
ARTICLE IN PRESS
+ MODEL

Available online at www.sciencedirect.com

ScienceDirect
ELSEVIER Marine Chemistry xx (2006) xxx -  xxx

l i s

www. elsevier. com/locate/marchem

Reactive-transport modelling of C, N, and 0 2 in a 
river-estuarine-coastal zone system: 

Application to the Scheldt estuary

Jean-Pierre Vanderborght a’*, Inge M. Folmer a’b, David R. Aguilera b, 
Thomas Uhrenholdt c, Pierre Regnier b

a Laboratory o f Chemical Oceanography and Water Geochemistry, Université Libre de Bruxelles, CP 208, Bd du Triomphe,
B-1050 Brussels, Belgium

b Department o f Earth Sciences - Geochemistry, Faculty o f Geosciences, Utrecht University, P.O. Box 80.021,
NL 3508 TA Utrecht, The Netherlands 

c DHI Water and Environment, Agern Allé 5, DK-2970 Horsholm, Denmark

Received 22 December 2005; received in revised form 15 May 2006; accepted 14 June 2006

Abstract

A fully coupled, two-dim ensional hydrodynam ic and reactive-transport m odel o f  C, N , 0 2  and Si along a riv e r-e s tu a rin e - 
coastal zone system  is presented. It is applied to the Scheldt continuum , a m acrotidal environm ent strongly affected by 
anthropogenic perturbations. The m odel extends from the upper tidal river and its tributaries to the southern B ight o f  the N orth Sea. 
Five dynam ically linked nested grids are used, w ith a spatial resolution progressively increasing from 33 m  to 2.7 km. The 
biogeochem ical reaction netw ork consists o f  aerobic degradation, nitrification, denitrification, phytoplankton growth and mortality, 
as well as reaeration. D iagnostic sim ulations o f  a typical sum m er situation in the early 1990s are com pared to field data taken from 
the OM ES database (>300 samples per variable). Results dem onstrate that the process rates in the tidal river are very high and far 
larger than in the saline estuary, w ith m axim um  nitrification rates in the w ater colum n up to 70 m M  N  day- 1 , and m axim um  
aerobic respiration and denitrification up to 70 and 40 m M  C day- 1 , respectively. Phytoplankton production is about one order o f  
m agnitude lower, a result w hich confirms the dom inance o f  heterotrophic processes in this system. The influence o f  secondary and 
tertiary w astew ater treatm ent in the catchm ent is then assessed. Results show a significant decrease o f  organic m atter and 
am m onium  concentrations above Antwerp, w hich in turn leads to a partial restoration o f  oxygen levels. The m odel also predicts a 
reduction o f  denitrification rates, w hich locally results in a 4-fold increase o f  the nitrate concentration. M ass budgets for carbon, 
nitrogen and oxygen are established for the saline estuary (km  0 to 100) and for the tidal river netw ork (km  100 to 160). Three 
scenarios, corresponding to the situation in the early 1990s, the years 2000 and the situation expected in 2010 are considered. They 
show that the tidal river and the estuary contribute alm ost equally to the overall biogeochem ical cycling o f  these elements, despite 
the very different w ater volum es involved. For the sim ulated periods, the large decrease in nitrogen input (>55% ) expected 
betw een 1990 and 2010 w ill not lead to a significant decrease o f  N  export to the coastal zone during the sum m er period.
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1. Introduction

The crucial role o f estuaries in the transfer o f land- 
derived material to the marine system is now fully 
recognized, and the biogeochemical processes occurring 
in these environments are studied with increasing 
attention (Wollast, 2003). This is largely due to the 
growing impact o f anthropogenic activities that have 
profoundly affected the quality o f fresh and marine 
waters over the last 50 years. In coastal seas, such 
alterations are well documented and have been linked to 
perturbations in nutrient export fluxes from the 
continent (Lancelot et al., 1997). Yet, the quantitative 
evaluation o f these fluxes remains challenging, partic­
ularly when reactive constituents transit through the 
river-estuarine continuum, where intense physical, 
chemical and biological transformations may occur 
(Tappin et al., 2003).

The net exchange o f nutrients between the estuary 
and the coastal zone can be evaluated from an inventory 
o f riverine input and an estimation of the production/ 
removal o f these nutrients within the continuum. The 
direct estimate o f net fluxes at the estriarme mouth 
constitutes an alternative approach, but it is particularly 
challenging in macrotidal estuaries, where the residual 
material fluxes are several orders o f magnitude smaller 
than the tidal, instantaneous fluxes (Jay et al., 1997; 
Regnier et al., 1998). It is therefore generally accepted 
that modelling is a particularly useful method for the 
evaluation o f estriarme fluxes. Several approaches exist 
and include, in order o f increasing complexity, proper- 
ty-salinity plot analysis, mass balances and budgets 
estimations, steady-state box modelling and, finally, 
transient reactive-transport approaches (for a recent 
review, see Tappin, 2002). The latter often rely on an 
explicit computation of the flow field based on mass and 
momentum conservation equations.

The weaknesses o f the former three modelling 
approaches have already been comprehensively docu­
mented in the literature (Officer and Lynch, 1981 ; Loder 
and Reichard, 1981; Regnier et al., 1998; Regnier and 
O ’Kane, 2004). Yet, despite obvious flaws in these 
methods, they are still used by international agencies 
and regulatory authorities, in particular in the frame­
work o f the LOICZ program. The recent development of 
Reactive-Transport Models (RTMs) for estriarme sys­
tems, which provide a mechanistic, process-based 
understanding of nutrient dynamics at a coherent spatial 
and temporal scale, constitutes an interesting alternative. 
Such models incorporate transient and non-linear 
properties in both the flow and concentration fields 
whose effects may seriously influence nutrient flux

estimations (Jay et al., 1997; Regnier and Steefel, 1999; 
Tappin, 2002). Currently, the few existing RTMs that 
include a comprehensive set o f state variables and 
reactions for the simulation o f nutrient dynamics in 
estuaries have mostly been limited to one-dimensional 
(longitudinal) applications (e.g. Lebo and Sharp, 1992; 
Thouvenin et al., 1994; Soetaert and Herman, 1995a,b; 
Regnier et al., 1997; Vanderborght et al., 2002, Tappin 
et al., 2003 ). Furthermore, the span o f such simulations 
is often restricted to the saline estuary, that is, the zone 
where significant longitudinal chlorinity gradients are 
observed. Prognosis and scenario o f reduced anthropo­
genic perturbations require nevertheless to be performed 
within comprehensive models o f the whole aquatic 
continuum, from the catchment to the coastal zone. 
Models o f interconnected compartments o f the hydro­
sphere point the way to future developments and, to our 
knowledge, have so far only been implemented in the 
case o f the Seine (Gamier et al., 1995; Billen et al., 
2001) and Humber continuums (Proctor et al., 2000; 
Tappin et al., 2003 ). In order to be numerically tractable, 
simulations of such large-scale systems have exclusive­
ly been performed at a relatively low spatial and 
temporal scale o f resolution, using significant dynamical 
approximations in the physics.

