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« E. coli concentrations are modelled in the whole Scheldt catchment.

 Catchment model is coupled to hydrodynamic model (tidal river and estuary).

* Results compare well to field data and model sensitivity is assessed.

* The impact of 2 wastewater management scenarios was traced down to the North Sea.
« The estuary acts as a cleaning filter removing most E. coli before they reach the sea.
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In order to simulate the long-term (months-years) median Escherichia coli distributions and variations in the tidal
Scheldt River and Estuary, a dedicated module was developed for the Second-generation Louvain-la-Neuve Ice-
ocean Model (SLIM, www.climate.be/slim). The resulting model (SLIM-EC2) presents two specific and new
features compared to the older SLIM-EC model version. The first is that the E. coli concentrations in the river are
split in three fractions: the free E. coli in the water column, the ones attached to suspended solids and those present
in the bottom sediments, each with their own transport, decay and settling-resuspension dynamics. The bacteria
attached to particles can settle and survive on the bottom, where they can be brought back in the water column
during resuspension events. The second new feature of the model is that it is coupled to the catchment model
SENEQUE-EC, which thus provides upstream boundary conditions to SLIM-EC2. The result is an integrated and
multi-scale model of the whole Scheldt drainage network from its source down to the Belgian/Dutch coastal
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Modelling zone. This new model reproduces the long-term median E. coli concentration along the Scheldt River and Estuary.
Tidal rivers An extensive sensitivity study is performed demonstrating the relative robustness of the model with respect to the
gi:\ildt Estuary chosen parameterisations. In addition to reproducing the observed E. coli concentrations in 2007-2008 at various
stations, two extreme wastewater management scenarios were considered. Overall, there is no doubt that the
Scheldt Estuary acts as a cleaning filter of faecal contamination originating from large Belgian cities. As a result,

at the mouth of the Scheldt Estuary E. coli concentration is negligible in all investigated conditions.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction of the project are related to assessing the long-term impact of anthropo-

In the framework of the Belgian Interuniversity Attraction Pole (IAP)
TIMOTHY project two models were developed to describe the microbi-
ological quality of the surface waters in the Scheldt watershed. The aims
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genic activities in the watershed. To achieve these aims, the preferred
strategy was to combine models with field measurements. A large
body of literature exists on real-time modelling of microbiological
water quality using black-box, statistical models (e.g. Heberger et al.,
2008 and references therein; Stidson et al., 2011). These models can
be very accurate for the (short-term) prediction of water quality, but
they hardly offer any mechanistic insights in the system. However, as
the TIMOTHY project aimed at an integrated understanding of the driv-
ing processes and an assessment of different future scenarios, it was
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decided to develop mechanistic models, modelling (as explicitly as
possible) the main processes influencing the microbiological water
quality in the Scheldt.

Both microbiological water quality models developed for the Scheldt
consider Escherichia coli (E. coli) concentrations, as an indicator for the
microbiological water quality. The two models are conceptually
different, because they were originally designed for distinct types of
applications. The first model (SENEQUE-EC, Ouattara et al,, 2013) is a
catchment model, covering all rivers and streams in the Scheldt catch-
ment, and including detailed information on land use and wastewater
outfalls. It consists of a microbiological module (having E. coli concen-
tration as state variable) appended to the hydro-ecological SENEQUE/
RIVERSTRAHLER model describing the functioning of rivers of large
drainage network (Ruelland et al.,, 2007; Thieu et al,, 2009). It is inte-
grated in a user-friendly GIS-based interface and is capable of making
long-term simulations on a personal computer to assess changes over
years or decades. On the other hand, its representation of the water
flow dynamics is simplified and with its time step of ten days, it cannot
reproduce the impact of tides or extreme events. The SENEQUE-EC
model is presented in detail in a separate article (Ouattara et al., 2013).

The second model (SLIM-EC2) is the chief subject of the current
article. It is based on the model SLIM (Second-generation Louvain-la-
Neuve Ice-ocean Model, www.climate.be/slim), whose hydrodynamic
module is able to accurately resolve the tides (de Brye et al., 2010), ex-
treme discharge events or storm surges with a 15 min time step. SLIM
exists in a 1D (section-averaged) and 2D (vertically averaged) version
(the 3D version is currently being developed, cf. Kirnd et al. (2013)),
and both can be fully coupled on-line. This is a complex model requiring
high-performance computing facilities to simulate periods that rarely
exceed a few years for a limited number of state variables.

Instead of using these two tools as competing models, each of them
is used in the domain for which it was originally designed and clearly
outperforms the other model. SENEQUE-EC is applied to the whole
Scheldt drainage network, from the source to the tidal limit (Ouattara
et al,, 2013), while SLIM-EC2 covers the tidal rivers, the estuary and
the North Sea. In the current study, we further integrate the two models,
by using the SENEQUE-EC outputs as upstream boundary conditions for
SLIM-EC2. This results in an effective off-line coupling of both models,
allowing a unique coverage of the whole Scheldt land-sea continuum
from the source all the way to the North Sea. As such, SENEQUE-EC
produces the necessary upstream boundary conditions for SLIM-
EC2. Although SENEQUE-EC's timestep of 10 days does not provide in-
formation about the short-term variations, it is still much more resolved
than the available datasets. It is the first time such an integrated model-
ling of the faecal contamination in a large catchment (more than
22,000 km?) has been achieved. To the best of our knowledge, there is
only one previous study coupling a hydrological catchment model
(SWAT) to a 2D hydrodynamic model for an estuary and it considered
a much smaller catchment of 113 km? (Bougeard et al.,, 2011).

The period of interest for our study on microbiological water quality
in the Scheldt basin is 2007-2008, because in this period (March 2007-
June 2008) a monthly monitoring was carried out at 12 sites across the
basin (Ouattara et al, 2011). The performance of the two models
(SENEQUE-EC for the upstream part and SLIM-EC2 for the downstream
part) to represent the “real” situation will thus be mainly validated by
comparison with these field measurements. Due to the monthly data
interval and the very large and complex domain, the coupled model is
not intended for short-term studies, e.g. one particular day. Instead,
the focus lays on correctly representing the median concentration and
the variability over longer periods of time, e.g. a year. An additional
advantage of the coupling is that now scenarios can be assessed more
accurately for the whole river-sea continuum. Changes in wastewater
or land use management can be simulated in SENEQUE-EC and the
effect can be traced through the tidal rivers, the estuary and even the
coastal zone, if necessary, by SLIM-EC2. To illustrate this, two scenarios
will be analysed in this study, in addition to the reference situation.

The objectives of this study are to

(i) refine a previous model version (SLIM-EC, de Brauwere et al.,
2011b) by explicitly representing free and attached bacteria,
and the link of the latter with suspended sediment dynamics;

(ii) couple the new model SLIM-EC2 with SENEQUE-EC as a “proof of
concept” that modelling E. coli concentrations in a whole
catchment-sea continuum is possible;

(iii) apply the coupled model to reproduce the current situation and
assess the integrated impact of two wastewater management sce-
narios, as an illustration of the applicability of such an integrated
model.

Although the current work is specific to the Scheldt catchment-sea
continuum, we made an effort to present and discuss the model choices
against a general background of the current state-of-the art models. The
new SLIM-EC2 model is presented in detail in Section 2, including its
coupling to SENEQUE-EC. The validation data set is described in
Section 3. In Section 4 the model results are shown and discussed.
First, the reference simulation results are shown and compared to the
available data (Section 4.1), followed by an in-depth discussion of the
model sensitivity to the different choices of its set-up (Section 4.2).
Finally, SLIM-EC2 being coupled to SENEQUE-EC, we traced the impact
of the two upstream wastewater management scenarios further down-
stream across the tidal rivers, the estuary and finally the North Sea
(Section 4.3).

