Journal of Hydrology xxx (2016) XXX—XXX

E [—

JOURNAL OF
HYDROLOGY

Contents lists available at ScienceDirect

Journal of Hydrology

; J
\

journal homepage: www.elsevier.com/locate/jhydrol

Research papers

Estimation of stream-aquifer exchanges at regional scale using a
distributed model: Sensitivity to in-stream water level fluctuations,
riverbed elevation and roughness

Fulvia Baratelli *, Nicolas Flipo?, Florentina Moatar "

A MINES ParisTech, PSL Research University, Geosciences Department, Fontainebleau, France
bLaboratoire GEHCO, UFR sciences et techniques, Université Francois Rabelais, Tours, France

ARTICLE INFO ABSTRACT

Article history:

Received 4 November 2015

Received in revised form 6 September 2016
Accepted 16 September 2016

Available online xxxx

This manuscript was handled by K.
Georgakakos, Editor-in-Chief, with the
assistance of Jennifer Guohong Duan,
Associate Editor

Several studies on stream-aquifer interactions focus on the local scale. However, the estimation of
stream-aquifer exchanges for a regional river network remains challenging. This study aims at assessing
the sensitivity of distributed stream-aquifer exchanges to in-stream water level fluctuations, riverbed
elevation and Manning roughness coefficient.

An integrated distributed surface-subsurface model is applied to the Loire river basin (117,480 km?,
France), where in-stream water level fluctuations are taken into account with a simplified Manning-
Strickler approach. The stream-aquifer exchanges are analyzed at pluri-annual and annual scales, as well
as during short-term hydrological events.

The model simulates the spatio-temporal variability of in-stream water levels accurately, with Nash

Keywords: coefficients up to 0.96 for the Loire river. The river network mainly drains the aquifer system. The average
Surface-subsurface interactions net exchanged flow is 2- 1072 m®s~! km~', which corresponds to 12% of the averaged discharge at the
Modeling outlet of the basin.

Hydrology The assumption of constant river stages significantly impacts the total infiltration (—70%) and exfiltra-

Hydrogeology
Sensitivity analysis
Loire river basin

tion (—10%) in the basin, whereas it has a negligible influence on the average net flux. The river fluctua-
tions increase the time variability of the stream-aquifer exchanges and may determine flow reversals
during flood events and also more frequently for river stretches at equilibrium with its nearby aquifer.
This study highlights the importance of accounting for river stage fluctuations in the modeling of regio-
nal hydrosystems. Moreover, a sensitivity analysis indicates that it is mandatory to develop new method-
ologies to better estimate the riverbed elevation at high resolution for a river network at regional scale. In
a lesser extent, errors on Manning coefficient affect the timing of infiltration and exfiltration, leading to
temporally localized discrepancies. However it does not affect the estimates of the global net exchanges

significantly.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The concept of hydrosystem (see, e.g., Dooge (1968), Kurtulus
et al. (2011), Flipo et al. (2014)) reflects the need to consider the
interactions between the different components of the water cycle
in order to evaluate the water and solute fluxes properly. In partic-
ular, the stream-aquifer interface controls the interactions
between surface water and groundwater. The evaluation of the
water fluxes at this interface is then a primary task to correctly
simulate the hydrosystem functioning (Fleckenstein et al., 2010;
Saleh et al., 2011; Flipo et al., 2014) and predict its response to
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climatic and anthropogenic stresses (Scibek and Allen, 2006;
Scibek et al., 2007; Zume and Tarhule, 2008; Zume and Tarhule,
2011; Waibel et al., 2013; Graham et al., 2015).

Stream-aquifer interfaces can be described at different scales
(Flipo et al., 2014): local (10 cm to 10 m), intermediate or reach
(10m to 1 km), watershed (10-1000 km?), regional (10,000 km?
to 1 M km?) and continental (>10 M km?). The regional scale is of
utmost importance since environmental regulatory frameworks,
such as the european Water Framework Directive (EU
Parliament, 2008), and water resource management plans (Pryet
et al., 2015) are often set at this scale.

In their extensive literature review, Flipo et al. (2014) pointed
out that, among 183 publications concerning the usage of dis-
tributed physically based hydrological-hydrogeological models,
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only 19 pertain to the regional scale. Except for Monteil (2011) and
Pryet et al. (2015), none of these publications explicitly perform a
distributed quantification of the stream-aquifer exchanges. Further
work is then needed to improve the modeling of the stream-
aquifer exchanges at the regional scale. The classical approach is
a conductance model (Rushton and Tomlinson, 1979) assuming
constant river stages over time. To the authors’ knowledge, the
only study taking into account water level fluctuations at the regio-
nal scale was carried out by Pryet et al. (2015).

Nevertheless, the effect of water level fluctuations on stream-
aquifer exchanges was studied by a few authors at intermediate
and watershed scale. At the intermediate scale, in-stream water
level fluctuations may determine temporary reversals of the gain-
ing or losing regime for some river reaches, particularly during
flood events (Cloutier et al., 2014). Such reversals could have a
major influence on the fluxes of contaminants (Zachara et al.,
2013; Batlle-Aguilar et al., 2014). An accurate description of the
river longitudinal water level distribution is also important to esti-
mate groundwater residence times, as shown at reach scale by
Diem et al. (2014).

At the watershed scale, in-stream water level fluctuations have
a significant impact on the stream-aquifer exchanges and on the
near-river piezometric head distribution (Saleh et al., 2011). More-
over, in-stream water level fluctuations slightly increase both the
global exfiltration and the global infiltration in the basin, with a
resulting negligible variation of the net stream-aquifer exchange
(Saleh et al., 2011). At larger scales (regional or continental), the
assessment of the impact of in-stream water level fluctuations on
the stream-aquifer exchanges still needs to be developed.

The approach to account for river stage fluctuations in coupled
hydrological-hydrogeological models depends on the scale of the
modeled domain as well as on data availability. At the watershed
scale, the methodology is generally based on the availability of
river cross-section profiles. This is the case of the study published
recently by Foster and Allen (2015) concerning a mountain to coast
930 km2-watershed. The net and absolute fluxes were estimated
taking into account the in-stream water level fluctuations by
means of the diffusive wave approximation of the one-
dimensional Saint-Venant equations.

In Saleh et al. (2011), a one-dimensional Saint-Venant model is
employed to derive the rating curves to be used in the hydrogeo-
logical model to compute the water stages from the simulated dis-
charge. This approach is successful to accurately simulate river
stage variability and near-river piezometric head distribution with
a rather low computational cost, as the hydraulic model is not cou-
pled to the hydrogeological model, but it is used to construct the
rating curves. However, this method is also based on the availabil-
ity of surveyed cross-section, which is often not guaranteed for
regional scale basins.

At the regional scale, Pryet et al. (2015) simulate in-stream
water level fluctuations with a simplified Manning-Strickler
approach, which requires as input data some basic morphological
features (river width, riverbed elevation and longitudinal slope)
as well as the Manning roughness coefficient. The geomorphologi-
cal properties are estimated with a Digital Elevation Model (DEM),
while the roughness coefficient is calibrated against observed dis-
charge and river stages as in Saleh et al. (2011). This is an accept-
able compromise for simulating river stages at the regional scale
(Saleh et al., 2013).

The approach followed by Pryet et al. (2015) is suitable for
regional hydrosystems where surveyed cross-sections are not
available. However, the river network morphological parameters
are difficult to estimate at the regional scale and the values derived
from a DEM may be affected by significant errors. The question
then arises whether such errors in the modeling of river stage

variability may hinder a correct evaluation of the stream-aquifer
exchanges.

In this context, the present work aims at answering two main
questions. First of all, which are the effects of in-stream water level
fluctuations on the stream-aquifer exchanges for a regional
hydrosystem? The answer to this question has a practical applica-
tion for hydrosystem modeling because it will determine whether
a simpler model assuming constant river stages is reliable or not.

The second question is: which are the effects of the uncertain-
ties related to the modeling of in-stream water level fluctuations
on the stream-aquifer exchanges? In other words, does the answer
to the first question depend on the uncertainties on input quanti-
ties like the DEM and the Manning roughness coefficient?

In order to address these questions, an integrated distributed
surface-subsurface model, Eau-Dyssée (Flipo et al., 2012; Flipo,
2013), is applied to the Loire river basin (117,480 km?), where
the variability of in-stream water levels is taken into account fol-
lowing the approach of Pryet et al. (2015). The effects of river stage
fluctuations on the stream-aquifer exchanges are assessed by per-
forming a simulation with constant river stages. Moreover, a sensi-
tivity analysis of the stream-aquifer exchanges on some of the
parameters controlling the river stage variability, namely, the
DEM, which is used to estimate the riverbed elevation, and the
Manning coefficient, is performed.

