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The Seine river discharges over 700 Gg of carbon (C) every year into the sea mostly
under the form of dissolved inorganic carbon (DIC) and emits 445 Gg under the form of
carbon dioxide (CO») to the atmosphere over its entire river network. The watershed,
which drains 76,000 km?, is heavily populated with 18 108 inhabitants and is thus
submitted to large anthropic pressure. The offline coupling of two Reactive Transport
Models is used to understand the complex spatial and temporal dynamics of carbon,
oxygen and nutrients and quantify the CO» exchange at the air-water interface along
the main axis of the river. The estuarine section of the Seine is simulated by the generic
estuarine model C-GEM (for Carbon Generic Estuarine Model), while the upstream
part of the network, devoid of tidal influence is simulated by the pyNuts-Riverstrahler
modeling platform which also includes an explicit representation of the drainage network
ecological functioning. Our simulations provide a process-based representation of
nutrients, oxygen, total organic carbon (TOC) and the carbonate system (DIC and
alkalinity) over the entire year 2010. Our coupled modeling chain allows quantifying the
respective contributions of the estuarine and freshwater sections of the system in the
removal of carbon as well as following the fate of TOC and DIC along the river network.
Our results also allow calculating an integrated carbon budget of the Seine river network
for year 2010.

Keywords: dissolved inorganic and organic carbon, carbon dioxide, reactive-transport model, Seine river and
estuary, biogeochemical budget

INTRODUCTION

At the interface between the oceanic and terrestrial realms, rivers and estuaries transport ~0.9 Pg-C
(organic and inorganic) every year into coastal seas (Regnier et al., 2013a; Resplandy et al., 2018).
Generally oversaturated in carbon dioxide (CO,) with respect to the atmosphere, these systems
collectively further emit between 0.8 and 2.0 Pg-C every year into the air under the form of CO,
(Cai, 2011; Laruelle et al., 2013; Raymond et al., 2013; Regnier et al., 2013a; Lauerwald et al., 2015).
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Because of this significant role as carbon filters, rivers and
estuaries are critical components of the Land-Ocean Aquatic
Continuum (LOAC) and have been under growing scrutiny over
the past decade (Cole et al,, 2007; Battin et al., 2009; Bauer
et al., 2013; Regnier et al., 2013a). However, large uncertainties
are still currently associated to the quantification of global
CO; fluxes at the air-water interface in these systems, partly
due to the scarcity of data available to constrain such global
budgets and also due to the difficulty to derive reliable annual
estimates of the CO, exchange with the atmosphere at the
system scale (Regnier et al, 2013b). For instance, the global
outgassing of CO, taking place in rivers have been estimated
at 0.6 and 1.8 Pg-C-yr—! only 2 years apart by Raymond et al.
(2013) and Lauerwald et al. (2015), respectively, and the global
outgassing of CO; from estuaries has been successfully revised
downward from 0.4 to 0.6 Pg-C-yr~! (Abril and Borges, 2004;
Borges, 2005; Borges et al., 2005; Chen and Borges, 2009) to
0.1-0.15 Pg-C-yr~! over the past decade (Chen et al., 2013;
Laruelle et al, 2013). Even at the scale of a single system,
short scale spatial and temporal gradients (of the order of
kilometers and days) cannot be captured by a realistic monitoring
network. Moreover, the origin of the carbon outgassed [i.e.,
oversaturated waters in dissolved inorganic carbon (DIC) versus
degradation of organic carbon] is also largely unknown in most
systems. Spatially and temporally resolved numerical models
are necessary to capture the CO, dynamics at the air-water
interface, both in time and space (Regnier et al, 2013b). In
this context, reactive transport models (RTM) allow reproducing
the changes in chemical species concentrations due to both
transport and biogeochemical transformations, thus providing a
mechanistic insight into the fate of chemical species of interest
in riverine and estuarine environments (Volta et al., 2014, 2016a;
Marescaux, 2018; Romero et al., 2018).

Here, the application to the Seine estuary-river system of
the generic transport reactive model C-GEM (for Carbon
Generic Estuarine Model, Volta et al., 2014) combined with
pyNuts-Riverstrahler (Thieu et al, 2015; Raimonet et al,
2018) allows understanding the carbonate system dynamics
in a well monitored and intensively studied system. Fully
transient simulations over the entire year 2010 are performed
to quantify the annually integrated CO, exchange at the air-
water interface and better understand the evolution over the
year and along the estuarine-river continuum of the CO;
exchange with the atmosphere and organic carbon degradation
as well as the longitudinal variations of inorganic to organic
carbon ratio in response to anthropic pressures. 2010 was
selected as a year representative of the average hydrology of
the Seine river network both in terms of annually averaged
water discharge and seasonal distribution of the flow (Marescaux
et al., 2018). While Riverstrahler, and its simplistic derived
application to the estuary, has been thoroughly validated for
the Seine river over the years (Garnier et al, 2008, 2010),
this integrated study is the first application of C-GEM to the
Seine estuary. Moreover, the version of Riverstrahler used in
our simulations includes a new biogeochemical module which
explicitly resolves the complex carbonate system dynamics
(Marescaux, 2018). This explicit representation of the organic

(OC) and inorganic carbon (IC) cycles allows simulating and
quantifying the different processes controlling the OC/IC ratio
and the emission of CO, into the atmosphere along the entire
river network. Earlier modeling work in tidal estuaries using
C-GEM alone evidenced the intense carbon processing taking
place in the widest, marine part of estuaries (Regnier et al.,
2013b; Volta et al, 2014, 2016a). The first integrated study
presented here will allow further testing the hypothesis that
the most downstream section of the river/estuarine system
disproportionately contributes to the retention of carbon and
CO; outgassing at the scale of an entire river network. The
first part of the results section thus consists of a validation of
the hydrology of C-GEM in the estuarine section of the river
domain. Then, the ability of both models to capture carbon,
oxygen and nutrients dynamics is assessed over the year 2010.
These simulations allow better understanding the fate of organic
and inorganic carbon throughout the river network and the
respective contributions of the different sections of this river
network to the conversion of organic carbon into DIC and the
outgassing of CO; into the atmosphere. A comprehensive carbon
budget is then assembled which allows quantifying the organic
to inorganic carbon ratio in the different section of the Seine
river network (i.e., the estuary, between Poses and Paris and
upstream of Paris).