2. Model description

The SLIM-EC2 model is a refinement of a previous model version,
SLIM-EC (de Brauwere et al., 2011b). Both models are based on the
hydrodynamic model SLIM. It solves the governing equations on
unstructured meshes using the discontinuous Galerkin finite element
method. It is a generic model code which has already been applied to
several multi-scale study domains (Gourgue et al., 2007; Lambrechts
et al,, 2008; de Brye et al., 2011). The new SLIM-EC2 model uses the
same domain, mesh, hydrodynamics and salinity modules as the
previous model version. However, the two main differences are that:

(1) SLIM-EC received constant upstream E. coli concentrations, while
it is well known that the E. coli concentrations vary in time and
space. In addition, de Brauwere et al. (2011a, 2011b) noticed
that the E. coli concentrations in the tidal domain were highly
dependent on the (mean) contamination levels coming from up-
stream. However, field data at the model boundaries are lacking
to impose sensibly varying concentrations at these boundaries.
Therefore, a major improvement of SLIM-EC2 is its coupling to
SENEQUE-EC: the latter model now provides the upstream
concentrations to the former model at 10 day-intervals.

SLIM-EC only considered one type of waterborne E. coli (gradually
disappearing due to mortality and settling), without explicit inter-
action with suspended particles. However, it is known that faecal
bacteria can be in the water column either as free floating bacteria
or attached to suspended particles (Pachepsky and Shelton,
2011). The free and attached bacteria are transported differently;
in particular, the attached bacteria are subject to vertical process-
es (deposition and resuspension) while these processes are negli-
gible for free bacteria. Indeed, Garcia-Armisen and Servais (2009)
have shown that free E. coli were not subject to settling. They are
also reported to be subject to different mortality rates due to the
“sheltering” effect of the particles. In SLIM-EC2 (as well as in the
SENEQUE-EC model) an attempt is made to take this into account.

(2

—

In the following sections, the SLIM-EC2 model set-up is presented in
detail.


http://www.climate.be/slim
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2.1. Domain and mesh

The domain of interest for this study is the tidal Scheldt River and
Estuary (Fig. 1b). The tidal Scheldt River has widths ranging approxi-
mately between 50 and 100 m and water depths of generally less
than 10 m. We define the Scheldt Estuary as that part where salinity is
>0; this corresponds to the part of the domain where the Scheldt starts
widening from 100 m to 8 km at the mouth. Progressively, several
channels appear with water depths of 20 m or more, surrounded by
large intertidal flats and marshes, resulting in large lateral variations
in bathymetry and water velocities. To accurately and efficiently
model this, a multi-scale unstructured computational grid has been
used. Firstly, it extends far beyond the actual domain of interest: from
the upstream tidal river network to the North-Western European
continental shelf (Fig. 1). This computational domain and the mesh
are identical to those used in de Brauwere et al. (2011a, 2011b) and
Gourgue et al. (2013). Secondly, the estuary and shelf are discretised
on a 2D mesh, while the tidal river network consists of 1D segments,
which together form a single integrated mesh. The fact that we used a

latitude ()

63 —

1D-2D model to simulate E. coli concentrations is justified for the
Scheldt, which is well-mixed by the strong tides. Therefore, vertical
variations are generally negligible (Baeyens et al., 1998; Vanderborght
etal, 2007; de Brye et al, 2010).

The reasons why the computational domain was extended so drasti-
cally are threefold and only related to the hydrodynamics: (1) inclusion
of the shelf facilitates the simulation of wind-forced processes, such as
storm surges, (2) the upstream boundary conditions are more natural
to enforce at the limits of the tidal influence, and (3) more accurate
data are available for tidal forcing at the shelf break and for discharge
at the upstream limits of the tidal influence. Although this domain ex-
tension is huge compared to the domain of interest (i.e. the Scheldt
and adjacent coastal zone), still approximately 50% of the grid cells lie
in the domain of interest. This is the main merit of the unstructured
mesh used, whose resolution could be greatly varied in space (Fig. 1).
Unstructured meshes can only be used with finite volume or finite ele-
ment models. So far studies using this kind of models are still minoritary
in the scientific literature on microbiological water quality (Liu et al.,
2006; Schnauder et al., 2007; Bedri et al.,, 2011; de Brauwere et al.,
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Fig. 1. Model domain and grid, showing the area of interest (Scheldt River and Estuary) covering only a small fraction of the total area, but containing a significant number of grid cells.
(a) Complete mesh; (b) zoom on estuary and tidal rivers, also showing the connection between the 1D and 2D models, the different tributaries modelled as well as a few important
locations (important cities are encircled, dots indicate sampling stations). km indications refer to the longitudinal axis along the Scheldt used for visualising the simulations.
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2011b; Rodrigues et al., 2011; Zhu et al,, 2011). The mesh size varies
over several orders of magnitude: the ratio of the area of the largest tri-
angle to that of the smallest exceeds 10% The smallest triangles with a
characteristic length of ~60 m are in the Scheldt Estuary. The 1D
elements have a length of approximately 400 m. The total mesh counts
approximately 22,000 triangles (2D part) and 350 segments (1D part).

2.2. Hydrodynamics and salinity

Details on how SLIM computes the hydrodynamics (water elevation
and depth-averaged velocities) and generic tracer transport can be
found in de Brye et al. (2010). The setup is almost identical to the hydro-
dynamics used in de Brauwere et al. (2011a, 2011b). Slight changes are
related to a further optimised bottom friction and diffusion applied
through the 1D-2D model connection (de Brye, 2011). It is important
to realise that the tide is a major dynamical feature in the whole domain
studied, and the hydrodynamics was validated to represent these
dynamics accurately. Time steps of 15 min ensure sufficient resolution
for the tidal oscillations and can cope with sudden changes in case of
extreme events. The tides are forced at the shelf break boundary; at
the river boundaries measured daily discharge values are imposed.
These river discharges vary significantly over the course of a year, but
e.g. the average daily discharge at the Scheldt upstream boundary is
approximately 40 m> s~ . The other rivers' discharges are smaller.

For the sake of simplicity only the 2D equations are presented here.
The hydrodynamic variables are the water elevation 1) [m], and the
depth-averaged horizontal velocity vector u [m s~!']. The evolution is
governed by the so-called shallow water equations:

M. o by —

S+ V- (Hu) =0, (1)
M (V) + flex = —gVn— LV, + LV (Hu(va) + BT (2)
3 ==&V~ VPaty e

where tis the time, V is the del operator, H = h + n)is the total water
depth, with h the reference height of the water column, f = 2w sin ¢ is
the Coriolis parameter, with  the angular velocity of the Earth and ¢
the latitude, k is the unit upward vector, g is the gravitational accelera-
tion, p is the water density which is assumed to be constant, in
accordance with the Boussinesq approximation, p, is the atmospheric
pressure at the water surface, v is the horizontal eddy viscosity, 75 and
T are the surface and bottom stress vectors, respectively. The bottom
stress vector is parameterised using the Chézy-Manning-Strickler
formulation:

2 uu
H/3°

Ty = pgn 3)
where n is the Manning coefficient, depending on the physical proper-
ties of the bottom. Its value is calibrated to represent the tide correctly.
It is equal to 0.0235 s-m~ ' on the continental shelf and increases
linearly from the mouth to a value 0.028 s-m™ ' around Antwerp (de
Brye et al., 2010).