2. The Eau-Dyssée platform for hydrosystem modeling

Eau-Dyssée is a distributed model that allows the simulation of
the different components of the water cycle in a hydrosystem.
Detailed descriptions of the model can be found in Flipo (2013),
Flipo et al. (2012), Saleh et al. (2011) and Saleh (2010). Here, only
the main features are briefly recalled.

Eau-Dyssée conceptually divides a hydrosystem into three
interacting compartments: surface, unsaturated zone and satu-
rated zone. Specifically, the model couples six modules which sim-
ulate the surface water mass balance, the runoff, the river flow, the
in-stream water level fluctuations, the flow in the unsaturated
zone, the flow in the saturated zone (Fig. 1).

The surface water balance module is a conceptual model that
computes runoff, real evapotranspiration, soil storage and infiltra-
tion from the input data of precipitations and potential evapotran-
spiration. This model integrates information on land use and soil
cover through a seven-parameter conceptual model (production
function, Deschesnes et al. (1985)).

The surface runoff is routed to the river network by the ISO
module, according to which the runoff reaches the river network
with a delay that depends on topography and concentration time
(Flipo et al., 2012).

Water reaching the river network is routed by the module
RAPID (Routing Application for Parallel Computation of Discharge,
see David et al. (2011a,b, 2013)), which is based on a one-
dimensional Muskingum scheme.

Then, the QTOZ module (Saleh et al., 2011; Saleh, 2010) calcu-
lates the in-stream water level as a function of the discharge rou-
ted by the module RAPID. The module allows three options: fixed
water levels, water levels estimated from a rating curve or water
levels estimated using the Manning-Strickler equation.

Infiltrated water flows through the unsaturated zone before
reaching the saturated zone. This is simulated in the conceptual
model NONSAT by introducing a succession of reservoirs, whose
number increases with the thickness of the unsaturated zone. This
simplified description of the unsaturated zone simulates the delay
between water infiltration and flow in the saturated zone.

The flow in the saturated zone is simulated by the module SAM,
which is a physically-based distributed hydrogeological model for
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Fig. 1. Conceptual scheme of coupled surface-subsurface model Eau-Dyssée. Q is river discharge, h, the river stage elevation, Q,s the stream-aquifer exchange, ki, the
conductance, h; the groundwater head, T the transmissivity, S the storage coefficient and F the source term. Adapted from Flipo et al. (2012).

multi-layer aquifer systems initially developed by Ledoux (1975),
de Marsily et al. (1978) and Levassor and Ledoux (1996). This
model solves the diffusivity equation (de Marsily, 1986) with a
quasi-3D finite-differences scheme: the flow is assumed to be hor-
izontal in each layer, whereas the aquitards between the layers are
characterized by vertical flow. The SAM module is coupled to the
surface modules (RAPID and QTOZ) through the stream-aquifer
exchanges (Fig. 1).

2.1. Estimation of stream-aquifer exchanges

In regional surface water-groundwater models, the river width
is generally smaller than the mesh size of the model. As a conse-
quence, it is not meaningful to set the continuity of the water level
in the cells representing the stream-aquifer interface. In this case,
the stream-aquifer exchanges are commonly estimated with a con-
ductance model, according to which the water flux between aqui-
fer and stream, Q4 [m>s~!], is proportional to the difference
between the piezometric head, h, [m], and the in-stream water
level, h, [m], i.e.:

QAS(X7 t) = kri?/(x) [hg(x1 t) - hr(x7 t)} ’ (1)

where the proportionality constant k;, [m? s~'] is the conductance
of the stream-aquifer interface, x is the location and t is time.
According to Eq. (1), the flux at the interface is positive if the piezo-
metric head is greater than the river water level, that is, the aquifer
exfiltrates to the river, which is in a gaining regime. On the contrary,
Qs is negative if hy < h,, that is, the river is in a losing regime and it
infiltrates towards the aquifer.

Although the conductance coefficient is traditionally estimated
from the properties of the riverbed deposits, Rushton (2007)
showed that the main factor controlling the conductance coeffi-
cient is the horizontal hydraulic conductivity ky [ms~!] of the
underlying aquifer, according to the following expression:

kﬁ]} = ﬂ(HL7 (2)

where f is an adjustable correction factor, generally ranging
between 0.9 and 1.2 (Rushton, 2007), and L [m] is the model mesh
size. This approach was followed by Pryet et al. (2015) to estimate
the stream-aquifer exchanges in the Seine river basin (65,000 km?),
after calibrating the correction factor f.

In order to simulate the possible disconnection between
streams and aquifers, the Eau-Dyssée model limits the infiltration
rate to a maximum value, Qy;, (Saleh et al., 2011; Flipo et al., 2014),
which represents the infiltration occurring by gravity in a discon-
nected system (Brunner et al., 2009; Riviere et al., 2014; Xie
et al., 2014). For regional temperate hydrosystems, Q;,, also plays
a role in case of floods, as discussed later in Section 5.3.2.

2.2. In-stream water level fluctuations

The Manning-Strickler equation allows the calculation of the
average fluid velocity » [m s~!] for uniform flow in open channels
(Chow, 1959):

v—=n1R/3s2, 3)

where n is the Manning roughness coefficient [s m~'3], R is the
hydraulic radius [m], and S [-] is the slope of the energy line
which, given the hypothesis of uniform flow, can be considered
equal to the slope of the riverbed. If A [m?] is the area of the
wetted surface, Eq. (3) can be rewritten in terms of the discharge
Q = vA:

Q(t) = n'R*?S'?A. (4)

If it is assumed that the river section is rectangular and that its
width, W [m], is much greater than its depth, d [m], then A = Wd
and R ~ d. Consequently, Eq. (4) can be rewritten, in terms of d,
as:
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where the dependence on time t has been explicitly indicated and
Q(t) is computed by the river routing module (Fig. 1). As a first
approximation, n, W and S are assumed to be constant. In-stream
water levels, h, [m], can then be computed as

h,(t) = b +d(t), (6)

where b [m] is the riverbed elevation and d is given by Eq. (5).

3. Implementation of the Loire river basin model
3.1. The Loire basin

The Loire river basin (117,480 km?) is the largest basin entirely
located in France and it covers one fifth of the country (Fig. 2).

The climatic regime of the Loire basin is pluvial. The average
precipitation over the period 1970-2009 ranges from more than
1000 mm/a in the upstream part of the basin to less than
700 mm/a in the downstream plaines, whereas the average precip-
itation for the entire basin is 815 mmy/a. The interannual variability
is significant, as the annual averages can vary from 450 mm/a in a
dry year like 1975-1976 to 970 mm/a in a humid year like
2000-2001.

Concerning the hydrology of the basin, the Loire river is
1013 km long and it is characterized by a pluvial hydrological
regime, with a high river flow period in winter and a low-flow per-
iod in summer. A periodicity of 17 years, associated with the North
Atlantic Oscillation (NAO), has been observed in climatic variables
and stream discharge (Massei et al., 2010), as well as in groundwa-
ter levels (Flipo et al., 2012). The mean daily discharge at the outlet
of the basin (Saint-Nazaire, see Fig. 2) is 883 m>s~! over the 17-
years period 1998-2015. The hydrological regime is very irregular

due to intense floods and droughts. For example, the mean daily
discharge at Saint-Nazaire is 130 m®s~! for the 5-year droughts
and 5100 m® s ! for the 20-year floods.

The central part of the basin is composed of multi-layer sedi-
mentary formations, whereas the remainder of the basin lies on
crystalline formations. In the central basin the main aquifer units
are the Oligocene-Eocene (Beauce), the Upper Cretaceous chalk
and the Cenomanian sands. Local karst formations are identified
around the town of Orléans (Fig. 2): in particular, the Loire river
loses water in the karst system between Chateauneuf and Jargeau
(Fig. 2), upstream of Orléans, and then it regains this water through
the Loiret river (Fig. 2) downstream of Orléans (Chery, 1983).

3.2. Domain, boundary conditions and discretization

The present paper is based on the coupled hydrological/hydro-
geological model of the Loire river basin developed by Monteil
(2011). In this work, the modeled domain is represented by the
part of the basin downstream of the confluence between the Loire
and the Allier rivers, i.e., downstream of the Cours-les-Barres gaug-
ing station (Fig. 2), where the observed discharge is imposed as a
model boundary condition. This choice simplifies the model con-
struction, as three dams are present on the Loire river upstream
of the Cours-les-Barres gauging station. The modeled area includes
the part of the neighboring Seine river basin which overlays the
Beauce aquifer, in order to take into account the time variability
of the piezometric crest between the two hydrogeological basins.
The area of the modeled domain is 90,000 km? of which
38,700 km? are characterized by the presence of outcropping aqui-
fers interacting with the stream network.