MATERIALS AND METHODS
Study Area

The Seine river is the largest river flowing into the English
Channel both in terms of nutrients, carbon loads and fresh water
discharge. The river’s central part has a large urban area (the
Paris conurbation: 12.4 M inhab), a very dense industrial network
(40% of French industries) and the biggest wastewater treatment
plant in Europe (The Seine Aval WWTP: 1.5 Mm?.d~1). Further
downstream, the Rouen conurbation (0.4 M inhab) appears
nowadays as a new pole of economic development, thus forming
the “Grand Paris” (Attali, 2010) which steer urban sprawling
along the Seine axis from Paris to the sea shore at Le Havre
(Figure 1). The Seine watershed also supports intensive cropping
activities with 57% of land devoted to intensive agriculture.

The Seine estuary is characterized by tidal amplitudes
comprised between 3 and 8 m at its mouth in Le Havre and
a tidal penetration of 168 km up to a dam located at Poses
(upstream area: 64,860 km? which corresponds to 85% of the
Seine watershed, Figure 1). At the estuarine mouth, the water
discharge ranges from less than 200 m3-s~! in summer to over
1,500 m®-s~! under high waters conditions in winter with an
average of 490 m>-s~! over the 2010-2013 period (Marescaux
et al,, 2018). The annually average river discharge of 480 m3.s~!
for year 2010 is thus representative of an average hydrological
year for this system. Our simulation domain includes the entire
river network which is subdivided into three main areas: the
estuary, simulated by C-GEM between Le Havre and Poses, the
mid-section of the Seine between Poses and Paris and, finally
all tributaries located upstream of Paris (Figure 1). Over this
domain, the main axis of the Seine is fed by 3 major tributaries.
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FIGURE 1 | Map of the Seine Estuary (colored sector) and upstream river network including its main tributaries. The model extends upstream of Paris to the

200 250 300 350

The Eure (6,000 km?) and the Risle (2,300 km?) are both located
within the extension of the tidal influence (16 and 152 km
from the mouth of the estuary, respectively) while the Oise
(17,000 km?) joins the main river 70 km downstream of Paris and
delivers 20% of the freshwater of the entire system. In addition,
a large WWTP located in Rouen (kilometer 116) discharges
76,000 m®-d~! of treated effluents and significantly affects the
biogeochemistry of the system.

Modeling Strategy

Our study relies on the off-line coupling of two transient, spatially
discrete models: C-GEM and pyNuts-Riverstrahler. C-GEM is a
recently developed generic estuarine model (Volta et al., 2014,
2016a) which has already been applied to several estuaries
distributed along the coast of the North Atlantic Ocean (Volta
etal,, 2016b; Laruelle et al., 2017a) while the pyNuts-Riverstrahler
platform is a well-established model coupling watersheds and
river network (Billen et al., 1994; Garnier and Billen, 1994;
Thieu et al., 2015). Simulations similar to those described in
Marescaux (2018) are first performed with pyNuts-Riverstrahler
for year 2010 over the entire Seine watershed. Then, the estuarine
section of the main axis of the Seine river located between Poses
(kilometer 168) and Le Havre (estuarine mouth, kilometer 0)
is modeled by C-GEM using the outputs simulated by pyNuts-
Riverstrahler at Poses as upstream boundary conditions. In
addition, the several tributaries located downstream of Poses,
which are also explicitly simulated by Riverstrahler are accounted
for as point sources into C-GEM (the Risle, Austerberthe, Cailly,
Andelle, and Eure Rivers, Figure 1). Downstream, C-GEM is
constrained by modeling results from the ECO-MARS3D model
at Le Havre (Romero et al., 2018). Both C-GEM and Riverstrahler
include an explicit description of suspended particulate matter
(SPM) which accounts for erosion and deposition processes as a

function of the flow velocity. The explicit description of the SPM
modules for C-GEM and Riverstrahler are described in Volta
etal. (2014) and Billen et al. (2015, 2018), respectively.

Modeling Chain Description

C-GEM

Carbon Generic Estuarine Model is a generic depth-averaged
one-dimensional reactive transport model designed to simulate
estuarine hydrodynamics, transport and pelagic biogeochemistry
of alluvial estuaries with relatively little data and computation
demand. The hydrological module of C-GEM and underlying
hypothesis are extensively described in Volta et al. (2014)
and the biogeochemical reaction network used in the present
study is presented as in Volta et al. (2016a). The model
combines a set of algorithms for advection and dispersive
transport of solids and solutes and mixes multi-component
biogeochemical reactions with a 1-D hydrodynamic description.
The C-GEM hydrodynamic module requires specification of the
river discharge and the tidal amplitude at the estuarine mouth,
and is supported by a simplified representation of the estuarine
geometry. This geometry is adequate to describe the shape of
tidal estuaries (Savenije, 1992, 2012; Volta et al., 2014) and only
requires the implementation of a limited number of geometrical
parameters (Table 1), such as the estuarine length and depth, as
well as the channel width (B0) at both marine and land limits. In
the particular case of the Seine estuary, two convergence lengths
(CL) were used to best represent the observed width profile of
the system (Figure 2A). Over the first 32 km of the estuary,
BO = 10,000 m and CL = 10,700 m. From this point forward
and until Poses, the width was calculated using BO = 480 m
and CL = 105,500 m. The depth profile was approximated by
a regular increase from 4.8 m at the mouth to 6.8 m 152 km
upstream (i.e., Caudebec) followed by a linear decrease to 2.3 m
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TABLE 1 | Geometrical and hydrodynamic parameters in the idealized geometry
of the Seine estuary.