The depth-averaged salinity S [-] obeys the following transport
equation:

%(HS) + V- (HuS) = V- (HKkVS). (4)

The diffusivity k is parameterised by Okubo's formulation (Okubo,
1971):

k=AM, )

where ¢, is a constant and A is the characteristic local length scale of the
mesh (i.e. the longest edge of a triangle in the 2D part, or the segment

length in the 1D part). Its value of 150 m®8 s~ has been calibrated
to accurately represent the salinity variations in the Scheldt (de Brye
et al., 2010).

For more information on calibration, validation and numerical
details of the hydrodynamics and salinity modules, we refer to de Brye
etal. (2010).

2.3. Suspended and bottom sediment dynamics

A sediment module is added to SLIM to simulate the suspended
solids and bottom sediment concentrations. The module is described
and validated in detail in Gourgue et al. (2013). The module considers
only one type of cohesive sediments, but describes their fate in three
conceptual compartments or phases:

(1) The suspended solids (SS) in the water column (with concentra-
tion Css [kg m~>]) are transported horizontally by advection and
diffusion, as a dissolved tracer. In addition, they are also subject
to vertical processes, locally increasing (by resuspension) or
decreasing (by deposition) Css.

(2) When the particles in suspension settle to the bottom they

become part of the freshly deposited layer (concentration Cg,

[kg m~2]). This layer is not transported horizontally. Cy, locally

increases by deposition and decreases due to resuspension.

Below the layer of freshly deposited sediments, a parent layer is

considered. This layer is assumed to be an infinite source of

sediments. It is never supplied: settling of suspended matter
only forms fresh bottom sediments and there is no interaction
between the two bottom layers accounting for e.g. compaction.

However, if the freshly deposited layer is locally depleted and

the bottom shear stress is high enough, the parent layer can be

eroded. The main use of this parent layer is to accelerate the
initial spin-up of the SS simulations.

3

~

These concepts are formalised in the following 2D advection-
diffusion-reaction equations for Css and Cgj, (for the sake of simplic-
ity, only the 2D equations are presented here; for the 1D equations
we refer to Gourgue et al. (2013)):

% (HCss) + V- (HuCgs) = V- (HKV Cgs) + E + E,—D, (6)
ac,
Btb =D—E (7)

where E is the erosion rate of sediments from the freshly deposited
bottom layer, E, is the erosion rate from the parent layer and D is
the deposition rate of suspended sediments to the fresh layer.
Bed-load transport is not considered in the model (Gourgue et al.,
2013). Deposition and resuspension rates are further parameterised
as functions of salinity, temperature, Css and bottom sediment
composition. The parameterisations of the erosion rates are based
on a formula introduced by Partheniades (1965):

Tb .
E, — M<T—e—1> if 7,>7, and Cy >0 ®)
0 otherwise
M(Z 1) if 7,>r, and C,, = 0O
Ep — T, b~ le sb (9)
0 otherwise

so that there is only erosion of sediments when the norm of the bot-
tom stress vector 7, exceeds a threshold value 7.. If sediments are
present in the fresh layer (Cs, > 0), this layer is eroded, otherwise
sediments from the parent layer are resuspended. The erodability
(e) of both layers is identical. 7, is further parameterised as a func-
tion of temperature (as a proxy for biological activity) and bottom
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sediment composition (mud proportion). The first is to account for the
observation that biological activity increases the cohesiveness of muddy
bottom sediments, making them more difficult to erode (Stolzenbach
et al,, 1992; Manning et al., 2010; van der Wal et al., 2010). The second
expresses that the presence of sand decreases the cohesiveness of bot-
tom sediments (Vanoni, 2006). 7, varies from 0.125 to 0.5 N m~'. M's
value is varied from 2 x 107> to 10~* kg m~2 s along the estuary to
account for the effect of the convergence zone of bottom currents in
the area of the main estuarine turbidity maximum (Baeyens et al,
1998; Verlaan et al., 1998).

The parameterisation of the settling rate is based on a formula
introduced by Einstein and Krone (1962):

D = Wy(Css. 5. T)Css (10)
implying that deposition occurs continuously, but with a settling velocity
depending on a number of external factors. In fact, ws is greatly influenced
by flocculation, i.e. the processes by which suspended sediment particles
aggregate to form larger flocs, and those flocs break up again. Large flocs
are more likely to form when Css and salinity are high. In addition, biolog-
ical activity has been reported to enhance floc formation and this is taken
into account by a temperature dependence. The resulting formula for

the settling speed is of the form wg = w; (S, T) (%) " where W, varies

linearly with S and T, ranging from 0.25 mm s~ ! in cold, freshwater to
5mm s~ ! in warm, salty water; m = 1 and Csso = 0.1 kg m—>. For
more details on these parameterisations, as well as on the calibration
and validation of the sediment module we refer to Gourgue et al. (2013).

The sediment transport dynamics within an estuary is intrinsically
three-dimensional. Nevertheless, our approach using a depth-averaged
model proved sufficiently accurate for the Scheldt Estuary, producing
results rather similar to those obtained with more a complex three-
dimensional model (LTVmud, van Kessel et al., 2011) in a three-month
simulation comparison (Gourgue et al., 2013).

2.4. E. coli dynamics

The E. coli concentrations simulated by the SLIM-EC2 model repre-
sent concentrations of three types of culturable E. coli (Fig. 2):

(1) The free bacteria (with concentration Gy [E. coli-m™3]) that enter
the domain by external sources are subsequently transported by
advection and diffusion in the water column. They are not subject
to settling (Jamieson et al., 2005a; Hipsey et al., 2008; Garcia-
Armisen and Servais, 2009), but they gradually die following
first order kinetics. This results in the following advection-

Water column

z;f«:} advection + diffusion
Foum) — N>
Free E. coli

o =

Freshly deposited layer

Parent layer

E. coli adsorbed on
suspended particles

35

diffusion-reaction equation in 2D (all symbols are defined in
Table 1):

0 (HCs) + V- (Hucy) = V- (HKVCy) + HRy, (11)

ot
with Ry the source-sink terms, i.e. the decay due to mortality and
the input from the sources:
Ry = —k;Cp + 3. (12)
The 1D equations for the E. coli dynamics are given in Appendix
A

The E. coli attached to the SS (with concentration C,Css [E. coli
m~—3]*) are transported, settle and their stock is supplied by
resuspension in the same way as the particles they are
adsorbed to. In addition, they also decay, but with a different
decay constant than the free bacteria (cf. Table 2):

(2)

0
3¢ (HCaCss) + V- (HUC,Css) = V- (HKV (C,Css)) + HRy, (13)

with the source-sink terms containing resuspension (erosion),
deposition, mortality and source inputs:
R, =

(CoE—CaD)—keCoCss + Zq- (14)

| =

The bacteria attached to the freshly deposited bottom sediments
(with concentration C,Cyp [E. coli m™2]) are not transported,
identically to the fresh bottom sediments. Their concentration
is influenced by settling of attached bacteria, resuspension, and
mortality:

0

3¢ (CooCp) =Ry = CaD—CyE—kCy,Cp.

