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Abstract. A 1-D, pelagic, reactive-transport model of
a completely mixed, turbid, heterotrophic estuary – the
Scheldt estuary – is presented. The model resolves major
carbon and nitrogen species and oxygen, as well as pH. The
model features two organic matter degradation pathways,
oxic mineralisation and denitrification, and includes primary
production as well as nitrification. Apart from advective-
dispersive transport along the length axis, the model also de-
scribes O2, CO2, and N2 air-water exchange. The aim of
this study is to present a model which is as simple as pos-
sible but still fits the data well enough to determine the fate
and turnover of nutrients entering the estuary and their spa-
tial patterns in the years 2000 to 2004. Nitrification is iden-
tified as one of the most important processes in the estuary,
consuming a comparable amount of oxygen as oxic mineral-
isation (1.7 Gmol O2 y−1 vs. 2.7 Gmol O2 y−1). About 10%
of the 2.5 Gmol of nitrogen entering the estuary per year is
lost within the estuary due to denitrification. Nitrogen and
carbon budgets are compared to budgets from the seventies
and eighties, showing that nitrification activity has peaked
in the eighties, while denitrification steadily declined. Our
model estimates an average CO2 emission of 3.3 Gmol y−1

in the years 2001 to 2004, which is a comparatively low esti-
mate in the context of previous estimates of CO2 export from
the Scheldt estuary.
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1 Introduction

Estuaries play an important role in the transfer of land de-
rived nutrients and organic matter to the coastal ocean as they
act as bio-reactors where both the quantity and the quality
of the constituents are altered (Soetaert et al., 2006). Addi-
tionally, Borges et al.(2006) andFrankignoulle et al.(1998)
report that estuaries are globally important sources of CO2,
by ventilating riverine dissolved inorganic carbon (DIC) as
well as DIC originating from the degradation of riverine or-
ganic matter. This estuarine filter function is not a static
property and evolves with changing forcings (Cloern, 2001).
Thorough assessment of evolving estuarine filter function-
ing requires not only access to long-term datasets document-
ing changes in concentrations and loadings, but also biogeo-
chemical models that allow reproducing these trends and de-
riving transformation intensities.

Long term changes in estuarine biogeochemical cycling
have been well documented for the Scheldt estuary (Soetaert
et al., 2006). Billen et al. (1985) predicted that increased
oxygen levels due to lowered organic loadings would in-
crease delivery of nitrogen to the North Sea.Soetaert and
Herman(1995a) indeed found that an increased percentage
of riverine nitrogen was exported to the North Sea in the
eighties as compared to the seventies. Recently,Soetaert
et al. (2006) report major changes for the Scheldt estuary,
not only in nutrient loadings, but also changes in nitrogen
and phosphorus retention and regeneration, from the mid six-
ties to the beginning of the 21st century. Against this back-
ground it is of interest to investigate the interplay of different
biogeochemical processes as well as to quantify import from
and export to both the North Sea and the atmosphere in the
Scheldt estuary during the years 2000 to 2004.

For macrotidal estuaries such as the Scheldt estuary,Van-
derborght et al.(2007) identified reactive-transport mod-
elling as a powerful approach to investigate nutrients and
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Table 6. Monitoring stations on the Schelde estuary (Westerschelde: “WS”). Coordinates are WGS84 values.

station ID station name river km latitude longitude

WS1 SSvH Breskens 104 51.41265◦ N 3.56628◦ E
WS2 W5 Sloehaven 96.3 51.43517◦ N 3.66932◦ E
WS3 Borssele 93.0 51.41720◦ N 3.69982◦ E
WS4 W20 Terneuzen 80.0 51.34888◦ N 3.82437◦ E
WS5 Boei 10 Hoedekenskerke 68.1 51.41733◦ N 3.92140◦ E
WS6 Hansweert 60.5 51.43597◦ N 4.01965◦ E
WS7 Waarde 57.7 51.42615◦ N 4.03527◦ E
WS8 Perkpolder 56.7 51.40118◦ N 4.03735◦ E
WS9 Baalhoek 51.8 51.37145◦ N 4.08503◦ E
WS10 Bath 46.1 51.39227◦ N 4.20527◦ E
WS11 Zandvliet 35.3 51.35030◦ N 4.24122◦ E
WS12 Lillo 29.2 51.29790◦ N 4.28232◦ E
WS13 Boei 105 – Punt van Melsele 21.5 51.25148◦ N 4.32050◦ E
WS14 Antwerpen 13.2 51.22493◦ N 4.39357◦ E
WS15 Hoboken 6.1 51.17525◦ N 4.32642◦ E
WS16 Rupelmonde 0.0 51.12912◦ N 4.31897◦ E

Fig. 1. The Schelde estuary – monitoring stations WS1 to WS16 are indicated with numbers.

Fig. 1. The Scheldt estuary – monitoring stations WS1 to WS16 are indicated with numbers.

carbon budgets and cycling at the estuarine scale. To
answer questions about seasonal dynamics, a fully cou-
pled, two-dimensional hydrodynamic and reactive-transport
model (e.g.Vanderborght et al., 2007) is the method of
choice. However, for the assessment of an average situation
for a certain period of time that can be compared to other
decades, a simple 1-D model reproducing yearly averaged
values is sufficient (cf. also 1-D approaches bySoetaert and
Herman, 1994, 1995a,b,c; Regnier et al., 1997).

The objective of this study was to construct a 1-D, bio-
geochemical, pelagic, reactive-transport model of the mixed,
turbid, heterotrophic Scheldt estuary. The model is deliber-
ately kept as simple as possible (such that the performance is
still sufficient) to optimize the ratio between the number of
parameters and data available for calibration and validation.
Furthermore, the level of complexity of the physical trans-
port processes is kept comparable to the level of complexity
of the biogeochemical processes. We use this model to ob-
tain whole estuarine budgets for dissolved inorganic carbon,
oxygen and nitrate, and ammonium, determining the fate and
turnover of nutrients entering the estuary and describing the
spatial patterns of nutrient concentrations and fluxes in the
Scheldt estuary in the years 2000 to 2004. We compare our
nitrogen budget to budgets from the seventies (Billen et al.,

1985) and eighties (Soetaert and Herman, 1995a). The ob-
tained value for an average CO2 export to the atmosphere in
the years 2001 to 2004 will be compared to reported CO2
water-air flux estimates for the Scheldt estuary (Frankig-
noulle et al., 1998; Hellings et al., 2001; Vanderborght et al.,
2002; Gazeau et al., 2005).

Recently,Vanderborght et al.(2002) and Vanderborght
et al.(2007) also published modelling studies for the Scheldt
estuary. Both of those models include the physical trans-
port of solutes in the estuary in great detail (Vanderborght
et al.(2002) describes a tidally resolved 1-D model andVan-
derborght et al.(2007) a tidally resolved 2-D model). This
rather complex description of physical processes leads to se-
vere limitations of the models:

1. there is a high demand for high resolution data which
makes it difficult to run the model for past decades with
scarce data coverage or for predictive future scenarios,

2. the computational demand of the models is rather high,
rendering it difficult to run the model for longer model
times,

3. and to port these models to other systems, detailed
bathymetrical maps are needed which might not always
be available.
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4. Furthermore, the complex representation of physics to-
gether with a rather crude representation of biogeo-
chemistry in the models ofVanderborght et al.(2002)
andVanderborght et al.(2007) implicitly puts empha-
sis on the role of physics for the estuarine ecosystem
functioning, which might not correspond to reality.

Since our model suffers from none of these drawbacks,
our model code is public domain (the model codes ofVan-
derborght et al.(2002) andVanderborght et al.(2007) cannot
be publicly verified), and our model uses more recent data,
we feel that this paper provides a complementary contribu-
tion to the scientific literature.

2 Materials and methods

2.1 The Scheldt estuary

The Scheldt estuary is situated in the southwest Nether-
lands and northern Belgium (Fig.1). The roughly
350 km (Soetaert et al., 2006; Van Damme et al., 2005) long
Scheldt river drains a basin of around 21 500 km2 (aver-
age from numbers given inSoetaert et al., 2006; Vander-
borght et al., 2007; Van Damme et al., 2005andMeire et al.,
2005) located in the northwest of France, the west of Bel-
gium and the southwest of the Netherlands (Soetaert et al.,
2006). The hydrographical basin of the Scheldt contains
one of the most densely populated areas in Europe (Vander-
borght et al., 2007) with about 10 million inhabitants (Meire
et al., 2005; Soetaert et al., 2006), resulting in an average
of 465 inhabitants per km2. Anthropogenic eutrophication
and pollution of the Scheldt estuary therefore are of con-
siderable magnitude, especially due to the poor waste water
treatment in upstream areas, e.g. in Brussels (Meire et al.,
2005; Van Damme et al., 2005; Soetaert et al., 2006; Vander-
borght et al., 2007). The water movement in the Scheldt es-
tuary is dominated by huge tidal displacements with around
200 times more water entering the estuary during a flood
than the freshwater discharge during one tidal cycle (Van-
derborght et al., 2007). The average freshwater flow is
around 100 m3 s−1 (Heip, 1988). The cross sectional area
of the estuarine channel shows a quite regular trumpet-like
shape opening up from around 4000 m2 upstream to around
75 000 m2 downstream (Fig.2; Soetaert et al., 2006) whilst
the mean water depth varies quite irregularly between values
of 6 m and 14 m with the deepest areas towards the down-
stream boundary (Soetaert and Herman, 1995b). The estu-
ary has a total tidally averaged volume of about 3.619 109 m3

and a total tidally averaged surface area of 338 km2 (Soetaert
et al., 2006; Soetaert and Herman, 1995b), the major parts of
which are situated in the downstream area.Peters and Ster-
ling (1976), as cited byVanderborght et al.(2007), divide
the Scheldt river into three zones: The first zone, between
the estuarine mouth at Vlissingen and Walsoorden, consists

of a complex system of flood and ebb channels and a moder-
ate longitudinal salinity gradient within the polyhaline range.
The second zone from Walsoorden to Rupelmonde is char-
acterised by a well defined river channel and a steep salin-
ity gradient with salinities at Rupelmonde between 0 and
5 (Meire et al., 2005). The third zone, upstream from Ru-
pelmonde, consists of the Scheldt freshwater river system
and various tributaries, with tidal influence in the Scheldt
up to the sluices of Gent (Van Damme et al., 2005). The
model presented here comprises the first and the second zone
with an upstream boundary at Rupelmonde (river km 0) and
a downstream boundary at Vlissingen (river km 104).

2.2 Physical-biogeochemical model

2.2.1 Biogeochemical processes

The model describes four main biogeochemical processes,
oxic mineralisation (ROx), denitrification (RDen), nitrifica-
tion (RNit), and primary production (RPP) as given in Ta-
ble1. Although primary production is limited in the Scheldt
estuary (much lower than respiration inGazeau et al.(2005)
and one order of magnitude lower than respiration inVander-
borght et al., 2002), it is included in the model since it can be
of significance in the downstream stretches of our model do-
main (Soetaert and Herman, 1995c). The primary production
description considered in this model lumps the carbon fixing
activity of several groups of benthic and pelagic organisms.
Oxic mineralisation and denitrification are included as the
two pathways of organic matter degradation that are energet-
ically most favourable (Canfield et al., 2005). Nitrification is
included in the model since it is one of the most important
O2 consuming processes in the Scheldt estuary (Soetaert and
Herman, 1995a; Andersson et al., 2006).

Denitrification is a heterotrophic process and consumes
organic matter. The nitrogen of the organic matter min-
eralised by denitrification can be assumed to be directly
oxidised with nitrate to form N2 (Froelich et al., 1979),
which represents an implicit coupling of denitrification and
the anammox (anaerobic ammonium oxidation) process.
However, denitrification can also be modelled as a source
of ammonium if all the organic nitrogen is assumed to be
released as ammonium (Froelich et al., 1979; Joergensen,
1983). To keep the model as simple as possible and because
of the absence of data on anammox, we model denitrifica-
tion as a source of ammonium.

