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Non-perennial streams play a crucial role in ecological communities and the hydrolog-

tency remain poorly understood. While climatic conditions, geology and land use are

Funding information well identified, the assessment and modelling of groundwater controls on streamflow
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CHIST-ERA-19-CES-006 brate process-based 3D groundwater flow models designed to simulate hydrographic

intermittence remain a challenge. In this study, we explore new opportunities to cali-

network dynamics in groundwater-fed headwaters. Streamflow measurements and
stream network maps are considered together to constrain the effective hydraulic
properties of the aquifer in hydrogeological models. The simulations were then vali-
dated using visual observations of water presence/absence, provided by a national
monitoring network in France (ONDE). We tested the methodology on two pilot
unconfined shallow crystalline aquifer catchments, the Canut and Nangon catchments
(Brittany, France). We found that both streamflow and stream network expansion/
contraction dynamics are required to calibrate models that simultaneously estimate
hydraulic conductivity K and porosity @ with low uncertainties. The calibration
allowed good prediction of stream intermittency, both in terms of flow and spatial
extent. For the two catchments studied, Canut and Nancon, the hydraulic conductiv-
ity is close reaching 1.5 x 10~>m/s and 4.5 x 10> m/s, respectively. However, they
differ more in their storage capacity, with porosity estimated at 0.1% and 2.2%,
respectively. Lower storage capacity leads to higher groundwater level fluctuations,
shorter aquifer response times, an increase in the proportion of intermittent streams
and a reduction in perennial flow. This new modelling framework for predicting head-
water streamflow intermittence can be deployed to improve our understanding of
groundwater controls in different geomorphological, geological and climatic contexts.
It will benefit from advances in remote sensing and crowdsourcing approaches that

generate new observational data products with high spatial and temporal resolution.
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1 | INTRODUCTION

Recent research has highlighted the significant prevalence of non-
perennial streams: over 50% of the world's rivers are non-perennial,
that is, cease to flow and eventually dry for part of the year (Messager
et al., 2021). Numerous studies underline the crucial role of non-
perennial streams for ecological communities (e.g., Acufa et al., 2014;
Allen et al., 2020; Bertassello et al., 2022; Datry et al., 2014). As a
result of global change, changes in flow intermittence regimes and
increasingly longer droughts predicted for the future will affect fresh-
water ecosystems (Datry, Boulton, et al., 2023; Jaeger et al., 2007;
Klgve et al., 2014; Sauquet, Beaufort, et al., 2021), as is already the
case in some parts of the world (Reynolds et al., 2015; Tramblay
et al., 2021; Zipper et al., 2021). Headwater streams—representing a
significant proportion of the hydrographic network—are particularly
affected by intermittence due to their upstream location (Beaufort
et al., 2018; Benstead & Leigh, 2012). However, the management of
these ecosystems remains challenging (Acufna et al., 2014; Magand
et al., 2020) because key driving processes are still poorly understood
(Shanafield et al., 2021). The challenge is even greater for ungauged
basins, which are affected by the lack of available data (Hrachowitz
et al., 2013). The hydrological community emphasizes the need to
improve the fundamental understanding of headwater dynamics
(Bloschl et al., 2019; Fan et al, 2019; Sarremejane et al., 2022;
Westwood et al., 2020), especially in the context of growing socio-
environmental and global change issues (Fovet et al., 2021).

The main controls on streamflow intermittence integrate climatic
conditions, that is, precipitation, evapotranspiration, recharge (Botter
et al,, 2021; Leibowitz et al., 2018; McDonough et al., 2011) and geo-
morphological properties—that is, topography, landscape geomorphol-
ogy (Jencso & McGlynn, 2011; Prancevic & Kirchner, 2019; Snelder
et al., 2013) and subsurface properties—that is, lithology, soil types
(Carlier et al., 2018b; Costigan et al., 2017; Smakhtin, 2001) and
anthropogenic activities—that is, land use and water management
(Truchy, et al., 2023). The dynamics of intermittence depend on the
processes occurring at different spatiotemporal scales (Costigan
et al., 2016; Gémez-Gener et al., 2021). In arid regions, flow intermit-
tence is generated by fast hydrological processes through the genera-
tion of an upstream flow that exceeds the downstream flow, such as
flash floods or flows generated mainly by surface runoff from the
direct interception of precipitation (Zimmermann et al., 2014).