(15)

The characteristics of the different E. coli types are summarised in
Table 2. There is a growing consensus in today's literature about the
potential importance of bacteria on the sediment floor, and therefore
the necessity to include the processes of settling and resuspension in
mechanistic models of faecal contamination of surface waters (Jamieson
et al, 2005b; Pachepsky and Shelton, 2011 and references therein).
With this aim, most recent models indeed consider that the freely floating
bacteria behave differently from those attached to particles. Nevertheless,
there is no general agreement on how best to translate this knowledge

@
? Q O advection + diffusion
/_\M
® oo

uoisuadsnsai

Fig. 2. Schematic representation of the three types of E. coli considered in SLIM-EC2, as well as the physical processes acting on them (advection, diffusion, deposition and resuspension). In

addition, each type is also subject to an exponential decay with its own decay constant.
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Table 1
Description and units of used symbols (only related directly to the E. coli dynamics).
Symbol  Units Meaning
Cy E. colikg™! Concentration of E. coli attached on SS
Gy E. colikg™" Concentration of E. coli attached to bottom sediments
G E.colim™3 Concentration of free floating E. coli
Csp kg m~—2 Concentration of particles on the bottom
Css kg m—3 Concentration of SS
D kgm=2s7! Deposition rate of SS (and attached E. coli)
E kgm=2s7! Erosion rate of bottom sediment (and bottom E. coli)
H m Water height
ki s 1 Mortality rate constant (i € {fa,b})
k?° s7! Mortality rate constant at 20 °C (i € {fa,b})
K m?s! Diffusivity constant in the water column
T °C Temperature
u ms~! Depth-averaged velocity vector
v m~! Del operator
3 Ecolim3s™! Input by the point sources (WWTPs)

into a model. We decided to explicitly divide the total pool of E. coli into
“free” and “attached”, because (i) this allows to explicitly describe their
different dynamics and (ii) no assumption has to be made about the
fraction of the total E. coli pool which is attached (instead, the attachment
fraction is now an output of the model and varies in time and space).
Some other recent studies still consider a single bacteria pool and either
neglect settling and resuspension (Manache et al,, 2007; Bedri et al,
2011; Romeiro et al,, 2011; Zhu et al,, 2011) or parameterised the settling
term with a constant “attachment fraction” to express that settling only
influences a part of the total pool (McCorquodale et al., 2004; Liu et al,,
2006; Hipsey et al., 2008; Cho et al,, 2010; Liu and Huang, 2012). The latter
approach has the weakness to use “bacteria-specific” settling (and
resuspension) fluxes which were not necessarily validated against SS
data (as is done in the current study).

Once the total pool of E. coli is split in “free” and “attached” species, it
is necessary to make an assumption about their interaction. In reality,
the free-floating bacteria can adsorb on particles, and thus become
“attached” bacteria; and these can again desorb to return to being
“free”. In order to explicitly represent these adsorption-desorption
processes in the model the associated kinetics must be known. Howev-
er, to the best of our knowledge, these have not been thoroughly
established yet and including kinetic adsorption-desorption equations
has not been attempted by any modelling study. Instead, one of the
following simplifying hypotheses is generally made:

(i) Adsorption-desorption processes are fast compared to the other
processes and hence an equilibrium is established at any point
and time between the free and attached bacteria, quantified by
an equilibrium constant (Bai and Lung, 2005; Vergeynst et al.,
2010; Gao et al., 2011). Very similarly, the fraction of attached
bacteria is sometimes assumed to be known (Dorner et al., 2006;
Wu et al., 2009).

(ii) Attachment-detachment processes are slow compared to the
other processes and thus no interaction or exchange between the

Table 2
Characteristics of the three types of E. coli considered in the SLIM-EC2 model.

Free in water Attached to SS in Attached, in (fresh)

column water column bottom sediment
Concentration ~ G¢[E. colim™3] G, [E colikg™"] Gy [E. colikg™"]

C,Css [E. colim™3] Gy Cyp [E. colim™2]

Source WWTPs, proportion ~ WWTPs, proportion of ~ /

of total input total input according

according to to treatment

treatment
Transport Advection-diffusion  Advection-diffusion None
Settling No Yes, at rate of SS Yes, at rate of SS
Resuspension ~ No Yes, at rate of SS Yes, at rate of SS
Mortality K'=0045h""= K°=0025h""= K°=0

125e—5s"! 6.25e—65"!

free and attached bacteria is assumed (Jamieson et al., 2005a;
Garcia-Armisen et al., 2006; Ouattara et al., 2013).

It is known from the general literature on bacterial adhesion onto sur-
faces that bacteria can, after a first reversible binding to particles by ad-
sorption, synthesise exopolymers that strengthen their attachment to
the surface (Fletcher, 1996). With such a biological binding, the fast and
reversible character of the attachment is questionable (Jamieson et al.,
2005a). Therefore, we preferred to use hypothesis (ii). In addition, hy-
pothesis (i) requires an accurate knowledge of the in-situ equilibrium
or attachment fraction. Based on the available data, no clear equilibrium
function or fixed attachment fraction could be identified in the Scheldt.
Another argument is that with hypothesis (i), the in situ attachment
ratio is independent of the attachment ratio of the external sources,
which limits the sensitivity of the model with respect to the sources,
and hence also reduces the independent inferences that can be made
from it. Conversely, with hypothesis (ii) the fraction of attached bacteria
is a diagnostic variable predicted by the model which is not directly im-
posed as a model input. In summary, in the SLIM-EC2 model E. coli
enter the water as either “free” or “attached”, they remain this type
until they die and in the mean time both types of bacteria evolve differ-
ently and independently.

Bacteria are assumed to be absent in the parent layer (i.e. the parent
layer resuspension arrow in Fig. 2 does not carry any E. coli). This is
equivalent to assuming that all bacteria that would have been present
initially in the parent layer have died before they would be resuspended
in the water column.

In line with the fact that the model represents concentrations of
culturable E. coli, the “mortality” process may also include loss of
culturability. This decay term lumps many effects (grazing, natural
mortality, inactivation by light, etc.) and is modelled by a first order
decay. This type of parameterisation is the one generally used in the
broad literature on faecal bacteria modelling. It has recently been re-
ported that decay in surface water follows a biphasic pattern,
characterised by an initial faster decay rate followed by a slower
die-off (Bucci et al,, 2011). This has been attributed to the presence of
arefractory subpopulation which is more resistant to the ambiant envi-
ronment. Two modelling studies have already attempted to include this
by explicitly simulating two types of bacteria, which grow/decay at a
different rate (Hellweger and Masopust, 2008; Bucci et al., 2012).
Again, each individual decay rate was parameterised as a first-order
process, but the combination of the two is compatible with the biphasic
pattern. This approach is still rather unique and most studies do not
make the distinction between different subpopulations of bacteria —
probably because including this in a model necessitates additional
data on the composition in terms of subpopulations of the sources and
boundary conditions which are unavailable. In summary, the first
order decay parameterisation is a general feature in faecal bacteria
models. However, the decay constants are often further refined as func-
tions of environmental conditions (de Brauwere et al., 2013). Numerous
studies reported that temperature was the main environmental factor
driving mortality rate. In the temperature range usually found in surface
waters a temperature increase results in an increase of the decay
rate (Barcina et al., 1986; Flint, 1987; Craig et al., 2004). This can be
explained by (i) a better survival at low temperature due to lower ener-
gy costs from reduced metabolic activities and (ii) higher grazing rates
at high temperature due to a higher abundance of protozoa (the main
bacterial grazers) and a higher grazing rate per protozoa (Servais
et al,, 1985; Menon et al., 2003). In our case, the mortality constants
used in Egs. (12), (14) and (15) are temperature-dependent, according
to the following relationship already used in several studies (Beaudeau
et al., 2001; Servais et al., 2007a, 2007b; de Brauwere et al., 2011b):

(_(1725)1)
e 700

e(=#)

i€{f a b}, (16)
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with k2° the mortality constant at 20 °C and T the temperature in °C of
one of the three E. coli types. A single temperature time series is as-
sumed for the whole domain. The values are obtained by averaging in
situ measurements at three monitoring stations in the Scheldt and at
two different depths. The measurements were made at 10 min intervals
and interpolated to correspond to the model time steps of 15 min. For
any given moment, the measurements did not vary more than 1 °C
between sites. Measurements were provided by Hydro Meteo Centrum
Zeeland (www.hmcz.nl).