The incorporation of sulfate reduction, sulfide oxidation,
biogenic calcification, as well as calcite and aragonite pre-
cipitation has been tested, but model performances did not
increase significantly. In order to meet the objective of con-
structing a model as simple as possible we opted against in-
clusion of these processes in the model.
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Table 1. Biogeochemical processes.

ROx : (CH2O)γ (NH3)+γ O2 → NH3+γ CO2+γ H2O
RDen: (CH2O)γ (NH3)+0.8γ NO−

3 + 0.8γ H+
→ NH3+γ CO2+0.4γ N2 ↑ +1.4γ H2O

RNit : NH3+2 O2 → NO−

3 +H2O+H+

RPP : pPP
NH+
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Fig. 2. Mean depthD (black broken line) and cross sectional area
A (red solid line) of the Scheldt estuary.

Reduction of manganese and iron oxyhydroxides is ne-
glected because of their low concentrations. Similarly, due
to methane concentrations on the nano molar scale (Middel-
burg et al., 2002), methanogenesis is also neglected.

Modelling net respiration (respiration – primary produc-
tion) yields approximately the same model performance as
modelling respiration and primary production individually.
Following reviewer feedback, we opted for the latter due to
the increased amount of information that can be extracted
from the model in that way.

Table2 shows kinetic formulations for all processes con-
sidered in the model. As inSoetaert and Herman(1995a),
organic matter has been split up into two different frac-
tions, one fast decaying fraction FastOM with a low C/N-
ratio of γFastOM and one slow decaying fraction SlowOM
with a high C/N-ratio ofγSlowOM, respectively. ROx and
RDen are modelled as first order processes with respect to
organic matter concentration in terms of organic nitrogen as
done bySoetaert and Herman(1995a). As in Regnier et al.
(1997) andSoetaert and Herman(1995a), oxygen concentra-
tion inhibits denitrification. Nitrate concentration influences
denitrification according to a Monod relationship as given by
Regnier et al.(1997). The molecular nitrogen produced by
denitrification is assumed to be immediately lost to the at-
mosphere. Mineralisation processes are thus modelled in the
same order of sequence as in diagenetic models, depending
on the availability of different oxidants with different free
energy yields per mole organic matter oxidised (e.g.Froelich
et al., 1979; Soetaert et al., 1996; Canfield et al., 2005).

Total mineralisation rates for fast and slow degrading or-
ganic matter are assumed to be only dependent on tem-
perature and not on the mineralisation pathway. To en-
sure that the total temperature dependent mineralisation rates
rtMin

X , for FastOM and SlowOM respectively, are always re-
alised, the independently calculated limitation factors for the
two potentially simultaneously occurring mineralisation pro-
cesses are rescaled as inSoetaert et al.(1996) to partition the
total mineralisation rates.

Note that denitrification is an anaerobic process (Canfield
et al., 2005) and does not occur in an oxic water column
but in the anoxic layers of the sediment. To keep the model
as simple as possible, we decided to not include sediment-
water exchange of solutes. As a result of that, we model
denitrification with parameters allowing a certain extent of
denitrification in an oxic watercolumn as a proxy for ben-
thic denitrification (followingRegnier et al., 1997). There-
fore, the parameterskInh

O2
and kNO−

3
should not be consid-

ered true microbiological rate parameters. Since we did not
include sediment-water exchange in our model, also other
pelagically modelled processes incorporate in part sedimen-
tary processes.

Nitrification is expressed as a first order process with re-
spect to ammonium concentration and with a Monod depen-
dency on oxygen as inSoetaert et al.(1996). The same oxy-
gen half saturation parameterkO2 as for oxic mineralisation
is used for nitrification. The nitrification may depend on the
microbial community of nitrifiers.de Bie et al.(2001) doc-
umented dramatic shifts in nitrifier populations along the es-
tuary from the freshwater to the marine part. Therefore, we
assume that the nitrification activity in the freshwater (up-
stream) part of the modelled system is performed by fresh-
water nitrifying organisms that experience increasing stress
as salinity increases. As a consequence, their activity col-
lapses in the downstream region due to an insufficient adap-
tation to marine conditions (see alsoHelder and de Vries,
1983) which is incompletely compensated by activity of ma-
rine nitrifying species, so that the overall nitrification activity
in the estuary decreases with increasing salinity. This is ex-
pressed with an inverse dependency of nitrification on salin-
ity, according to a sigmoid function based on a Holling Type
III functional response (Gurney and Nisbet, 1998), modified
to have a value of 1 for zero salinity and to asymptotically
reach an offset value ofoNit for high salinities.

Biogeosciences, 5, 981–1006, 2008 www.biogeosciences.net/5/981/2008/



A. F. Hofmann et al.: Nitrogen and carbon dynamics in the Scheldt estuary 985

Table 2. Kinetic process formulation with two organic matter fractions (X ∈ {FastOM, SlowOM}). D signifies the mean water depth of
the estuary, andT urb its relative turbidity (T urb=0 downstream;T urb=1 at the turbidity maximum for medium dry periods at river km 20
(Meire et al., 2005); T urb=0.6 upstream (calibrated)). Note that the notation [Z] signifies the concentration of species Z.

Oxic Mineralisation

ROxX = rtMin
X OxLim [X] mmol N m−3 d−1

ROx =
∑

ROxX mmol N m−3 d−1

ROxCarb =
∑

(ROxX γX) mmol C m−3 d−1

Denitrification

RDenX = rtMin
X DenLim [X] mmol N m−3 d−1

RDen =
∑

RDenX mmol N m−3 d−1

RDenCarb =
∑

(RDenX γX) mmol C m−3 d−1

Nitrification

RNit = rNit fQ10 fO2 f Inh
S

[
∑

NH+

4 ] mmol N m−3 d−1

Primary Production

RPP = rPP fQ10 f Inh
DIN f Inh

D
f Inh
T urb

mmol N m−3 d−1

RPPCarb = RPP γFastOM mmol C m−3 d−1

pPP
NH+

4
= [

∑
NH+

4 ] (kNH+

4
+ [

∑
NH+

4 ])−1

rtMin
X

= rMin
X

fQ10 d−1

fQ10 = q10(T −q10t0) 10−1
–

f Inh
O2

= kInh
O2

(
kInh
O2

+ [O2]

)−1
–

fO2 = [O2]
(
kO2 + [O2]

)−1 –

fNO−

3
= [NO−

3 ]

(
kNO−

3
+ [NO−

3 ]

)−1
–

f Inh
S

= oNit
+ (kInh

S
)p

(
(kInh

S
)p+(S)p

)−1
(1 − oNit) –

f Inh
DIN = ([

∑
NH+

4 ] + [NO−

3 ])
(
kInh
DIN+([

∑
NH+

4 ] + [NO−

3 ])
)−1

–

f Inh
D

= (kInh
D

)p
(
(kInh

D
)p+(D)p

)−1
–

f Inh
T urb

= (kInh
T urb

)p
(
(kInh

T urb
)p+(T urb)p

)−1
–∑

MinLim = fO2 + f Inh
O2

fNO−

3
–

OxLim =
∑

MinLim−1 fO2 –
DenLim =

∑
MinLim−1 f Inh

O2
fNO−

3
–

parameters

q10 = 2.0 –
q10t0 = 15.0 ◦C

kInh
O2

= 22.0 mmol O2 m−3

kO2 = 30.0 mmol O2 m−3

kNO−

3
= 45.0 mmol N m−3

rMin
FastOM = 0.15 d−1

rMin
SlowOM = 0.002 d−1

rPP = 3.5 mmol N m−3 d−1

rNit = 0.27 d−1

oNit = 0.05 –
p = 3.0 –

kInh
S

= 4.0 –
kNH+

4
= 1.0 mmol N m−3

kInh
DIN = 1.0 mmol N m−3

kInh
D

= 6.0 m
kInh
T urb

= 0.7 –
γFastOM = 4.0 mol C (mol N)−1

γSlowOM = 12.0 mol C (mol N)−1
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Table 3. Left: Acid-base equilibria taken into account in the
model. Right: Stoichiometric equilibrium constants. Values are
calculated from temperature and salinity dependent expressions
(K∗

HSO−

4
: Dickson(1990b); K∗

HF: Dickson and Riley(1979); K∗
CO2

andK∗

HCO−

3
: Roy et al.(1993); K∗

W
: Millero (1995); K∗

B(OH)3
:

Dickson(1990a); K∗

NH+

4
: Millero (1995)), converted to free pro-

ton scale, pressure corrected according toMillero (1995) using the
mean estuarine depth for each model box, and converted to volu-
metric units using the temperature and salinity dependent formula-
tion for seawater density according toMillero and Poisson(1981).

CO2+H2O 
 H++HCO−

3 K∗
CO2

=
[H+

][HCO−

3 ]

[CO2]

HCO−

3 
 H++CO2−

3 K∗

HCO−

3
=

[H+
][CO2−

3 ]

[HCO−

3 ]

H2O 
 H++OH− K∗
W

= [H+
][OH−

]

B(OH)3+H2O 
 H++B(OH)−4 K∗
B(OH)3

=
[H+

][B(OH)−4 ]

[B(OH)3]

NH+

4 
 H++NH3 K∗

NH+

4
= [H+

][NH3]

[NH+

4 ]

HSO−

4 
 H+ + SO2−

4 K∗

HSO−

4
=

[H+
][SO2−

4 ]

[HSO−

4 ]

HF 
 H+ +F− K∗
HF = [H+

][F−
]

[HF]

To simulate light attenuation for primary production, a
maximal reaction raterPP is scaled by a 1 – Holling Type
III ( Gurney and Nisbet, 1998) dependency term for mean
estuarine depthD and for relative turbidityT urb (T urb=0
downstream;T urb=1 at the turbidity maximum for medium
dry periods at river km 20 (Meire et al., 2005); T urb=0.6
upstream (calibrated)). Furthermore primary production
depends on a Monod term for DIN (Dissolved Inorganic
Nitrogen=[

∑
NH+

4 ]+[NO−

3 ]). The fraction of ammonium
that is used by primary productionpPP

NH+

4
is calculated with

a Monod term as well. Primary production is assumed to
produce reactive organic matter (FastOM) only.

The temperature dependency for all processes is modelled
with a Q10 formulation using a standardQ10 value of 2, all
rates are expressed at a standard base temperature of 15◦C.

Values forrPP, kInh
DIN , kInh

D , kInh
T urb, kNH+

4
, and the upstream

relative turbidity have been calibrated such that the primary
production in our model fits the combined carbon fixation ac-
tivity of the groups of organisms given inSoetaert and Her-
man(1995c). These values have not been calibrated to fit
concentration profiles in the model.

Values forkO2 and kNO−

3
are taken fromRegnier et al.

(1997), values forkInh
O2

, rMin
SlowOM, γFastOM and γSlowOM are

taken fromSoetaert and Herman(1995a) (kInh
O2

, γFastOMand

γSlowOM have been rounded). The parametersrMin
FastOM, rNit ,

p, kInh
S andoNit have been calibrated.

2.2.2 Acid-base reactions (equilibria)

In any natural aqueous system, and in saline systems in par-
ticular, a certain set of chemical acid-base reactions has to
be taken into account if pH is to be modelled. Due to their
fast reaction rates compared to all other modelled processes,
these reversible acid-base reactions are considered to be in
local equilibrium at any time and at any point in the estuary
(Stumm and Morgan, 1996; Hofmann et al., 2008). For the
model presented here, the set of acid-base equilibria given in
Table3 has been chosen.