Three aquifers are modeled, namely, from top to bottom, the
Oligocene-Eocene (Beauce), the Upper Cretaceous chalk and the
Cenomanian sands, which are separated from the underlying
Albian aquifer by the low-permeability Gault clayed aquitard. A
fixed-head boundary condition is imposed along the Seine river,

N Aquifers
W E Beauce (Oligocene-Eocene)
2 Chalk (Upper Cretaceous)
S : Ze Sands (Cenomanian)
0 50 100k 3 Jargeau 3 Limit of the basin
—_—— Lor Orleans | rateauneur 03 Simulated domain
& gien — Loire River
e T ;;BI/_/;\“:\\‘ — Main rivers
Saint-Nazaire Langeals ___~% /€ Main gauging stations
» > P <l 2\
Loire g s i o 5
Lz 2
® 2P 2 Cou is:/ Ies-B.? jres
«©
. <
wde .
RASBOURG
MARSEILLE
Ty ;
0 200 400 km Main cities

= oire river basin

Fig. 2. The Loire river basin.
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whereas a no-flow boundary condition is imposed at the remaining
aquifer borders, as well as at the bottom of the deepest aquifer, i.e.,
the Cenomanian sands.

The hydrological mass balance is computed on 90 units, called
production cells, which result from the intersection of two data
sets: the Corine Land Cover data set defining the land use in France
(http://www.eea.europa.eu) and the INRA Soil database defining
the classification of soil geologic types in France (King et al.,
1995). The production cells are characterized by different combi-
nations of 22 production functions, each of which is defined by
seven parameters governing the balance between infiltrated water,
evapotranspiration and runoff.

The stream network is obtained from a Digital Elevation Model
(DEM) resampled on square cells of side 1 km with the HydroDem
software (Leblois, 2008). Only the cells draining more than 50 km?
are retained, leading to 16,141 river cells, of which 5244 are con-
nected with an underlying aquifer. The surface is discretized in
63,234 nested square cells whose size ranges from 1 km to 8 km.
The unsaturated zone is represented by a number of reservoirs pro-
portional to its thickness. The three aquifer units were discretized
with a total of 37,620 square cells with the same range of sizes as
the surface cells.

3.3. Input data

The model input data can be classified in forcings, observed
time series of the hydrological and hydrogeological quantities
(discharge, piezometric head and river stage) and calibration
parameters.

The model forcings are represented by the meteorological
inputs, i.e., precipitation and potential evapotranspiration, which
are given by the Météo-France SAFRAN database at a 8 x 8 km?
resolution and a daily time step (Quintana-Segui et al., 2008).
The basin is also characterized by the presence of several pumping
sites for irrigation, drinking water supply and industrial needs.
Information on the localization and the intensity of such water
withdrawals are provided by the Water Agencies and are
integrated in the model (Monteil, 2011).

The Banque Hydro database (www.hydro.eaufrance.fr) provides
discharge and water stage time series at 161 gauging stations in
the modeled domain. In the same region, the ADES database
(www.ades.eaufrance.fr) provides piezometric head time series at
195 piezometers: 89 in the Beauce aquifer, 48 in the Upper creta-
ceous chalk aquifer and 58 in the Cenomanian sands aquifer. These
observed time series are needed to calibrate and validate the
model. Moreover, the discharge observed at the Cours-les-Barres
gauging station and the water stages in the Seine river are also
used as boundary conditions, as previously discussed.

The total number of calibration parameters of the Loire basin
model developed by Monteil (2011) is 174,654; the reader is
referred to that work and to Flipo et al. (2012) for a detailed
description of such parameters.

A DEM is also required to define the topographic threshold for
groundwater seepage, to simulate the watershed and river routing
and, finally, to estimate the river stages, as detailed in Section 3.4.

3.4. Input data to simulate the time fluctuations of in-stream water
levels

The simulation of variable river stages with the approach
described in Section 2.2 requires the Manning coefficient n, which
is calibrated as described in Section 3.5, as well as some morpho-
logical parameters (river width, riverbed elevation and slope).
Measured cross-sections were available for the Loire river only,
so that different methods had to be employed to estimate these

quantities for the remaining of the river network, as detailed in
the following paragraphs.

3.4.1. River width

The bankfull width of the Loire river was approximated as the
active-channel width, which was estimated by measuring the
non-vegetated river width every 500 m on aerial photographs
(Latapie et al., 2014). For the lower Strahler orders (Strahler,
1957) of the stream network, the values of river width were taken
from the database SYRAH (Valette and Cunillera, 2010), which is
also based on aerial photographs. The resulting river widths range
from 2 m for the upstream tributaries to 530 m for the Loire river
where it leaves the aquifer zone.

3.4.2. Riverbed elevation

The longitudinal distribution of the riverbed elevation along the
Loire river was defined using the transversal profiles measured at
255 cross-sections, which have an average spacing of 1.6 km
(Latapie et al., 2014). For each section, the 20% quantile of riverbed
elevations was computed and assigned as riverbed elevation to the
model cell containing that section. A linear interpolation was
finally performed between the different sections in order to obtain
the riverbed elevation for all the Loire river cells.

For the other streams of the Loire river network, the estimate of
the riverbed elevation is based on the Manning-Strickler Eq. (6). In
particular, if it is assumed that Eq. (6) holds in bankfull conditions,
then the riverbed elevation can be computed as:

3/5
b nQ"”
b=h' - <W51/z> ; (7)

where h’,’f and QY denote the bankfull stage and discharge, respec-

tively. hlr’f is approximated by the DEM. Q¥ corresponds to an aver-
age return period of 1.5years (Dunne and Leopold, 1978).

Therefore, Q% was estimated for each river cell as the 75% quantile
of the discharge distribution given by a pluri-annual simulation, for
which the river stages are forced to be constant and equal to the
bankfull stage.

3.4.3. Digital elevation model

The DEM used in this paper is given by the database ALTI at
25 m resolution (IGN, 2015). The bankfull stage is assigned to each
river cell with a GIS treatment, by taking the minimum elevation
among the 25 m pixels of the DEM that intersect that river cell.
The drawback of this method is that the model (DEM-derived) river
network does not perfectly overlap the real river network, so that
the water surface in the stream network often shows a discontin-
uous downstream slope, which is physically inconsistent.

The algorithm described by Yamazaki et al. (2012), which was
originally proposed by Soille (2004 ), was then used to correct the
DEM in order to obtain a continuous downstream slope along the
drainage network. This algorithm minimizes the modifications of
the original DEM by combining the filling and carving approaches
(Kaser et al., 2013) and optimizing a function that defines the cost
of the total modifications.

The resulting DEM is used to compute the reference riverbed
elevation by substracting the river depth following Eq. (7).

In order to analyze the model sensitivity to the riverbed eleva-
tion estimated using different DEM products, a second distribution
of riverbed elevations is obtained from a coarser model, the SRTM3
(Farr et al., 2007), which is generated by radar interferometry and
has a resolution of three arc-seconds, i.e., about 90 m. The distribu-
tion of the differences between the riverbed elevations computed
with the SRTM3 and those computed with the DEM at 25 m
resolution is characterized by an average value of —1.2 m and a
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standard deviation of 2m. The riverbed elevation remains
unchanged for 15% of the river network, whereas it decreases for
66% and increases for 19% of the network. It could have been
expected that a DEM with a smaller resolution leads to higher val-
ues of the riverbed elevation, as the larger size of the pixels implies
a larger influence of the banks. This is not the case here. It can be
explained by the fact that the two DEMs have not only a different
resolution, but they also have been obtained with different tech-
niques, radar interferometry for the SRTM3 and LIDAR for the
DEM at 25 m.

3.4.4. Riverbed slope

For the Loire river, the riverbed longitudinal slope was com-
puted from the riverbed elevation values, while for the remaining
of the river network the slope was provided by the database
SYRAH, where it is calculated from a DEM at 50 m resolution
(Valette and Cunillera, 2010).

3.5. Calibration method

The coupled hydrological-hydrogeological model of the Loire
basin was first calibrated by assuming constant in-stream water
levels according to the stepwise procedure described in Monteil
(2011) and Flipo et al. (2012). First a pre-calibration of the param-
eters of the production functions against the observed discharge is
achieved to obtain a first estimate of the aquifer recharge. Then a
calibration of the Beauce aquifer is performed with a hybrid
method coupling manual and automatic calibration, the latter
being performed with the successive flux estimation technique
(Ponzini and Lozej, 1982; Pasquier and Marcotte, 2006; Flipo
et al., 2012). Finally the calibration of the multi-layer aquifer sys-
tem, which is iteratively conducted with the re-calibration of the
surface parameters, is performed to take into account the interac-
tions between surface water and groundwater. The model was cal-
ibrated over the period 1998-2008 and validated over the period
1974-1984. Moreover, a test simulation was performed over the
35 years period 1974-2009 (Monteil, 2011) to ensure the robust-
ness of the parameter set as recommended by Flipo et al. (2012).

