). At that moment desorption processes take place

the simulated pesticide concentration in the bulk water and

in the sediment which gradually release the pesticides attached

in the pore water at the mouth of the river Nil. At the beginning

to the sediment particles into the pore water.

of the monitoring period the chloridazon concentration is

Figure 9 shows the amount of pesticides sorbed to the

higher than the diuron concentration, while at the end of the

sediment particles. It seems that the amount of chloridazon

monitoring period it is just the opposite (Figure 8). This differ-

sorbed to the sediment particles is almost the same up- and

ence is probably caused by the different application periods.

downstream. For diuron there is a huge increase in the

The application period of chloridazon lasts from March till

sorbed amount in the sediment downstream on 9 May

April, so it is ended during the simulated period, while for

(day 54). The increase is caused by an intense rainfall on

diuron the application period has started up during the simu-

8 May which increased the river ﬂow considerably and

lated period, as it is mainly used from April till July. The

caused resuspension in the central reach of the river. At

proﬁle in Figure 8 shows that the diuron concentrations in

the mouth, sedimentation occurs because of the lower

the pore water are always lower than the concentrations in

slope in that part of the river. For chloridazon the effect of

the bulk water, while for chloridazon this is not always true.

sedimentation due to its lower sorption constant is much

In addition, the shape of the proﬁle is quite different. In the

less pronounced. It should also be mentioned that the

bulk water the pesticide concentrations vary rapidly from

amount of diuron sorbed to the sediment particles is

very high to very low values. In contrast, the concentration

higher than the amount of sorbed chloridazon, while in

Figure 8

|

Simulated concentrations for chloridazon (a) and diuron (b) in the bulk (thin line) and pore water (thick line) at the mouth of the river Nil.

Figure 9

|

Simulated amount of chloridazon (a) and diuron (b) sorbed on the sediment particles upstream (thin line) and downstream (thick line) in the river Nil.
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the bulk and pore water the chloridazon concentration is
higher than the diuron concentration.
Sensitivity analysis
Regarding the 5th, 50th and 95th percentiles of the simulated concentrations for chloridazon and diuron in the
bulk water at the mouth (data not shown), it could be concluded that pesticide predictions in the bulk water are not
sensitive to the studied parameters. It seems that concentrations in the bulk water are mainly determined by input
data rather than by processes in the river system. Figure 10
illustrates the variability in the model results for the pore
water and particle concentrations for diuron at the mouth
of the river. These concentrations are much more inﬂuenced
by the studied parameters than the concentrations in the
bulk water. The results for diuron and chloridazon upstream
were similar (not shown).
In Figure 11 the sensitivity S of the three output variables

Figure 11

|

Graphical representation of the sensitivity S for of the seven most inﬂuential

to the seven most inﬂuential parameters P is visualized. This

parameters P for three output variables of the presented model. The deﬁ-

ﬁgure shows that the diffusion coefﬁcient KL,GC is by far the

nition of the different parameters can be found in Table 5.

most sensitive parameter for the bulk water concentrations.

particles. For the concentrations in the pore water, the par-

For the concentrations on the sediment particles, KOC is the

ameters that are most inﬂuential for diuron are the particle

most inﬂuential parameter for diuron, whereas for chlorida-

size diameter (dx) and the slope of the river stretch. For chlor-

zon it is the diffusion coefﬁcient KL,GC closely followed by

idazon it is KOC and KL,GC.

KOC. As the model predictions for concentrations on particles
are inﬂuential, it means that the values for these parameters
should be assessed with the utmost accuracy to reduce the

CONCLUSIONS

degree of uncertainty in the results. The importance of a
good estimation of the KOC parameter could be expected, as

In conclusion, a simpliﬁed version of the RWQM1 model

it determines to a great extent the sorption of pesticides on

was successfully extended with the fate of pesticides.

Figure 10

|

50th percentile of the simulated concentrations of diuron in the pore water (a) and on the particles (b) at the closing section (black line) with 5th and 95th percentiles (stripped
grey lines).
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A comparison between measured and simulated concentrations in the different compartments of a water–sediment
system was performed. This comparison revealed that, in
the bulk water compartment, the simulated concentrations
underestimated the real concentrations, probably due to
incomplete input data. In the sediment compartment the
simulated and measured concentrations were of the same
order of magnitude, which is a reasonable result, although
it should be mentioned that this comparison for the sediment compartment is only preliminary. For a profound
comparison more data should be collected.
In the bulk water the pesticide concentrations varied
rapidly from high to low values, while the simulated pore
water concentrations were much less dynamic. Model simulations showed a different behaviour between the two
pesticides, mostly because of their different sorption property.
The sedimentation effect was observed to be much more pronounced for diuron, the most hydrophobic pesticide of the
two. In addition, the amount of diuron sorbed to the sediment
particles is much higher in comparison with chloridazon.
The model can be used to gain insight into the importance of different processes in a river. Therefore, it is
important to feed the model with reliable pesticide input
data. By means of a sensitivity analysis, it was shown that
special attention should be given to the determination of
the sorption coefﬁcient KOC and the diffusion coefﬁcient
KL,GC. A good approximation of both parameters will
reduce the uncertainty in the model results for the pore
water and particle concentrations.
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