2.2.3 Physical processes

Air-water exchange

While N2 is assumed to be instantaneously lost to the at-
mosphere, O2 and CO2 are exchanged with the atmosphere
according to a formulation given inThomann and Mueller
(1987):

EC=
d[C]

dt

∣∣∣
Air−Sea

= KLC

A

V
([C]sat−[C])

=
KLC

D
([C]sat−[C]) (1)

with [C] (mmol m−3) signifying the actual concentration of
O2 or CO2 respectively,[C]sat (mmol m−3) being the satura-
tion concentration of chemical species C in the water.KLC

(m d−1) is the piston velocity,A (m2) the horizontal surface
area of the model box in question,V (m3) the volume, and
D (m) the mean water depth.

Saturation concentrations are calculated using Henry’s
law (e.g.Atkins, 1996):

[C]sat=f C K0C ρSeaWater (2)

with f C (atm) being the fugacity of C,K0C (mmol (kg-
soln atm)−1) being the Henry’s constant for C, andρSeaWater
(kg-soln m−3) being the temperature and salinity dependent
density of seawater. Henry’s constants are calculated accord-
ing to Weiss (1974) for CO2 and based onWeiss (1970)
for O2. Both formulations can be found in appendixA.
The atmospheric fugacities of CO2 and O2 are assumed to
be the same as their atmospheric partial pressures.f CO2
over the Scheldt waters is assumed to be 383µatm (aver-
aged from Scheldt area specific values forpCO2 (partial
pressure) given inBorges et al., 2004b), f O2 is assumed1

to be 0.20946 atm as given byWilliams (2004). The temper-
ature and salinity dependent density of seawater is calculated
according toMillero and Poisson(1981).

A variety of different empirical relationships between
KLC and wind speed have been proposed in the literature

1considering an ambient pressure of 1 atm and considering the
density of O2 to be the same as the density of air, and assuming
f O2≈pO2
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(e.g.Wanninkhof, 1992; Borges et al., 2004b; Raymond and
Cole, 2001; McGillis et al., 2001; Clark et al., 1995; Liss and
Merlivat, 1986; Kuss et al., 2004; Nightingale et al., 2000;
Banks and Herrera, 1977; Kremer et al., 2003). All these
relationships have been implemented and tested. However,
none of these formulations yielded a model fit significantly
better than with a constant piston velocity. To keep the model
as simple as possible and considering the high degree of un-
certainty associated withKLC – wind speed relations, we
used a constantKLC=2.7 cm h−1 (calibrated) in our model.

Inclusion of air sea exchange of NH3 has been tested but
discarded since it did not change the model performance.

Advective-dispersive transport

Since this model focuses on a period of several years,
tidally averaged one-dimensional advective-dispersive trans-
port of substances (all modelled substances/chemical species
are assumed to be dissolved) is assumed. This transport
approach incorporates longitudinal dispersion coefficients
which parametrise a variety of physical mechanisms, includ-
ing effects of either vertical or horizontal shear in tidal cur-
rents (Monismith et al., 2002). Advective-dispersive trans-
port Tr C of chemical species C is expressed as given in
Thomann and Mueller(1987) and used amongst others by
Soetaert and Herman(1995b) andOuboter et al.(1998) for
the Scheldt estuary:

Tr C=
∂[C]

∂t

∣∣∣∣∣
Adv-Disp

=
1

A

(
∂

∂x

(
E A

∂[C]

∂x

)
−

∂

∂x
(Q [C])

)
(3)

The cross sectional area of the channelA (m2), the tidal
dispersion coefficientE (m2 s−1) and the advective flowQ
(m3 s−1) are functions of the positionx along the estuary.
Due to the lack of experimental data forE in the Scheldt es-
tuary, a relationship between local water depthD andE has
been developed as part of this work.

The model has been spatially discretised according to a
finite differences approach given inThomann and Mueller
(1987). Equation (3) can be spatially discretised for con-
centrations[C]i in mmol m−3 of any modelled species C in
spatial model boxi, describing the flow of matter across a
set of model boxes with homogeneous contents and constant
volume over time. This is done by applying a first order cen-
tred differencing scheme with a step-width of half a model
box to the dispersive term, first to the “outer” derivative, then
to the obtained “inner” derivatives. In the discretisation of
the advective term, the same centred differencing scheme is
used for the fluxQ, while a backwards differencing scheme2

2Using the same centred differencing scheme for concentrations
as well would mean calculating concentrations at the boundary of
model boxes. This can lead to a non mass conservative behaviour
as the example of a zero concentration in the previous model box
and a non-zero one in the current model box shows.

is used for the concentration [C]. This approach leads to a
transport formulation of:

Tr C | i ≈ ( E′

i−1,i ([C]i−1−[C]i) − E′

i,i+1 ([C]i − [C]i+1)

+Qi−1,i[C]i−1 − Qi,i+1[C]i ) V −1
i (4)

with

E′

i−1,i=Ei−1,i Ai−1,i

(
1xi−1,i

)−1 (5)

and Qi−1,i (m3 s−1) being the flow over the interface be-
tween boxi−1 andi; E

′

i−1,i (m3 s−1) the bulk dispersion
coefficient at the interface between boxi−1 andi; Ei−1,i

(m2 s−1) the tidal dispersion coefficient at the interface be-
tween boxi−1 andi; Ai−1,i (m2) the cross sectional area of
the interface between boxi−1 andi; 1xi (m) the length of
model boxi; and1xi−1,i (m) the length from the centre of
box i−1 to the centre of boxi.

2.2.4 Model state variables and their rates of change

The chemical equilibrium reactions happen on a much faster
timescale than the biogeochemical and physical processes
(Zeebe and Wolf-Gladrow, 2001). To avoid numerical in-
stabilities while keeping the solution of the model computa-
tionally feasible, a set of model state variables that are in-
variant to the acid-base equilibria has been devised. This
was done using the transformation into the canonical form
and operator splitting approach (Hofmann et al., 2008). The
resulting state variables of the model (kinetic species and
equilibrium invariants) are given in Table4 (definitions) and
Table5 (rates of change).

Note that N2 is neglected, salinity (S) and dissolved or-
ganic carbon (DOC) are added to the list of state variables,
and that organic matter ((CH2O)γ (NH3)) is split into a reac-
tive (FastOM) and a refractory part (SlowOM).

Note further that “organic matter” ((CH2O)γ (NH3), Fas-
tOM, SlowOM) refers to particulate organic matter. Dis-
solved organic matter exhibits quasi conservative mixing in
the Scheldt estuary (Soetaert et al., 2006) with a C/N ratio
γDOM of 13.5 (average value for Scheldt estuary dissolved
organic matter, T. van Engeland personal communication)
and is conservatively modelled as [DOC]. Note that partic-
ulate matter is transported in the same manner as other dis-
solved state variables.

2.2.5 pH

pH, or the free proton concentration[H+
], is modelled since

it can be used as a master variable to monitor the chemi-
cal state of a natural body of water, as almost any biogeo-
chemical process occurring in such an environment affects
[H+

] either directly or indirectly (Stumm and Morgan, 1996;
Soetaert et al., 2007). The free pH scale is used here, since
all components of the systems in question are considered ex-
plicitly, including [HF] and [HSO−

4 ] (cf. Dickson, 1984).
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Table 4. State variables of the biogeochemical model.

kinetic species:

[FastOM] mmol N m−3 fast decaying particulate organic matter:[(CH2O)γFastOM(NH3)]

[SlowOM] mmol N m−3 slow decaying particulate organic matter:[(CH2O)γSlowOM(NH3)]

[DOC] mmol C m−3 conservative dissolved organic matter:[(CH2O)(NH3)(γDOM)−1]

[O2] mmol O2 m−3

[NO−

3 ] mmol N m−3
[NO−

3 ]+[NO−

2 ]

S – salinity

equilibrium invariants:

[
∑

CO2] mmol C m−3
[CO2]+[HCO−

3 ]+[CO2−

3 ]

[
∑

NH+

4 ] mmol N m−3
[NH3]+[NH+

4 ]

[
∑

HSO−

4 ] mmol S m−3
[HSO−

4 ]+[SO2−

4 ]

[
∑

B(OH)3] mmol B m−3
[B(OH)3]+[B(OH)−4 ]

[
∑

HF] mmol F m−3
[HF]+[F−

]

[TA] mmol m−3
[HCO−

3 ]+2[CO2−

3 ]+[B(OH)−4 ]+[OH−
] + [NH3]−[H+

]−[HSO−

4 ]−[HF]

Our model contains a pH calculation routine as described
by the “solution method 3b” given inHofmann et al.(2008)
which has been inspired byLuff et al. (2001) andFollows
et al. (2006). Since pH data for the Scheldt estuary have
been measured on the NBS pH scale (Durst, 1975), the mod-
elled free scale pH was converted to the NBS scale using the
activity coefficient for H+, which is calculated by means of
the Davies equation (Zeebe and Wolf-Gladrow, 2001). The
use of the Davies equation is assumed to be a sufficient ap-
proximation, since according toZeebe and Wolf-Gladrow
(2001) it is valid up to ionic strengths of approximately
0.5 and yearly averaged salinity values at the mouth of the
Scheldt estuary (the downstream boundary of our model) are
about 28 resulting in a ionic strength of approximately 0.57,
while in the remaining estuary salinity values, hence ionic
strengths, are lower.

2.2.6 Data

All data that are referred to asmonitoring datawere ob-
tained by the Netherlands Institute of Ecology (NIOO)
for 16 stations in the Scheldt between Breskens/Vlissingen
(The Netherlands) and Rupelmonde (Belgium) by monthly
cruises of the NIOO RV “Luctor”. River kilometres (dis-
tance from the start of the model domain at Rupelmonde)
and locations of the stations can be found in Table6, a map
of the Scheldt estuary indicating the positions of the sam-
pling stations is given in Fig.1.

Calibration and validation data

Data for the state variables [
∑

NH+

4 ], [NO−

3 ], [O2], organic
matter, pH (on the NBS scale) and salinity are available from
the monitoring program. Data for 2003 have been used to
calibrate the model and data for 2001, 2002, and 2004 have

been used to independently validate it. The model does not
distinguish between NO−3 and NO−

2 and all data referring to
the state variable [NO−3 ] are the summed values of [NO−3 ]
plus [NO−

2 ]. Data for organic matter (OM) have been cal-
culated by assuming the measured percentage of nitrogen in
the suspended particulate matter concentration to be avail-
able as particulate organic nitrogen. Nitrification rates for
the year 2003 were obtained fromAndersson et al.(2006).
They have been measured with the15N method at salini-
ties 0, 2, 8, 18 and 28 in January, April, July and October
2003. Yearly averaged values of these rate measurements
were used to independently validate the model, as these data
have not been used in model development and calibration.
Total alkalinity [TA] data for the year 2003 have been ob-
tained from Frederic Gazeau (personal communication and
Gazeau et al., 2005). These yearly averages are based on four
to five measurements along the estuary from January to May
2003 and monthly measurements for all 16 Scheldt monitor-
ing stations from June to December 2003.[

∑
CO2] data for

2003 have been calculated from [TA] data, monitoring pH
and salinity, temperature forcing data, and[

∑
B(OH)3], and

[
∑

NH+

4 ] from the model.