The present work is a first attempt to develop a fully 
coupled two-dimensional, hydrodynamic and reactive- 
transport model o f C, N, O2 and Si dynamics along a 
river-estuary-coastal zone system under strong tidal 
influence. Available resolution ofthe physical support is 
proposed, where the spatial grid o f the model is adapted 
to the local geometrical characteristics. Such methodol­
ogy is particularly useful in the framework o f the 
continuum approach, where length scales typically vary 
over several orders o f magnitude, from IO2 m in the tidal 
rivers to IO4 m in the coastal zone. With this approach, 
small-scale topographical features can be resolved. At 
the same time, the large geographical extension o f the 
physical support allows to compute mass fluxes through 
the interfaces between these system’s compartments.

The model is developed within the MIKE 21 -ECO Lab 
simulation environment. It is particularly suitable for the 
implementation o f alternative reaction networks and 
process formulations o f increasing complexity. The 
model is applied to the Scheldt estuary (Belgium-The 
Netherlands) as an example. Its performance in terms of 
hydrodynamics, transport and biogeochemistry is first 
evaluated using a comprehensive data set o f the riverine 
and estriarme zones for the early 1990s. Scenarios of 
wastewater purification are then ran for both the present- 
day situation and the year 2 0 1 0  when the last large-scale 
pollution point sources within the catchment will be
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removed. The scenarios are compared in terms of 
concentration profiles and rate distributions along the 
continuum. The change in heterotrophic status o f the 
estuary over the years is then analyzed based on the 
evolution in relative biogeochemical process intensities. 
Finally, mass budgets and fluxes in the river and estuarine 
portions o f the continuum are presented for C, N and O2.

2. The Scheldt estuary

The Scheldt R iver and its tribu taries drain 
21,580 km 2 in northwestern France, northern Belgium 
and southwestern Netherlands (Fig. 1 ). The tidal regime 
is semi-diurnal with mean neap and spring ranges o f 2.7 
and 4.5 m, respectively. The average freshwater 
discharge is close to 100  m 3 s 1, which represents 
4.8 X IO6 m 3 during one M2 tidal period, while the 
volume o f sea water entering the estuary during the 
flood is about 1 x IO9 m 3 (Peters and Sterling, 1976; 
Wollast, 1988). The Scheldt estuary is therefore 
considered as a macrotidal system, with an average 
residence time in brackish waters of 1 to 3 months. The 
mixing zone o f fresh and salt waters extends over a 
distance o f 70 to 100 km. The area o f tidal influence 
goes up to 160 km from the river mouth and includes all 
the major tributaries.

On the basis o f geometrical and dynamical criteria, 
the Scheldt estuary can be divided into three zones 
(Peters and Sterling, 1976). The first zone, between the 
estuarine mouth and Waalsoorden (km 45 ), is character­
ized by a complicated system of ebb and flood channels. 
The tidal motion is large and mixing is important. From 
Waalsoorden to Rupelmonde (km 103), the estuary

reduces to a single, well-defined channel in which 
mixing is partial, with large longitudinal and small 
vertical salinity gradients being observed during a tidal 
cycle. The third zone above km 100 constitutes the tidal 
river and includes a complex network of 6 tributaries 
(Dender, Durme, Grote Nete, Kleine Nete, Zenne and 
Dijle rivers, see Fig. 2 ). The latter four form together the 
Rupel, a single stream o f about 10 km length which flows 
into the Scheldt estuary at km 103, an area which 
corresponds roughly to the limit o f the salt intrusion.

The hydrographical basin includes one o f the most 
heavily populated regions o f Europe, where highly di­
versified industrial activity has developed. As a conse­
quence, the whole catchment has been heavily polluted 
until the mid 1970s, when water degradation culminated 
due to the continuous increase o f nutrient and organic 
matter inputs. The low level o f wastewater treatment, 
especially in the upstream zones, was an important factor 
contributing to this degradation. The estuary was partic­
ularly affected by domestic and industrial inputs from the 
great Brussels, Antwerp and Gent areas. Since then, better 
management o f industrial and domestic wastewater point 
sources has led to a progressive improvement of the 
environmental conditions in the estuary. Billen et al. 
(2005) and Soetaert et al. (2006) provide two recent 
comprehensive reviews of this long-term evolution.

3. Model set-up

3.1. Support

A two-dimensional, vertically integrated model 
(MIKE 21, www.dhisoftware.com/mike21) is used to
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Fig. 1. Geographical extension of the nested-grid model. The finest grid includes the tidal rivers with a resolution o f 33 x 33 m (area 5); the estuary is 
described with a coarser grid o f 100 x 100 m (area 4) and the coastal zone with three different resolutions o f 300x300 m, 900x900 m and 
2700 x 2700 m (areas 3 to 1). Levels are given with respect to Mean Low Low Water Spring (MLLWS) at Vlissingen. Origin of the grid (lower right 
comer): 50°54/30/,N-0°28/42/,E.

http://www.dhisoftware.com/mike21
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Fig. 2. Bathymetric map of the Scheldt estuary and the tidal rivers (areas 4 and 5). Levels are given with respect to MLLWS at Vlissingen. 
Useful distances to the mouth: Vlissingen: 2 km. Walsoorden: 45 km, Antwerpen: 90 km, Rupelmonde: 103 km, Appels: 141 km, Mereibeke: 
167 km.

resolve the longitudinal and transverse hydrodynamic 
flows in the estuary, which arise from the complex 
topography o f the Western Scheldt (Figs. 1 and 2). 
Scaling analysis o f the three-dimensionalNavier-Stokes 
equations shows that the along-channel vertical salinity 
gradients in the Scheldt can be neglected in the 
momentum balance (Regnier, 1997). The model extends 
from the upper tributaries o f the Scheldt estuary to the 
Southern Bight of the North Sea. It includes the river 
system of the Scheldt, up to the limit o f tidal influence 
where unidirectional flow is maintained at all times, 
either naturally or by the presence o f sluices. Accord­
ingly, the Rupel and its river network, which encom­
passes the main tributaries with the exception o f the 
Dender, are implemented in the model. The largest 
distance to the tidal Scheldt is about 25 km. For the 
Scheldt, the sluices located at Gentbrugge and Mer­
eibeke (Fig. 2 ) limit the propagation of the tidal wave. 
Freshwater from the upper Scheldt enters our model 
domain through the latter location only. The marine area 
is comprised between latitude 50°54'30"N and 52°03 'N.

The model consists o f five dynamically linked nested 
grids. Each nested area is characterized by a spatial 
resolution which is constrained by the local geometrical 
features that are important to resolve. Therefore, the

grid size o f the numerical model gradually increases in 
five steps from 33 x 33 m for the tidal rivers (area 5 ), to 
2700 x 2700 m for the Southern Bight o f the North Sea 
(area 1, Fig. 1). For area 1, 2 and part o f area 3, the 
land boundaries and the bathymetry are taken from the 
C-Map digital charts using the MIKE C-Map extraction 
tool (w w w .dhisoftw are.com /m ikecm ap). For the 
remaining part o f the outer estuary in area 3 and for 
area 4, the information is obtained from the naviga­
tional charts edited by the Coastal Elydrographical 
Service o f the Flemish authorities (AWZ, 2003). 
Finally, the topographic maps o f  the Belgian National 
Geographic Institute have been used for area 5, where 
an estimated bottom slope has only been implemented 
in the model.