Name Description Value
EL Estuarine length [km] 168
Ho Depth at the estuarine mouth [m] 4.8
Bo Width at the estuarine mouth [m] 10,000
B> Width at the inflection point [m] 480
Bx Width at the estuarine upper limit [m] 30
Ao Cross-sectional area at the estuarine mouth [m?] 48,000
oL Convergence length in the lower estuary [m] 10,700
cL2 Convergence length in the upper estuary [m] 105,500
T Tidal period [s] 45720

at the end of the tidal influence at kilometer 168 (Figure 2B). The
use of relatively simple representations of the depth profile was
proven sufficient to reproduce the hydrodynamics and transport
of several tidal estuaries with C-GEM in previous studies (Scheldt
and Elbe Estuaries in Volta et al.,, 2016b and Delaware Bay in
Laruelle et al., 2017a for instance).

pyNuts-Riverstrahler

pyNuts-Riverstrahler is a modeling environment written
in python (the “py” prefix), setting up the Riverstrahler
generic model of water quality for describing the cycling of
carbon and nutrients (“Nuts” suffix) in large river systems
(Billen et al., 2015, 2018; Raimonet et al., 2018). Biogeochemical

processes are simulated within the water column (assumed
perfectly mixed), at the water-atmosphere interface (for gaseous
variables), at the interface with benthic sediments (see Billen
et al., 2015), and at the interface with terrestrial part of the
watershed, namely the riparian zone (see Billen et al., 2018).

It allows simulating seasonal (with a 10 days period resolution)
and spatial (with a kilometric resolution) variations in the
drainage network from small perennial streams to larger stem.
The pyNuts-Riverstrahler covers the entire drainage network,
and requires as inputs a spatially explicit knowledge of
agricultural diffuse sources and urban point sources, as far as
constraints imposed by the morphology of the rivers, weather
and climate, thus forming the upstream limit conditions of
the river model.

The genericity of the Riverstrahler model has been
demonstrated throughout successful applications to contrasted
fluvial basins, from temperate climate including (among other)
the Moselle (Garnier et al., 2000), the Danube (Garnier et al,,
2002), the Scheldt (Thieu et al., 2009) among other, sub-tropical
climate as the Red River (Le et al., 2014) or the Nam Kan river
(Causse et al., 2015) and or under nordic climate, such as the
Kalix and Lule rivers (Sferratore et al., 2008) and the Seine
river (Raimonet et al., 2018). The Riverstrahler model has also
been chained with the coastal marine model (ECO-MARS3D,
Cugier et al.,, 2005), extended to the estuarine part in terms of
hydrosedimentary representation (Passy et al., 2016), and with
nutrient description (Romero et al., 2018). The development of
the pyNuts modeling environment has made it possible, with
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0 ! : }
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values used to constrain C-GEM’s geometry.

FIGURE 2 | (A) Width and (B) depth profiles of the Seine estuary from its mouth to Poses. Red dots correspond to observations while black lines correspond to the
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the same intention, to develop continental applications of the
Riverstrahler to multiple hydrosystems on an entire marine
facade in Western Europe (Desmit et al., 2018).

Biogeochemical Description

The biogeochemical modules of C-GEM and pyNuts-
Riverstrahler include similar key state variables and processes
in spite of a greater level of complexity of Riverstrahler’s
reaction network (Figure 3). Both models include an explicit
description of all nutrients (nitrate, ammonium, phosphates,
and dissolved silica), dissolved oxygen, phytoplankton and a
representation of the carbonate system. C-GEM only simulates
diatoms and non-diatoms, while pyNuts-Riverstrahler described
biogeochemical cycles including their interactions with biological
compartments, including three functional phytoplankton groups
(diatoms, Chlorophyceae, and Cyanobacteria), zooplankton
(rotifers and microcrustaceans) and heterotrophic bacteria
(small autochthonous and large allochthonous) as well as
nitrifying bacteria. The most significant difference between both
models regards the benthic compartment which is ignored in the
current version of C-GEM while pyNuts-Riverstrahler explicitly
takes into account a benthic module (recently updated: Billen
et al., 2015) simulating exchanges with the water column for
several variables (benthic organic matter, inorganic particulate
phosphorus, benthic biogenic silica). The lack of benthos in
C-GEM is implicitly compensated by the assumption that, in

the estuary, denitrification especially occurs in the turbidity
maximum zone within the water column. Both models use
invariant parameterization within their respective simulation
domain thus assuming homogeneity of the physiological
properties of organisms along the river network (Garnier
et al, 2002) but use different parametrizations between the
riverine and estuarine sections of the Seine. pyNuts-Riverstrahler
have been extensively validated for the Seine river and the
set-up used for the current study is identical to that described
in extenso in Marescaux (2018). C-GEM relies on a generic
parametrization derived from a large collection of modeling
studies performed on temperate estuaries (Volta et al., 2016b).
Several modifications to this generic estuarine parameterization
were implemented during the calibration stage (namely, the rate
of aerobic degradation of organic matter which was increased
from 6.08 107% to 1.2 1072 pMC-s~!, the half-saturation
constant for TOC degradation which was decreased from 183
to 100 pWMC and the nitrification rate which was increased
from 2.73 107° to 5 107* pWMN-s~!) but these calibration
values all fall with ranges reported by the literature survey
of Volta et al. (2016D).

Finally, both models include similar inorganic carbon
module, which allows quantifying the estuarine inorganic carbon
dynamics. The latter is a recent development of pyNuts-
Riverstrahler described in extenso in Marescaux (2018) while its
implementation in C-GEM is described in Volta et al. (2014)
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FIGURE 3 | Simplified conceptual scheme of the shared state variables and processes between C-GEM and Riverstrahler models. The two models simulate
nutrients as N (NOz, NHy), P (POy4, Total P), Si (DSi, BSi in Riverstrahler only). In the Riverstrahler, both dissolved (DOC) and particulate (POC) carbon are modeled
according to three classes of degradability (rapid, slow, and refractory); heterotrophic bacteria (BAC) are described as large and small, and the zooplankton (ZOO)
includes micro-crustaceans and rotifers-ciliates.
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and derived from Arndt et al. (2011). In both models pH is
the main variable controlling the estimation of dissolution and
hydration of CO;. Its computation follows numerical schemes
provided by Culberson (1980, for pyNuts-Riverstrahler) and
Follows et al. (2006, for C-GEM) using iterative procedures,
which accounts for total (TAIk) and carbonate alkalinities.
While the model accounts for borate species, contributions from
ammonium, fluorine, phosphate, silicate, sulfide and other minor
species are neglected because their concentrations are much
lower than those of carbonate species (Vanderborght et al.,
2002). In the estuarine model (C-GEM), the apparent equilibrium
constants for CO; solubility and dissociation of water (H,O),
carbonic acid (H,CO3), bicarbonate (HCO3 ™), and boric acid
[B(OH) 4] are functions of temperature and salinity following
equations described in Dickson et al. (1992) and Cai and Wang
(1998). In the riverine model, the influence of boric acid is
not taken into account as it can generally be neglected in
freshwaters (Emiroglu et al., 2010).