The riverbed conductance k;, was considered by Monteil
(2011) as a calibration parameter, whereas k;;, is computed here
as in Pryet et al. (2015) according to Eq. (2), which requires the cal-
ibration of the correction factor f only. As shown by Rushton
(2007), this coefficient is generally between 0.9 and 1.2, so that
its calibration requires the exploration of a much narrower range
than the calibration of k;,. The calibration of f is performed by
comparing the results of 8 simulations run with values of f ranging
from 0.9 to 1.4, with a spacing of 0.1. The Nash-Sutcliffe efficiency
coefficient (Nash and Sutcliffe, 1970), the absolute and relative bias
and the Root Mean Square Error (RMSE) are calculated for each
simulation at 161 discharge gauging stations and 195 piezometer
locations in order to assess the model performances in terms of
river discharge, piezometric head and in-stream water level.

The value of the maximum infiltration rate, Qj,, is assumed to
be uniform and equal to 0.1 m> s}, according to the results of the
calibration performed by Monteil (2011). The same value was
obtained for the Oise river basin, a sub-basin of the Seine river
basin (Saleh et al., 2011).

The simulation of the time variability of in-stream water levels
requires the calibration of the Manning coefficient n for the 5244
river cells connected to an underlying aquifer. The Manning coeffi-
cient is related to the friction between the riverbed and the water
flow. This coefficient depends on several factors: the roughness of
the river bottom, the presence and type of vegetation on the banks,
the irregularity of cross sections, the value of discharge and river
stage (Chow, 1959). As it is difficult to have enough information

about all these factors for an entire river network, a first estimate
of the Manning coefficient has been defined based on the stream
Strahler order (see Table 1). In fact, this coefficient is generally
smaller for rivers characterized by a smooth bottom, which is gen-
erally the case for the downstream rivers of the network.

The availability of river stage observations in the network per-
mits to better estimate the Manning coefficient. In particular,
Egs. (6) and (5) allow the calculation of a time-dependent Manning
coefficient:

Ws'/2 (htr)bs(t) _ b)5/3
n(t) = o : (8)
Q™ (1)

The average of n(t) over the simulation period, which is denoted
as 7, is used as the value of n to be inserted in Eq. (5). Assuming
that the simulated discharge is a good approximation of the
observed discharge, which is confirmed by the results of Monteil
(2011), this method minimizes the difference between the simu-
lated and observed river stages. This procedure is tested for the
Loire river, where 6 gauging stations are available. The Manning
coefficient is optimized station by station. The river is then divided
in reaches of uniform n around each station.

3.6. Simulation scenarios

Five simulations are analyzed in this paper. The first simulation,
referred to as the reference simulation, uses the reference param-
eters issued from the model calibration. A second simulation is
performed by assuming constant in-stream water levels, with the
objective of evaluating the effects of in-stream water level fluctu-
ations on the stream-aquifer exchanges. In this case, the DEM is
assumed to be an estimate of the average river stage. In the third
simulation the SRTM3 DEM is employed to estimate the bankfull
stage and then the riverbed elevation according to Eq. (7). Finally,
two simulations were performed by changing the Manning coeffi-
cient all along the stream network by +20% and —20%, respectively,
of the reference values.

For each simulation, the analysis of the stream-aquifer
exchanges is performed both at the pluri-annual and annual time
scales, as in Pryet et al. (2015). Moreover, the stream-aquifer
exchanges are also analyzed at the scale of short-term hydrological
events, when flow reversals can occur.

These different time scales are analyzed through five simulation
scenarios. The pluri-annual scenario covers a period of 17 years
(1990-2007), which is the duration of the cycle associated with
the North Atlantic Oscillation (NAO) (Massei et al., 2010; Flipo
et al., 2012). Due to the 17 years periodicity of the hydrological
variability, this is the minimal period of time for calculating rele-
vant pluri-annual averages. Two annual scenarios, denoted as WY
and DY, were then defined as hydrological years characterized by
wet and dry conditions, respectively. Finally, two short-term sce-
narios were defined as a single day of high-flow (HF) and low-
flow (LF) conditions.

Table 1

Correspondence assumed between the Manning
coefficient n and the Strahler order for the
affluents of the Loire river.

Strahler n[sm 73

0.067
0.050
0.040
0.033
0.029
0.025

Vi s we =

(<2}
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The wet and dry years, as well as the high-flow and low-flow
days, were selected according to the discharge time series at the
outlet station of Saint-Nazaire: the wet year is 2000-2001
(1553m>®s™') and the dry year is 2005-2006 (608 m>s~'),
whereas the high-flow corresponds to 28/01/1995 (6 080 m3s~!)
and the low-flow to 11/09/1996 (124 m3s~1).

3.7. Quantification of the net and absolute stream-aquifer fluxes at the
regional scale

The stream-aquifer exchanges are calculated according to Eq.
(1) at each river network cell, i.e., at a 1 km resolution with a daily
time step. In order to characterize the stream-aquifer exchanges at
the regional scale, the quantities Q,., Qa_s, Qs_.a, La_s and Ls .,
are computed. Q,, denotes the time average of the total net
stream-aquifer flows for the whole river network. Similarly, Q,_
(aquifer to stream flow) and Qs_., (stream to aquifer flow) denote
the absolute fluxes, respectively, exfiltrating and infiltrating. More-
over, L, s and Ls_., represent the percentages of the network length
which are characterized by an average gaining or losing regime
over the simulation period. Finally, L, is the percentage of the net-
work length which is characterized by a negligible exchanged flux,
i.e., with an absolute value less than 1Ls™ ' km™".

4. Results
4.1. Model performance

The water stage time variability along the Loire river is simu-
lated with very good accuracy. The average Nash coefficient is
0.93, the average RMSE is 0.2m and the bias ranges from
—0.14 m to 0.23 m (Table 2 and Fig. 3c and d). Both the amplitude
and the phase of the water level variations during an hydrological
year are well described at all the gauging stations of the Loire river,
and especially at the Blois station (Fig. 2c), which is located at the
border between the Beauce aquifer and the outcropping of the
Chalk aquifer, and at the Saumur station (Fig. 2d) which is located
30 km upstream the outlet of the aquifer zone. In other words, the
regional model is able to represent the water level fluctuations
during the high-flow and low-flow periods at the scale of the single
gauging stations. To the authors’ knowledge, no other publications
reported such performances for water stages at the regional scale.

Less surprisingly, the model also reproduces with good accuracy
the dynamics of the hydrographs: the average Nash coefficient
over the whole simulation period is 0.96 at the outlet station of
Saint-Nazaire (Table 3). The average Nash coefficient is 0.96 along
the Loire river and 0.65 in the entire domain (Table 3). 89% of the
discharge stations have Nash coefficients greater than 0.5 (Fig. 4).

Concerning the piezometric head, the average RMSE over the
whole simulation period is 2.84 m for the Oligocene-Eocene aqui-
fer, 5.22 m for the Upper Cretaceous chalk aquifer and 5.30 m for
the Cenomanian sands aquifer. The average RMSE is smaller than
5 m for 80% of the piezometers in the domain (Fig. 5). These perfor-
mances are satisfactory at the regional scale and correspond to

Table 2
Performance of the reference simulation in terms of in-stream water levels of the
Loire river: statistical criteria over the period 1990-2007.

Station Nash [-] RMSE [m] Bias [m]
Gien 0.99 0.09 —0.01
Orléans 0.85 0.27 -0.14
Blois 0.95 0.13 0.01
Onzain 0.90 0.26 0.23
Langeais 0.95 0.21 -0.04
Saumur 0.95 0.23 0.04

state-of-the-art model performances (Flipo, 2013; Pryet et al.,
2015) (see Table 4).

4.2. Optimal parameters

The model performances are nearly insensitive to the value of
the correction factor f of the riverbed conductance. In fact, the
RMSE for the piezometric head only increases of 0.02 m when
passing from f=0.9 to f= 1.4, while the discharge at the Saumur
station does not change with f. However, the best criteria are
attained with the simulation using f = 0.9. This simulation has then
been selected as the reference simulation.