Boundary condition forcings

Values measured at monitoring station WS1 are considered
to be downstream boundary conditions and values of sta-
tion WS16 to be upstream boundary conditions. For [O2],
[
∑

NH3], [NO−

3 ], [OM], [DOC] and salinity, monitoring
data were used for upstream and downstream boundaries.
Organic matter (OM) is partitioned in a reactive (FastOM)
and a refractory (SlowOM) fraction. At the downstream
boundary a fraction of 0.4 of the organic matter (Soetaert
and Herman, 1995a) is considered FastOM, and for the up-
stream boundary a FastOM fraction of 0.6 has been derived
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Table 5. Rates of change of model state variables.

d[FastOM]

dt
= Tr FastOM−ROxFastOM−RDenFastOM+ RPP

d[SlowOM]

dt
= Tr SlowOM−ROxSlowOM−RDenSlowOM

d[DOC]

dt
= Tr DOC

d[O2]

dt
= Tr O2 + EO2 − ROxCarb− 2 RNit + (2 − 2 pPP

NH+

4
) RPP+ RPPCarb

d[NO−

3 ]

dt
= Tr NO−

3
− 0.8 RDenCarb+ RNit − (1 − pPP

NH+

4
) RPP

d[S]

dt
= Tr S

d[
∑

CO2]

dt
= Tr ∑

CO2
+ ECO2 + ROxCarb+ RDenCarb− RPPCarb

d[
∑

NH+

4 ]

dt
= Tr ∑

NH3
+ ROx + RDen − RNit − pPP

NH+

4
RPP

d[
∑

HSO−

4 ]

dt
= Tr ∑

HSO−

4
d[

∑
B(OH)3]

dt
= Tr ∑

B(OH)3

d[
∑

HF]

dt
= Tr ∑

HF
d[TA]

dt
= Tr TA + ROx + 0.8 RDenCarb+ RDen − 2 RNit − (2 pPP

NH+

4
− 1) RPP

by calibration. Boundary conditions for [
∑

CO2] ([
∑

CO2]
upstream: 4700 mmol m−3; downstream: 2600 mmol m−3;
constant for all modelled years) have been calibrated us-
ing data from the year 2003. For [

∑
HSO−

4 ], [
∑

HF] and
[
∑

B(OH)3] they were calculated from salinity monitoring
data using formulae given in appendixB (DOE, 1994). To
ensure consistency, total alkalinity boundary concentrations
were calculated from pH, salinity and temperature monitor-
ing data and [

∑
CO2] boundary conditions according to the

total alkalinity definition used in our model (Dickson, 1981).

Physical condition forcings

River flows at the upstream boundary are obtained from the
Ministry of the Flemish Community (MVG). Since the ad-
vective flow increases from the upstream boundary towards
the north sea due to inputs by amongst others the Antwerp
harbour and the channel Gent-Terneuzen (van Eck, 1999;
Soetaert et al., 2006) and no downstream flow values for the
modelled years were available, data from the years 1980 to
1988 obtained from the SAWES model (van Gils et al., 1993;
Holland, 1991) have been used to calculate a flow profile
along the estuary. This is done by calculating percentages
of mean flow increase between SAWES model boxes from
the 1980 to 1988 data and scaling the upstream-border data
for the years 2001 to 2004 accordingly, implementing a total
flow increase of around 45% from Rupelmonde to Vlissin-
gen. This practice implies that the lateral input into a par-
ticular part of the estuary has the same concentration as the
input from upstream of this area.

The average water depthD (Fig. 2) was obtained for 13
MOSES model boxes fromSoetaert and Herman(1995b)
and interpolated to centres and boundaries of the 100 model
boxes used in this work. The cross sectional areaA (Fig. 2),
has been obtained as a continuous function of river kilome-
tres fromSoetaert et al.(2006). Temperatures of the water
column are monthly monitoring data and range from around
freezing in winter to roughly 25◦C in summer. Along the es-
tuary there is a small spatial gradient in yearly temperature
averages from around 13◦C close to Rupelmonde to 12◦C at
Vlissingen. At 40 km from Rupelmonde, roughly at the po-
sition of the entrance to the harbour of Antwerp (Zandvliet
lock) the yearly temperature averages show a pronounced
maximum around 1◦C higher than values at the upstream
boundary. This is probably due to a combined warming ef-
fect of the Antwerp harbour and the nuclear power plant at
Doel roughly 4 km upstream of the temperature maximum.

2.3 Implementation and calibration

The spatial dimension of the model area along the es-
tuary from Rupelmonde to Vlissingen is discretised by
means of 100 supposedly homogeneous model boxes of
1.04 km length. These model boxes are assumed to have a
tidally averaged volume (constant over time) and are num-
bered fromi=1 (upstream) toi=100 (downstream).

The model has been implemented in FORTRAN using the
modelling environment FEMME3 (Soetaert et al., 2002) and

3The model code can be obtained from the corresponding au-
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Table 6. Monitoring stations on the Scheldt estuary (Westerscheldt: “WS”). Coordinates are WGS84 values.

station ID station name river km latitude longitude

WS1 SSvH Breskens 104 51.41265◦ N 3.56628◦ E
WS2 W5 Sloehaven 96.3 51.43517◦ N 3.66932◦ E
WS3 Borssele 93.0 51.41720◦ N 3.69982◦ E
WS4 W20 Terneuzen 80.0 51.34888◦ N 3.82437◦ E
WS5 Boei 10 Hoedekenskerke 68.1 51.41733◦ N 3.92140◦ E
WS6 Hansweert 60.5 51.43597◦ N 4.01965◦ E
WS7 Waarde 57.7 51.42615◦ N 4.03527◦ E
WS8 Perkpolder 56.7 51.40118◦ N 4.03735◦ E
WS9 Baalhoek 51.8 51.37145◦ N 4.08503◦ E
WS10 Bath 46.1 51.39227◦ N 4.20527◦ E
WS11 Zandvliet 35.3 51.35030◦ N 4.24122◦ E
WS12 Lillo 29.2 51.29790◦ N 4.28232◦ E
WS13 Boei 105 – Punt van Melsele 21.5 51.25148◦ N 4.32050◦ E
WS14 Antwerpen 13.2 51.22493◦ N 4.39357◦ E
WS15 Hoboken 6.1 51.17525◦ N 4.32642◦ E
WS16 Rupelmonde 0.0 51.12912◦ N 4.31897◦ E

numerically integrated over time with an Euler scheme using
a time-step of 0.00781 days. Seasonal dynamics for the four
model years were resolved but only yearly averages will be
presented. Most post-processing of model output and cre-
ation of figures has been done with the R statistical comput-
ing environment (R Development Core Team, 2005).

Boundary and physical conditions (weather) are forced
onto the model with monthly data from the respective years
as described in Sect.2.2.6.

An artificial spin-up year has been created, starting with
arbitrary initial conditions for all state variables and contain-
ing only the initial values for the year 2001 for each forcing
function. After running this spin-up year to create suitable
initial conditions, the years 2001 to 2004 were run consec-
utively using forcing data from the respective year. Since
FEMME requires a value for each forcing function at the be-
ginning and at the end of each year, data for the first and the
last day of each year were calculated by interpolation. For
these calculations also data from 2000 and 2005 were used.

After the fitting of primary production in the year 2003 to
values fromSoetaert and Herman(1995c) (calibration of 5
biochemical parameters:rPP, kInh

DIN , kInh
D , kInh

T urb, andkNH+

4
;

and 1 boundary condition parameter: the relative turbidity
upstream; fit not shown), the model was calibrated against
data from the year 2003. During this model-data fitting pro-
cedure, 11 parameters were calibrated: 5 biochemical pa-
rameters, 3 boundary condition parameters, and 3 transport
parameters. The transport formulation (parametersEmax
andEMin , see below) has been calibrated by comparing the

thor or from the FEMME website:http://www.nioo.knaw.nl/ceme/
femme/

model output to field data forS. [
∑

CO2] boundary con-
ditions were calibrated by comparing the model output to
[TA] data for 2003, and the parametersrMin

FastOM, rNit , p, kInh
S ,

oNit as well as the fraction of OM that is considered FastOM
at the upstream boundary were calibrated by comparing the
model output to field data for [OM], [

∑
NH+

4 ], [NO−

3 ], [O2],
and pH from the year 2003.

3 Results

3.1 A relation between mean water depthD and tidal dis-
persion coefficientsE

Following the idea put forward byMonismith et al.(2002)
that there is proportionality between tidal dispersion and wa-
ter depth and by comparing model output to field data for the
conservative tracer salinity (see Fig.3), we devised a linear
relationship between tidal dispersion coefficientsEi−1,i and
mean water depthDi for model boxi:

Ei−1,i=EMax+ (EMax−EMin)
Di−DMax

DMax−DMin
(6)

with

Emax = 350 m2 s−1

EMin = 70 m2 s−1

Dmax = 13.7 m
DMin = 6.0 m

Values for EMax and EMin were calibrated (within the
range ofE values given inSoetaert and Herman, 1995b),
while values forDMax andDMin were obtained for the 13
MOSES model boxes fromSoetaert and Herman(1995b).
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Fig. 3. Fit of the biogeochemical model for 4 consecutive years. Calibration was done on data for 2003 only. Data and model output are
yearly averages.
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CO2] (model output, 2003) vs. field data provided by Frederic Gazeau (personal communication and
Gazeau et al., 2005). [TA] data are measurements,[

∑
CO2] data are consistently calculated using conditions of the model.

E values obtained with our formula are comparable to the
ones used byVanderborght et al.(2007) at the respective grid
size.

While transport coefficients were calibrated for the year
2003, yearly averaged longitudinal salinity profiles could be
reproduced for the years 2001, 2002, and 2004 (see Fig.3)
by imposing respective advective flowsQ and boundary con-
ditions for salinity.

In all years, salinity more than linearly increases from
around 1 upstream to values between 14 and 22 at km 60 and
subsequently increases in linear fashion to values between 26
and 30 at the downstream boundary.

3.2 Comparison of yearly averaged longitudinal concen-
tration and rate profiles to measured data

Several parameters have been manually calibrated to im-
prove the fit of the biogeochemical model against field data
from the year 2003 (Fig.3). Yearly averaged values for data
are time weighted averages. While biogeochemical model
parameters (and transport coefficients) were fitted for 2003,
the model predictions for 2001, 2002, and 2004 did not
involve further calibration. Model fits to data from those
years can thus be considered as model validation. It can be
seen that the model reproduces the data reasonably well; not
only for the calibration year 2003 but also for the validation
years, with all years showing similar patterns. [

∑
NH+

4 ] val-
ues are between 70 and 115 mmol m−3 upstream, falling al-
most linearly to values around 10 mmol m−3 at km 50 and
staying below this value in the downstream stretches. Ni-
trate concentrations initially rise from concentrations ap-
proximately between 322 and 343 mmol m−3 to concen-
trations approximately between 325 and 348 mmol m−3 at
km 16, subsequently fall more than linearly to values of 133
to 202 mmol m−3 at km 60, and then further decline quasi-
linearly to values between around 60 and 76 mmol m−3 in

the most downstream model box. Oxygen concentrations
start off at values between 64 and 91 mmol m−3 upstream,
stay constant or even decline between river kilometres 0
and 20, followed by a quasi linear increase to values of
≈265 mmol m−3 at river km 60, and staying in this realm
until the downstream border. The sum of the concentrations
of both fractions of particulate organic matter shows larger
discrepancy between model and data. It declines over the
stretch of the estuary from values of 41 to 53 mmol m−3 up-
stream down to values of approximately 9 mmol m−3 down-
stream. The NBS pH shows a sigmoidal increase from val-
ues around 7.57 to 7.63 upstream to values between 8.07
and 8.12 in the downstream part of the estuary. In all years
a slight dip in the order of 0.03 to 0.05 pH values can be ob-
served between km 0 to 30 preceding the sigmoidal increase.

Figure 4 shows the fit of predicted [TA] and[
∑

CO2]

against observed data for the year 2003 ([
∑

CO2] data cal-
culated from [TA] data). Note that these data (from the year
2003) have been used to calibrate only the

∑
CO2 bound-

ary conditions for all four years. Both [TA] and[
∑

CO2]

decrease in a sigmoidal fashion from upstream to down-
stream, [TA] from between 4430 and 4480 mmol m−3 to be-
tween 2700 and 2740 mmol m−3, and[

∑
CO2] from around

4690 mmol m−3 to around 2600 mmol m−3.