The mortality rate of the bacteria is different depending on the
“type” they are. In general: ks> k, > k;, (Garcia-Armisen and Servais,
2009; Pachepsky and Shelton, 2011). The k?° and k2° values used in
this study (Table 2) are identical to the values used in the upstream
drainage network by Ouattara et al. (2013), in order to be consistent
in the whole geographical domain. The same values for k?° and k2°
were also used in a previous modelling study in the Seine Estuary
(Garcia-Armisen et al., 2006) and they fall within reported ranges of
decay rates in other faecal bacteria modelling studies (Le Hir et al.,
1990; Steets and Holden, 2003; Hipsey et al., 2008; Wu et al., 2009).
In addition, the fact that the free bacteria die two times faster than the
ones attached to particles is in agreement with experimental observa-
tions (Garcia-Armisen and Servais, 2009). k;, was set to zero, while it
was set to a small but non-zero value (k#° = 1.25 x 107%~1) in the
upstream catchment (SENEQUE-EC model, cf. Ouattara et al., 2013).
This has been done mainly to better fit the observations (especially
the percentage of attached E. coli — see Section 4.2 for a more detailed
discussion), but both values fall within the range of reported values, ei-
ther in the experimental or modelling literature. For instance, in their
extensive literature review on faecal indicator bacteria in sediments,
Pachepsky and Shelton (2011) concluded that E. coli decay rates in sed-
iment were highly variable but, on average, one order of magnitude
lower than those in the overlying water column. On the other hand, in
the only four published modelling studies we found that we have
been explicitly considering bacteria in the bottom sediments, three of
them imposed no decay (k, = 0), as we did (Steets and Holden, 2003;
Stapleton et al., 2007; Gao et al., 2011) while the fourth used a value
even smaller than Ouattara et al. (2013): k, = 107° — 1078 s~!
(Cho et al,, 2010).

In contrast to some other studies, here no explicit dependence on
salinity or light has been included for the decay rates. According to a col-
lection of literature data, indeed, the general salinity dependence for the
E. coli decay rate appears to be rather weak (cf. Fig. 5 in Hipsey et al.,
2008). Generally, studies including an explicit light inactivation function
investigate rather shallow and/or clear waters (streams, coastal zones)
and/or areas associated with sunny climate (e.g. Connolly et al., 1999;
Sanders et al., 2005; Hipsey et al., 2008; Cho et al., 2010). In a statistical
regression study in five rivers in Normandy (north of France, i.e. close to
our study area) Beaudeau et al. (2001) found that light was not a signif-
icant factor to predict the mortality rate. Based on these studies, we
assumed that light inactivation would have a negligible effect in the
Scheldt, especially due to its high turbidity (values of 500 mg L~ ! are
not unusual in the estuarine turbidity maximum zone). The case studies
presented in Hipsey et al. (2008) for which the relative importance of
different factors on the decay rate also seem to suggest that the temper-
ature dependence is the most important one to consider.

2.5. E. coli sources

Ouattara et al. (2011) estimated the flux of E. coli emitted by both
diffuse and wastewater treatment plant (WWTP) sources at the scale
of the whole Scheldt watershed. According to their estimate, WWTPs
release 35 times more E. coli than diffuse sources do. Considering, more-
over, that our domain of interest is limited to the downstream, most
urbanised and populated area of the watershed, it seems justified that
WWTP outfalls are the only sources included in the SLIM-EC2 model
(see also de Brauwere et al. (2011b)).

WWTP data are compiled from information provided by the
Vlaamse Milieumaatschappij (Flemish Environmental Agency, VMM),
Rijkswaterstaat Zeeland and Waterschap Zeeuwse Eilanden. Data pro-
cessing steps involved the localisation of the WWTP outlet, the actual
discharge point in the model domain, and the distance between these
two points. The number of E. coli discharged by a WWTP per unit of
time was approximated to be proportional to the average volume treat-
ed in the WWTP per unit of time, with a proportionality constant (E. coli
concentration) depending on the treatment type applied in the WWTP
(Ouattaraetal., 2011, 2013). The E. coli concentrations considered in the
treated effluents were 1.6 x 10° E. coli (100 mL)~' when a primary
treatment was followed by an activated sludge process, 5.0 x 10*
E. coli (100 mL)~" when the N removal treatment (nitrification +
denitrification) was added to an activated sludge process, and
2.0 x 10* E. coli (100 mL)~"! when the treatment included activated
sludge followed by N and P removal; these values result from measure-
ments performed in treated effluents of various WWTPs located in the
Scheldt watershed (Ouattara et al., 2011). For all WWTPs, it was as-
sumed that 50% of the E. coli in the effluent was attached to suspended
solids (see Fig. 3 in Ouattara et al,, 2013).

2.6. SENEQUE-EC model

The SENEQUE-EC model is used to simulate the E. coli concentrations
in the Scheldt drainage network upstream of the tidal limit. The
SENEQUE-EC model and its results are described in detail in Ouattara
et al. (2013). Here we will only present the key features of the model.
The model consists of a microbiological module appended to a hydro-
ecological model describing the functioning of the entire Scheldt drain-
age network. The microbiological module describes the sources of E. coli
(input by wastewater release but also by runoff and soil leaching), their
transport and their decay once released into the natural environment.
As in the SLIM-EC2 model, the dynamics of three types of E. coli are
differentiated: free E. coli, E. coli attached to suspended solids in the
water column and E. coli present in sediments. The SENEQUE-EC
model also considers the settling of attached E. coli and the possible
resuspension of E. coli deposited in the sediments. With its time step
of 10 days it cannot reproduce the effect of tides or extreme events,
which is why it is limited to the non-tidal rivers in the Scheldt
catchment.

2.7. E. coli boundary conditions and coupling with SENEQUE-EC

At the shelf break boundaries both the E. coli and suspended sedi-
ment concentration are set to zero. Note that this boundary is very far
from the domain of interest and from any sources of faecal bacteria.
E. coli concentrations are not measured at this large distance from
shore, but we may be confident that the waters beyond the shelf
break do not act as a source of E. coli. No sources are considered along
the adjacent Belgian and Dutch coasts either, because estuarine E. coli
observations do not show elevated concentrations close to the mouth.
It is expected that these coastal sources are quickly diluted and advected
off-shore.

As explained in the Introduction, high-frequency data at the up-
stream boundaries would be needed in order to perfectly account for
this important boundary condition in the SLIM-EC2 model. Unfortu-
nately such measurements are not available. In this study, the upstream
boundary conditions for the SLIM-EC2 model are provided by the
SENEQUE-EC model. Considering that SENEQUE-EC has a 10-day time
step, the boundary concentrations are still not highly resolved in time
and therefore will not represent short-term extreme conditions. How-
ever, monthly and seasonal variations are well represented. The impact
of the relatively slowly varying boundary conditions is assessed in more
detail in Section 4.2. The coupling is off-line and only in one way. Indeed,
SENEQUE-EC does not require downstream boundary conditions, as it
assumes unidirectional flow. At the tidal limits of the Scheldt basin
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this assumption is acceptable because the flow is either controlled by
sluices or the tides are negligible. The outputs produced by SENEQUE-
EC at the connection boundaries are interpolated to obtain values
every 15 min — these are the actual boundary conditions for SLIM-EC2.

2.8. E. coli initial conditions and simulation period

All simulations presented in this study were started with all faecal
bacteria concentrations set to zero. Once the simulation starts, the
domain is progressively “filled” with E. coli by inputs from upstream
and from the WWTPs. Attached E. coli can settle to the bottom. All
E. coli simulations started on 1st February 2007, while the hydrodynam-
ics and sediment simulations started on 1st January 2007 (so these were
well established by the start of the E. coli simulations). Except if
mentioned differently, simulation results shown in this study consider
the period 26 March 2007-15 June 2008, because this period is covered
by a monthly monitoring (see next section).