Concerning the optimization of the Manning coefficient along
the Loire river, the values of n obtained as time average of the
results of Eq. (8), as well as the corresponding RMSE for each sta-
tion, are shown in Table 5. The Strahler order of the modeled Loire
river is greater than 6, so that, according to Table 1, a uniform value
n =0.025sm~'? should be applied. The RMSE corresponding to
this situation is also shown in Table 5. It can be noticed that the
values n, calibrated station by station, do not always minimize
the RMSE. In fact, the Manning coefficient computed by Eq. (8)
changes with time, with lower values during low-flow periods
and higher values during high-flow periods. Therefore, the choice
of averaging n(t) does not always lead to the minimum RMSE. In
the reference simulation, the value n, assigned to each station is
the one that minimizes the RMSE (Table 5). The resulting coeffi-
cients for the stations of Blois (no=0.016sm '?) and Gien
(ng = 0.015sm ') are lower than the range 0.025-0.1sm '/
expected for a natural river (Chow, 1959). As the Loire can be con-
sidered a natural river (no dredging nor channeling), this result
could be explained by the fact that the Manning coefficient tends
to compensate for the inaccuracy of the morphological parameters
of Eq. (8), namely, river width, riverbed elevation and slope.

4.3. Reference spatial distribution of stream-aquifer exchanges

In the pluri-annual scenario, the river network mainly drains
the aquifer system. Local re-infiltrations driven by large-scale
structural heterogeneities are also observed. This configuration,
which is typical of temperate continental hydrosystems (Flipo
et al., 2014), is characterized by a variability at shorter time scales,
during wet and dry hydrological years, as well as during short-
term hydrological events (floods and droughts).

4.3.1. Pluri-annual configuration

The Loire river exchanges mainly with the Beauce aquifer,
whereas the remaining of the stream network exchanges mainly
with the Chalk and Cenomanian aquifers (Fig. 6), which are less
permeable than the Beauce aquifer (Monteil, 2011; Flipo et al,,
2012).

In particular, the area around Orléans is very active in terms of
stream-aquifer exchanges (Fig. 6). Upstream Orléans, localized
infiltration areas are present, where the average infiltration
reaches the limit of 0.1 m® s~! km~'. Moreover, an exfiltration peak
of nearly 1.9m3*s "km™! is observed about 30km upstream
Orléans, where localized karst systems were identified (Chery,
1983). The model does not explicitly take into account the karst
systems. However, its calibration led to sharp contrasts of trans-
missivities in order to account for the effect of the karst on the local
piezometric head distribution. This is the reason why a spatial
alteration from infiltration to a high but narrow exfiltration peak
is observed (Fig. 6). Downstream Orléans, an exfiltration peak, with
flows up to 1.2 m® s~! km™', is observed. This exfiltration zone was
confirmed by means of an heat budget method (Moatar and
Gailhard, 2006) based on river temperature estimated with satel-
lite thermal infrared images (Lalot et al., 2015). A lower exfiltration
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Fig. 3. Stream-aquifer exchanges (a and b) and in-stream water levels (c and d) at the stations of Blois (left panels) and Saumur (right panels), as computed by the reference
(red line) and constant river stage (blue line) simulations. The observed river stages are represented by the black dots. Figures e and f compare the stream-aquifer exchanges
(red line), the river water level (black line) and the piezometric head (blue line) for a 6 months period. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Table 3

Performance of the reference simulation in terms of river discharge: statistical criteria
over the period 1990-2007. Nash In denotes the Nash coefficient calculated on the
natural logarithm of the discharge. Rel. Bias denotes the relative bias, i.e., the ratio
between the bias and the average of the observations.

Nash [-] Nash In [-] Bias [m*>s™!] Rel. bias [-]
Average for the 161 discharge stations

0.65 0.53 2.09 0.10

Outlet station (Saint-Nazaire)

0.96 0.95 36.9 0.04

peak (0.4 m>s~' km™!) is simulated around the Blois station, that
is, at the border between the Beauce aquifer and the outcropping
of the Chalk aquifer (Fig. 6).

Globally, 72% of the network length is in gaining and 7% in los-
ing regime, with a total net flow at the interface of 107 m®s™!
(Table 6), which corresponds to a specific flow of 2-1072 m3s™!
km~!. The total exfiltration is 125m3s~! and the infiltration
17 m> s~ . Given that the mean daily discharge at the outlet gaug-
ing station of Saint-Nazaire is 883 m® s~!, the groundwater contri-
bution to the Loire river discharge corresponds to only 12% of the
Loire total discharge. As a consequence, the river network is

expected to be quite sensitive to climate driven surface water
changes.

4.3.2. Annual configurations

In the WY scenario, the maximum percentage of network length
in gaining condition L, s is attained (76%), as a result of the
decrease of both Ls_4 and Ly (Table 6). The total net flow increases
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Fig. 5. RMSE for piezometric head in the period 1990-2007 for the reference simulation.

of 39% with respect to the pluri-annual value, whereas the total In the DY scenario, 6% of the river network length switches to
exfiltration increases of 40% and the total infiltration of 47% negligible exchange conditions, so that the percentage of network
(Table 6). length in gaining condition decreases to 66% (Table 6). The total net

stream water level fluctuations, riverbed elevation and roughness. J. Hydrol. (2016), http://dx.doi.org/10.1016/j.jhydrol.2016.09.041
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Table 4
Performance of the reference simulation in terms of piezometric head: statistical
criteria over the period 1990-2007 for the three modeled aquifer units.

Aquifer RMSE [m] Bias [m]
Oligocene-Eocene (Beauce) 2.84 -0.86
Upper cretaceous chalk 5.22 -1.64
Cenomanian sands 5.30 0.55

flow decreases of 16% with respect to the pluri-annual value,
whereas the total exfiltration decreases of 17% and the total infil-
tration of 18% (Table 6).

The comparison of the annual scenarios with the pluri-annual
configuration shows that both the net and absolute fluxes increase
during WY and decrease during DY. This is due to the higher and
lower aquifer recharge occurring during the wet and dry years,
respectively. The Loire basin functioning is then similar to that of
the Seine river basin (Pryet et al., 2015), which is characterized
by the same geological substratum and climate.

4.3.3. Short-term hydrological event configurations

A significant variation of the spatial distribution of the stream-
aquifer exchanges is observed in the HF scenario, when 43% of the
network length is in gaining condition and 29% is in losing condi-
tion (see Table 6 and Fig. 7). During HF, the total infiltration
increases of 430% with respect to the pluri-annual value (Table 6).
In fact, the stream-aquifer exchanges respond quickly to changes in
surface water levels (Rosenberry et al., 2013; Diem et al., 2014).
During flood periods, the river stages increase more rapidly than
the groundwater levels. As a consequence, the infiltration is
enhanced and flow reversals can occur in some river reaches, as
discussed in Section 4.4.3.

The response of the stream-aquifer exchanges during LF is sim-
ilar to that observed during DY (Table 6). Indeed, the low-flow day
(11/09/1996) belongs to a rather dry hydrological year, as the
mean discharge at the outlet gauging station of Saint-Nazaire is
641 m> s~!. Moreover, the low-flow day follows a period of nearly
60 days of average low-flow conditions, during which the ground-
water levels decrease in response to the lower recharge. Therefore,
the two extreme scenarios HF and LF represent two distinct hydro-
logical situations. The HF scenario is characterized by an abrupt
increase of river stages, during which the groundwater levels do
not have time to equilibrate. The LF scenario, instead, occurs after
several days of low river stages, during which the groundwater
levels have enough time to react. As a consequence, the impact
on the stream-aquifer exchanges is more significant during HF
than during LF (Table 6).

4.4. Impact of in-stream water level fluctuations on stream-aquifer
exchanges

4.4.1. Long-term impact

The assumption of constant in-stream water levels impacts the
pluri-annual spatial distribution of the net stream-aquifer
exchanges all along the Loire river, whereas the effect on the rest

of the network is negligible (Fig. 8a). The absolute variations of
the net fluxes with respect to the reference simulation are greater

than 1072 m3s~! km ', which corresponds to half the pluri-annual
total net flux, for only 5% of the network length. However, the dif-
ferences can locally reach values as large as 1.5m3s 'km™!
(Fig. 8a). Moreover, the percentages of the network in average
gaining and losing regime, L4 s and Ls.,, are not significantly
affected by the river water dynamics (Fig. 9).

The absolute fluxes at the interface are significantly affected by
river stage fluctuations (Fig. 9). Indeed, the simulation with con-
stant river stages underestimates the pluri-annual exfiltration
and infiltration of 10% and 70%, respectively (Table 7). This result
is explained by the fact that the constant river stages cannot repre-
sent the high-flow periods properly, which favor infiltration, and
the low-flow periods, which favor the exfiltration. On the other
hand, the impact on the average net flux Q,,; is negligible (Fig. 9
and Table 7).

A similar pattern is simulated in the annual scenarios (WY and
DY, Fig. 9): La_s, Ls_4 and Ly are minimally impacted and the abso-
lute fluxes are significantly underestimated. Moreover, differently
from the pluri-annual scenario, the impact on the net flux is not
negligible.