Simulations Set-Up
Numerical Schemes
The C-GEM calculations for transport and reaction are solved
in sequence by applying an operator splitting approach (Regnier
et al., 1998; Regnier and Steefel, 1999) and a finite difference
scheme of a regular grid (Ax = 2,000 m) with a time step
At =150 s. The reaction network is formulated and numerically
resolved as described in Volta et al. (2014). Each simulation
begins with a spin-up period of 2 months using the boundary
conditions and forcing of the first tidal cycle, which ensures that
the system reaches steady-state conditions.

pyNuts-Riverstrahler calculations are based on a Lagrangian
description of carbon and nutrient transformation along the
drainage network (idealized as a regular scheme of confluences)
taking into account sources and/or dilution by lateral water
from direct watersheds and assuming permanent hydrological
conditions every 10 days-period. Biogeochemical processes
simulated are incremented according to the residence time of the
water masses with a 6 min time step. Climatic constraints such as
light and temperature are described with daily variations, while

both point and diffuse sources concentrations are averaged over
the simulated year.

Carbon Generic Estuarine Model wuses the outputs
of Riverstrahler as upstream boundary conditions for
phytoplankton concentrations, nutrients, organic and inorganic
carbon, SPM, as well as water discharge. The following section
describes the specifics of the coupling between both models for
each state variable and described the other forcing required to
perform the simulations.

Model Coupling and Boundary Conditions

Carbon Generic Estuarine Model requires to be forced with a
set of boundary conditions upstream and downstream. These
include concentrations for all state-variables of the model and
time series for water elevation at the marine boundary as
well as fresh water discharge at the riverine boundary. Most
of these data are provided by outputs of the ECO-MARS3D
model (Romero et al., 2018) at the downstream boundary and by
Riverstrahler at the upstream boundary (Table 2). Downstream,
all required inputs were available at a 1 h temporal resolution,
which allows capturing the tidal cycle. For each state variable,
the concentration used as boundary condition was calculated
by averaging in width and depth the concentrations extracted
from ECO-MARS3D along a North-South transect interception
the estuarine mouth at the longitude of 0.1°E. The only
state variables not provided by ECO-MARS3D were DIC and
TAlk. The latter was thus extracted from a recent global
monthly climatology for oceanic alkalinity (Broullon et al,
2018). Monthly values for DIC were then calculated, using
CO2SYS (van Heuven et al., 2011) from these TAlk values and
monthly pCO, estimates extracted from the global coastal pCO;
climatology of Laruelle et al. (2017b).

At the upstream boundary condition, all state variables
required to run C-GEM were provided by the outputs of
Riverstrahler at Poses (kilometer 168) at a temporal resolution of
10 days except for salinity which was assumed to be null. Linear
interpolations were performed to generate continuous values for
each calculation time-step in C-GEM. Five tributaries connecting
the main axis of the Seine river downstream of Poses were also

TABLE 2 | State variables of C-GEM and boundary conditions.

State variables

Marine boundary condition

Riverine boundary
condition

Name, symbol Unit
Salinity, S -
Phytoplankton, PHY uwM C
Oxygen, Oz uM Oz
Dissolved silica, DSi wM Si
Total organic carbon, TOC uM C
Ammonium, NHy4 wMN
Nitrate, NO3 WM N
Phosphate, PO4 wM P
Dissolved inorganic carbon, DIC uM C
Total alkalinity, TAlk uM C
Suspended particulate matter, SPM gl-!

ECO-MARSS3D (hourly)
ECO-MARS3D (hourly)
WOA (monthly)

ECO-MARSS3D (hourly)
ECO-MARS3D (hourly)
ECO-MARSS3D (hourly)
ECO-MARSS3D (hourly)
ECO-MARS3D (hourly)

Calculated from TAlk and pCO» (monthly)

Broullén (monthly)
ECO-MARSS3D (hourly)

Assumed to be null

Riverstrahler (10 days,
Riverstrahler (10 days,
Riverstrahler (10 days,
Riverstrahler (10 days,
Riverstrahler (10 days,

)
( )
( )
( )
( )
Riverstrahler (10 days)
Riverstrahler (10 days)
Riverstrahler (10 days)
Riverstrahler (10 days)

( )

Riverstrahler (10 days,
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taken into account as point sources following the procedure
described in Volta et al. (2014, 2016a): the Risle, the Austreberthe,
the Cailly, the Eure and the Andelle are, respectively, injected at
16, 88, 124, 152, and 166 km away from the estuarine mouth,
and the effluents of the Rouen conurbation injected at kilometer
111 (Figure 1).

RESULTS

C-GEM Model Validation

Hydrodynamics and Transport

The performance of the hydrodynamics module was first
evaluated through a series of steady state simulations under
varying discharge and tidal conditions (Figure 4). A set of six
increasing tidal amplitudes from 3.1 to 7.7 m were applied at
the marine boundary. The selected range of tidal amplitudes
at the mouth corresponds to six tidal coefficients (C35, C45,
C65, C80, C95, and C115) on a scale ranging from 20 to
120. The smallest (C35) and largest tidal coefficients (C115)
represent extreme spring and neap tides, respectively. Two values
of fresh water discharges were applied at the riverine boundary
condition. The lowest value (250 m*-s~!) is roughly equivalent
to summer moderate regime conditions while the highest value
(800 m3-s™!) is equivalent to a moderately high water regime
at Poses (based on long term discharge chronicle available in
the Banque Hydro database'). The longitudinal profile of the
tidal amplitude under the 12 possible combinations of the
tidal amplitude and water discharge was compared to average
profiles derived, for similar conditions, from observations
collected by 18 tidal gauging stations located along the estuarine
length provided by the ‘Grand Port Maritime de Rouen’
(Figure 4). The match between both models is very good
under all conditions with average RMSE < 30 cm over the
entire profile and in particularly good agreement under average
conditions (i.e., tidal amplitudes at the mouth comprised between
4 and 7 m, Figures 4C-H).