3. Validation data sets

The model results presented below are compared to the scarce mea-
surements available. The main source of data comes from a monthly
monitoring of several fixed sampling stations in the Scheldt drainage
network performed from March 2007 to June 2008 (Ouattara et al.,
2011), which is why this was the period of interest in this modelling
study. Unfortunately, only two stations fall in the tidal section of the
Scheldt, considered in this study.

A second set of data was used: measurements of culturable faecal
coliforms made by the VMM at one station in the Scheldt River (Zele)
and three locations in the estuary very close to each other (around
Doel). The faecal coliform concentrations were converted into
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culturable E. coli concentrations by multiplying the faecal coliform
data by 0.77; this value is the average ratio between E. coli and faecal co-
liform numbers measured in river water samples (Garcia-Armisen et al.,
2007). The VMM measurements span different periods, ranging from
2000 to 2008, and hence do not exactly correspond to the modelled
period. For these reasons, the VMM measurements should be regarded
with some caution.

4. Results and discussion
4.1. Reference simulation

4.1.1. Total E. coli concentration

The results of the reference simulation are shown in Fig. 3, as a pro-
file along the axis of the Scheldt River and Estuary. In the 1D model part
(river), the values represent section-averaged E. coli concentrations; in
the 2D model part (estuary), the concentrations are shown along a
path in the estuary following the main channel (thalweg). The simulat-
ed E. coli concentrations from 25 March 2007 to 15 June 2008 (i.e. the
period covered by the monthly measurements) are summarised by
the median value at each location, as well as the interquartile range
and the minimal and maximal values.

Both the simulated median E. coli concentration and the range of
temporal variability correspond relatively well to the observations. In
the estuarine part (downstream ~ km100), there is more difference
between the model and the field data: the model predicts a steeper de-
crease than the data suggest. However, it should be noted that, in this
part, the data are less representative (because they represent single
samples during one cruise or because they are actually faecal coliform
data and some of them were measured before the simulation period).
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Fig. 3. Reference simulation results. Upper panel: log;, of total E. coli concentrations [log;oE. coli (100 mL) ~'] and SS concentration [mg L~ ]; lower panel: proportion of E. coli attached to
SS [%]. Model results are summarised by their median value (thick black line), interquartile range (grey area) and minimum-maximum (black dotted lines, not always within scale) over
the simulated period. Median simulated SS concentration is shown as the red line, salinity as dotted red line. Measurements are depicted as dots: the full cyan dots stand for data from the
monthly monitoring (Ouattara et al., 2011), the squares indicate the median value for our two monitoring stations, the green dots show VMM data, the smaller dots are measurements
taken at a time not covered by the simulation period, and the open cyan circles indicate measurements made during an estuarine cruise on 12 February 2008. Spatial reference points
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An important observation is that the station Temse is clearly
influenced by the highly contaminated waters coming from the Rupel
River, which carries the wastewaters from the city of Brussels. The
only way to reproduce these elevated E. coli concentrations in the
Scheldt upstream of the Rupel is by taking into account the tides, be-
cause this process periodically pushes water upstream. Another striking
observation is that the WWTPs located along the modelled domain do
not seem to contribute significantly to the contamination in the study
domain, i.e. most of the E. coli enters from upstream or from tributaries.

A correct description of the E. coli dynamics in the tidal Scheldt is
complicated because of the multiple complex processes acting simulta-
neously. The above results clearly show that the major challenge is to
accurately represent the main peak of concentration originating from
the Rupel-Zenne Rivers, and the subsequent concentration decrease
in the Scheldt Estuary. To complicate things even more, this zone coin-
cides with the maximum turbidity zone or MTZ (see profile of Css in
Fig. 3), and therefore the sediment particles are likely to be subject to
a complex succession of settling and resuspension cycles. In an attempt
to gain more insight in the relative importance of the different processes
acting on the E. coli concentrations along the Scheldt, the fluxes of set-
tling, resuspension and mortality were quantified (results not shown).
A general feature is that the mortality rates are quite small but relatively
constant throughout the domain. The sediment-related fluxes of set-
tling and resuspension are larger and more variable. Especially in the
MTZ the relative importance of resuspension and settling is extremely
erratic. This makes it rather difficult to make any statements about the
relative importance of the different processes and their role in the sim-
ulated E. coli concentrations. The model sensitivity to the sediment-
related processes will be further investigated in Section 4.2.

The fact that virtually no E. coli bacteria reach the estuary mouth
seems to be a robust result (e.g. independent of hydrological conditions)
as even the maximal simulated values are extremely low. Downstream
of km 100 the median concentration fluctuates around 1 EC/100 mL;
the maximal concentration drops below 10 EC/100 mL at km 130.
Therefore, we can state that the Scheldt is not a significant source of fae-
cal pollution for the adjacent Dutch-Belgian coastal zone. The Scheldt
Estuary effectively acts as a cleaning filter with respect to faecal pollu-
tion. This is caused by the combined effect of dilution and decay of the
E. coli bacteria in each of their forms (free, attached to SS, in the bottom
sediments), and the relatively long residence time in the Scheldt Estuary
(de Brauwere et al.,, 2011a; de Brye et al,, 2012).

The range of temporal variability associated with these kinds of
contaminants is well-known to be quite large and difficult to reproduce
in a model as they are linked to generally unknown fluctuations in the
source inputs. The reason why here we are able to reproduce a reason-
able range of variability is that in this domain the tide is the principal
cause of temporal variability (de Brauwere et al., 2011b) and the tides
are explicitly represented in the model. Considering that (i) none of
the parameters has been tuned and (ii) the upstream concentrations
(another forcing which has been shown to have a major influence on
the (median) concentrations inside the tidal domain, cf. de Brauwere
et al. (2011a, 2011b)) are directly coming from the SENEQUE-EC
model simulations, these overall results are satisfactory.

4.1.2. Fraction of attached E. coli

By splitting the E. coli in free and attached species we are able to
study not only the total concentration but also the partitioning between
the two types. Although the free and attached E. coli in the model do not
interact, they are present in different amounts in the sources and
subject to different vertical processes and decay, and therefore their rel-
ative abundance in the water column will vary in time and space. In
Fig. 3 also the proportion of attached E. coli is shown along the Scheldt
axis. The median fraction of attached bacteria ranges from roughly 10
to 90%, but again the temporal variability at a given point is huge:
between km 70 and 110 the simulated attachment fraction covers virtu-
ally all values from 0 to 100%. In this zone, the median % of attached E.

coli is higher than elsewhere. This corresponds to the decrease of total
concentration and is related to the fact that no important sources or
tributaries introduce bacteria in this part of the domain. In other
words, the bacteria present between km 70 and 110 principally come
from further upstream. As the free E. coli are set to decay at a faster
rate than those attached to particles, the latter type will be more and
more abundant. This is probably amplified by the frequent stays of the
attached E. coli on the bottom (cf. Delhez and Wolk, 2013, for an estima-
tion of the residence time of sediment-adsorbed constituents on the
bottom of the Scheldt Estuary) where the E. coli survive even longer.
The simulated decrease in the attachment fraction continuing down-
stream is probably due to the few WWTPs present along the estuary,
injecting “fresh” E. coli, both free and attached. This being said, the
total concentrations at these locations are almost zero, so interpretation
of what happens is of no real significance.

The huge variability in terms of attachment ratio in the downstream
part is probably a consequence of the tidally driven deposition and
erosion cycles. As most of the E. coli are attached to particles, when
they settle to the bottom only the few free E. coli are left in the water
column (low attachment ratio). The next tidal cycle, the E. coli on the
bottom are resuspended such that again the attached E. coli are the
overwhelming type (almost 100% attachment ratio). This being said,
we cannot validate the results in terms of attachment fraction because
field measurements of the free/attached E. coli proportion are lacking
for the estuarine zone.