3.2. Hydrodynamics

The hydrodynamic model is based on the vertically 
integrated volume and momentum conservation equa­
tions for barotropic flow, which read:
-  for volume conservation:

di, d p  d q  

d t +  d x  +  d y ( i )

http://www.dhisoftware.com/mikecmap
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-  for the X- and ^components of the momentum 
equation:

dp d
dt d.x ) 1 5 (p q \

/ dy \ h )

ip- + q- 
C-h2

dp
Ut.'

d
dy ) 1 " (p q \

/ dx \ h )

lp- + q- 
C2h2

d~p
' dx2

d2q 
■ dy2

S
dx

y ÙL
1>' dy2

S
' d y

â2q 7 __L
y dx2

(2 )

—Qq = 0

(3 )

—Qq = 0

Ali variables and parameters used in Eqs. (1), (2 ) and 
(3), along with their associated units, are defined in 
Table 1. This set o f coupled non-linear partial differential 
equations (PDEs) provides the temporal evolution in 
surface water elevations, C. and scalar components o f the 
momentum fluxes, p  and q, over the whole domain. 
Effects o f wind stress and variations o f the barometric 
pressure are not considered in the present version o f the 
hydrodynamic model. Flux densities p  and q are defined 
per unit length along the y  and .r coordinates, respectively.

The system of PDEs is solved with appropriate initial 
and boundary conditions by finite differences, using the 
non-iterative alternating direction implicit algorithm 
(Abbott, 1979). M anning-Strickler and eddy viscosity 
coefficients are model parameters that must be specified.

3.2.1. Boundary conditions
Water elevations are provided in the outer grid at the 

northern and southern limits o f the Southern Bight o f the 
North Sea (Fig. 1). These elevations are computed by a 
large-scale, three-dimensional water forecast model of 
the whole North Sea and part o f the Atlantic Ocean 
(Jensen et al., 2002). Constant river discharges are 
specified at the continental limits o f the model, for the 
Scheldt River and all its tributaries (Table 2). For the 
simulated period considered here, the selected, constant

Table 1
Variables, constants and parameters o f the hydrodynamic equations

Name Definition Units

t Time s
x ,y Spatial (horizontal) coordinates m
c Surface elevation m
p, q Flux densities m3  s- 1  m- 1

h Water depth m
g Gravity constant m s- 2

Q Coriolis parameter s- 1

C Chezy coefficient m172 s“ 1

E„ Ey Eddy viscosity coefficients m2  s“ 1

Table 2
River discharge selected for the simulations

River Discharge (m3 s )

Upper Scheldt River 32
Dender 4.1
Dijle 17.8
Zenne 6 . 6

Grote Nete 3.5
Kleine Nete 4.8

Total freshwater discharge amounts to 69 m s_ . (Source o f data: 
Ministry o f the Flemish Community, Department “Maritieme 
Scheldt”.)

freshwater flows are representative o f an average 
summer situation.

3.2.2. Model parameters
Eddy viscosity coefficients are computed from local 

current velocities using the Smagorinsky (1963 ) formula 
with a proportionality constant o f 0.5. The Manning- 
Strickler coefficient M  [m1 3 s '], that is, the reciprocal o f 
the Manning roughness, has been used to constrain the bed 
friction. It is related to the Chezy coefficient according to 
C=Mh1/6. A Manning-Strickler coefficient o f 32 has been 
used in all areas, except for the estuary where it is set to 50.

3.3. Transport

The transport and biogeochem ical models are 
based on the vertically integrated advection-dispersion 
equation:

d d d d (  de
_ ( / î c ) + _ ( h / î c ) + _ ( W î c ) _ _ ^ a _

~ h { ,i'Dyd£ )~ Q̂ ~ c)~R=o
(4)

where c is the species concentration [mol m ], u -p ih  
and v —q/h are the horizontal components of the velocity 
vector [m s ], D.- and Dy are the dispersion coefficients
[m s ] and Qs represents sink/source discharges [m

—2 —1m s ] with species concentration cs. In Eq. (4), R  is 
the rate of production (R> 0) or consumption (R<0) of
the species by biogeochemical processes, defined per

—2 —1unit surface area [mol m s ]. For salt, both Qs and R 
are set to zero.

The hydrodynamic model, which is solved separately, 
provides the horizontal velocity components u and v as 
well as the water depth h also present in (4). The equation 
is then solved for the spatial and temporal evolution of 
the concentration field using appropriate initial and 
boundary conditions. Numerical discretization of Eq. (4) 
is performed using the QUICKEST explicit scheme,
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which is a third order, finite difference algorithm 
(Ekebjærg and Justesen, 1991). Both the hydrodynamic 
and transport models are run with a time step o f 15 s to 
achieve stability o f the numerical schemes.

3.3.1. Boundary conditions
The salinity is set respectively to 35 at the northern 

and southern limits o f the outer grid, and to 0  at the 
continental limits o f the model domain.

3.3.2. Model parameters
The dispersion coefficients Dx and Dy in Eq. (4) are 

model parameters. Their values are given in Table 3 for 
the five nested areas. The magnitude o f the dispersion 
coefficients reflects the growing influence o f sub-grid 
scale processes when the model grid size is increasing 
(Fischer et al., 1979).

3.4. Biogeochemistry

The reaction network has been implemented in the 
model by means o f the ECO Lab ecological modelling 
tool (www.dhisoftware.com/ecolab). It consists o f 6 mass 
transfer processes acting on 6 state variables (Table 4). 
This reaction network is described in details and 
illustrated in Appendix A and is similar to the one already 
implemented in the most recent version of the ID 
CONTRASTE model (Regnier and Steefel, 1999; 
Vanderborght et al., 2002). With the exception o f the 
kinetic rate constant for nitrification, which has been 
adjusted during the process o f model calibration, all other 
parameters have been determined independently from 
field and/or laboratory studies in the Scheldt estuary, 
performed either in situ, or using Scheldt water samples.

In short, we simulate the growth o f phytoplankton by 
photosynthesis, taking into account light and silica 
limitations. Only diatoms have been considered in the 
present study, since they are dominant throughout the 
year in the freshwater and brackish reaches o f the 
estuary (Muylaert et al., 2000). No distinction has been 
made so far in terms of diatom species composition. 
Diatom mortality, together with the large organic loads 
flowing through the boundaries or discharged as lateral

Table 3
Dispersion coefficients selected for the transport model

Area and grid size (m) Dispersion coefficient (m2  s *)

1 (2700x2700) 1350
2 (900x900) 450
3 (300x300) 150
4 (100x100) 1 0 0

5 (33x33) 4

Table 4
Variables and processes implemented in the biogeochemical model

State variables Processes

Labile organic matter Aerobic respiration
Oxygen Phytoplankton production
Ammonium Phytoplankton mortality
Nitrate Nitrification
Silica Denitrification
Diatoms Oxygen transfer

inputs, supplies the detrital organic matter pool, which 
decomposes by aerobic degradation and denitrification. 
Nitrate concentrations are such that no other redox 
metabolic pathway is active in the water column o f the 
Scheldt. Easily degradable organic matter is only 
considered here (referred to as “labile organic matter” 
in what follows). Accordingly, measured or estimated 
biological oxygen demand (B.O.D.) values have been 
used to quantify the boundary fluxes and the lateral 
inputs o f this variable. Decaying diatom cells are as­
sumed to be composed o f labile material only. In ad­
dition, no distinction is currently made between the 
dissolved and particulate organic fractions. It is therefore 
assumed that sedimentation does not lead to a significant 
short-term accumulation o f labile organic matter within 
the system. Nitrification is another process controlling 
nitrogen spéciation and oxygen levels. The latter is also 
influenced by gas exchange at the air-w ater interface.