The propagation of the tidal amplitude along the estuary
is characterized by a gradual decrease of the tidal amplitude
throughout the first 50 km of the estuary followed by a 70 km
long section within which the tidal amplitude decreases at a
slower rate. For any given tidal amplitude at the mouth, profiles
under high and low water discharges are relatively similar until
kilometer 120. After this point, the tidal amplitude decreases
sharply in all simulations, as water depth reaches 4 m, to only
about 1 m by kilometer 150 under high discharge and 2 m under
low water discharge. The tidal propagation is stopped by a dam at
Poses and the river is devoid of tidal influence upstream of this
limit. Note that, because of the significant fluvial traffic in the
Seine, the water discharge is regulated at Poses thus preventing
extreme fresh water flows that could significantly modify the salt
water and tidal intrusion in the estuary.

A transient simulation was performed with the full
hydrodynamics and transport modules over the entire year 2010.
Because of its relatively short convergence length compared to

Thttp://hydro.eaufrance.fr/

its width at the mouth, the Seine estuary is marine-dominated,
which translates into a relatively short saline intrusion (Savenije,
2012). In our simulations, salinity never exceeds 1 further
than 30 km upstream. A limited number of measurements in
the downstream portion of the estuary at stations Honfleur
(kilometer 16) and Tancarville (kilometer 32) only allows
assessing performances of the model against field data under
the form of longitudinal salinity profile. Figure 5 (left panels)
presents six such longitudinal profiles reconstructed for the year
2010. These profiles reveal that observations always fall within
the range reported by the model over a full tidal cycle but also
that the magnitude of the salinity change between kilometers
10 and 20 is usually quite large. Also, our simulations reveal
that the extension of the salinity intrusion is always comprised
between 20 and 30 km from the estuarine mouth regardless of
the tidal or freshwater discharge conditions, which is consistent
with observations (Morelle, 2017) and previous modeling studies
(Grasso et al., 2018).

Longitudinal profiles of SPM were also analyzed and
compared with observations (Figure 5, right panels). Overall,
the model properly captures the characteristic maximum of
SPM around kilometers 20-30 which varies in intensity between
0.4 and 1.2 g17! depending on the tidal amplitude, the water
discharge and its SPM charge. The comparison between model
and observation reveals a good match and is consistent with
previous modeling studies (Grasso et al., 2018). Overall, the
range of SPM concentrations predicted over 20 tidal cycles
encompasses 88% of the observations and the location of the
turbidity maximum is usually captured accurately by the model.
The results reported compile values over a 10 days period in order
to match the time step of the upstream boundary condition of
the estuarine model for SPM concentrations and water discharge
provided by pyNuts-Riverstrahler at Poses.

Biogeochemistry

Figure 6 displays the temporal evolution of concentrations for
chlorophyll a, ammonium (NHy), nitrate (NO3), phosphate
(POy), dissolved silica (DSi), dissolved oxygen (O;), TOC,
and the carbonate system (i.e., DIC, TAlk, pH, and pCO;) at
five locations which combines outputs of both C-GEM and
pyNuts-Riverstrahler along the main axis of the Seine. For each
variable and location, time series are provided and compared
with field measurements. The five locations correspond to the
upstream end of the turbidity maximum zone (TMZ, 55 km
from the estuarine mouth), 115 km upstream of, where the
tidal amplitude is about half of that at the marine boundary, in
Poses (kilometer 168) where both models are connected, and
at kilometers 208 (upstream of Poses) and 300 (1 km before
the Oise confluence), within the domain simulated by pyNuts-
Riverstrahler. For each variable and station, the fit between
modeled outputs and observations is evaluated under the form
of bias and RMSE (Table 3).

In our simulation, phytoplankton concentrations (represented
by Chl a, calculated as the sum of all phytoplankton species
and converted from pmol-C.17! into mg-Chl. a-m~3) are
characterized by a maximum in late Spring. This phytoplankton
bloom is delayed by about a month compared to the observations
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FIGURE 4 | Simulated tidal amplitude profiles along the Seine estuary under varying discharges (Q) and tidal coefficients (C). The black lines are simulated by C-GEM
while the red dots correspond to averaged profiles based on long term discharge chronicles. Panels (A-L) correspond to different combinations of values of Q and C.

and displays relatively constant values throughout the entire to the discharge of the different tributaries as well as the
system until Honfleur. At this point, because of the combined waste water treatment plant located in Rouen. NOj3 displays
effects of dilution and light attenuation generated by SPM  relatively constant concentrations (~500 pmol-1=!) along the
preventing primary production, phytoplankton concentrations river/estuarine gradient until the strong marine dilution taking
slightly decrease and never exceed 20 mg-Chl. a-m~3 at the place from kilometer 20 until the estuarine mouth after Honfleur
marine boundary condition. The phytoplankton maximum where the width of the estuary increases exponentially because
is concomitant with the seasonal consumption of nutrients, of the change in convergence length (Figure 2B). Data reveal
particularly noticeable for DSi and NHy. The latter is also a summer maximum in POy throughout the entire system,
characterized by a decrease along the upstream-downstream  which is captured by the model, although over-estimated in the
axis, in spite of several punctual injections corresponding estuarine section. The annually averaged bias between model
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and observation increases from 0.5 wM 300 km from the
mouth to 2.1 pM 55 km from the mouth. Overall, there
is nonetheless a relatively good match between modeled and
observed nutrient levels in spite of a slight over-estimation of
NOs3 and POy during the warmest month of the year in the
estuarine domain and an over estimation of the DSi consumption
in late spring generated by the delayed phytoplanktonic bloom
in the simulations. The annually average relative biases over
the 5 monitoring stations are 17, 13, and 43% for NO3, DSi,
and POy, respectively. Note that the latter is higher than the
former two because of the very low concentrations observed
in summer, which are not captured by the model. Similarly,
the relative biases and RMSE for Chl a and NHy are quite
high (in excess of 100% at some stations) because of relatively

low baseline values during part of the year. Finally, dissolved
oxygen also displays seasonal variations with maximum values
>400 jLmol-O,-17! in winter and a drop below 300 mol-O,-17!
in the heat of summer. O; is the variable which displays the best
match between model outputs and observations at all locations
with RMSE comprised between 35 and 47 uwM depending
on the location, which never exceeds 14% and relative biases
ranging from 1 to 11%.