In temperate and humid regions, and especially in areas with shal-
low basement aquifers (Warix et al., 2021), groundwater has a major
influence on the ramification of the hydrographic network and the dis-
charge dynamics (Devauchelle et al, 2012; Dunne, 1975; Freund
et al, 2023). These systems are highly dependent on subsurface-
surface interactions and mainly generate - gaining - streams fed by
groundwater (Sophocleous, 2002; Winter, 1999). Following seasonal

fluctuations in groundwater levels, the hydrographic network expands
during recharge periods and contracts during recession periods (Klgve
et al., 2011). For a given topography and aquifer geometry, water
table elevation and fluctuation are controlled by both the recharge
dynamics and the hydraulic properties (Bresciani et al., 2016; Hait-
jema & Mitchell-Bruker, 2005). In the context of an unconfined aqui-
fer with a defined thickness d [L], the hydraulic head h [L] is
determined by the dimensionless ratio of hydraulic conductivity K [L/
T] and recharge rate R [L/T], that is, K/R [] (Goderniaux et al., 2013;
Luijendijk, 2022). For a given recharge rate, the transmissivity T [L%/
T], that is, the product of K and h, controls the drainage density and
the spatial extent of the stream network (Abhervé et al., 2023; Stoll &
Weiler, 2010). Low transmissive aquifers display high groundwater
levels and consequently dense stream networks in the upper part of
the catchment, and conversely. The storage capacity of the aquifer is
defined by the porosity @ [—]. Several studies in the literature have
aimed to establish correlations between observed stream intermit-
tence, groundwater dynamics and lithology (Day, 1980; Kaplan
et al., 2021; Lovill et al., 2018; Whiting & Godsey, 2016; Zimmer &
McGlynn, 2017a). In addition to geomorphological controls (van
Meerveld et al., 2019), studies have specifically shown that transmis-
sive lithologies facilitate rapid expansion/contraction (Godsey &
Kirchner, 2014; Prancevic & Kirchner, 2019). It is also well known that
insufficient subsurface storage capacity reduces flow permanence
(Smakhtin, 2001). However, although hydraulic conductivity and
porosity are expected to have an influence on water table fluctuations
and consequently streamflow intermittence, their specific control has
been poorly assessed in the literature.

A wide range of approaches have been used to specifically model
streamflow intermittence. Classically, analysis of streamflow data has
allowed to classification streamflow intermittence from regional to
continental scales (Hammond et al., 2021; Price et al., 2021; Sauquet,
Shanafield, et al, 2021; Tramblay et al., 2021). Machine learning
methods such as logistic regression (Jensen et al., 2018; Kaplan
et al, 2020; Russell et al., 2015) or random-forest approaches
(Bond & Kennard, 2017; Eastman et al.,, 2021; Gonzalez-Ferreras &
Barquin, 2017; Messager et al., 2021; Peterson et al., 2023; Sando &
Blasch, 2015; Snelder et al., 2013) have been deployed on a large
scale. Rainfall-runoff models can simulate the flow intermittence but
may fail to adequately represent the role of groundwater (lvkovic
et al,, 2014), although some improvements to the surface-subsurface
exchange process have been proposed by Staudinger et al. (2021).
Empirical models (Durighetto et al., 2020), empirical upscaling
(e.g., GIS raster-based) (Jaeger et al., 2019; Senatore et al., 2021),
lumped and reduced-complexity modelling (e.g., TOPMODEL)
(Mahoney et al., 2023; Ward et al., 2018; Williamson et al., 2015) or
water balance models (Nippgen et al., 2015; Payn et al., 2009; Yu
et al, 2020) have been used to simulate hydrographic network
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dynamics. In their stochastic simulation approach, Durighetto et al.
(2022) only considered hydroclimatic parameters and recognized the
inability to capture river dynamics in cases where the subsurface is
the main driver of flow permanence along the hydrographic network.
The above methods do not represent physically the hydrological pro-
cesses. The Soil Water Assessment Tool (SWAT) model has proven to
be an efficient way to model streamflow intermittence (Jaeger
et al., 2014; Levick et al., 2018), but it is unable to resolve 3D ground-
water flow patterns that may occur in complex landscape topography
and geology as shown by Dohman et al. (2021). Some physically-
based distributed hydrological models fill this gap by including the
subsurface in their framework (Daneshmand et al., 2019; Gao
et al., 2021; Mimeau et al., 2024; Niedda & Pirastru, 2014; Querner
et al,, 2016), but they are often limited to stream reaches and hypor-
heic zones (Frei et al., 2009; Wondzell et al., 2009) or provide only 2D
conceptual simulations (Quichimbo et al., 2020). Fully 3D integrated
surface-subsurface hydrological models have been developed to bet-
ter understand the factors triggering streamflow intermittence with
HydroGeoSphere (Gutierrez-Jurado et al., 2021; Gutiérrez-Jurado
et al., 2019) or CATHY (CATchment HYdrology) (Azarnivand
et al., 2020; Weill et al., 2013; Zanetti et al., 2024) models. These
approaches are particularly suitable for assessing the influence of sub-
surface properties on the saturated areas dynamics, but have limita-
tions in terms of model deployment and computational time.