In order to limit computational time, an approximate 
analytical solution for depth-integrated primary produc­
tion has been implemented in the model (Appendix B). 
Another difference with respect to the former CON­
TRASTE model (Regnier et al., 1997; Regnier and 
Steefel, 1999; Vanderborght et al., 2002) is the 
incorporation o f silica as an explicit state variable.

3.4.1. Initial and boundary conditions
Fixed concentrations are imposed at the northern and 

southern boundaries o f the outer grid in the North Sea. 
Fixed concentrations are also imposed for all tributaries 
at the continental limits of the model area. Initial 
concentrations are either taken as the average between 
upper and lower boundary values, or obtained from the 
results of a former model run. In all cases, the simulated 
period extends over one month to guarantee that quasi 
steady state is achieved. Model results always corre­
spond to the last day(s) o f the simulation.

4. Diagnostic simulations

For the purpose of model validation, the selection of 
the most appropriate time period depends on the

http://www.dhisoftware.com/ecolab
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availability of reliable field data, both in terms of inputs 
(freshwater flow, composition o f tributaries, lateral 
loads) and o f resulting concentrations o f chemical 
species within the entire system. Coherent and complete 
data sets are available for the modelled domain since the 
1990s only, although it is known from field observation 
that water degradation in the Scheldt estuary was at its 
worst in the early 1970s (Van Damme et al., 1995). The 
focus of the diagnostic simulations has thus been 
restricted to the situation prevailing in the early 1990s. 
Within this period (labelled “ 1990” in what follows), the 
selected summer seasons correspond to the situation 
during which the transformation processes are the most 
active. Table 5 gives the concentration values at the 
upper boundaries, together with the lateral input fluxes 
as specified in the SAWES database (1991). These 
lateral inputs have been distributed along the Scheldt 
continuum, using the 16-box subdivision of the MOSES 
model (Soetaert and Elerman, 1995a,b). For all simula­
tions, a temperature of 17 °C has been applied. Constant 
cloud coverage o f 58%, corresponding to the mid-year

value in Belgium (IRM, 2004) has been used. The 
corresponding daily peak solar irradiance varies be­
tween 1068 and 1091 pE m  2 s 1 for the selected period 
(15 Ju n e -15 July).

Direct comparison between available field measure­
ments and model results is not possible for three main 
reasons. First, the 2D framework of the simulation does 
not match the ID longitudinal labelling o f the field data. 
Second, the sampling during longitudinal surveys is not 
synoptic with respect to the tide. The latter can easily be 
resolved in the lower estuary, where salt is a tracer that 
can be used to recast the data within a synoptic frame 
(O’Kane and Regnier, 2003); yet this procedure cannot 
be applied in the freshwater, tidal river. Third, the 
temporal resolution o f freshwater composition time- 
series which are available to constrain the upstream 
boundary conditions (~  1 week at best) is lower than the 
intrinsic timescales o f both the main (semi-diurnal and 
diurnal) tidal harmonics and the rapidly fluctuating river 
discharge. This leads to the well-known phenomenon of 
temporal aliasing. Accordingly, the comparison between

Table 5

(a) Freshwater flow (m3 s ) and composition (mmol m 3) of tile upper Scheldt River (Bovenscheldt) and tributaries for the various scenarios

Parameter Bovenscheldt Dender Zenne Dij le Grote Nete Kleine Nete

1990 2 0 0 0 - 2 0 1 0 1990 2000-201C1 1990 2000 2010 1990 2 0 0 0 - 2 0 1 0 1990 2 0 0 0 - 2 0 1 0 1990 2 0 0 0 - 2 0 1 0

Flow 32 4.1 6 . 6 17.8 3.5 4.8
O.M. 393 289 2565 213 7869 5500 630 374 191 439 125 176 153
o 2 106 104 31 190 17 0 0 41 173 160 194 215 232
n h J 400 126 1575 127 3327 89 70 300 89 238 30 163 29
NO3 198 395 21 179 0 363 152 63 363 64 180 96 139
Dia 50 50 0 30 0  0 0  0 0 0 0 0 0

Si 250 250 250 250 250 250 250 250 250 250 250 250 250

(b) Lateral loads (mmol s )

Location Labile O.M. Nffr NO3

Name km 1990 2 0 0 0 - 2 0 1 0 1990 2 0 0 0 - 2 0 1 0 1990 2 0 0 0 - 2 0 1 0

Vlissingen 2 2247 0 972 0 897 0
Tenieu/en 23 7349 0 11511 0 3370 0
Flansweert 34 1356 0 847 0 435 0
Walsoorden 45 571 0 847 0 951 0
Bath 57 143 0 174 0 435 0
Doei 65 2640 0 2442 0 2 2 0 2 0
Lillo 74 6742 2450 2516 1132 1277 0
Boomke 84 3674 747 2018 530 1767 0
Antwerpen 90 4281 14208 1221 6670 299 0
Kruibeke 97 6421 3536 2018 1561 639 0
Ternse 110 0 2616 0 1068 0 0
Mariekerke 118 0 593 0 199 0 0
Appels 141 0 4444 0 1708 0 0
Wetteren 157 0 1757 0 1123 0 0
O.M. = labile organic matter (in carbon); Dia= phytoplankton carbon. Concentrations are assumed to be identical for 2000 and 2010, except for the 
river Zenne (downstream of the city o f Brussels).
A 0 entry in the table indicates that no data are available to constrain the fluxes.
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model results and measurements has been carried out 
using field data averaged over the period selected for our 
simulations. Within the set of data comprised between 
May and September for the years 1990-1995 (taken 
from the OMES database, Maris et ah, 2004), only 
those characterized by a water temperature in the range 
15-19 °C have been used for the averaging.

4.1. Hydrodynamics and transport

The model calibration has been performed by 
comparing model results with hydrographical data and 
tide predictions based on harmonic analysis. Water 
elevations and water fluxes were considered, with focus 
on the estuarine zone only (area 4). The bed friction 
coefficient in this area has been calibrated using both the 
amplitude and the phase lag of the tidal wave. The 
comparison of model predictions with tidal tables at five 
stations along the estuarine gradient indicates overall 
agreement between modelled tides and tabulated values 
with maximum error in amplitude <7.5% and maximum 
deviation in phase of 18 min around km 60. Further 
details about the performance of the hydrodynamic 
model can be found in Arndt et al. (in press).