Time series for TOC, DIC and TAlk also reveal a relatively
good fit with observations. TOC, which displays little seasonal
variability and a progressive consumption from Paris to the
estuarine mouth, is slightly over estimated by the model
(averaged bias of 64 WM over 5 stations), particularly toward the
end of the year. At kilometers 58, 111, and 308, the fit between
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FIGURE 6 | Time series for Chl a, NHg, NOg, DSi, POy, O2, TOC, DIC, TAIk, pH, and pCO, at five stations along the main axis of the Seine. Red dots correspond to

modeled and observed TOC is very good until day 250. DIC and
TAIk are both comprise between 3,500 and 4,500 pwmol-C-17!
in all locations throughout the year and display lower values
between days 200 and 300. These seasonal variations are well
captured by the model which predicts DIC with accuracy while
slightly underestimating TAlk (average bias over 5 stations of
—270 uM). RMSE for DIC and TAlk are generally comprised
between 100 and 200 wM depending on the station, which
represents less than 6% of their yearly average value at any station.
pH and pCO; predicted by both models are relatively close
to observations in terms of seasonal average but also struggle
to capture the seasonal signal observed in the data. Together,
both models are able to simulate the progressive increase in pH
from 7.8 in Paris to 8.1 at the estuarine mouth but the seasonal
dip taking place in summer is only adequately reproduced by
pyNuts-Riverstrahler at kilometer 208. The RMSE for pH at
this station is 0.11 while is comprised between 0.21 and 0.32
elsewhere. Downstream, a pH maximum develops around day
150, as a consequence of the late phytoplankton bloom simulated
by the model while observations report an annual minimum.
The opposite seasonal trend is observed for pCO, which is
characterized by baseline values mostly comprised between 2000
and 3500 ppm in winter but exhibits a maximum in summer with
values in excess of 10,000 ppm in Poses, which are not captured by
the models, especially in the estuarine section. In our simulations,
pCO;, does not exhibit any seasonal variations downstream

of Poses and remains essentially bounded between 2,500 and
4,000 ppm over the entire estuarine section. This translates into
large RMSE ranging from 983 to 4528 patm depending on
the station. The propagation of this seasonal mismatch at the
boundary condition between both models (Poses) results in an
underestimation of pCO; in the estuarine section between days
120 and 180 and negative biases in all but one station.

Carbon Dynamics

Processes Controlling the Carbon Dynamics Along
the Seine River and Estuary

A mechanistic understanding of the carbon dynamics along the
main axis of the Seine can be provided by the analysis of the
respective contributions of aerobic degradation (Respiration),
denitrification, Net Primary Production (NPP) and CO,
outgassing to the change in DIC and TOC concentrations
along the main axis of the Seine between Le Havre and Paris
(Figure 7). The use of width-integrated yearly averaged rates
allows analyzing the CO; dynamics per unit length of estuarine
segment and identifying variations all along the domain that
would otherwise be difficult to compare by using volume/surface-
integrated estimates (Figures 7A,B). In parallel, Figures 7C,D
also reports those rates per unit surface area which provides
insight regarding the intensity of the biogeochemical processes
controlling the fate of carbon.
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Numbers between brackets represent the relative bias and RMSE in percent.

The main process responsible for changes in DIC along the
river-estuarine gradient is CO; outgassing (a loss represented
negatively), which goes increasing from Paris until Poses and
reduces DIC concentrations in water (Figure 7A). In terms
of outgassing intensity per surface area, however, the rates
simulated in the estuarine and riverine sections of the model
are comparable (Figure 7C). In the estuary (kilometers 0-168),
the outgassing of CO, increases from 0.2 to 3 gC-d~!.m~2
between Poses to 30 km upstream of Le Havre and drops
sharply toward the estuarine mouth. The width integrated
fluxes reveal that, in spite of lower emission rates, the 50
most downstream kilometers of the system account more
than half of the total CO, flux toward the atmosphere
(51%) as a consequence of the exponential widening of Seine
toward the sea (Figure 2A). The dominant biogeochemical
source of DIC for the system is the aerobic degradation
of organic matter, which displays a progressive increase
from Paris (0.04 gC-d~!m~2) to Poses (2 gC-d~!‘m~2) and
sustains a rate comprised between 0.8 and 1.2 gC.d~!-m~2
in most of the estuarine section, except for the 20 most
downstream kilometers. Primary production and denitrification
only contribute marginally to the DIC balance of the system
and the net change in DIC is negative all along the simulated
river-estuarine continuum.

Along its journey through the main axis of the Seine from Paris
to the estuarine mouth, organic matter is mostly converted into
DIC with a negative net change comprised between —0.1 and —2
gC-d~!-m~2. This consumption is almost exclusively driven by
aerobic degradation and denitrification is almost negligible. The
latter is nonetheless slightly more intense in the estuarine section
of the Seine but remains two orders of magnitudes less intense
than respiration. The source terms for organic carbon (i.e., NPP)
never exceeds 0.1 gC-d~!-m~2 and reaches 100 kgC-d~!-km™!
at the estuarine mouth. Overall, these profiles reveal that the
main axis of the Seine barely produces organic matter instream
and is essentially sustained by tributaries and lateral inputs while
converting a large proportion of the organic carbon produced
upstream into DIC.