Highlighting groundwater's control over the expansion/
contraction of the headwater stream network, Shanafield et al. (2012)
and Zimmer and McGlynn (2017b) recommend further process-based
modelling studies to better understand the distinct role of the aquifer
hydraulic properties on streamflow intermittence mechanisms. To fill
this gap, the subsurface and more specifically the hydraulic properties
of the aquifer, that is, hydraulic conductivity K and porosity @, need
to be better constrained, notably with new surface information, often
more available than sparse subsurface data. Stream intermittence
information has already been useful in the calibration of hydrological
models (Mimeau et al., 2024; Seibert & Vis, 2016; Truchy et al., 2023),
for example using the dataset from the french low-water observatory
ONDE (Beaufort et al, 2018; Messager et al., 2021; Sauquet,
et al., 2021; Scheller et al., 2024).

We propose a new calibration framework to constrain the
hydraulic properties of the aquifer by capturing the spatio-temporal
dynamics of streamflow intermittence. We focus on contexts where
the spatio-temporal variation in water table depth drives the dynamics
of the surface seepage areas. We use a spatially distributed
catchment-scale and process-based groundwater flow modelling
framework to specifically simulate head variations, hydrographic net-
work expansion/contraction dynamics and streamflow. We develop
models with parsimonious parameterization by applying catchment-
scale effective hydraulic properties of the aquifer. We calibrate the
hydraulic properties on two crystalline catchments where sufficient
surface hydrological observations are available, such as continuous
streamflow measurements, stream network mapping inventories and
discrete visual observations of water presence. We successively

(1) simulate streamflow intermittence at the catchment scale using a

distributed 3D process-based groundwater flow model, (2) calibrate
and validate the model using surface information only and (3) discuss
the role of aquifer hydraulic properties on the spatiotemporal dynam-

ics of the hydrographic network.

2 | MATERIALS AND METHODS

21 | Studied catchments

We selected two headwater catchments, the “Canut” catchment
(25 km?) and the “Nancon” catchment (57 km?), located in the eastern
part of the Brittany region, in north-west France (Figure 1). Both con-
tribute to the supply of drinking water to local communities. The
Strahler order (Strahler, 1964) of their main stream does not exceed
three. with an average annual temperature of 11°C and precipitation
of 800 mm/year for the period 1960-2020 from the SAFRAN meteo-
rological reanalysis (Vidal et al., 2010). For this period, the average
recharge simulated by the land model SURFEX (Le Moigne
et al., 2020) forced by SAFRAN is about 260 mm/year for Canut and
340 mm/year for Nangon. The historical temperate climate with warm
summers without dry season (Cfb in the Képpen-Geiger classification
[Peel et al., 2007]) tends to evolve towards dry summers (Csb) in
recent decades (Dubreuil, 2022). Using the CORINE Land Cover 2018
data (European Environment Agency, 2018), the land is covered by
78% of agricultural land, 20% of semi-natural and forest environment
and 2% of artificial land for both catchments. Their morphologies are
similar, with a minimum to maximum variation in topography of about
100 m and average slopes of 3%-4% (Crave & Davy, 1997; Lague
et al., 2000). They are both located in the bedrock area known as the
Armorican Massif (Ballévre et al., 2009). Canut is composed of sedi-
mentary rocks (Palaeozoic sandstone and schist) and Nancon of plu-
tonic rocks, according to the 1:1000000 map (BRGM, 1998). Both
shallow unconfined aquifers are composed, from bottom to top, of a
low-permeability basement—except for fractures—and a weathered/
fractured/fissured transmissive horizon a few dozen meters below the
surface (Lachassagne et al., 2021; Mougin et al., 2008).