The evaluation of the model performance, based on 
scalar quantities, has been carried out by comparing 
computed water fluxes integrated over selected cross- 
sections during the flood and ebb periods with empirical 
values obtained with the cubature method (WKL, 1966). 
To assess the quality of the integration, the variation of 
estuarine volume over one tide (mainly related to the 
spring-neap oscillation) is also taken into consideration. 
The latter matches almost perfectly (to a fraction of %) 
the water balance at Vlissingen (freshwater volume over 
one tide + integrated flood volume = integrated ebb 
volume+ volume variation). Table 6 shows that the 
deviation between the cubature method and our 
estimation is on the order of 10% at locations comprised 
between km 0 and ~65. In all instances, our model 
based on recent bathymetric data (2 0 0 2 ) predicts 
slightly higher integrated fluxes, a result which could

Table 6

Water fluxes through selected cross-sections along the Scheldt estuary

Location Distance (km) Tidal volume (ebb-flood) (IO6  m3)

This
model

Cubature
method

%
Deviation

Vlissingen 0 1137-1127 1070-1065 + 5.8
Temeuzen 16 769-760 717-712 +7.0
Waarde 38 422-417 362-357 + 16.7
Hedwigpolder 53 139-137 139-135 < 1

Lillo 60 92-90 105-101 - 1 1 . 6

.<* 20

0 20 40 60 80 100 120 140 160
Distance to Vlissingen (km)

Fig. 3. Envelope of salinity profiles. Field measurements (circles) are 
reported for the period 1990-2004. Mean (daily) freshwater discharge 
observed during this period ranged between 26 and 794 m3 s_1. The 2 
curves are respectively the minimum (ebb) and maximum (flood) 
computed values over a neap-spring cycle for a total freshwater 
discharge of 69 m3 s_1.

partly be explained by the continuous dredging and 
deepening of the estuarine channels since the 1960s. 
Note that a significant fraction of the error ( ~ 6 %) 
occurs already at the estuarine-coastal zone interface 
(km 0). Further improvement in the hydrodynamic 
calibration should thus focus on a better parameteriza­
tion of tides and currents in the Southern Bight o f the 
North Sea and adjacent coastal zone. This analysis is 
confirmed by the significant reduction in the error when 
the model is restricted to the mouth of the Scheldt 
estuary and forced by an astronomical tide at km 0 
(results not shown).

The dispersion coefficients given in Table 3 have 
been selected using a simple fitting procedure based on 
salinity profiles. Their magnitude reflects the increasing 
size of the grid spacing in the seaward direction. 
Although calibration of dispersive transport using 
salinity cannot be achieved in the tidal river, the 
magnitude of dispersion in the upper reaches of the 
continuum (area 5) is small compared to advective 
transport and contributes only marginally to the total 
scalar fluxes in this area. Fig. 3 shows that the envelope 
o f salinity profiles simulated over a tidal cycle using the 
adjusted set of dispersion coefficients falls within the 
upper range of observed values, a result consistent with 
the low discharge conditions used in our simulations.

4.2. Biogeochemistry

Fig. 4 shows the envelope o f concentrations 
simulated over 24 h for oxygen, nitrogen species and 
silica in the Scheldt River and estuary. These concen­
tration profiles are reported along the longitudinal 
curvilinear axis following the main navigation channel 
of the estuary, and are thus not salinity-property plots.
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Fig. 4. Comparison between computed longitudinal profiles (open 
squares, 1990 simulation) and field data (filled circles, mean values for 
the period 1990-1995) for oxygen, nitrogen and silica. The vertical 
bars give the standard deviation of the data set. The two lines 
correspond to the minimum and maximum values reached during the 
last day (24 h) of our monthly simulation.

Note that the two curves defining the envelope of 
concentrations in Fig. 4 are generally close to, but not 
necessarily identical to the conditions at ebb and flood. 
This discrepancy is due to the complex influence of 
asynchronous physical forcing (velocity, depth, irradi­
ance, etc.) on transport and reaction mechanisms. 
Results reported here relate to the last 24 h of our 
monthly simulation, with no residual influence of the

initial conditions. They correspond to a situation of 
mean tidal amplitude (about 3.50 m at Vlissingen, as 
compared to mean spring and neap tide amplitudes of 
4.46 and 2.97 m, respectively). The mean concentration 
values obtained from field data, together with standard 
deviations (selected according to the criteria described 
above) are also presented for comparison. All biogeo­
chemical processes incorporated in the reaction network 
influence, directly or indirectly, the selected state 
variables, which can thus be used for understanding 
the system dynamics and for assessing the model 
performance.

The main trends simulated in the estuarine portion of 
the transect (km 0 to 90) are consistent with both field data 
and previous modelling studies (Soetaert and Herman, 
1995a; Regnier et al., 1997; Vanderborght et al., 2002) 
and show: (i) a sharp oxygen gradient in the brackish zone 
(km 90 to 60), followed by a constant, nearly saturated 
concentration in the lower Scheldt (Fig. 4a); (ii) an abrupt 
decrease of ammonium, which leads to an almost 
complete removal of NH4 within the uppermost portion 
of the brackish estuary (km 90 to 80, Fig. 4b); (iii) an 
increase in nitrate between km 90 and 80, followed by 
conservative dilution below ~km  80 (Fig. 4c). Overall 
agreement between modelled and observed longitudinal 
transects of dissolved inorganic nitrogen (DIN) and silica 
is also satisfactory (Fig. 4d and e).

The extension of the model domain to include the 
tidal rivers provides new insights into the Scheldt 
system, which are particularly important for the 
understanding of the biogeochemical dynamics in the 
estuarine continuum. Fig. 4a-e  shows that model results 
are in good agreement with available field data in this 
region. To cast further light on the system dynamics in 
this portion of the continuum, along-channel distribution 
of process rates are also presented (Fig. 5a-d). Results 
demonstrate that the process intensities are overall much 
larger in the upper reaches of the continuum, km 80 
being the limit of an extremely active biogeochemical 
system. This is mainly the result of the progressive 
consumption of reactive, reduced species (organic matter 
and ammonium), combined with the increasing dilution 
due to the widening and deepening of the estuary. 
Oxygen consumption (Fig. 5a) is primarily the result of 
nitrification and, to a lesser extent, of heterotrophic 
respiration. Phytoplankton net production is only a 
minor source of oxygen, especially compared to gas 
exchange with the atmosphere. The latter shows a 
complex spatial pattem because of the influence of the 
local hydrodynamic forcing (water depth and current 
velocity). The net reaction rate, computed from the 
dynamic balance between these processes, never leads to
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Fig. 5. Along-channel distribution of individual process rates 
affecting oxygen, organic carbon, ammonium and nitrate ( 0  = het- 
erotrophic respiration; A = nitrification; x = denitrification; 0= N PP; 
+ = phytoplankton mortality; D = gas exchange). The resulting net 
rate is also presented (thick line).

a significant input of oxygen in the water column. The 
rapid oxygen restoration observed in the brackish zone 
(Fig. 4a), where the net rate is still negative, must 
therefore be attributed to dispersive mixing (Regnier 
et al., 1997). Fig. 5b shows that aerobic respiration is the 
dominant metabolic pathway of organic matter degra­
dation between km 170 and km 140. Further down, 
denitrification becomes dominant until the restoration of 
oxic conditions around km 80 inhibits this process again. 
Large lateral inflows of labile organic matter from 
tributaries (Dender, km 130; Rupel, km 100) contribute 
to maintain anoxic conditions in the vicinity of their 
confluence. NPP plays a marginal role in the organic 
carbon dynamics. The net rate of carbon production/

consumption highlights the heterotrophic dominance of 
the upper estuary.