Integrated Budget of the Seine Estuarine/River
Network

Every year, 1,204 Gg-C are injected into the Seine river network,
including 101 Gg-C-yr~! under the form of organic carbon as
diffuse and point sources (Marescaux et al., 2018) providing
a ratio of OC/IC of around 0.1. This organic to inorganic
carbon ratio drops below 4% at the estuarine mouth where
716 and 29 Gg-C-yr—! of DIC and TOC are exported to the
sea, respectively. The overall CO; outgassing of the entire Seine
and estuarine system reaches 445 Gg-C-yr~! (Figure 8). 44% of
this CO, release takes place upstream of Paris (196 Gg~C~yr‘1),
mostly in the large upstream Seine river network (137 Gg-C-yr~1)
compared to the smaller Marne one (59 Gg-C-yr~!). Downstream
of Paris, however, the main axis only contributes 21 Gg-C-yr~!
between Paris and Poses while the estuary and the various
tributaries emit 101 and 127 Gg-C-yr~!, respectively. Looking at
the inputs, 465 Gg-C-yr~! reach Paris, mostly under the form
of DIC (92%). Another 319 Gg-C-yr—! are introduced into the
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main axis of the Seine between Poses and Paris. 71% of those
come from tributaries, which mostly contribute to the DIC pool
(216 Gg C yr~!) while the 91 Gg-C-y~! provided by urban
releases and point sources exhibit a much high proportion
of OC (18%). 31% of the OC reaching the main axis of the

Seine between Paris and Poses is thus delivered by urban
releases and point sources. Within this section of the network,
a significant DIC removal takes place in the various tributaries
of the Seine, most notably the Oise for which the total
outgassing amounts to 98 GgC.yr~

Downstream of Poses,
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in the section of the main axis simulated by C-GEM, most
of the carbon processing takes place in the estuary where
46 Gg-C-yr~! are converted from organic matter into DIC
(71% of the entire river network) and 101 Gg-C-yr~! are
emitted as CO; into the atmosphere. The estuarine net primary
production, however, remains relatively low with 3.6 Gg-C-yr™!
but still represents 32% of the production occurring in the
upstream fluvial part. As illustrated by Figure 7, the large
contribution of the estuarine section of the Seine to NPP
and respiration can be partly attributed to its relatively large
water surface area.

DISCUSSION

Interests and Weaknesses of the
Approach

The simulations presented in this study are, to our knowledge,
the first transient representation of the inorganic carbon
biogeochemical processing of an entire river network resulting
from the full coupling of a riverine and estuarine RTM. Such
an off-line coupling was recently published using Riverstrahler
and ECO-MARS3D for nutrients biogeochemical processing
only (Romero et al., 2018). The relatively good performances,
at least in terms of level of water quality variables, of both
C-GEM and Riverstrahler for chlorophyll, nutrients, oxygen
as well as organic and inorganic carbon dynamics proves
that our approach is able to capture the main biogeochemical
dynamics of the Seine river network all along its main axis and
provide a realistic representation of the main biogeochemical
processing taking place in the different tributaries (i.e., nutrient
consumption, organic matter degradation etc.). All variables
simulated fall within the range of the values observed on the
field and most seasonal patterns such as nutrient consumption
are reproduced. O, DSi, and NOj;, in particular display
relative biases mostly falling in the 5-20% range when
compared with observations depending on the station. Our
simulations describe a heterotrophic system characterized by
a moderate biogeochemical processing and relatively little
production in the estuarine section as suggested by previous
studies (Garnier et al,, 2001). One of the main controls of
the biogeochemical dynamics of the Seine river network is
the significant anthropic pressure which translates into large
nutrients and organic matter point sources, in particular in
Acheéres downstream the WWTP SAV and Rouen as was
evidenced by Servais et al. (1991), Romero et al. (2016), and
Marescaux et al. (2018). Although the timing of the simulated
phytoplankton bloom is late by a few weeks, the amplitude
of the nutrient consumption is similar to observation and
the decrease in dissolved silica confirms the domination of
diatoms within phytoplankton biomass (Morelle et al., 2018;
Garnier unpublished).

Because of the advective nature of the riverine environment,
a proper simulation of the seasonality of the carbonate cycle
in a riverine environment puts a lot of pressure on the
accuracy of the most upstream concentrations. It is thus a
testament to the robustness of the hydrological modules of

both models that proper seasonal signals in most chemical
species can be adequately transferred along the riverine gradient
and from Riverstrahler to C-GEM in spite of significantly
different temporal resolution. While several RTMs including
biogeochemical modules have been developed and successfully
applied to several rivers and estuaries over the past decades
(Regnier et al., 1997, 2002; Regnier and Steefel, 1999; Arndt and
Regnier, 2007; Arndt et al, 2009, 2011; Laruelle et al., 2009;
Romero et al., 2018), it should be noted that both C-GEM and
pyNuts-Riverstrahler are designed to be generic tools relying
on parameterizations elaborated with the intend of an ease of
deployment to any temperate system (Volta et al., 2014, 2016a,b;
Laruelle et al., 2017a; Desmit et al., 2018). Thus, this successful
local application opens the door to simulation of entire stretches
of coastline of this estuarine/riverine modeling chain following
the recent independent regional application of both C-GEM
(Laruelle et al., 2017a) and Riverstrahler (Desmit et al., 2018).

A Carbonate Cycle Module in the

Land-Ocean Aquatic Continuum

One of the main features of the biogeochemical modules used
in this study is the explicit resolution of the carbonate cycle,
which is seldom included in riverine and estuarine RTMs. As
for nutrients, the values simulated by both models for DIC,
TAlk, pH, and pCO; fall well within the average values observed
on the field for these variables throughout the entire length of
the system and the seasonality of DIC and TAlk are properly
captured. This is also demonstrated for the riverine section of
the Seine in Marescaux (2018). However, the complex seasonal
dynamics of the carbonate system was not fully captured for
pH and pCO,. These variables are very sensitive to minor
changes in DIC and TAlk and are thus particularly difficult to
simulate with accuracy. Nonetheless, the baseline pH and pCO,
values simulated by C-GEM in the estuarine section of the Seine
match observations for most of the year. The discrepancy with
observations corresponds to the propagation at the connection
between both models of the late phytoplankton bloom, which
prevents the model to reproduce a drop in pH observed in
the field around day 150. It should also be noted that previous
modeling attempts at simulating the carbonate cycle in estuarine
environments, however, did not involve a spatial component
and only reproduced annually or seasonally averaged conditions
(Volta et al, 2016a,b). Overall, our longitudinal profiles for
DIC, TAlk, pH, and pCO, do match average observations with
mean annually averaged relative biases between model and
observations over 5 stations of 3, 6, 1, and 24% for DIC, TAIk,
pH, and pCO,, respectively (Table 3).