Figure 5 compares the modelled nitrification rate (RNit)
for the year 2003 with field data obtained in the same year
by Andersson et al.(2006) with the 15N method. This
is an independent model validation as these data have not
been used in any way for calibration. It shows excel-
lent agreement between measured and modelled nitrification
rates, with an initially more than but overall approximately
linear decline in nitrification from 13.1 mmol m−3 d−1 to
0.4 mmol m−3 d−1 from km 0 to km 60, followed by a grad-
ual decline to 0.12 mmol m−3 d−1 in the most downstream
model box.
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3.3 Sources and sinks for
∑

NH+

4 ,
∑

CO2, O2 and NO−

3
along the estuary

3.3.1 Volumetric budgets

Since the model reproduces the spatial patterns of yearly
averaged concentrations of

∑
NH+

4 ,
∑

CO2, O2 and NO−

3
well for each of the four years, model rates can be used to
compile budgets for these quantities. Figures6 and7 show
cumulative plots of volumetric budgets along the estuary av-
eraged over the years 2001 to 2004. A common feature is the
pronounced activity in the upper estuary, i.e. between river
km 0 and 60. In this stretch of estuary, the absolute values
of almost all rates decline in a quasi linear fashion to stay at
low levels until the mouth of the estuary.

It can be seen that[
∑

NH+

4 ] (Fig. 6a; Table7) is mainly
the result of a balance between nitrification (RNit) consum-
ing

∑
NH+

4 and advective-dispersive transport (Tr ∑
NH+

4
)

which imports
∑

NH+

4 . The remaining gap is filled by∑
NH+

4 production by oxic mineralisation (ROx). Denitri-
fication (RDen) is responsible for 12% of the

∑
NH+

4 input
at the upstream boundary while losing relative importance
towards the downstream boundary where it causes 4% of the∑

NH+

4 input. The situation is reversed for the influence of
primary production (−pPP

NH+

4
RPP) which causes 3% of the∑

NH+

4 consumption upstream and 41% downstream.
The budget for[

∑
CO2] (Fig. 6b; Table 8) is charac-

terised by CO2 loss to the atmosphere via air-water exchange
(ECO2), advective-dispersive

∑
CO2 input (Tr ∑

CO2), as
well as

∑
CO2 production by oxic mineralisation (ROxCarb)

and denitrification (RDenCarb). Primary production accounts
for only 10% of the≈6800 mmol C m−3 y−1 ∑

CO2 con-
sumption in the upstream region, while its relative impor-
tance increases in the downstream area where it accounts for
almost 50% of the approximately 700 mmol C m−3 y−1 of∑

CO2 consumption.
∑

CO2 production by oxic mineral-
isation (ROxCarb) and denitrification (RDenCarb) steadily de-
crease from values around 3700 and 2300 mmol C m−3 y−1

to values around 700 and 30 mmol C m−3 y−1, where the
relative importance of oxic mineralisation increases from
55% to 96% and that of denitrification decreases from 34%
to 4%. The net advective-dispersive

∑
CO2 input (Tr ∑

CO2)
accounts with about 800 mmol C m−3 y−1 for 12% of the∑

CO2 input at the upstream boundary, has a local maxi-
mum at river km 22 with≈3300 mmol C m−3 y−1, and has
another one at river km 48 with≈2700 mmol C m−3 y−1,
where it accounts for 70% of the total

∑
CO2 input. At river

km 60,Tr ∑
CO2 exhibits a local minimum with≈200 mmol

C m−3 y−1, followed by another local maximum at km 67
with ≈800 mmol C m−3 y−1 and, finally, a steady decrease
reaching negative values at the downstream border.

The budget for [O2] (Fig. 7a; Table9) is clearly dom-
inated by oxygen consumption due to nitrification (–2
RNit) and oxic mineralisation (–ROxCarb). O2 consump-

0 20 40 60 80 100

0
5

1
0

1
5

P
S
fra

g
rep

la
cem

en
ts

RNit (model, 2003) vs. field data

River km (distance from Rupelmonde)

m
m

ol
m

−
3

d
−

1

Fig. 5. Yearly averagedRNit (model output, 2003) vs. field data
(Andersson et al., 2006).

tion of both of these processes steadily decreases from
≈9200 mmol O2 m−3 y−1 and 3700 mmol O2 m−3 y−1 to
≈80 mmol O2 m−3 y−1 and≈700 mmol O2 m−3 y−1. Their
relative importance profile is approximately mirrored as ni-
trification accounts for 71% and oxic mineralisation for 29%
of O2 consumption at the upstream boundary while nitrifica-
tion is responsible for 11% and oxic mineralisation for 89%
of O2 consumption at the downstream boundary. The rel-
ative importance of oxygen production by primary produc-
tion ((2 − 2 pPP

NH+

4
) RPP + RPPCarb) stays below 6% up to

river km 29, while reaching values as high as 62% at river
km 93. As total oxygen consumption decreases, also oxygen
re-areation (EO2) decreaes from≈7800 mmol O2 m−3 y−1

upstream to≈150 mmol O2 m−3 y−1 downstream. The net
effect of advection dispersion on oxygen (Tr O2) is posi-
tive in the upstream region, reaches approximately 0 mmol
O2 m−3 y−1 at river km 22 and becomes negative from river
km 29 on. At river km 48 it shows a local minimum with an
O2 consumption of≈2500 mmol O2 m−3 y−1, at river km 60
a local maximum can be discerned, but only from river km 93
onTr O2 becomes positive again.

[NO−

3 ] along the estuary (Fig.7a; Table 10) is gov-
erned by nitrate production due to nitrification (RNit) and ni-
trate consumption due to denitrification (−0.8RDenCarb) and
advective-dispersive transport (Tr NO−

3
). Nitrate production

by nitrification, which is as high as≈4600 mmol N m−3 y−1

upstream and≈40 mmol N m−3 y−1 downstream, is counter-
acted upstream for 60% by the net effect of advective disper-
sive transport (Tr NO−

3
), and for 40% by denitrification (−0.8

RDenCarb). Only from km 57 on, NO−3 consumption by pri-
mary production

(
− (1− pNH+

4
) RPP

)
gains relative signif-

icance with values as high as 29% of the NO−

3 consumption
at river km 104.
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Table 7. Budget for[
∑

NH+

4 ]; values in mmol N m−3 y−1; percentages are of total production (positive quantities) or consumption (negative
quantities), respectively.

km 0 km 60 km 67 km 86 km 104∑
prod 4727.6 208.2 257.7 150.8 166.8∑
cons −4745.7 −213.6 −263.4 −153.3 −168.2

Tr ∑
NH+

4
3252.5 (69%) 16.2 (8%) 76.1 (30%) −2.7 (2%) −60.3 (36%)

ROx 913.2 (19%) 180.0 (86%) 170.9 (66%) 143.0 (95%) 159.6 (96%)
RDen 562.0 (12%) 12.0 (6%) 10.7 (4%) 7.8 (5%) 7.2 (4%)
RNit −4583.0 (97%) −133.7 (63 %) −91.8 (35%) −51.9 (34%) −39.7 (24%)
−pPP

NH+

4
RPP −162.7 (3%) −79.9 (37%) −171.6 (65%) −98.7 (64%) −68.2 (41%)

Table 8. Budget for[
∑

CO2]; values in mmol C m−3 y−1; percentages are of total production (positive quantities) or consumption (negative
quantities), respectively.

km 0 km 22 km 48 km 60 km 67 km 104∑
prod 6796.0 5608.2 3912.9 1047.9 1528.6 694.3∑
cons −6796.5 −5632.7 −3988.2 −1094.7 −1559.9 −694.1

Tr ∑
CO2

786.3 (12%) 3299.4 (59%) 2742.4 (70%) 236.3 (23%) 762.9 (50%)−9.0 (1%)
ROxCarb 3720.0 (55%) 1738.9 (31%) 1078.3 (28%) 760.9 (73%) 720.4 (47%) 664.4 (96%)
RDenCarb 2289.7 (34%) 569.9 (10%) 92.1 (2%) 50.8 (5%) 45.2 (3%) 29.9 (4%)
−RPPCarb −660.9 (10%) −279.9 (5%) −1234.6 (31%) −376.4 (34%) −815.4 (52%) −337.5 (49%)
ECO2 −6135.6 (90%) −5352.7 (95%) −2753.5 (69%) −718.4 (66%) −744.4 (48%) −347.7 (50%)

3.3.2 Volume integrated budgets

As the estuarine cross section area increases from 4000 m2

upstream to around 76 000 m2 downstream, there is a much
larger estuarine volume in downstream model boxes than in
upstream model boxes. Thus, volume integrated production
or consumption rates (rates “per river km”) are similar in the
upstream and the downstream part of the estuary (in accor-
dance with findings ofVanderborght et al., 2002), unlike in
the volumetric plots, where the upstream region was clearly
dominant. Figures8 and9 show volume integrated budgets
along the estuary averaged for the years 2001 to 2004.

While for
∑

NH+

4 (Fig. 8a) the upstream region can be
identified as most important in terms of total turnover, for∑

CO2 (Fig. 8b) and O2 (Fig. 9a) a pronounced maximum
of total turnover can be distinguished at around km 50 (in-
tertidal flat system of Saeftinge) next to high total turnover
values in the downstream region from around river km 70 on.
For NO−

3 the upstream area is most important, similar to its
volumetric budget.

Figure8a and Table11 in combination with the percent-
ages given in Table7 show that, in contrast to the volu-
metric budget, volume integrated

∑
NH+

4 production due to
oxic mineralisation (ROx) is maximal at the downstream bor-
der with≈12.2 mmol N km−1 y−1. All other processes still
contribute most to[

∑
NH+

4 ] at the upstream boundary, ex-

cept for ammonium consumption due to primary production
which also has its volumetric maximum in the downstream
region. In the volume integrated plot, it can be clearly seen
that the net influence of advective dispersive transport on
[
∑

NH+

4 ] (Tr ∑
NH+

4
) is negative at the downstream bound-

ary (≈−4.6 mmol N km−1 y−1).
The volume integrated budget for

∑
CO2 (Fig. 8b; Ta-

ble 11 in combination with Table8) shows a distinct maxi-
mum of total

∑
CO2 turnover at km 48 with a total

∑
CO2

production of 88.5 mmol C km−1 y−1 and a total
∑

CO2
consumption of 90.2 mmol C km−1 y−1. This maximum is
followed by a slight dip in total turnover at km 60. At
river km 86, total

∑
CO2 turnover rates reach values slightly

lower than at the maximum of km 48 and gradually decline
towards the downstream boundary where 60% of the maxi-
mal values are reached. Around the downstream boundary,∑

CO2 production by oxic mineralisation has its maximum
at≈50.6 mmol C km−1 y−1 while volume integrated

∑
CO2

consuption due to primary production has its maximum at
km 67 with≈43.4 mmol C km−1 y−1. Especially at kilome-
tres 48 to 67 it can be seen that the volume integrated total
loss of

∑
CO2 is higher than the total

∑
CO2 production.
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The volume integrated budget for O2 (Fig. 9a; Table11
in combination with Table9) shows similar process patterns
and basic shape as the volume integrated budget for

∑
CO2,

with a maximum of absolute values of total O2 turnover
at km 48 followed by a dip in absolute values of total O2
turnover at km 60, with the exception ofTr O2 changing sign
twice.

Unlike for the other chemical species, the volume inte-
grated budget for NO−3 (Fig. 9b; Table11 in combination
with Table10) shows distinct maxima in total turnover at the
upstream boundary and decreases towards the downstream
boundary. However, the resulting trumpet-like shape is not
as pronounced as for the volumetric budget for [NO−

3 ].

3.3.3 Whole estuarine budgets

Figures10 and 11 show budgets of
∑

NH+

4 ,
∑

CO2, O2,
and NO−

3 production and consumption, integrated over the
whole model area and one year (averaged over the four mod-
elled years).