Nitrification is by far the dominating process 
affecting ammonium (Fig. 5c), the contribution from 
organic matter degradation and NPP in the net rate of 
NH4 production/consumption being both much smaller. 
The ammonium concentration profile (Fig. 4b) shows 
therefore a continuous decrease in the seaward direction, 
except when lateral inflows of NH^-rich waters from the 
tributaries (km 100  and 130) alter this longitudinal 
distribution. Nitrate dynamics results from a complex 
balance between nitrification and denitrification, the 
former dominating both in the upstream reach of the 
system (km 170 to 130) and downstream of km 85 
(Fig. 5d). In between, denitrification is the most intense 
process, which leads to the observed NO3 sag around 
km 1 0 0 .

The benefit of moving the landside model boundaries 
away from tidal influence can be inferred from 
concentration time-series simulated at km 100 (Fig. 6 ). 
Until now, this area located at the confluence with the 
Rupel has been selected as the up-estuary limit of most 
biogeochemical modelling studies (e.g. Wollast, 1978; 
Billen et al., 1988; Soetaert and Herman, 1995a; Regnier 
et al., 1997; Regnier and Steefel, 1999; Vanderborght 
et al., 2002). Although the highly dynamical pattem 
illustrated in Fig. 6 could be resolved experimentally 
using high-frequency data acquisition systems, short­
term fluctuations are usually ignored in the design of 
monitoring programmes. As a result, it is currently 
impossible to specify realistic boundary conditions at 
this location. The usefulness of the nested grid approach 
is also demonstrated by the existence of small-scale 
spatial variability in process rates. Fig. 7 shows such 
variability in the case of the distribution of gas exchange

0.8

0.6

0.4

0.2

0
0:00 12:00 0:00 12:00 0:00

Fig. 6 . Concentration time-series computed at km 100 for the 1990 
simulation. Values are normalized to maximum concentration 
observed during for the summer period.
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rate in a zone o f complex morphology. Our model, 
despite its large physical extension, resolves this 
variability and gives therefore some insight on how 
observational programmes should be designed to 
minimize experimental errors related to spatial aliasing.

5. Scenarios and mass budget

Two additional model rans have been performed to 
assess the influence o f wastewater management policy 
on the biogeochemistry of the estuary. These simula­
tions aim at reproducing the water quality status 
corresponding to the present-day (labelled “2 0 0 0 ” in 
what follows) situation, and to forecast the situation for 
the near future (labelled “2010”). The past and 
anticipated progress o f wastewater treatment in the 
Scheldt basin has been implemented in the model by 
changing the boundary conditions only. Their evolution 
in time mainly reflects (a) the increased secondary and 
tertiary treatment o f  domestic wastewater in the 
catchment during the last decade o f the 2 0 th century 
(http://www.isc-cie.com), and (b) the implementation of 
regional wastewater treatment plants (WTP) for the city 
o f Brussels (http://www.aquiris.be). A first WTP, 
performing secondary treatment for approximately 
25% o f the population, has been operational since 
2000. A second, larger WTP is expected by mid-2007 
and should provide secondary and tertiary treatment for 
the remaining wastewater flow generated within the

Brussels area, which should then comply with the 
objectives set by the E.U. Urban Wastewater Treatment 
Directive for the protection o f sensitive areas. By the 
end o f the present decade, the last large-scale point 
soiuce o f organic carbon and nutrients in the Scheldt 
catchment area, which is currently discharging in the 
river Zenne, should therefore be eliminated.

For the purpose o f comparison, the effects o f the 
various wastewater treatment scenarios have been 
quantified using the same physical forcing conditions 
and water composition at the marine boundaries as those 
used for the 1990 simulation. The pollutant loads 
originating from the upper Scheldt River and the various 
tributaries differ in the 3 simulations. As for 1990, 
monitoring data collected in the river network (OMES 
database) have been used to constrain the loads in the 
2000 simulation. For the 2000 and 2010 scenarios, 
identical lateral inputs have been used, based on data 
published by the Flemish Environmental Agency (http:// 
www.vmm.be). For 2010, an estimate o f the water 
composition in the river Zenne has been carried out 
based on the expected performance o f the WTPs in 
Brussels. All other river inputs have been left 
unchanged. Table 5 summarizes the input flows, 
concentrations and loads selected for the three scenarios. 
Depending on the catchment areas, inputs o f organic 
carbon and ammonium have been moderately to 
strongly reduced between 1990 and 2000, reflecting 
the effect o f engineered interventions. Efowever, because
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tertiary treatment is not generalized in most of the 
WTPs, the decrease in ammonium is partly compensated 
by an increase in nitrate. Our estimation assumes a 
nitrification yield of 90% during biological wastewater 
treatment and is based on the data from the measurement 
network of the Flemish region (VMM, 2003). For the 
2 0 1 0  scenario, we only investigate the impact of 
wastewater treatment in Brussels, assuming that other 
water quality improvements are of much smaller 
influence. The latter decreases significantly the organic 
and inorganic loads discharging into the river Zenne.

— 1990 —c^2002  —A— 2010
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Fig. 8 . Longitudinal profiles computed for the 3 model scenarios, 
showing the effect of changes in load inputs in the catchment.

Fig. 8 a -d  compares the results of the three 24-h 
simulations, for (a) labile organic matter, (b) ammonium, 
(c) nitrate and (d) dissolved oxygen. The organic matter 
profile (Fig. 8a) is affected by the decrease in organic 
loads, especially in the up-estuary reach (km 160), and at 
the confluence with the rivers Dender (km 130) and Rupel 
(km 100). In particular, the projected situation for 2010 is 
characterized by a large decrease of the organic matter 
flux in the Zenne-Rupel system. The simulations 
illustrate also the purification role of the estuary, as the 
concentration of labile organic carbon at the mouth 
remains essentially unaffected by the amount of waste­
water treatment performed in the catchment. Only the part 
of the estuary above the Belgian-Dutch border (km 80) 
directly benefits from the reduced loads from the city of 
Bmssels. Fig. 8b shows the strong reduction in ammo­
nium concentration since the 1990s, when the release of 
organic nitrogen and ammonium into the river and 
estuarine system was only partially controlled. It is ex­
pected that lowering the organic matter and ammonium 
inputs into the system will strongly influence the oxygen 
demand. This is well illustrated in Fig. 8d, where the 
improvement of the dissolved oxygen concentration is 
noticeable along the entire continuum, but is especially 
striking in the zone under the direct, tidally driven in­
fluence of the Rupel (~ km  80-120). The increase in 
nitrate concentrations (Fig. 8c) can be partly attributed to 
the enhanced release of nitrate by the WTPs, but is also 
related to the disappearance of an extended anoxic zone in 
the estuary, and hence, to a large decrease of the deni­
trification activity, in particular in the vicinity of the city of 
Antwerp. The local minimum in nitrate concentration, 
which is predicted at around km 100 in 1990, totally 
disappears from the longitudinal profiles simulated for 
2000 and 2010. The enhanced nitrogen reduction by 
WTPs is partially compensated by the reduced denitrifica­
tion within the estuary, as shown by the nitrate concentra­
tion profiles between km 70 and the estuarine mouth.