4.2. Model sensitivity

In this section we further discuss the aspects of the model that could
be improved and investigate the sensitivity of the model with respect to
possible changes.

(i) The current model set-up assumes that free and attached E. coli
do not interact. The arguments for making this hypothesis were
given in Section 2.4. It is hardly possible to assess the impact of
this hypothesis because there is no consistent information on ac-
tual adsorption-desorption and biological attachment kinetics.
The existing studies on this subject are usually restricted to the
core scale and none of them have been judged satisfactory to
use on a larger scale (Pachepsky et al., 2006). In other words,
these processes are represented in a simplified way in the cur-
rent model, but this is true for all current faecal contamination
models.

(ii) Although a full assessment of the sensitivity of the E. coli simula-
tions with respect to the choices in the SS module is outside the
scope of the current study, we would like to discuss a few points.
The SS module (Gourgue et al., 2013) has been specifically
designed to be used as “carrier” for environmental contaminants
(E. coli, metals, etc.). Therefore, the aims were to keep the model
formulations as simple as possible (keep the computation cost
low) while accurately representing the main dynamical and spa-
tial features of SS in the Scheldt tidal continuum. One important
simplification is that the module only considers one “bulk” class
of (cohesive) sediment particles. Considering several particle
size classes could further improve the quality of the SS model, es-
pecially inside the estuary and in the adjacent coastal zone where
fluvial and marine sediments mix. However, it is doubtful that
these improvements would significantly impact the E. coli simu-
lations since their concentration is very low in this zone under
marine influence. Furthermore, it would require knowing the
particle class dependent attachment of the bacteria. A second
feature of the SS module that probably influences the E. coli re-
sults is the fact that the simulated MTZ is shifted slightly towards
upstream. This may explain why the E. coli decrease in this zone
is a little too steep. With higher SS concentrations, the attached
E. coli concentrations could indeed be increased in this zone.
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(iii) In order to further assess the impact of the deposition and ero-
sion processes a sensitivity run was performed without them
(“noDE”). The results are compared to the reference simulation
in Fig. 4b. Surprisingly, in the new simulation the concentrations
are generally increased. Although the concentration peak is
therefore higher, the concentration in the MTZ reaches quasi-
zero values approximately at the same location. Furthermore,
when comparing the simulated timeseries at given points (re-
sults not shown), it is clear that the settling-resuspension pro-
cesses do not have the effect to increase the local total E. coli
concentration variability (either it is not affected or it is reduced).
In other words, the observed variability in the tidal Scheldt is not
driven by the deposition—-erosion processes. Instead, the tides are
probably the main cause of local variability, as already suggested
by de Brauwere et al. (2011b). Although the “noDE” simulation
produces results not so different from the reference simulations,
the first seems less compatible with the observations at Temse.
Therefore, we conclude that the explicit representation of the
settling-resuspension processes improves the simulations, al-
though the differences are not very large. In addition, the explicit
representation of the settling-resuspension processes (and the
free and attached bacteria) also increases the insight in the sys-
tem and offers more interpretation potential — even if the field
data reproduction is not improved much.

The 10-day time step of the upstream SENEQUE-EC model (i.e. of
the upstream boundary conditions) could cause an underestima-
tion of the simulated variability inside the SLIM-EC2 model.
However, the long-term median behaviour and range of variabil-
ity are hardly influenced. This has been tested by adding artificial
“variability” (normally distributed random noise with a standard
deviation of 50%) to the boundary conditions provided by
SENEQUE-EC, while keeping the mean value identical (see

(iv
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Fig. 4a for an example). The results are compared to the reference
simulation in Fig. 4b-c and clearly show that the effect is negligi-
ble (both on median and variability), except for the range of
variability in the vicinity of the boundaries. Remarkably, even
the timeseries at given points are hardly influenced (results not
shown). These results may seem surprising but they are in line
with the previously made observation that the tides are the
major driver of the E. coli concentration variability in the tidal
Scheldt. They effectively mix the water, consequently smoothing
out the high frequency variability of the upstream concentra-
tions. Note that this result only points out the insensitivity with
respect to the variability of the upstream boundary conditions
— the mean values of the boundary concentrations are still of
great importance.

The constant E. coli concentration and attachment ratio in a
WWTP source are clearly assumptions which do not correspond
to reality. In reality, the flow rate and the E. coli concentration, as
well as the fraction of attached bacteria in the discharge vary in
time and space, according to e.g. weather conditions, origin of
the wastewater and applied treatments. Spatial variation (i.e. in-
dividual WWTP information) was taken into account as much as
possible, based on WWTP-specific data of water discharge and
typical E. coli concentrations per type of treatments applied
(cf. Section 2.5). Yet, no temporal variation is included because
no temporally resolved discharge data (let alone E. coli concen-
tration data) exist for all the WWTPs in this domain (more than
480 for the whole Scheldt catchment). This being said, de
Brauwere et al. (2011b) and the current study show that the
WWTP point sources only have a secondary effect on the simu-
lated concentrations in the tidal part of the watershed, justifying
this simplified representation in the model, especially when
looking at long-term effects.
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(vi) The decay constants used in the current study rely on a number
of assumptions (Section 2.4) and hence are associated with un-
certainty. In order to assess the sensitivity of the model results
to changing decay constants, we performed five additional
sensitivity runs: we respectively increased and decreased the
k#° and k2° by a factor of 10, and performed a run with kz° =
1.25 x 1078571 (ie. as in the upstream model SENEQUE-EC,
cf. Quattara et al. (2013)). The results of these simulations are
shown in Fig. 5. The upper panel shows the resulting median
total E. coli concentration profiles. As expected, reducing the k%°
values has the effect to increase the simulated E. coli concentra-
tions, and vice versa. For k, and kj, the changes in total concentra-
tions with respect to the reference simulation are not spectacular
(notwithstanding the large range of parameter variation), while
the simulation results seem much more sensitive to changes in
kr. These tests also show that only a decrease of ks will result in
higher estuarine concentrations (i.e. for km >90). Now looking
at the sensitivity of the attachment ratio (lower panel of Fig. 5),
it becomes clear that a better representation in terms of total
concentrations does not imply a more realistic simulation of the
% attached bacteria. For instance, decreasing ks (which would
improve the estuarine concentration decline) would decrease
the attachment fraction too much compared to the scarce obser-
vations. Another simulation we want to briefly discuss is the one
with non-zero kz° (the actual value used by SENEQUE-EC in the
upstream catchment). This simulation both gives a worse repro-
duction of the observed concentrations (underestimation at
Uitbergen and of the estuarine decrease), and attachment ratios
(clear underestimation at Temse). These results are an additional
justification for setting k2° = 0.

In summary, we believe that - given the available observations - the
current set-up covers the most important processes governing the long-
term E. coli concentration distribution in the Scheldt. Therefore, the

model can be a useful tool to perform scenario studies within this
long-term time frame.

4.3. Wastewater management scenarios

Two different scenarios regarding the wastewater management
in the Brussels area were tested in this study. The Brussels region
wastewater is treated by two WWTPs: Brussels North WWTP
(1.1 x 10° inhabitant-equivalents) and Brussels South WWTP
(3.6 x 10° inhabitant-equivalents). The treatment line in Brussels
South WWTP includes a primary settling followed by an activated
sludge process. The large Brussels North WWTP has two treatment
lines: a biological treatment line (including activated sludge with
removal of N and P) and a treatment line in which only a primary
settling is applied. The latter one is devoted to treat the excess of
volume which cannot be treated by the biological line when the dis-
charge reaching the WWTP is too high (typically during rain events).
On average, the volume treated in the biological line represents
roughly 90% of the total volume reaching the WWTP. In addition,
during rain events in the Brussels area, due to an insufficient capacity
of the sewer system, untreated wastewater is released directly in the
Zenne River by combined sewer overflows.