2.2 | Groundwater flow model

For both catchments consisting of a single dominant lithology, the
aquifers are assumed to have a uniform and isotropic hydraulic con-
ductivity K and porosity @. In this study, we consider homogeneous
effective hydraulic properties of the aquifer at the catchment-scale.
Effective properties integrate the impact of heterogeneous subsurface
features such as fractures, which are not explicitly represented in the
model. The aquifer thickness d [m] are set at a constant value of 30m,
which defines the typical depth of the interface between the weath-
ered/fissured/fractured zone and the fresh bedrock. This geometry of
the aquifer represents the shallow active layer, commonly used in sim-
ilar contexts and specifically for the region studied (Cornette
et al, 2022; Dewandel et al, 2012; Mougin et al., 2008; Roques
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FIGURE 1

(a) Location of the two study catchments in north-western France, more precisely in the eastern part of Brittany, (b) with the

geological map (scale 1:1000000) in the background. Zoom on the catchments of (c) Canut and d) Nancon with the topography in the background

and the hydrological data monitoring stations used in this study.

et al., 2016). A sensitivity analysis of this aquifer thickness parameter
on the simulation of the hydrographic network was been carried out
in Abhervé et al. (2023). This study has already demonstrated the con-
sistency and validity of using this 30 m thickness for both catchments
studied. The topography is given by the 75 x 75 m? Digital Elevation
Model (DEM) generated by photogrammetric restitution and provided
by BD ALTI (IGN, 2021). Geospatial processing is performed using the
WhiteBoxTools software available in Python (Lindsay, 2016).

The MODFLOW software suite is used to solve the unconfined
groundwater flow equation using a three-dimensional finite difference
approach (Harbaugh, 2005; Niswonger et al., 2011). The Python pack-
age FloPy (Bakker et al., 2016) is used to set up and handle the simula-
tions at a monthly time step. The modelled domain is discretized using
the regular DEM mesh horizontally and in six layers vertically. To
reduce uncertainties associated with to potential flow across topo-
graphic boundaries, a buffer zone is added to the topographical catch-
ment boundaries, increasing the modelled domain by 10%, where the
no-flow boundary condition is applied. The discretization results in a
total of about 10 000 elements for the Canut catchment and 20 000
for the Nancon catchment. At the surface, the drain package (DRN) of

MODFLOW (Harbaugh, 2005) handles the seepage that occurs when
the groundwater table reaches the surface. We calculate the specific
(divided by the catchment area) seepage flow Qe [L/T] by summing
the groundwater exfiltrated in seepage areas over the entire catch-
ment area. By focusing on the saturated subsurface, our approach
does not explicitly simulate surface processes such as reinfiltration—
not dominant in our context of gaining streams. Nevertheless, we
trace the downslope flowpaths from each seepage pixel to the catch-
ment outlet. Thus transforms the discontinuous spatial pattern of
seepage areas into a simulated continuous hydrographic network.
Recharge and runoff are obtained from the land surface model
SURFEX (EXternalized SURFace) 8.1 developed by
Météo-France (Le Moigne et al., 2020; Noilhan & Mahfouf, 1996) (for
more detailed information, the reader is referred to https://www.umr-

version

cnrm.fr/surfex/). Supplied with meteorological variables, SURFEX
computes the energy and water fluxes at the soil-vegetation-
atmosphere interface (Masson et al., 2003). Precipitation is partitioned
into evapotranspiration, surface runoff and soil drainage. Surface run-
off occurs as saturation excess and infiltration excess flows (Vergnes