Figure 10a shows a budget of
∑

NH+

4 . It becomes
clear that nitrification is the most important process affect-
ing

∑
NH+

4 in the estuary with a total loss of≈0.8 Gmol
in the whole model region. This

∑
NH+

4 consumption
together with the

∑
NH+

4 consumption of primary pro-
duction of≈0.4 Gmol is counteracted by

∑
NH+

4 produc-
tion/import due to mainly oxic mineralisation (≈0.7 Gmol)
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Table 9. Budget for [O2]; values in mmol O2 m−3 y−1; percentages are of total production (positive quantities) or consumption (negative
quantities), respectively.

km 0 km 22 km 29 km 48 km 60 km 67 km 93 km 104∑
prod 12862.8 6374.3 5269.0 4391.7 1185.8 1657.8 683.0 739.4∑
cons −12885.9 −6381.7 −5267.4 −4388.7 −1182.1 −1660.6 −687.7 −743.8

Tr O2 5418.6 (42%) 1.7 (0%) −105.8 (2%) −2468.6 (56%) −153.9 (13%) −756.5 (46%) 5.6 (1%) 219.9 (30%)
−ROxCarb −3720.0 (29%) −1738.9 (27%) −1483.7 (28%) −1078.3 (25%) −760.9 (64%) −720.4 (43%) −594.7 (86%) −664.4 (89%)
−2 RNit −9165.9 (71%) −4642.9 (73%) −3677.9 (70%) −841.7 (19%) −267.3 (23%) −183.6 (11%) −93.0 (14%) −79.4 (11%)
(2−2 pPP

NH+

4
) RPP

+RPPCarb 666.0 (5%) 285.2 (4%) 292.9 (6%) 1317.0 (30%) 404.7 (34%) 879.9 (53%) 424.4 (62%) 369.8 (50%)
EO2 6778.2 (53%) 6087.5 (95%) 4976.2 (94%) 3074.7 (70%) 781.1 (66%) 777.8 (47%) 253.0 (37%) 149.8 (20%)
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Table 10.Budget for [NO−

3 ]; values in mmol N m−3 y−1; percent-
ages are of total production (positive quantities) or consumption
(negative quantities), respectively.

km 0 km 57 km 104∑
prod 4583.0 157.4 39.7∑
cons −4581.2 −200.7 −55.2

Tr NO−

3
−2746.9 (60%) −132.9 (66%) −15.1 (27%)

−0.8RDenCarb −1831.8 (40%) −44.3 (22%) −23.9 (43%)
RNit 4583.0 (100%) 157.4 (100%) 39.7 (100%)
−(1 − pNH+

4
) RPP −2.5 (0%) −23.5 (12%) −16.1 (29%)

and advective-dispersive transport (≈0.5 Gmol). Denitrifi-
cation plays a minor role producing less than 0.1 Gmol of∑

NH+

4 per year.
Total estuarine

∑
CO2 (Fig. 10b) is prominently influ-

enced by out-gassing of CO2 to the atmosphere, which con-
sumes≈3.3 Gmol, while primary production consumes only
≈2.0 Gmol. Advective-dispersive input and oxic mineralisa-

tion supply
∑

CO2 at values of≈2.2 Gmol and≈2.7 Gmol
respectively. Again, denitrification has a minor influence,
producing less than 0.3 Gmol of inorganic carbon per year.

In our model, oxygen (Fig.11a) is net supplied to the es-
tuary via re-aeration (≈3.4 Gmol) and primary production
(≈2.1 Gmol). All other modelled processes consume oxy-
gen, advective-dispersive transport net exports≈1.2 Gmol to
the sea, oxic mineralisation consumes≈2.7 Gmol, and nitri-
fication≈1.7 Gmol.

Nitrate (Fig. 11b) is produced by nitrification
(≈0.8 Gmol), exported by advective-dispersive transport
(≈0.6 Gmol), consumed by denitrification (≈0.2 Gmol), and
by primary production (less than 0.1 Gmol).

3.4 Interannual differences

Although the freshwater dischargeQ of the Scheldt shows
no consistent trend during the years 1990 to 2004, it peaked
in 2001 and fell rapidly until 2004 (Meire et al., 2005;
Van Damme et al., 2005; van Eck, 1999), resulting in a
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Table 11.Volume integrated budgets for
∑

NH+

4 ,
∑

CO2, O2, and NO−

3 ; values in Mmol (river km)−1 y−1.

km 0 km 22 km 29 km 48 km 57 km 60 km 67 km 86 km 93 km 104∑
NH+

4
∑

prod 18.9 10.5 10.4 15.2 10.4 8.8 13.8 10.7 11.0 12.7∑
cons −19.0 −10.5 −10.5 −15.6 −10.7 −9.0 −14.1 −10.9 −11.2 −12.8∑

CO2
∑

prod 27.2 24.7 25.3 88.5 57.7 44.2 81.9 61.5 55.8 52.9∑
cons −27.2 −24.8 −25.5 −90.2 −59.6 −46.1 −83.5 −61.6 −55.8 −52.9

O2
∑

prod 51.5 28.1 28.9 99.4 64.6 50.0 88.8 60.2 50.6 56.3∑
cons −51.5 −28.2 −28.9 −99.3 −64.5 −49.8 −88.9 −60.6 −51.0 −56.7

NO−

3
∑

prod 18.3 10.2 10.1 9.5 5.8 5.6 4.9 3.7 3.4 3.0∑
cons −18.3 −10.3 −10.1 −10.3 −7.4 −7.5 −7.1 −5.7 −5.2 −4.2
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downwards trend during our model time period. The plots
in Fig. 12 show trends of freshwater dischargeQ, volume
averagedS and [CO2], and CO2 degassingECO2 in the estu-
ary from the year 2001 to 2004.

This decrease inQ is most likely the reason for several
observed trends in our model. E.g. salinityS increases from
2001 to 2004 which is clearly a result of lowered freshwa-
ter discharge, as more saline seawater can enter the estu-
ary (Meire et al., 2005; Van Damme et al., 2005). Simi-
larly, the observed decrease in[

∑
CO2] can be explained

by less
∑

CO2 being imported into the estuary from the
river at lower freshwater discharge ([

∑
CO2] not shown).

A decrease in[
∑

CO2] also means a decrease in [CO2].
However, via its influence on the dissociation constantsK∗,
salinity also influences [CO2], higher salinity meaning lower
[CO2], reinforcing its downward trend from 2001 to 2004.
Decreasing levels of [CO2] lower the CO2 saturation state
of the water and eventually lead to less CO2 export to the
atmosphere (The total amount of CO2 export to the atmo-
sphere and the volume averaged saturation states for the four

Table 12. CO2 export to the atmosphere (-ECO2) in Gmol y−1 per
modelled area, [CO2] and [CO2]satare volume and yearly averaged
values for the whole estuary in mmol m−3.

2001 2002 2003 2004

CO2 export 4.50 3.43 2.96 2.41
[CO2] 69.00 56.05 51.37 45.21
[CO2]sat 17.97 17.62 17.60 17.33
% CO2 saturation 384.09 318.07 291.95 260.88

modelled years and the whole estuary are given in Table12).
Model runs with scaled freshwater flow (results not shown)
confirm the inverse correlation between freshwater flowQ

andECO2.
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Furthermore, pH influences [CO2], higher pH implying
lower [CO2]. There was an upward trend in pH during our
model years, which reinforces the downward trend in CO2
export to the atmosphere. We believe that there is a rela-
tion between the decrease in freshwater flow and the upward
trend in pH from 2001 to 2004, however, the exact mecha-
nism for this relationship is not straight-forward. A mecha-
nistic model able to quantify the influence of different mod-
elled kinetic processes on the pH (Hofmann et al., 2008) will
shed some further light on this issue.

4 Discussion

4.1 Model performance: data-model validation

Our objective was to construct a simple model reproducing
observed data and interannual differences, allowing the es-
tablishment of annual budgets. Advective-dispersive trans-
port is accurately reproduced (confer the fit of yearly aver-
aged logitudinal profiles of the conservative tracer salinity,
Fig. 3).

The model also reproduces[
∑

NH+

4 ], [NO−

3 ], [O2], and
pH versus river kilometres very well.
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Fig. 12. Trends in key quantities from 2001 to 2004 (Q signifies the freshwater flow at the upstream boundary;S, [CO2], ECO2: volume
averaged, solid red line: total estuary, dashed blue line: upper part (to box 50), dotted green line: lower part).

This level of performance has been achieved by using 7
biochemical parameters from literature and calibrating the
other 5 using data for the year 2003 (plus the calibration of
5 biochemical parameters to fit primary production to val-
ues fromSoetaert and Herman, 1995c). To run the model
for the years 2001, 2002, and 2004, the upstream advective
forcing, the temperature forcing, and the boundary concen-
trations have been adapted, but no further calibration was
involved, making the fits for those years a model validation.
Furthermore the model has been independently validated by
comparing nitrification rates to field data from the year 2003
(Andersson et al., 2006) realising the objective of creating a
tool to examine interannual differences and annual budgets
of key chemical species in the Scheldt estuary.

The very good overall performance of our rather simple
model confirms the notion ofArndt et al.(2007) that for es-
tuaries biogeochemical model complexity can be kept low
as long as physical processes (i.e. transport) perform suffi-
ciently well. (Note that a good model performance in terms
of physics does not imply a complex representation of phys-
ical processes.)

This argument is strengthened by the fact that the fits of
a model including NH3 air-sea exchange, sulfate reduction,
sulfide oxidation, biogenic calcification as well as calcite and
aragonite precipitation did not significantly differ from the
fits of the model presented here. However, some features
of the fits of state variables given in Fig.3 suggest that the
inclusion of further processes might make the model even
more accurate. Modelled[

∑
NH+

4 ] for example is slightly
too high between river km 30 and km 50, which could be ex-
plained by microbial ammonium uptake (cf.Middelburg and
Nieuwenhuize, 2000). Furthermore, a reason for an under-
estimated organic matter concentration around the intertidal
flat area of Saeftinge (≈river km 35 to 50) might be the fact
that the model does not include any explicit organic mat-
ter input from this ecosystem consisting mainly of vascular
plants. Although these and other arguments can be made
about details, we consider the fit of our model adequate for
our aims and for the simplified conceptual model.
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Fig. 13. [NO−

3 ] fit with different denitrification parametrisations:
our parametrisation based on literature values (solid black line), no
denitrification (dashed red line) and denitrification maximised (dot-
ted blue line)

4.1.1 Denitrification

Denitrification is not strongly constrained in our model be-
cause of the lack of direct measurements.

Figure13 shows the model fit for [NO−3 ] with three dif-
ferent parametrisations for denitrification: our parametrisa-
tion based on literature values (solid black line), no deni-
trification (dashed red line) and denitrification maximised
(dotted blue line) by using a very smallkNO−

3
(10−8 mmol

N m−3) and a very largekInh
O2

(108 mmol N m−3), resulting

in ≈1.3 Gmol NO−

3 consumption due to denitrification per
year (compared to 0.2 Gmol y−1 with our parametrisation).
Although the effect of denitrification on [NO−3 ] along the es-
tuary is small, this plot shows that our parametrisation based
on literature values gives the best model performance.

Andersson(2007) reports 16 mmol m−2 d−1 of NO−

3 con-
sumption due to denitrification for sediment from one lower
estuary location in the Scheldt. Considering 338 km2 of es-
tuarine surface area, our model result of 0.2 Gmol NO−

3 con-
sumption due to denitrification per year implies an average
denitrification of 1.6 mmol NO−3 m−2 d−1, i.e. only one tenth
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of this number. Even with maximal denitrification and the
associated worse model performance (Fig.13), only a deni-
trification of 10.5 mmol NO−3 m−2 d−1 can be achieved. This
difference between our top-down whole estuarine estimate
and the estimate ofAndersson(2007) clearly shows the dif-
ficulties one encounters when upscaling sedimentary biogeo-
chemical process rates over large areas and long timescales.

Furthermore we model denitrification pelagically as a
proxy for a sedimentary process. As a result of this practice
the effect of denitrification on the concentrations in the water
column is not geographically fixed but moves up and down
the river. This would have a large effect on a tidally resolved
model as parts of the sediment may fall dry and loose con-
tact with the water column. However, for a tidally averaged
model as ours and for yearly averaged values in particular,
this effect is rather small. Nevertheless, we are aware that
modelling pelagic denitrification as a proxy for benthic pro-
cesses introduces an error in our volumetric and volume in-
tegrated logitudinal estuarine budget. But since the region of
main denitrification activity always stays within our model
domain, our total stock budgets are not significantly affected
by this error.