Simulation results are also reported in terms of mass 
budgets for organic carbon, ammonium, nitrate and 
oxygen (Fig. 9a-d). Spatial and temporal integration of 
transformation processes and transport fluxes through 
boundaries match the mass variation in the system 
within 0.1%. This indicates that mass conservation is 
almost perfectly achieved by our model. For the 
interpretation of the results, the Scheldt continuum has 
been divided into two different areas: the tidal river 
(from Gent to the Rupel) and the estuarine zone (from 
Rupel to Vlissingen). In Fig. 9, the second column gives 
the total input flux from the upper river Scheldt and all 
tributaries. The two central columns indicate respec­
tively the mass transfer between both areas and the
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Fig. 9. Mass budget for (a) ammonium, (b) nitrate, (c) labile organic carbon and (d) oxygen. Processes: R=aerobic respiration; N=nitrification; 
D= denitrification; P =net primary production; M =phytoplankton mortality; A = oxygen transfer (aeration). Transport fluxes are positive seawards. 
All fluxes are given in kmol day-1.
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Fig. 9 (continued).

lateral inputs into the estuary, which originate from 
urban, industrial and agricultural sources. Finally, the 
left-most column gives the mass flux delivered to the 
coastal zone. The value inside each box corresponds to

the integrated process intensity occurring within the 
area. The distribution among the various processes 
involved is given by the bar graph, which includes 
aerobic (heterotrophic) respiration, n itrification,
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denitrification, net phytoplankton production, phyto- 
plankton mortality and oxygen transfer at the water/air 
interface. For the sake o f clarity in the mass budgets, 
output fluxes from each box have been computed by 
difference to circumvent the short-term effects o f mass 
variation in the estuary. Mass budgets are established by 
integration over the last two tidal cycles o f  the 
simulation (a time period of about 25 h). Yet, all our 
results are given in units o f kmol per day.

The main features o f these mass budgets can be 
synthesized as follows, (a) The estuarine system is 
clearly heterotrophic both in the upper (freshwater) and 
lower (brackish) parts. For all variables considered, the 
overall contribution o f primary (phytoplankton) produc­
tion is at least one order o f magnitude lower than other 
processes involved. This situation is foreseen to persist 
in the future, although the rate o f organic matter removal 
rate by heterotrophic respiration will considerably 
decrease, (b) The improvement in water quality arising 
from enhanced water sewerage and treatment is clearly 
demonstrated by the reduction o f organic carbon fluxes, 
both within and at the boundaries o f the estuarine 
compartments; in particular, a decrease in carbon flux is 
expected at the mouth of the estuary, (c) Concomitant 
with the expected decrease in ammonium supply, the 
relative importance o f nitrification on the oxygen 
consumption will continue to decrease, although it will

remain comparatively as important as heterotrophic 
respiration, (d) Dénitrification, which was in the past an 
important metabolic pathway of organic carbon and 
nitrate consumption in the estuary, will have its 
contribution considerably reduced in the future. The 
improvement in wastewater treatment, which leads to 
better redox conditions in the vicinity o f Antwerp, could 
thus conduct to a worsening in terms o f nitrogen export 
to the coastal zone. This situation, which had already 
been anticipated (Billen, 1990), can now be quantified 
with our model of the Scheldt continuum, (e) The 
similarity in integrated process intensities predicted for 
the tidal river (left bar graphs, Fig. 9) and the estuary 
(right bar graphs, Fig. 9) is striking: a number of 
transformation processes induce very comparable mass 
fluxes in both areas, although their geometry (volume, 
surface ) differ widely and their freshwater residence time 
vary by 1 to 2 orders of magnitude. This result confirms 
the increasing importance of the tidal river on the overall 
biogeochemical behaviour o f the Scheldt continuum. 
Accordingly, more research and monitoring efforts 
should be devoted in the future to the study o f this area.

6. Conclusions

A two-dimensional, nested-grid model has been 
applied to the river-estuarine-coastal zone continuum
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Fig. 1.1. (Annex I) Sketch of the reaction network implemented in the model.



ARTICLE IN PRESS
16 J.-P. Vanderborght et al. / Marine Chemistry xx (2006) xrx-xrx

of the Scheldt, a system o f particularly complex mor­
phology and hydrodynamics. The reaction network for 
C, N, O2 and Si was implemented in the MIKE 21- 
ECO Lab simulation environment (Fig. 1.1). Results 
obtained for average summer conditions show that 
our model captures the dominant features o f the 
biogeochemical behaviour along the estuary and tidal 
river. The integrated modelling approach highlights the 
determining role of the spatio-temporal variability in 
residence time, depth, surface area and volume, on the 
biogeochemical dynamics. It also reveals that, despite 
widely varying length and time scales, the integrated 
transformation processes and fluxes are of comparable 
magnitude within each o f the coupled sub-systems 
(river-estuary).

The dynamic coupling between the various mod­
elled areas provides the proper framework to assess 
the impact o f anthropogenic perturbations on water 
quality and to quantify export fluxes to the coastal 
zone. To advance further our understanding o f the 
biogeochemical dynamics within the river-estuary 
environment, including its effect on coastal eutrophi­
cation, far better quantification o f input fluxes at the 
system boundaries is needed. To carry accurate long­
term transient simulations along the river-estuary- 
coastal zone system, a broad spectrum of temporal 
fluctuations should indeed be resolved, from daily to 
inter-seasonal variations in river discharge and water 
composition. Improved data acquisition strategies 
should thus be designed to avoid lack of sample 
representativeness and aliasing in data collection.
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Appendix A

(1) Net Primary Production (NPP) by diatoms (dia) 
is the fraction o f the vertically averaged gross primary 
production (GPP) which is not used for respiration

associated with growth and maintenance, or for cellular 
excretion (Desmit et al., 2005):

NPP [pmol C m 3 day '] =

' ( 1— Agi-owth ) —kmaint ' dia

^ • ( i - x eOTet)h K J (1.1)

where h is the water depth, Xexcret and A'growtll are the 
excretion and growth constants and nt is the 
specific maintenance respiration rate.

The vertically integrated GPP is calculated following 
the method described in Appendix B. A M ichaelis- 
Menten factor incorporating the possible limitation of 
phytoplankton growth by silica (Si) has been added:

GPP [pinoi C m 2 day '] ^maxdia Si
An

i ^ . Í N  ' 'J. \  /^/bottom ' ^
p B

max
p B

max
log

Si +  Km g; 

N
-^bottom

(1.2 )

where AjllSi is the half-saturation constant for Si, ƒ  is the 
piecewise definition o f the Gamma function (Eq. (II. 8 )), 
and Kd is the light extinction coefficient in the water 
column, expressed as a linear regression o f  the 
suspended particulate matter concentration (SPM):

Ku [rnl] = K m + K m - S?M(S) (1.3)

SPM concentrations are estimated by nonlinear 
regression o f salinity values S  in the estuary:

SPM [mg E 1]
=  90-(0.0749 A2-0.2194 • 5 +  1.4379) (1.4)

This approach, similar to the one followed by 
Soetaert and Elerman (1993) in the MOSES model, 
only approximates the seaward decline o f the mean 
SPM content in the water column and does not account 
for its variation in the freshwater part. It is however 
sufficient for the purpose o f the present study. A more 
detailed description would require the use o f an 
advanced model o f sediment dynamics, which is beyond 
the scope o f this work.