In particular, during WY, the infiltration decreases more than
the exfiltration. In fact, the constant river stages underestimate
the high-flow river stages even more significantly during a wet
year than in pluri-annual average conditions. As a consequence,
the net flux is overestimated of 3.4% with respect to the reference
simulation (Table 7).

Conversely, during DY, the exfiltration decreases more than the
infiltration. In fact, the constant river stages overestimate the low-
flow river stages even more significantly during a dry year than in
pluri-annual average conditions. As a consequence, the net flux is
underestimated of 2% with respect to the reference simulation
(Table 7).

4.4.2. Short-term impact

The impact of river stage fluctuations during a single hydrolog-
ical event is even more important than for the pluri-annual or
annual configurations. Indeed, not only the absolute fluxes, but
also the net flux and the spatial distribution of the exchanges are
significantly affected.

During HF, the simulation with constant river stages overesti-
mates of 28% the length of the river network in gaining condition,
La_s, and underestimates of 23% the length of the river network in
losing condition, Ls_, (Table 7). In fact, during high-flow the con-
stant river stages are generally lower than the real values (Fig. 3c
and d) so that exfiltration is favored against infiltration. The total
exfiltration is then overestimated of 54% and the total infiltration
is underestimated of 84%. The net flow is overestimated of
130m>s~! (Fig. 9), i.e., it is almost twenty times the reference
value (Table 7).

During LF, the total exfiltration is underestimated of 8%, the
total infiltration is underestimated of 60% and the net flow is
underestimated of 1.6% (Table 7). During low-flow, the constant

Table 5

Calibration of the Manning coefficient along the Loire river. 1 is defined by Eq. (8) as described in the text. ny denotes the parameter of the reference simulation.
Station i [sm 1P RMSE(i1) [m] RMSE(n = 0.025 s m~'/3) [m] no [s m 7]
Saumur 0.026 0.09 0.12 0.026
Langeais 0.032 0.24 0.51 0.032
Onzain 0.016 0.29 0.18 0.025
Blois 0.016 0.11 0.31 0.016
Orléans 0.033 0.32 0.29 0.025
Gien 0.015 0.04 0.61 0.015

Please cite this article in press as: Baratelli, F., et al. Estimation of stream-aquifer exchanges at regional scale using a distributed model: Sensitivity to in-
stream water level fluctuations, riverbed elevation and roughness. J. Hydrol. (2016), http://dx.doi.org/10.1016/j.jhydrol.2016.09.041



http://dx.doi.org/10.1016/j.jhydrol.2016.09.041

F. Baratelli et al. /Journal of Hydrology xxx (2016) XxxX-Xxx 11

Exchanged water flux
per unit length
(-1073 m3/s/km)
B -100 - -20
-20--1
-1-1
1-20 ; i a
. 20 -1900 - -

_._ol.angeals e

I I H_I’, —
N ‘Jngu
w E ol “if”
S s | f \.\_‘_:.";,J
0 25 50 km . ‘ ﬁ

J Limits of the aquifers

Gien

Orléans

Blois Langeais Saumur

b
IS

Lo
o

o
o

©
[N}

550 600 650 700 750 800 850
Distance from the source of the Loire (km)

Exchanged water flux (m3skm™)
S
N

Fig. 6. Average stream-aquifer exchanges (reference simulation, 1990-2007). The inset focuses on the Loire river.

Table 6

Total stream-aquifer exchanges for the whole simulated river network and the different scenarios of the reference simulation (PA: pluri-annual, WY: wet year, DY: dry year, HF:
high-flow, LF: low-flow). Q,,, is the net flux, Q,_s is the exfiltrating flux (aquifer to river) and Qs_, is the infiltrating flux (river to aquifer). Ly denotes the percentage of the
network length with negligible exchanges, while L, s and Ls_, are the percentages of the network length in average gaining or losing conditions, respectively.

Qper [M?s7'] Qs [m*s "] Qs_a [M*s7"] Lo [%] Las [%] Ls .a [%]
PA 107.1 124.5 17.4 21.7 71.8 6.5
WYy 148.4 173.9 255 19.3 76.1 4.6
DY 89.8 103.9 14.2 279 66.0 6.2
HF 7.0 98.9 91.9 275 433 29.2
LF 85.4 96.2 10.8 36.8 58.7 4.5

river stages are generally higher than the real values (Fig. 3c and d),
which explains the underestimation of the exfiltration.

In-stream water level fluctuations impact the stream-aquifer
exchanges more significantly in the HF scenario than in the LF sce-
nario. In fact, the river network is globally in gaining regime, so
that flow reversals can occur during high-flow periods. Moreover,
the difference between constant river stages and real river stages
is generally more important during high-flow than low-flow
(Fig. 3c and d).

4.4.3. Time variability of the exchanged fluxes

The high-frequency river stage variations give rise to an
increased variability of the stream-aquifer exchanges with respect
to the simulation performed with constant river stages and to pos-
sible flow reversals during hydrological events (Fig. 3a and b).

Different responses of the stream-aquifer exchanges are
observed according to the average difference between piezometric
head and river stage. For example, the Blois station (Fig. 2) is char-
acterized by an average exfiltrating regime, with an average net
flux of 3.7-10""m3s ' km~'. The time series of the river stages

and of the stream-aquifer exchanges (Fig. 3a and b) are inversely
correlated (r=-0.8). On the other hand, the Saumur station
(Fig. 2) is also in average exfiltrating regime, but with an average
net flux of 3.7 - 103 m3 s~ km™!, that is, two orders of magnitudes
lower than the Blois station. This station is characterized by a
situation of quasi-equilibrium between the river stage and the
piezometric head (Fig. 3f). This configuration implies that the
stream-aquifer exchanges are highly sensitive to the river stage
variations. Differently from a clear gaining river stretch, for which
the flow reversals occur during flood events only, the river stage
fluctuations for river stretches at equilibrium with the nearby
aquifer induce more frequent flow reversals, as displayed at the
Saumur station (3b). At this gauging station, the river stages and
the stream-aquifer exchanges have a much lower correlation coef-
ficient (r = —0.2). In this case, a hydrological event induces first the
rise of in-stream water level favoring river infiltration. In a second
time, when the in-stream water level decreases, the piezometric
head is still increasing due to the inertia of the groundwater
system, which systematically generates a higher exfiltration rate
a few days after the higher infiltration rate (3f).
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Fig. 7. Stream-aquifer exchanges estimated by the reference simulation in the high-flow condition (28/01/1995).

4.5. Sensitivity of the stream-aquifer exchanges

4.5.1. The riverbed elevation: effect of the DEM

4.5.1.1. Long-term impact. The usage of the SRTM3 DEM to estimate
the riverbed elevation significantly impacts the spatial distribution
of the pluri-annual net fluxes (Fig. 8b). The absolute variations of
the net fluxes with respect to the reference simulation are greater
than 1072 m? s~ ' km™! for 24% of the network length. These varia-
tions show a rather random pattern, and no zones of systematic
underestimation or overestimation can be identified. This pattern
is moderately anti-correlated (r = —0.3) to the distribution of the
differences between the riverbed elevations computed with the
SRTM3 DEM and the reference values. The negative correlation
coefficient is coherent with the observation that an underestima-
tion of the riverbed elevation implies an underestimation of the
river stage, and, therefore, an overestimation of the net fluxes.
The local variations tend to balance out, so that the total net flux
is overestimated of 3% only for both the pluri-annual and annual
configuration. The absolute fluxes are overestimated by approxi-
mately the same percentage (Table 7). As the fractions of the
stream network in gaining and losing regime do not change signif-
icantly (Fig. 9), the increase of the total net and absolute fluxes is
due to the increase of the local fluxes at the river cell scale. The
increase of the total net flow of the system is in agreement with
the fact that, on average, the riverbed elevations estimated with
the SRTM3 DEM are lower than the reference values (Section 3.4.3).

4.5.1.2. Short-term impact. Contrary to the annual and pluri-annual
results, the usage of the SRTM3 derived DEM in the HF scenario
leads to an underestimation of the total exfiltration (—7.8%), while
the total infiltration is overestimated of the same percentage
(Table 7 and Fig. 9). As a consequence, the net flux is underesti-
mated (—200%) and becomes negative, that is, the river network
is globally in losing regime. The impact of the riverbed elevation
is less significant in the LF scenario (Fig. 9).