4.2 Volumetric budgets for[
∑

NH+

4 ], [
∑

CO2], [O2] and
[NO−

3 ]

According to the volumetric budgets for[
∑

NH+

4 ],
[
∑

CO2], [O2] and [NO−

3 ], the estuary can be divided into
two parts, an upstream region (river km 0 until roughly
km 55 at Walsoorden) and a downstream area, with process
rates being up to an order of magnitude higher in the up-
stream part. This division, which is in accordance to find-
ings of Vanderborght et al.(2007), Regnier et al.(1997),
andSoetaert and Herman(1995a,c), is more pronounced for
[NO−

3 ] and [
∑

NH+

4 ] than for [O2] and [
∑

CO2], because
the latter two quantities also depend on gas exchange with
the atmosphere which in turn only depends on the concen-
tration of the species to be exchanged and not on the concen-
trations of other species. Biogeochemical rates, in contrast,
usually depend on the concentrations of several substances.
Therefore the rates of gas exchange processes decrease less
than biogeochemical rates as nutrient levels decrease when
going from upstream to downstream in the Scheldt estuary.
However,ECO2 is also strongly influenced by the pH in the
estuary, which rises from≈7.6 in the upstream regions to
≈8.1 downstream. This is becauseECO2 depends linearly
on [CO2] which in turn depends on pH. A rising pH induces
a declining [CO2]. Considering the estuarine averages of
[
∑

CO2]≈3400 mmol m−3, T≈13◦C, and S≈10, [CO2] de-
clines by a factor of about 3.25 from around 130 mmol m−3

to around 40 mmol m−3 for pH increasing from around 7.6
to 8.1. This means, that the increase in pH along the estu-
ary contributes to the decline in the absolute values ofECO2

from upstream to downstream.

While the volumetric budgets for[
∑

NH+

4 ] (Fig. 6a) and
[NO−

3 ] (Fig. 7b) show relatively smooth features, the volu-
metric budget for[

∑
CO2] (Fig. 6b) exhibits a more spiked

pattern. Its shape is a result of the dependency of[
∑

CO2]

on CO2 air-water exchange (ECO2) which in turn is influ-
enced by the estuarine depthD. This fact makes estuarine
depth patterns visible in the budget for[

∑
CO2]. To a lesser

extent the same can be seen in the volumetric budget for [O2]
(Fig. 7a), which in the upper reaches of the estuary, between
river km 0 and about 22, smoothly follows the[

∑
NH+

4 ]

budget (dominated by nitrification), but in the downstream
part of the estuary also shows estuarine depth patterns, at-
tributable to its dependency on O2 air-water exchange (EO2).

4.3 Oxygen budget

It is clear that oxygen consumption by nitrification and oxic
mineralisation, and export by advective-dispersive transport
processes are balanced not only by oxygen production due
to primary production but mainly by oxygen import from
the atmosphere. Similarly toOuboter et al.(1998), in our
model about one third of the total oxygen consumption in the
estuary is due to nitrification; oxygen consumption by oxic
mineralisation is comparable to oxygen consumption by ni-
trification, similar to conditions reported byRegnier et al.
(1997). To be noted, however, is that integrated over the
whole estuary, oxic mineralisation consumes more oxygen
per year than nitrification which is in accordance with ex-
perimental findings ofGazeau et al.(2005). In accordance
with its heterotrophic nature (Gazeau et al., 2005), the es-
tuary is a net consumer of oxygen, only about 43% of the
oxygen entering the estuary by advection-dispersion and re-
aeration leaves the estuary at the mouth. 86% of the total O2
input into the estuary is due to re-aeration.

4.4 Synopsis of single species budgets: elemental budgets
and comparisons with earlier decades

Nitrogen and carbon budgets have been constructed for the
entire estuary (Figs.14and15).

4.4.1 Nitrogen

The Scheldt estuary is a net consumer of ammonium. The
total advective-dispersive input at the upstream boundary
per year ((Tr ∑

NH+

4
)up), averaged over the years 2001 to

2004, of 0.58 Gmol
∑

NH+

4 is lower than the 0.82 Gmol∑
NH+

4 consumed by nitrification per year in the same pe-
riod. The sum of

∑
NH+

4 imports and production pro-
cesses is 1.3 Gmol, 63% of which is consumed by nitrifi-
cation within the estuary and roughly 6% of which leaves
the estuary at the mouth. This number is less than half of
the export of about 16% of the total input (including miner-
alisation processes) of

∑
NH+

4 in the years 1980 to 1986 as
reported bySoetaert and Herman(1995a). However, the ab-
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Fig. 14. Tentative nitrogen budget per year over the whole model area, averaged over 2001 to 2004. Values are given in Gmol y−1 and in
Mt-N y−1 (in brackets). Note that the budget is not fully closed, there is an overall loss term of 0.13 Gmol-N y−1. This is consistent with
the temporal downward trend in [

P

NH+
4 ] and [NO−

3 ]. Note also that organic nitrogen (Org-N) refers to particulate organic matter (OM).
Dissolved organic nitrogen (DON) is not shown in this budget. Using γDOM and conservatively modelled [DOC], one can estimate that
around 0.16 Gmol of DON enters and leaves the estuary on average per year.

ues of process rates affecting [
∑

NH+
4 ] in the years 2001 to

2004 are at about 25% of the values during the years 1980
to 1986. This is most likely due to reduced riverine nutrient
and organic loadings and resulting lower [

∑
NH+

4 ] in the
years 2001 to 2004 as compared to 1980 to 1986 (Soetaert
et al., 2006). Due to lower [

∑
NH+

4 ] in 2001 to 2004, volu-
metric nitrification rates in the upstream region were 77%, at
km 60 roughly 11%, and in the downstream region roughly
5% of the values in the early eighties as reported by Soetaert
and Herman (1995a). Due to the large estuarine volume in
the downstream region, the drop in nitrification in this area
is mostly responsible for the drop in total ammonium con-
sumption by nitrification in the whole estuary from the early
eighties to our model time period (2001 to 2004).

This downward trend in total nitrification shows that the
initial intensification of nitrification in the Schelde due to in-
creasing oxygen levels since the second half of the seventies
(Van Damme et al., 2005; Soetaert and Herman, 1995c) has
peaked and subsequently decreased again, most likely due to
reduced ammonium concentrations in the estuary (Soetaert
et al., 2006), suggesting a shift from initial oxygen limitation
of nitrification towards ammonium limitation now. A simi-
lar shift as has happened in time can be observed longitudi-
nally during our model time period, as nitrification is oxy-
gen limited upstream and ammonium limited downstream.
However, as in the seventies (Billen et al., 1985), eighties
(Van Damme et al., 2005; Soetaert and Herman, 1995c; Reg-
nier et al., 1997), and nineties (Vanderborght et al., 2007),
nitrification remains the major process governing N cycling
in this estuary.

Furthermore, the estuary is a net producer of nitrate in the
year 2001 to 2004. Roughly 1.4 times as much nitrate leaves
the estuary by advection-dispersion at the mouth of the estu-

ary, as is advectively imported (confer Fig. 11b). Yet, the ni-
trate producing character of the Schelde estuary diminished
due to reduced nitrification rates relative to the early eighties,
as Soetaert and Herman (1995a) reported that three times as
much nitrate was exported to the sea as entered the estuary
in the eighties.

Only 10% of the total N input in the system (nitrate, am-
monium and particulate and dissolved organic nitrogen to-
gether) is lost to the atmosphere as N2 due to denitrification
(Fig. 14), while the rest is exported to the Southern Bight of
the North Sea. This shows a clear downwards trend in the
percentage of N2 production, as in the eighties 21–25% of
the total nitrogen imported into the Schelde (Soetaert and
Herman, 1995a; Ouboter et al., 1998), and in the seven-
ties around 40% (Soetaert and Herman, 1995a; Billen et al.,
1985) of the total nitrogen import into the estuary was re-
moved within the estuary, mainly due to denitrification. This
phenomenon is likely due to improved oxygen conditions in
the Schelde from the seventies until now (Soetaert and Her-
man, 1995a; Soetaert et al., 2006), moving the zone of den-
itrification more into the narrow upstream regions and gen-
erally allowing for less denitrification because of the limited
area of sediments, the prime location of denitrification. A
downward trend in the percentage of N2 generated and es-
caping means an upward trend in the percentage of N export
to the sea. In absolute values, however, this resulted initially
in an increasing N export to the North Sea from the seventies
to the eighties from 1.9 Gmol y−1 to 3.6 Gmol y−1 (Soetaert
and Herman, 1995a), before it decreased to 2.5 Gmol y−1

in our model period (value incl. DON export). This de-
crease in N export is due to approximately halved input loads
(4.7 Gmol y−1 in the eighties (Soetaert and Herman, 1995a),
2.3 Gmol y−1 in our model). Yet the N export to the sea in

Fig. 14. Tentative nitrogen budget per year over the whole model area, averaged over 2001 to 2004. Values are given in Gmol y−1. Note
that the budget is not fully closed, there is an overall loss term of 0.13 Gmol N y−1. This is consistent with the temporal downward trend in
[
∑

NH+

4 ] and [NO−

3 ]. Note also that organic nitrogen (Org-N) refers to particulate organic matter (OM). Dissolved organic nitrogen (DON)
is not shown in this budget. UsingγDOM and conservatively modelled [DOC], one can estimate that around 0.16 Gmol of DON enters and
leaves the estuary on average per year.

Table 13.Trends in denitrification from the seventies to our model
time period. Note that DON is included in the values.

decade ′70 ′80 ′00

Gmol N y−1 imported into the Scheldt 3.7 4.7 2.5
% of total N lost to the atmosphere 40 23 10
Gmol N y−1 exported to the North Sea 1.9 3.6 2.4

solute values of process rates affecting[
∑

NH+

4 ] in the years
2001 to 2004 are at about 25% of the values during the years
1980 to 1986. This is most likely due to reduced riverine
nutrient and organic loadings and resulting lower[

∑
NH+

4 ]

in the years 2001 to 2004 as compared to the years 1980 to
1986 (Soetaert et al., 2006). Due to lower[

∑
NH+

4 ] in 2001
to 2004, volumetric nitrification rates in the upstream region
were 77%, at km 60 roughly 11%, and in the downstream
region roughly 5% of the values in the early eighties as re-
ported bySoetaert and Herman(1995a). Due to the large
estuarine volume in the downstream region, the drop in nitri-
fication in this area is mostly responsible for the drop in total
ammonium consumption by nitrification in the whole estu-
ary from the early eighties to our model time period (2001 to
2004).

Table 14. Export of CO2 to the atmosphere (-ECO2) in Gmol y−1,
integrated over our model area.

reference value

Frankignoulle et al.(1998) 14.5
Gazeau et al.(2005) 11.3
Hellings et al.(2001) 8.2
Vanderborght et al.(2002) 6.8
this study 3.3

This downward trend in total nitrification shows that the
initial intensification of nitrification in the Scheldt due to in-
creasing oxygen levels since the second half of the seventies
(Van Damme et al., 2005; Soetaert and Herman, 1995c) has
peaked and subsequently decreased again, most likely due to
reduced ammonium concentrations in the estuary (Soetaert
et al., 2006), suggesting a shift from initial oxygen limitation
of nitrification towards ammonium limitation now. A simi-
lar shift as has happened in time can be observed longitudi-
nally during our model time period, as nitrification is oxy-
gen limited upstream and ammonium limited downstream.
However, as in the seventies (Billen et al., 1985), eighties
(Van Damme et al., 2005; Soetaert and Herman, 1995c; Reg-
nier et al., 1997), and nineties (Vanderborght et al., 2007),
nitrification remains the major process governing N cycling
in this estuary.
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Furthermore, the estuary is a net producer of nitrate in the
year 2001 to 2004. Roughly 1.4 times as much nitrate leaves
the estuary by advection-dispersion at the mouth of the es-
tuary, as is advectively imported (confer Fig.11b). Yet, the
nitrate producing character of the Scheldt estuary diminished
due to reduced nitrification rates relative to the early eighties,
asSoetaert and Herman(1995a) reported that three times as
much nitrate was exported to the sea as entered the estuary
in the eighties.