The concentration o f NH4 (nh4) is used to determine 
the relative proportion o f the primary production 
sustained by nitrate and ammonium, respectively:

NPPnhb =  factnh4 • NPP

NPPno3 =  ( l- fa c tnh4) - NPP

(1.5)

(1.6)
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with

fact,,h4
nh4

n h 4 +  10
(1.7)

The consumption o f nitrogen species and silica 
is assumed directly proportional to the NPP, using 
typical molar Redfield ratios for N (redfieldN) and Si 
(redfieldSi).

(2) Phytoplankton mortality (phy_mort) follows a 
first-order rate law with respect to the diatom concen­
trations (dia):

phy_mort [pM C day '] =  ^ nortaiity • dia (1.8)

with ^mortality a s the first-order rate constant.
(3 ) Aerobic degradation (aer_deg) is represented by 

a double M ichaelis-M enten ñmctional dependency 
with respect to labile organic matter (ch2 o) and 
dissolved oxygen (o2 ), respectively:

aer_deg [pM C • day *1 =  kœ
ch2o o2

c h 2 o  +  ^ it k CIi 2 u  o 2  +  Km,o2
(1.9)

where k m  is the maximiun rate constant o f aerobic 
degradation; Kmo2 and A'ni c h 2 o  are the half-saturation 
constants for O2 and labile O.M.

(4) Dénitrification (denit) is modeled according to:

r , -, ch2 o
demt pM C day =  k àenit- - —— — -------

ch2 o +  Xm,ch2o n
no3 Kino2 1 J

no3 +  Xmno3 o2 +  Kino2

where Adenit is the maximum rate constant o f 
denitrification and A'ni no, is the Michaelis-Menten 
constant for N 0 3. The last term on the right hand side 
parameterizes the effect o f oxygen inhibition on 
denitrification.

(5) Nitrification (nitrif) is modeled as a single-step 
process using a double M ichaelis-Menten term with 
respect to NH4 and 0 2:

-11nitrif [pM N day 
nh4

“ nh4 +  Xm nil4 o2 +  Xm o2

o2
(1.11 )

where /cm, is the maximum rate constant o f nitrification, 
Â',,, ,4,4 and Km o2 arc the M ichaelis-Menten constants 
for NH4 and 0 2, respectively.

Table 1.1
Parameter values of the reaction network

Name Description Value Unit
h-/vox Aerobic degradation rate constant 25 pM C day- 1

d̂enit Denitrification rate constant 17 pM C day- 1

n̂it Nitrification rate constant 13 pM N day- 1

-̂m,ch2o Half-saturation constant for 
organic matter

60 pM C

-̂ -m,o2 Half-saturation constant for 
oxygen

15 pM 0 2

M̂n,no3 Half-saturation constant for nitrate 45 pM N
7̂m,nh4 Half-saturation constant for 

ammonium
100 pM N

Si Half-saturation constant for silica 20 |tM Si
Kino 2 Inhibition constant for 

denitrification
50 pM 0 2

Kdi Background extinction coefficient 1.3 m- 1

Kd2 Specific attenuation of 
suspended matter

0.06 1 mg- 1 m- 1

a Photo synthetic efficiency 0.025 m2  s day- 1 

p.E- 1

PB1 max Maximum specific 
photo synthetic rate

10 day- 1

m̂aint Maintenance constant 0.08 day- 1

-Kgrowth Growth constant 0.3 -
Kexcretion Excretion constant 0.03 -

m̂ortality Mortality rate constant 0.06 day- 1

redfieldN Redfield ratio for nitrogen 6.6 mol C 
(mol N ) - 1

redfieldSi Redfield ratio for silica 5 mol C 
(mol Si) - 1

(6 ) Exchange o f  gaseous oxygen (reaer) between 
the water column and the air is proportional to the 
departure from the saturation concentration in water, 
o2 sat:

reaer [pM 0 2 day '] =  vp -(o2sat-o2) (1.12)

The saturation concentration depends on both 
temperature and salinity. The piston velocity, vp, is a 
function o f current velocity, wind speed, Schmidt 
number and molecular diffusion o f dissolved oxygen. 
See Vanderborght et al. (2002 ) for a detailed formulation 
of vp.

All constants used in the model, together with their 
numerical values and units, are listed in Table 1.1.

Appendix B

Platt equation describes phytoplankton Gross Pri­
mary Production (GPP) as a function o f light intensity 
(Platt et al., 1980). With the assumption that the light 
profile decreases exponentially in the water column,



ARTICLE IN PRESS
18 J.-P. Vanderborght et al. / Marine Chemistry xx (2006) xrx-xrx

an expression for the depth distribution o f GPP is 
obtained:

GPP(-) =  7 ^ ax • dia • 1-exp  -
a -Io ' exp(-X D • z)

p B

where I’W  is the maximum specific photosynthetic 
rate, dia is the concentration o f phytoplankton biomass, 
a is the photosynthetic efficiency, Io is the solar radiation 
on the water surface, K D is the light extinction 
coefficient, and z is the depth below the water surface.

The vertically integrated GPP is calculated by 
integrating Eq. (II.l) over the whole water depth, Jr.

GPP
Z = 0
pz=h

Jz= 0

GPP(z) • dz

on j- m  i a-Io-exp(-^D-z) 
max ■ dla 1 l _eXP  -------- ~   I I ■ ^

(II.2)
where dia and K D have been assumed constant along 
the water column. This integral is o f  the form 
f a ■ exp(b ■ exp(c • .r)) • d r whose primitive requires to 
be expressed with special functions. By changing the 
integration variable from depth below water surface, z, 
to light intensity, 7, we have that

PB -dia f k  l _exp ( ' pi—)
GPP =  max / -----  -̂-------^ ¿ d l  (II.3)

Kt) 11 I^  u  -'bottom

where /bottom is the light intensity at z=h. Integration of 
Eq. (II. 3) leads to the following expression:

G P P  =  ^ m a x 'd i a  Q ) y y ]  _ r  f  Q /b o tto m  ' 4 )

Kn

+log

’ pB  
max

pB
max

-^bottom

where r(0,x) denotes a special case o f the incomplete 
gamma function, which corresponds to the exponential 
integral through the equation:

r(0 ,.r)  = £ ’1(.r) .r >  0 (II.5)

This exponential integral can be approximated by 
fast converging piecewise definition (e.g. Press et al., 
1992 ), depending on the value o f the argument .r:

Ei (x) = 1 1
x +  1—x +  3—x +  5—x +  7-

,x > 1

(II.6 )

w here y  is E uler’s constant and the expression in parenthesis 
for x > l  represents a continued fraction. For the depth 
integrated GPP, a five-tenns approxim ation o f  Ei(x)  leads to 
an error o f  the order o f  1 0  14:

where:
( I I .7 )

fix)
l u g  . +  U : . . 4  . 1  Ú . ' g ,  ,  :

ip ( - . r ) ' ( l / ( x +  l - ( l / ( - r  +  3 - ( 4 / ( . r + 5 - ( 9 / ( . r + 7 - ( 1 6 / ( . r  +  9 ) ) ) ) ) ) ) ) ,  x >  1

( I I .8 )
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