4.5.2. The riverbed roughness: effect of the Manning coefficient
4.5.2.1. Long-term impact. The perturbation of the Manning coeffi-
cient values does not affect the spatial distribution of the pluri-
annual exchanges significantly, except for the reaches of the Loire
river around Orléans and between Blois and Onzain (Fig. 8c). Those
are also the reaches characterized by the most intense exchanges
according to the reference simulation (Fig. 6). The pluri-annual
total net fluxes differ of more than 1072 m®s~! km~" from the ref-
erence values for 1.4% of the network length only.

Decreasing the Manning coefficient of 20% of its reference value
leads to an underestimation of the pluri-annual total absolute
fluxes up to 7.5%. Conversely, the increase of the Manning coeffi-
cient of 20% determines the overestimation of the total absolute
fluxes up to 18% (Table 7).

The increase of the riverbed roughness implies an increase of
the river stages and, therefore, a more intense infiltration. This is
in agreement with the fact that the infiltration simulated increases
with the value of n. The infiltrated water recharges the aquifer dur-
ing high-flow periods and determines a rise of the piezometric
head leading to a more intense exfiltration in low-flow periods
(Flipo et al., 2014; Bendjoudi et al., 2002). This is the reason why
the exfiltration simulated also increases with n (Fig. 9).

For both negative and positive perturbations of n, the variation
of the absolute fluxes compensate each other, so that the impact of
n on the pluri-annual total net flow is negligible (Fig. 9) and does
not exceed 0.5% of the reference value (Table 7).

The effect of the riverbed roughness in the WY and DY scenarios
is similar to that observed in the pluri-annual configuration (Fig. 9
and Table 7).

The stream-aquifer exchanges are generally more sensitive to
positive than to negative perturbations of n. This result was unex-
pected, as Eq. (4) shows that the river depth is a function of n®>, so
that the river stages variations are more important when n is
decreased by 20% than when it is increased by 20%. However, the
hydrosystem is globally in gaining regime, so that the increase of
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Fig. 8. Variation of the pluri-annual stream-aquifer exchanges with respect to the reference simulation for the simulation with constant river stages (a), SRTM3 digital

elevation model (b) and Manning coefficient modified by +20% (c).

the river stages, determined by the increase of the Manning coeffi-
cient, can lead to flow reversals.

4.5.2.2. Short-term impact. In the HF scenario, the modification of
the riverbed roughness leads to an underestimation of the net flow
for both negative and positive variations of n (Fig. 9). The direction
of the total net flux is reversed in both cases, so that the river sys-
tem switches to average losing conditions.

The impact of the perturbation of the Manning coefficient on
the stream-aquifer exchanges is less important in the LF scenario
than in the HF scenario (Fig. 9). The only exception is represented
by the quantities characterizing the network configuration
(La_s, Ls_a, Lo) when nis decreased by 20%. In fact, 1.6% of the net-
work length switches from losing or negligible exchange condition
to gaining condition (Fig. 9). The exfiltration is overestimated for
both positive and negative perturbations of n (Fig. 9 and Table 7).
As previously observed, this is due to the increased aquifer
recharge during high-flow periods.

5. Discussion
5.1. Relative sensitivity of the stream-aquifer exchanges

The results of the sensitivity analysis highlight that in-stream
water level fluctuations, the DEM and the Manning coefficient have
different effects on the estimation of stream-aquifer exchanges.

In-stream water level fluctuations have the most significant
effect on the estimation of the total absolute fluxes at regional
scale. The assumption of constant river stages leads to an underes-

timation by 10% of the pluri-annual exfiltration and by 70% of the
pluri-annual infiltration. The underestimation is even more impor-
tant during wet years (WY scenario) and short-term high-flow
periods (HF scenario). The impact on the net flux is less important,
and is observed only at annual (or shorter) time scales. The same
pattern was simulated for a 17,000 km? sub-basin of the Seine river
basin (Saleh et al., 2011) coupling Eau-Dyssée with a 1D Saint
Venant hydrological model. Moreover, the river stage fluctuations
enhance the time variability of the stream-aquifer exchanges and
can trigger flow reversals during flood events and also more fre-
quently for river stretches at equilibrium with its nearby aquifer.
The usage of the coarser resolution SRTM3 DEM to estimate the
riverbed elevation has the most significant impact on the estima-
tion of stream-aquifer exchanges at local scale: for 24% of the river
network, the net flux differs from the reference value for more than

1072 m®s ! km ', which corresponds to half the averaged total net
exchange rate of the basin. Such local variations tend to compen-
sate at regional scale, as the riverbed elevations derived from the
SRTM3 DEM differ from the reference values with a rather random
spatial pattern. Despite the compensation of the local variations,
the impact on the pluri-annual net flux at regional scale is the most
significant among the simulation analyzed. In fact, Q,,; is overesti-
mated by 2.5%.

Even if the riverbed roughness affects the timing of infiltration
and exfiltration, it has a minor impact on the stream-aquifer
exchanges with respect to the other parameters (river stage fluctu-
ations and riverbed elevation). A perturbation of the Manning coef-
ficient by 20% of the reference values leads to an overestimation of
the pluri-annual and annual total absolute fluxes up to 18%. On the
contrary, the impact on the total net flux is less significant and
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Fig. 9. Graphs on the left: absolute difference of water fluxes AQ, for net flux (Q,.,), exfiltration (Q4_s), infiltration (Qs_,). Graphs on the right: absolute difference of the
percentage of the network length AL in exfiltrating (Ls_s), infiltrating (Ls_,) and negligible exchange (Ly) condition. The differences are with respect to the reference
simulation. The scales are different for the graphs in the high-flow scenario. CONST: simulation with constant river stages, SRTM: simulation with the riverbed elevation
derived from the SRTM3 DEM, n — 20 (n + 20): simulation with the Manning coefficient decreased (increased) of 20%.

does not exceed 0.9% of the reference values. The minor impact of
the riverbed roughness is probably due to the fact that the river
stages change less with respect to the reference values when the
Manning coefficient is perturbed by 20% than in case of constant
river stages or perturbed riverbed elevation. Considering the 6
gauging stations along the Loire river, the bias with respect to
the reference river stages is 1.6 m for the simulation with constant
river stages, —3.5 m for the simulation with the riverbed elevation
derived from the SRTM3 DEM, —0.19 m for the simulation with the
Manning coefficient decreased by 20% and 0.17 m for the simula-
tion with the Manning coefficient increased by 20%.

The average distribution of infiltrating and exfiltrating cells,
that is the values of L4_s, Ls_.4 and Lo, is not significantly sensitive
to the processes analyzed, except during short-term hydrological
events. This result is consistent with the fact that at regional scale
the stream-aquifer exchanges are primarily controlled by the

regional groundwater flow paths and by the large scale structural
heterogeneities (Flipo et al., 2014).

The high-flow and the wet year resulted to be the most sensi-
tive scenarios among those analyzed for all the simulations consid-
ered. This is due to the fact that the hydrosystem is, in average, in
gaining condition. Therefore, during high-flow and wet years the
probability of flow reversals at the stream-aquifer interface
increases with respect to average, low-flow and dry year
conditions.

5.2. Establishing a hierarchy of the processes governing the estimation
of distributed stream-aquifer exchanges at regional scale

The results of this study highlight a hierarchy between the
processes and parameters which govern the estimation of
stream-aquifer exchanges at regional scale with a distributed
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Table 7
Relative differences (in %) with respect to the reference simulation. This table complements Fig. 9.

Quet Qa_s Qs-a Lo Lys Ls .a
Constant in-stream water levels
PA -0.5 -10 -70 -1 0 -3.8
WYy 3.4 -8.5 -78 -3.7 0.7 -11
DY -2 -11 —-67 -0.6 -0.2 -2.2
HF 2.10° 54 -84 -20 63 -77
LF -1.6 -8.2 —60 -34 5.8 -30
Coarser DEM (SRTM3)
PA 2.5 3.7 11 -3.6 0.8 2.5
WY 3.0 3.6 7.8 -3.7 0.4 7.5
DY 2.6 3.4 7.7 -0.6 -0.2 2.2
HF -2.10? -7.8 7.9 0.8 4.7 6
LF 7.4 34 —28 1.5 -0.2 -17
Manning coefficient decreased of 20%
PA 0.2 -0.9 -7.5 -0.6 0.5 -1.3
WY 0.5 -0.7 -7.8 -13 0.4 -1.9
DY 0.2 -0.6 -6.3 -0.7 0.2 -1.1
HF -1-10% -11 -2.3 -1 1.8 -0.3
LF 6 3.4 -17 -29 2.8 -13
Manning coefficient increased of 20%
PA -0.5 2.2 18 -2.5 0.8 0
WY -0.9 1.3 14 -31 0.7 0
DY -0.1 24 18 -1.6 0.4 1.1
HF —4.10° -16 14 0.8 -84 11
LF 1.9 3.8 19 -0.3 -0.2 8.5

surface-subsurface model. The hierarchy arises from the analysis
of the spatial distribution of the pluri-annual total net fluxes as
well as from the analysis of quantities characterizing the fluxes
in the entire hydrosystem (Qa_s, Qs_.a, Qners La_s, Ls_a and Lo)
at different time scales (pluri-annual, annual, daily).