et al., 2020) and the deep soil infiltration constitutes the groundwater
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recharge in this study. SURFEX was driven by the SAFRAN meteoro-
logical reanalysis (Quintana-Segui et al., 2008; Vidal et al., 2010), avail-
able for the French metropolitan area at a resolution of 8 x 8 km?,
with a daily time step from 1 August 1958 to 31 July 2020. The time
series are converted to a monthly time step in order to focus on inter-
annual and seasonal variations. As the two neighbouring catchments
are very close and the climate variability between them is very low,
we extract the mean climate forcing from the SAFRAN-SURFFEX grid
intersecting the two model domains (eight grid cells in total). Recharge
and runoff are rescaled so that their sum is on average equal to the
streamflow data independently measured at the gauging stations
located at the outlet of the two catchments. The rescaling factors are
equal to 0.87 for Canut and 1.04 for Nancon. Close to 1, the rescaling
factors show limited corrections. The rescaled recharge R [L/T] is
applied uniformly over the groundwater flow model domain. In post-
processing, the rescaled runoff r [L/T] is added to the seepage flow
Qseep simulated by the groundwater flow model over the whole catch-
ment area within the same time step without any delay. The sum of
both constitutes the simulated specific (divided by the catchment

area) streamflow Qg [L/TI.

2.3 | Observed surface hydrological data

2.3.1 | Hydrographic network maps

We used the most accurate stream network available for France: the
BD TOPO national database at 1:10000 updated in December 2022
(IGN, 2022), compiled from historical photogrammetric reconstruc-
tions with a spatial accuracy of a few meters. The stream segments
classification provides information on the intermittent and perennial
stream segments, that is, filled and/or continuous-flow segments
throughout the year (IGN and OFB, 2019) (Figure 1). The investigated
catchments do not have lakes, dams or other obstacles in the stream
network that would alter the dynamics. We updated the structure of
the perennial segments of the stream network based on field investi-
gations. The segments had been shortened for the Canut catchment.
Indeed, the BD TOPO vector initially indicates the main stream as
perennial upstream of the ONDE station (more details in
Section 2.3.3), while frequent non-flows are observed at this location.
Additional punctual observations made along the stream network
between 2018 and 2024 support these observations, and delineate
the start of the perennial network approximately 1 km downstream of
the Observatoire National Des Etiages (ONDE) station, as shown in
Figure 1. For Nancon, the national hydrographic network BD TOPO is
consistent with ONDE data and additional monitoring carried out by
the French Biodiversity Agency (OFB).

The drainage density of the vector layers for perennial and fully
(perennial + intermittent) expanded stream network is 0.17 and
1.24 km/km?, for Canut and 0.71 and 2 km/km? for Nancon, respec-
tively. The observed vector layers were rasterized at the 75 m grid
resolution of the DEM used for the groundwater flow model. We cal-
culate the observed water-saturated density Dgops [%], that is, the
drainage density, as the percentage of grid cells occupied by a stream

segment. Based on the layers provided by the database. We define
three stream network densities: perennial Dgopsper [%], intermittent
Dd obs,int [%] and fU"y Dd obs,ful [%] with:

Dd obs,ful = Dd obs,per + Dd obs,int. (1)

Calculated values for these stream network densities are available
in supplementary material (S6). Dgobsper @and Dgopsfui cOrrespond,

respectively, to low-flow and high-flow conditions.

2.3.2 | Streamflow measurements

The outlets of the study catchments correspond to hydrometric sta-
tions where daily specific streamflows Qqps [L/T] are measured by the
French environmental services. The data are available on the Hydro-
Portail hydrometric network (Leleu et al., 2014) (https://hydro.
eaufrance.fr/, for detailed information). We initially extract daily time
series available for both catchments from 1990 to 2019. Over this
period, the average specific discharge of the Canut is 0.73 and
0.95mm/d for the Nangon catchment (Figure 1). Both catchments
have the same average peak specific discharge around 1 mm/d. Canut
has more pronounced low flows, with frequent zero flows and a 10th
quantile close to zero, compared to Nancon where low flows remain
higher than 0.2mm/d. These stations are designated as not signifi-

cantly influenced by anthropogenic disturbances.

2.3.3 | Visual observations of intermittence

We used field observations from the ONDE network (Nowak &
Durozoi, 2012) (for more detailed information, the reader is referred
to https://onde.eaufrance.fr/). The French Biodiversity Agency (OFB)
has set up this long-term monitoring network, which records summer
low water flows on headwater streams in order to anticipate and man-
age water crises during severe droughts. These stations are mainly
located on headwater streams with a Strahler order of less than five.
The stations are located in the middle of the main stream for Canut
and at the upstream part for Nancon (Figure 1 Since 2012 (except for
2013)), the stream has been visually inspected annually by trained per-
sonnel from May to September, at least 4 out of 5 months, between
the 23rd and 26th of the month. A total of 32 observations are used
for each of the 2 catchments. For this work, we focus on the three
flow conditions: ‘dry’—when the channel is empty—and ‘ponded’—
when there is still water in the riverbed but no visible flow—while the
other classes are classified as ‘flow’ state. This type of qualitative—
but spatially defined—data complements the hydrometric gauging sta-
tion by providing upstream information on the flow intermittence.