This is illustrated by the large changes in pCO, and pH
observed at any given station along the Seine and particularly
clear in Poses (Figure 6). Nonetheless, because of the largely
oversaturated nature of the Seine in pCO, throughout the year
and the fact that baseline pCO; values simulated by both C-GEM
and Riverstrahler, we are confident that our integrated yearly
budget for the CO; emissions from the river network of the Seine
is relatively realistic. Considering that the pCO; values simulated
by our estuarine model match the yearly baseline values, our
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estimate should be regarded as a lower end estimate. Based
on the most downstream pCO, time series, assuming that the
gradient of pCO; at the air-water interface is underestimated
by the estuarine model by a factor of 2 between days 120
and 180, the resulting CO, emissions would only increase by
~15%. One of the striking features of these calculations is that
with a conservative estimate of outgassing of 101 Gg-C-yr~!
over the 168 most downstream kilometers of the Estuary (and
51 Gg-C-yr~! in the 50 most downstream kilometer), the
estuary contributes at least 23% to the global emission of CO;
from the entire river network of the Seine which amounts to
445 Gg-C-yr~!. This exercise reveals the importance of the
estuarine section of the Seine because, in part, of the large increase
in available surface area. Such disproportionate contribution of
the most downstream part of estuaries was already suggested
by Volta et al, 2016a,b for the Scheldt and the Elbe. This
not only confirms our hypothesis that estuaries are significant
contributors to the aquatic CO, outgassing but also evidences
the importance of including an explicit description of the
morphology of estuaries when performing an integrated analysis.
The influence of the width of the system on the intensity of the
carbon processing partly results from the increase in available
surface area for the air-water gas exchange (Regnier et al., 2013a;
Volta et al., 2016a) as well as change in water residence time.

Features and Fate of Carbon in LOAC at

Regional Scale

Interestingly, the contribution of the estuary to the Seines
river network matches that derived for the global scale (23%)
by comparing the estuarine outgassing of 0.15 Pg-C.yr—!
calculated by Laruelle et al. (2013) to the riverine outgassing
of 0.65 Pg-C-yr~! calculated by Lauerwald et al. (2015). Such
local and global results further highlight the importance of
integrating estuaries into calculations of the carbon removal
by the LOAC either at local scale (i.e., such as in this study),
regional scale (Laruelle et al., 2015) or global scale (Regnier et al.,
20132). In addition, the outgassing of 101 GgC-yr~! reported
to the surface area of the Sein€’s estuary (146 km?) yields an
average emission rate per surface area of 58 mol-C-m~2.yr—!,
While this value sits at the high end of the range of emissions
reported for tidal estuaries [estimated at 18.2 mol-C-m~2-yr~! by
Laruelle et al. (2013)], European estuaries under heavy anthropic
pressures tend to display higher emission rates ranging from 30 to
70 mol-C-m™~2.yr~! (Frankignoulle et al., 1998).

Throughout its journey along the Seine’s LOAC, the fraction of
organic carbon remains below 10% in all sections of the network
and goes increasing from below 5% in the tributaries upstream
of Paris to ~10% at the confluence of the Seine and the Oise
and decrease again to 4% at the mouth of the estuary. This
decreasing trend in the estuarine domain is consistent with that
suggested by the global synthesis of Bauer et al. (2013) although
that study implies a larger fraction of organic carbon in global
riverine waters suggesting that the natural organic load of the
Seine is relatively low. The significant increase in the mid-section
of the main axis of the river is a direct consequence of the strong
anthropogenic pressures existing on the Seine river-network. For

instance, large punctual inputs indeed take place, in particular
between Paris and Poses where the organic to inorganic carbon
ratio exceeds 0.1 as a consequence of the discharge of a large
amount of the treated effluents of the 12.5 million inhabitants of
the Parisian conurbation on the lower Seine river. Noteworthy,
the contribution of the organic load in this Paris-Poses stretch
has been much higher in the period 1980-1990 before efficient
treatments, especially in the huge SAV WWTP as shown in terms
of BOD load in Rocher and Azimi (2017) and oxygenation of the
river (Romero et al.,, 2016). Overall, the organic carbon retention
(calculated as 1 minus the ratio of organic carbon exported to the
organic carbon inputs) for the entire river network amounts to
54% for the estuarine section.

Although significant, this number is slightly lower than the
range of organic retentions calculated for six European estuaries
surrounding the North Sea by Volta et al. (2016b). These systems,
which include the Scheldt, the Thames, and the Oder were shown
to all convert over half of the organic carbon passing through
them (76 4= 20%). However, the total carbon retention (i.e., taking
into account both DIC and TOC) of the Seine estuary amounts to
9%, which is comparable to the Scheldt (10%), the Elbe (11%) and
the Weser (12%) and falls at the low end of the range of 15 &+ 7%
reported by Volta et al. (2016b).

CONCLUSION

This study presents an integrated modeling investigation of the
carbon and nutrient dynamics along the LOAC of the Seine river
network. Our approach relies on the coupling of two transient,
spatially resolved models for the estuary (C-GEM) and the river
network (pyNuts-Riverstrahler) able to simulate Chl a, nutrients,
oxygen and the carbonate cycle. Our simulations performed
over year 2010 properly capture the longitudinal profiles and
seasonal variations of all variables and reveal a system under
strong anthropic pressure with large nutrients and organic matter
inputs. Our study thus allows calculating an integrated carbon
budget of the Seine river network which evidences the large
contribution of the estuary to both CO, outgassing and TOC
degradation. While the spring maximum in pCO;, observed
on the field is not reproduced by our models, the baseline
pCO, simulated by the model allows estimating a conservative
outgassing of the estuarine section to be 101 Gg-C-yr~!, which
amounts to 23% of the entire river network. The estuary also
transforms 65% of the TOC into DIC between Poses and Le
Havre, lowering the OC to IC ratio from 0.1 upstream of Poses
to 0.04 at the estuarine mouth. Such high filtering intensity
confirms the hypothesis that, because of its increasing width and
surface area, the most downstream part of the river network
disproportionately contributes to the carbon processing of the
system. Because of the generic nature of both C-GEM and
pyNuts-Riverstrahler, similar applications to other river networks
or entire stretches of coastline can be ambitioned in the future.
These applications will allow determining how representative
the case of the Seine river is amongst rivers with tidal alluvial
estuaries and constraining regional scale carbon and nutrient
budgets for the LOAC.
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