First of all, distributed hydrological-hydrogeological models
need to take into account the river stage fluctuations for two main
reasons. The first is to evaluate the absolute fluxes (exfiltration and
infiltration) at the stream-aquifer interface correctly. The second is
to reproduce the dynamics of the stream-aquifer exchanges at dif-
ferent time scales and, specifically, the situations of flow reversal.

This is of primary importance for transport problems at the
stream-aquifer interface. Indeed, the regional net and absolute
fluxes affect the hyporheic exchange, the solute fluxes and the bio-
geochemical reactions (Trauth et al., 2015). The hyporheic
exchanges and the denitrification during bank storage are more
efficient under equilibrium condition than under gaining or losing
conditions (Trauth et al., 2015). The importance of river stage fluc-
tuations for riparian denitrification during bank storage between
flood events has also been highlighted by Knight and Rassam
(2007).

Secondly, an accurate estimation of the riverbed elevation is
important in order to correctly evaluate the pluri-annual total
net flux and the spatial variability of the stream-aquifer exchanges.
It is therefore crucial to develop accurate high resolution DEM at
regional scale, or to develop alternative methods to estimate the
riverbed elevation (see Section 5.3.1).

Topography and hydrogeomorphology have shown to be impor-
tant for the hydrologic response of a basin (Mejia and Reed, 2011),
for the estimation of residence times and surface-subsurface inter-
actions at different scales (McGuire et al., 2005; Woérman et al.,
2007), for water quality, biodiversity and river ecosystem function-
ing (Elosegi and Sabater, 2013), as well as for the estimation of the
hyporheic exchange flow (Shope et al., 2012; Kdser et al., 2014).
Hyporheic exchange flow affects biogeochemical reactions at the
stream-aquifer interface (Trauth et al., 2015) and stream tempera-
ture (Arrigoni et al., 2008).

The estimation of the riverbed roughness has minor priority
with respect to the other factors analyzed in this work. A calibra-
tion of this parameter should then be done only after having

realized the two previous steps or in case a precise local estimation
of the stream-aquifer exchanges is needed in a specific site.

5.3. Further research

5.3.1. Riverbed elevation

The results of this paper emphasise the importance of account-
ing for in-stream water level fluctuations in regional scale
hydrosystem models. The modeling approach, which is based on
the Manning equation, requires the knowledge of the distribution
of river width, riverbed elevation and slope as well as of the Man-
ning roughness coefficient. The sensitivity analysis has highlighted
the significant impact of the riverbed elevation on the quantifica-
tion of the stream-aquifer exchanges. It is then mandatory to
develop new methodologies to better estimate the riverbed eleva-
tion at high resolution for a stream network at regional scale. In
this sense, remote sensed images represent a promising tool.
New space borne products such as Surface Water and Ocean
Topography (SWOT) satellite mission will provide alternative tools
to DEM usage for the simulation of stream-aquifer exchanges at
the regional scale. Indeed, SWOT will provide measurements of
water surface elevation, width and slope for rivers wider than
50 m (Biancamaria et al., 2016). These data can be used as input
to inverse models to retrieve the riverbed elevation, roughness
coefficient and then river discharge. Algorithms of this kind have
already been developed and applied using synthetic SWOT data
(Garambois and Monnier, 2015; Durand et al., 2014, 2010). The
usage of such algorithms coupled with our approach should lead
to significant improvements of the simulation of stream-aquifer
interactions at the regional scale.

Further work is also needed to evaluate the sensitivity of the
stream-aquifer exchanges to the river width and riverbed slope.
The distribution of river widths at regional or larger scale can be
obtained through semi-automated and automated techniques
using remotely sensed images (Pavelsky and Smith, 2008;
Yamazaki et al., 2014). Moreover, the SWOT satellite mission will
improve such estimates by providing time dependent distributions
of river width and slope. Such technological breakthrough will also
contribute to the improvement of the quantification of stream-
aquifer exchanges at the regional scale.
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5.3.2. Maximum infiltration rate

According to the modeling approach used in this study, the
infiltration rate is limited by a maximum value, Qy;,, which is con-
sidered uniform along the whole river network. The role of this
coefficient depends on the climatic conditions. In arid climates,
Qi represents the infiltration occurring by gravity in a discon-
nected hydrosystem (Brunner et al., 2009; Riviere et al., 2014;
Xie et al., 2014).

In temperate climates, Q;;,, also represents a limit to the infiltra-
tion rate during floods. In fact, during flood events, the river stages
modeled with the Manning-Strickler approach overestimate the
real river stages for two reasons. First, the inundation of the flood-
plain is not taken into account. Secondly, the roughness coefficient
is assumed to be constant, although flood events tend to remove
the sediments at the riverbed and then to decrease its roughness.
As a consequence, the infiltration rate calculated with Eq. (1)
would overestimate the real infiltration rate. Such overestimation
is prevented by imposing the maximum infiltration rate Qy,. In
other words, this coefficient compensates for the approximation
errors of the rating curve. The limitations of the conductance
model in describing the infiltration during flood events was also
highlighted by Engeler et al. (2011).

The parameter Q;, could bias the sensitivity analysis of the
infiltrating flux. In fact, once the infiltration rate has reached
Q;im, it becomes independent on further increases of river stages
during hydrological events. Further research is then needed to
evaluate the impact of this parameter on the quantification of
the distributed stream-aquifer exchanges for long and short peri-
ods of time. Saleh et al. (2011) showed that Q;, has a negligible
impact on the average net stream-aquifer exchange over a 5 years
period. This is due to their upscaling methodology based on a 1D
Saint-Venant hydraulic model, which takes into account the flood-
plain. Such methodology is therefore less sensitive to Qy, than a
pure Manning-Strickler approach for which in-stream water levels
continue to rise at the same speed even when overflowing. For
short periods of time, such as flood events, the role of Q;, needs
to be assessed.

Moreover, it is necessary to develop methods to estimate the
spatial distribution of Qy, at regional scale, for example by defin-
ing this parameter as a function of the properties of the stream
bed and of the regional aquifer, as suggested by Flipo et al.
(2014). This is a task of primary importance for the quantification
of stream-aquifer exchanges both for arid climates, where discon-
nection is more frequent, and for temperate climates during flood
events.

6. Conclusions

An estimation of the stream-aquifer exchanges has been
achieved at a 1 km resolution over a 5000 km river network in
the Loire basin. Water fluxes have been computed with a conduc-
tance model, in which river stage fluctuations were taken into
account with a simplified Manning-Strickler approach. The effects
of river stage fluctuations on the estimations of stream-aquifer
exchanges have been assessed by analyzing the results of a simu-
lation with constant in-stream water levels, which is the common
approach used in regional scale hydrosystem modeling. A sensitiv-
ity analysis was performed to evaluate the effects of the uncertain-
ties related to the DEM, which in turn affects the estimation of the
riverbed elevation, and to the Manning roughness coefficient.

The regional model reproduced in-stream water level fluctua-
tions of the main river with excellent accuracy at the scale of the
single gauging stations.

The sensitivity analysis showed the importance of accounting
for river stage fluctuations in the modeling of regional hydrosys-

tems. In fact, the assumption of constant river stages leads to a sig-
nificant underestimation of the total infiltration and exfiltration in
the basin, whereas it has a negligible influence on the pluri-annual
net flux. Moreover, the river fluctuations increase the time variabil-
ity of the stream-aquifer exchanges and may determine flow rever-
sals in high-flow periods. Accounting for in-stream water level
fluctuations is therefore crucial for transport issues, as the
exchanges of matter between the surface and subsurface depend
on the flow dynamics at the stream-aquifer interface.

The DEM, which is used to estimate the riverbed elevation, sig-
nificantly impacts the local estimation of the stream-aquifer
exchanges all along the river network. Therefore, it is of major
importance to develop new methodologies to improve the high-
resolution estimation of the riverbed elevation at regional scale.

The Manning roughness coefficient is the least sensitive param-
eter. Errors on Manning coefficient affect the timing of infiltration
and exfiltration leading to temporally localized discrepancies,
which do not affect the global net estimates significantly.

The sensitivity analysis indicates that the uncertainties affect-
ing the riverbed elevation and the Manning coefficient do not
weaken the importance of accounting for in-stream water level
fluctuations in regional scale hydrosystem modeling. Further work
is needed to evaluate the sensitivity of the stream-aquifer
exchanges to the river width, riverbed slope and to the maximum
infiltration rate.
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