Only 10% of the total N input in the system (nitrate, am-
monium and particulate and dissolved organic nitrogen to-
gether) is lost to the atmosphere as N2 due to denitrifica-
tion (Fig. 14), while the rest is exported to the Southern
Bight of the North Sea. This shows a clear downwards
trend in the percentage of N2 production, as in the eight-
ies 21–25% of the total nitrogen imported into the Scheldt
(Soetaert and Herman, 1995a; Ouboter et al., 1998), and
in the seventies around 40% (Soetaert and Herman, 1995a;
Billen et al., 1985) of the total nitrogen import into the es-
tuary was removed within the estuary, mainly due to deni-
trification. This phenomenon is likely due to improved oxy-
gen conditions in the Scheldt from the seventies until now
(Soetaert and Herman, 1995a; Soetaert et al., 2006), moving
the zone of denitrification more into the narrow upstream re-
gions and generally allowing for less denitrification because
of the limited area of sediments, the prime location of den-
itrification, in the upstream regions. A downward trend in
the percentage of N2 generated and escaping means an up-
ward trend in the percentage of N export to the sea. In abso-
lute values, however, this resulted initially in an increasing
N export to the North Sea from the seventies to the eighties
from 1.9 Gmol y−1 to 3.6 Gmol y−1 (Soetaert and Herman,
1995a), before it decreased to 2.5 Gmol y−1 in our model
period (value incl. DON export). This decrease in N export
is due to approximately halved input loads (4.7 Gmol y−1 in
the eighties (Soetaert and Herman, 1995a), 2.3 Gmol y−1 in
our model). Yet the N export to the sea in 2001 to 2004 is
still higher than in the seventies, in spite of the fact that the
input into the system was much higher then (3.7 Gmol y−1,
Billen et al., 1985). Table13 summarises these numbers.
Note that these results should be considered tentative, since
denitrification is poorly constrained by data and in our model
(Sect.4.1.1).

4.4.2 Carbon

Estuaries are a significant source of CO2 to the atmosphere
and are even important on a global scale (Borges et al.,
2006). Our model suggests an averaged CO2 export to the
atmosphere of 3.3 Gmol y−1, which is about 13% of the to-
tal carbon input (including DOC) into the system (Fig.15).

This value is much lower than values reported by others
(Table14). These differences represent both a true trend in
time as well as uncertainties in the estimations.Frankig-
noulle et al.(1998), Hellings et al.(2001), andVanderborght

et al. (2002) use data from the early to mid nineties of the
20th century. pCO2 levels in the Scheldt estuary consid-
erably dropped from the nineties to our model time period
(Borges and Middelburg, unpublished data), entailing a true
downwards trend in CO2 degassing. One reason for this
might be decreasing nitrification rates resulting in a higher
pH amd thus lowerpCO2.

However, there are several sources of uncertainties associ-
ated with estimating CO2 degassing which could contribute
in part to the differences shown in Table14:

1. differences in the riverine discharge between the es-
timation periods and resulting carbon import into the
system (confer a factor 2 difference inECO2 from 2001
and 2004 with an approximately halving freshwater dis-
charge),

2. differences in estimates of the estuarine surface area
which contributes to CO2 air-sea exchange (see also
Borges et al., 2006),

3. former overestimations of the piston velocity parametri-
sation mostly due to overestimated gas exchange flux
measurements with the floating chamber method (Ray-
mond and Cole, 2001), and

4. the use of budgeting approaches without the employ-
ment of mechanistic models with rigorous mass conser-
vation (e.g. upscaling of discrete flux measurements).

Frankignoulle et al.(1998) reported that in the Scheldt es-
tuary two thirds of the CO2 flux to the atmosphere results
from heterotrophy and only one third from ventilation of
riverine DIC andAbril et al. (2000) estimate that riverine
DIC contributes only 10% to the total CO2 degassing of the
Scheldt estuary. In contrast, our model suggests that, aver-
aged over the four modelled years, 67% of the CO2 export
to the atmosphere can be attributed to ventilation of river-
ine DIC (based on results of model runs with and without
biogeochemical processes).

5 Summary

The Scheldt estuary is an active biogeochemical reactor
where, all along its path, the transformations occur at a sim-
ilar magnitude. This is due to the combined effects of very
high volumetric process rates and a small estuarine volume
upstream, giving way to gradually decreasing volumetric
rates and an increasing estuarine volume downstream.

With respect to the nitrogen cycle, the estuary has evolved
towards a more and more neutral passage way of total nitro-
gen, with only 10% of the total imported nitrogen being lost
from the estuary. This is in sharp contrast to the situation in
the eighties and seventies where this loss amounted to more
than 20% and 40%, respectively. Coinciding with a reduced
total nitrogen import in the estuary, this has led to a current
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Fig. 15. Tentative carbon budget per year over the whole model area, averaged over 2001 to 2004. Values are given in Gmol y−1 and in
Mt-C y−1 (in brackets). Note that the budget is not fully closed. There is an overall loss term of 0.12 Gmol-C y−1. This is consistent with the
temporal downwards trend in [

P

CO2]. Note also that organic carbon (Org-C) refers to particulate organic matter (OM). Dissolved organic
carbon (DOC) is not shown in this budget. Around 2.2 Gmol of conservatively modelled DOC enters and leaves the estuary on average per
year.

clearly linked to the decreased freshwater discharge, that was
halved in that period.

Appendix A Gas exchange constants (f (T ,S))

Empirical formulations for the temperature and salinity de-
pendency of the gas exchange constants used here, can be
brought into the generic form:

ln KX
k◦0

=A+ B
T
K

+C ln
(
T
K

)
+D T

K+E
(
T
K

)2

T
K = temperature stripped of unit
A,B,C,D,E = f (S)
S = salinity
k◦0 = unit of the constant

The coefficients for gas exchange constants (Henry’s con-
stants) for CO2 and O2:

K0CO2
(Weiss, 1974) K0O2

derived from Weiss (1970)

A = 0.023517S− 167.81077 A =−846.9975−0.037362· S
B = 9345.17 B = 25559.07
C = 23.3585 C = 146.4813
D =−2.3656 10−4 S D =−0.22204+0.00016504· S
E = 4.7036 10−7 S E =−2.0564 · 10−7· S
k◦0 =

[
mol(kg− solnatm)

−1
]
k◦0 =

[
µmol (kg− solnatm)

−1
]

The formulation for K0O2
has been derived using the for-

mulation for a gravimetric [O2]sat given in Weiss (1970). It
has been converted from ml-O2 (kg-soln)−1 to µmol-O2 (kg-
soln)−1 using the molar volume of O2 calculated with the
virial equation using a first virial coefficient for oxygen
at 273.0K of −22 cm3 mol−1 (Atkins, 1996), a value of

8.314 Nm (K·mol)−1 for the gas constant R and an ambient
pressure of 101 300 N m−2. The expression for the Henry’s
constant has then been created by dividing the expression
for the saturation concentration by an atmospheric oxygen
fugacity of fO2=0.20946atm (Williams, 2004).

Appendix B Total concentrations of seawater compo-
nents (f (S))

In DOE (1994) a table of concentrations of seawater
components relative to chlorinity is given that allows to
infer formulations for total concentrations of all seawater
components.

The formulae for the concentrations needed here, rewritten
as functions of salinity with S=1.80655 · Cl (DOE, 1994),
are:

total sulfate [
∑

HSO−4 ] ST= 0.1400
96.062

S
1.80655

total fluoride [
∑

HF] FT = 0.000067
18.9984

S
1.80655

total borate [
∑

BOH3] BT = 0.000232
10.811

S
1.80655
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Fig. 15. Tentative carbon budget per year over the whole model area, averaged over 2001 to 2004. Values are given in Gmol y−1. Note that
the budget is not fully closed. There is an overall loss term of 0.12 Gmol C y−1. This is consistent with the temporal downwards trend in
[
∑

CO2]. Note also that organic carbon (Org-C) refers to particulate organic matter (OM). Dissolved organic carbon (DOC) is not shown in
this budget. Around 2.2 Gmol of conservatively modelled DOC enters and leaves the estuary on average per year.

total nitrogen export to the North Sea which is smaller than
the export in the eighties but still larger than what was ob-
served in the seventies. However, the estuary has a large
effect on the nitrogen speciation, especially by transforming
ammonium and, indirectly, the imported organic nitrogen to
nitrate. Similarly to previous budget estimates, nitrification
remains one of the most important oxygen consuming pro-
cesses in the estuary.

The loss of imported carbon in the estuary amounts to
about 13%, and occurs through physical ventilation of CO2
to the atmosphere. Two thirds of this lost C is riverine-borne
DIC, one third of the ventilated CO2 originates from het-
erotrophic production in the estuary itself. Whilst the estu-
ary remains a significant source of CO2 to the atmosphere,
our results suggest that there is a downward trend in CO2
degassing from the nineties to our model time period. This
result should be considered tentative due to the high degree
of uncertainty associated with CO2 degassing estimations.

Finally, in the four-year period (2001–2004) during which
our model was applied, clear trends in the chemical con-
centrations and budgets were observed. These trends were
clearly linked to the decreased freshwater discharge, that was
halved in that period.

Appendix A

Gas exchange constants (f (T ,S))

Empirical formulations for the temperature and salinity de-
pendency of the gas exchange constants used here, can be
brought into the generic form:

ln KX

k◦

0
=A+

B
T
K

+C ln
(

T
K

)
+D T

K
+E

(
T
K

)2

T
K

= temperature stripped of unit
A, B,C, D,E = f (S)
S = salinity
k◦

0 = unit of the constant

The coefficients for gas exchange constants (Henry’s con-
stants) for CO2 and O2:

K0CO2
(Weiss, 1974) K0O2

derived fromWeiss(1970)

A = 0.023517S − 167.81077 A =−846.9975−0.037362 S

B = 9345.17 B = 25559.07
C = 23.3585 C = 146.4813
D =−2.3656 10−4S D =−0.22204+0.00016504× S

E = 4.7036 10−7S E =−2.0564×10−7
× S

k◦

0 =
[
mol(kg-soln atm)−1] k◦

0 =
[
µmol(kg-soln atm)−1]

The formulation forK0O2
has been derived using the for-

mulation for a gravimetric[O2]sat given inWeiss(1970). It
has been converted from ml O2 (kg-soln)−1 to µmol O2 (kg-
soln)−1 using the molar volume of O2 calculated with the
virial equation using a first virial coefficient for oxygen
at 273.0 K of−22 cm3 mol−1 (Atkins, 1996), a value of
8.314 Nm (K mol)−1 for the gas constantR and an ambient
pressure of 101 300 N m−2. The expression for the Henry’s
constant has then been created by dividing the expression
for the saturation concentration by an atmospheric oxygen
fugacity off O2=0.20946 atm (Williams, 2004).
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Appendix B

Total concentrations of seawater components (f (S))

In DOE (1994) a table of concentrations of seawater
components relative to chlorinity is given that allows to
infer formulations for total concentrations of all seawater
components.

The formulae for the concentrations needed here, rewritten
as functions of salinity withS=1.80655×Cl (DOE, 1994),
are:

total sulfate [
∑

HSO−

4 ] ST =
0.1400
96.062

S
1.80655

total fluoride [
∑

HF] FT =
0.000067
18.9984

S
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total borate [
∑

BOH3] BT =
0.000232
10.811

S
1.80655
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