24 | Model calibration and validation approaches

The hydraulic properties (hydraulic conductivity K and porosity &) of
the groundwater flow models for the Canut and Nanc¢on catchments
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are estimated using both (1) the continuously measured streamflow at
the catchment outlet and (2) the most accurate observed stream net-
work layers available at the national scale.

By combining the objective functions for streamflow Fq (Equa-
tion 3) and saturation Fa (Equation 6), we aimed to minimize the con-
voluted objective function Fqa [—] (Equation 2).

FQA:FQ+FA_ (2)

The closer Fqa is to zero, the better is the ability to model both
the streamflow and the hydrographic network. Calibration is per-
formed by systematically exploring a wide range of 400 models: 20
values of K ranging from 107 to 1072 m/s and 20 values of @ ranging
from 0.1% to 10%. These ranges are typically found in classic text-
books for the lithologies studied (Domenico & Schwartz, 1990;
Freeze & Cherry, 1979). Simulations were performed with a monthly
time step over the period 1960-2020.

Simulated Qg and observed Qqps streamflow are compared using
the Nash Sutcliffe Efficiency applied to the logarithm (NSE,) to
ensure that low and high flows have comparable weights in the com-
parison (Nash & Sutcliffe, 1970). NSE,.¢ equals 1 for a perfect match.
The streamflow objective function tends to zero for the best models
with Fq [—] according to Equation (3). Models are considered good for
NSEjog >0.65 (Ritter & Mufoz-Carpena, 2013) corresponding
to Fq <0.35.

FQ:}lfNSEbg{. (3)

Simulated and observed hydrographic networks are compared at
the catchment-scale. For each model explored, we compute the
5-quantile and the 95-quantile of the total simulated hydrographic
network density, Agimtot [%]. These quantiles are used to avoid captur-
ing potential extreme events (minimum and maximum). They respec-
tively represent two simulated hydrographic network densities:
perennial Dy gimper [%] and fully Dy simsu [%]. Comparing these results
with the observations, we obtain two ratios @ [—] as follows:

Dd sim,per — Dd obs, per) 2
Q.. — [ Zdsimper  ~dobsper ) 4
per < Dd obs,per ( )
D simful — Ddobsiur) >
Q — sim,ful obs,fu ) ] 5
fu' ( Do obs ful )

According to Equation (6), by averaging these ratios in the objec-
tive function for saturation Fa [—], we give equal weight to both. Fol-
lowing the threshold defined for streamflow, saturation models are
considered acceptable for Fa <0.35. The best models for saturation
are obtained when F4 tends to zero.

_ Qper + qul

Fa=ser ©)

Finally, the best model is validated by comparing the simulated
hydrographic network density for the sub-catchment upstream of the

ONDE station Agmonde [%] with visual observation data of water
absence/presence. In addition, we visually check that the spatial dis-
tribution of the simulated stream network is consistent with observed
one. For quantitative validation, we also calculate the mismatch dis-
tance between simulated and observed stream networks based on the
methodology of Abhervé et al. (2023). From the pixels of the simu-
lated stream network, we calculated the nearest downslope flowpath
to the observed stream network Ds, [L], averaged as Dy, [L]. Con-
versely, the same operation is performed from the pixels of the
observed stream network to the simulated one Dy [L], averaged as
Dos [L]. The average Dmean [L] of Dso [L] and Dos [L] provides informa-
tion on the mismatch distance between the simulated and the
observed stream networks (supplementary material (S8)).

2.5 | Quantifying spatiotemporal stream dynamics
In this study, we define an intermittent stream based on the definition
of Busch et al. (2020) as ‘a non-perennial river or stream with a con-
siderable connection to the groundwater table, having variable cycles
of wetting and flow cessation, and with flow that is sustained longer
than a single storm event’. For each simulated year, we distinguish
flowing year-round streams and seasonal streams. From the total sim-
ulated stream network Asimiot [%], we therefore classify sections of
the stream network as seasonal Asimsea [%] (intermittent during the
year), if they cease to flow for at least 1 month per year, and other-
wise as year-round streams Agimyea [%] (perennial during the year).
The monthly time step is consistent with the frequency of the obser-
vations and the time step of the model.