Brussels lies upstream of the SLIM domain and its principal waste-
water pathways are explicitly represented in the SENEQUE-EC model
(Ouattara et al.,, 2013). The management scenarios are thus explicitly
implemented in SENEQUE-EC and their effect is traced through the
tidal domain by adapting the Zenne boundary conditions of SLIM-EC2
(cf. Fig. 1).

A “best case” scenario was imagined considering that all of the Brus-
sels wastewater is treated by the two WWTPs (no more combined
sewer overflows) and disinfected by UV irradiation, which should
reduce the E. coli input by several orders of magnitude (Servais et al,
2007b).
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The “worst case” scenario assumes that none of the Brussels waste-
water is treated. Note that this was actually the real situation before
2000, as then the first Brussels WWTP (Brussels South) was built. It
was not until 2007, when the Brussels North WWTP opened, that all
wastewater was treated, at least during dry weather situations. The
worst case scenario thus gives an idea not only of the situation before
2000, but also of the impact of possible breakdowns of the WWTPs (as
happened e.g. in the Brussels North WWTP during 10 days in December
2009).

Fig. 6 shows the changed Zenne boundary concentrations. Surpris-
ingly, the worst case scenario produces E. coli concentrations which
are less than one order of magnitude superior to the reference situation
concentrations. This illustrates that in the reference situation a signifi-
cant proportion of the wastewater is not or hardly treated. Furthermore,
the part that is treated does not undergo a specific treatment to remove
microbiological pollutants (disinfection stage), resulting in an E. coli
concentration decrease of only ~2 orders of magnitude.

4.3.1. Best case scenario

In the best case scenario, the improved water quality of the Zenne
(Fig. 6) has a clear beneficial impact on the E. coli concentrations in
the Scheldt as well (Fig. 7). Between km 0 and 50, there is no difference
with the reference situation. But from km 50 on, the contamination in
the best case scenario is significantly reduced. This confirms the above
statement that the zone downstream of km 50 is heavily influenced
by the contaminated Zenne water. In summary, these results show
that investing in a better Brussels wastewater management has a signif-
icant beneficial effect on the downstream water quality, as far as the
Scheldt, some 35 km away.
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In the best case scenario the fraction of attached bacteria is substan-
tially reduced in parts of the domain (Fig. 7b). At first it may seem to be
related to the fact that the water entering from the Zenne contains
much less attached E. coli in this scenario than in the reference situation
(cf. Fig. 6b); a phenomenon which is due to the fact that the diffuse
sources are dominant and these are characterised by a much lower frac-
tion of attached E. coli (cf. Fig. 3 in Ouattara et al. (2013)). However,
Fig. 7a and b show that the Zenne (or Rupel) water does not significant-
ly influence either total concentrations or attachment ratios in the
Scheldt in this scenario. Therefore, our hypothesis is that the local
WWTP inputs have a more significant influence as the total in situ con-
centration is lower.

4.3.2. Worst case scenario

In line with the expectations there is a significant concentration
increase between the worst case and reference simulations and it is
mainly visible between km 40 and 90. Median concentrations rise to
16,000 E. coli (100 mL)™!, but maximal values reach as much as
100,000 E. coli (100 mL)™! (not shown). Considering this substantial
concentration increase, it is surprising that the extent of the influenced
zone is actually barely larger than in the reference situation. In other
words, it seems that beyond km 100 any contamination coming from
the Zenne is removed, independently of its actual concentration.
Regarding the attachment ratios along the Scheldt, there are small dif-
ferences with the reference simulation, but overall they are very similar.

5. Summary and conclusions

This study illustrates the potential of an integrated multi-scale
model having varying spatial and temporal resolutions depending on
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the prominent processes and morphology of the domain. Indeed, for the
upstream watershed where many smaller rivers and streams are
present and the tides absent, a watershed model is used with coarse
time resolution (SENEQUE-EC); while for the tidal rivers a tidal model
(SLIM-EC2) of 1D river sections is used, and finally when the Scheldt
River widens to become an estuary and finally reaches the North Sea
the 2D version of the tidal model is used.

In addition to the novel integrated modelling, another methodolog-
ical improvement of SLIM-EC2 regards the partitioning of the E. coli pool
into free-floating and attached to particles. The dynamics of the latter
are directly linked to the SS dynamics which were also modelled
explicitly. Sediment attachment has been accepted in recent years to
be an important factor of the observed E. coli dynamics (Pachepsky
and Shelton, 2011), and especially in the highly turbid Scheldt this
seems to be a realistic hypothesis. Moreover, the main MTZ of the estu-
ary corresponds to the zone where the Scheldt is severely contaminated
by Rupel water and where this contamination is removed by natural
decay. It was the combination of these facts that motivated us for this
model refinement.

With these new model improvements the observed E. coli concen-
tration patterns and temporal variability in the tidal Scheldt are well
reproduced. Although the improvement is only minor compared to
the previous model SLIM-EC, it has to be kept in mind that the new
model has not been tuned. While for SLIM-EC, there was some tuning
freedom for the decay rate and boundary conditions, these are now
fixed due to the coupling with SENEQUE-EC. The only parameter that
we allowed to modify compared to SENEQUE-EC was the bottom
mortality rate (as discussed above). Furthermore, the explicit represen-
tation of the settling-resuspension processes, as well as the partitioning
of the total bacteria pool in free and attached bacteria, increases the
possible insight in the system and allows for more mechanistic interpre-
tations (SLIM-EC only considered one bacteria pool and no explicit
resuspension). In addition, the available measurements to validate the

model are rather limited and associated with some uncertainty. Yet,
several sensitivity tests enabled to gain more confidence in the robust-
ness of the results.

This new model set-up allows to perform long-term (a few months-
years) impact studies integrating the whole Scheldt basin and adjacent
North Sea. For instance, different faecal contamination scenarios can be
considered and their impact can be traced all along the Scheldt contin-
uum. In this study, illustrative “best case” and “worst case” scenarios
for the Brussels wastewater management were studied. These scenarios
clearly showed that the current situation is not much better than
the worst case scenario, confirming the negative impact of the non-
negligible amounts of partially treated and untreated wastewater re-
leased in the Zenne. Remarkably, even in the worst case scenario the
huge E. coli concentrations are removed rapidly from the water column
by natural decay, such that the contaminated zone is hardly larger than
in the reference situation. In other words, even in a worst case situation
concerning Brussels' wastewater, the Scheldt Estuary is an efficient filter
and no significant amounts of E. coli are released in the North Sea by this
route. On the other hand, in the best case scenario the concentrations
are reduced enough so that the Zenne does not significantly contami-
nate the Scheldt anymore.
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Appendix A. One-dimensional equations for the E. coli dynamics

The one-dimensional equations used to describe the E. coli fate in the
rivers are

9 d [, 9

5 (AC;) +- (Auc)) :$<AKaCf> +ARy, (A1)
9 9 ([, 9

o1 (ACUCs) + 51 (AUC,Cos) = 5 (A5 (CCs) ) + ARy (2)
9

ot (PCsoCh) = bRy, (A3)

where x is the along-river coordinate [m], A is the cross-sectional area
[m?] and b is the river width [m]. The source-sink terms Ry, R,, and R,
are the same as in the two-dimensional equations (Egs. (12), (14),
(15)) given that H is set = A/b.
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