The persistency index (P;) (Botter et al, 2021; Durighetto
et al., 2020; Jensen et al., 2017) is used to quantify stream intermit-
tency across the catchments. For each pixel of the catchment, we
compute the number of times n(,, water appeared divided by the

total number of time steps of the simulated period N (Equation 7):

N
4N
Pix, yy= L";\l L2/ (7)

Over the whole simulated period and from equation (7), pixels
with a P; =1 are classified as perennial, those with 0<P; <1 as inter-
mittent and finally those with P; =0 as no flow.

The subsurface flowpath lengths Lg,, [m] were calculated for each
pixel and time step, from the simulated water table to the downslope
nearest simulated stream. The average Lg, is computed over the
catchment. They are then compared with the proportion of seasonal
streams Agim sea/Asim;tot [—] for the two catchments.

The impact of temporal changes in hydrogeological conditions to
streams dynamics is evaluated by comparing the aquifer response
time t, [T] and the saturated surface. t; represents the time required
of a change in water level induced by recharge to propagate through
the hydrogeological system and induce a change in streamflow. t; is
computed over the catchment by dividing the change in total ground-
water storage dSgw [L%] by the change in total seepage flow dQseep
[L3/T]:
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FIGURE 2  Performance criteria according to K and @ for the Canut and Nancon catchments. (a) Fq assessing the agreement of the simulated
and observed streamflow with Nash Sutcliffe Efficiency applied to the logarithm (Equation 3). (b) F4 assessing the agreement of the simulated and
observed hydrographic network densities (Equation 6). (c) Combination of both criteria Fqa (Equation 2). All criteria lead to optimal models when
reaching values of 0. The dotted black lines refer to the objective function value of 0.35, which delimits the range of the relevant models.

dSgw
dQseep

tr=‘ . ®)

In calculating the absolute value of the ratio in Equation (8), both
the characteristic drainage (discharge) and recharge time scales are
considered. The resulting aquifer response times are calculated at
each time step and converted into days.

3 | RESULTS
3.1 | Calibration results and validation of the
groundwater flow model

Figure 2a shows the value of Fq (Equation 3) calculated and mapped
in the K vs.@ domain from the 400 simulations covering the parameter
space. The range of models relevant to streamflow data—shown in
green in the figure, is more precisely delimited by a dotted contour.
For Canut, the corresponding parameter sets display a ‘U’ shape.
Models with hydraulic conductivities K less than 10~°m/s have lim-
ited sensitivity in @ and are globally quite saturated. Recharge is rap-
idly transferred to the catchment outlet by saturation excess overland
flow, which is characterized by very low aquifer diffusivity (more
details in the supplementary material (52)). For cases with hydraulic

conductivities K higher than 10~>m/s, porosity @ should remain

below 1%. The diffusivity is relatively high and the catchment
response to recharge remains rapid. For the Nancon catchment, the
optimal space is quite different and large, with K ranging from 10~¢ to
10~3m/s and @ between 0.8% and 10%. The differences in behaviour
are consistent with the general knowledge of catchments. The Canut
catchment, like other catchments in the region (Cornette et al., 2022),
is a fast-responding catchment that requires either low hydraulic con-
ductivity or high diffusivity to induce large surface overland flows or
fast subsurface transfers, respectively. The Nangon catchment is
known to be a less reactive catchment with higher low flows
(Dewandel et al., 2021), requiring intermediate hydraulic conductivity
values.

Additional constraints are provided by fitting the hydrographic
network densities according to the Fa criterion (Equation 6). As shown
in Figure 2b and additional information provided in the supplementary
material (S3), the pattern of the relevant models is quite similar for
both catchments. The models should be sufficiently conductive to
limit oversaturation leading to excessively high hydrographic network
densities. K ranges between 1.5 x 107> and 2 x 10~*m/s for the
Canut catchment and from 6 x 10~ to 8 x 10~°m/s for Nancon. Fur-
ther details on the role of hydraulic properties on saturation variations
are given in supplementary material (54).

By combining Fq and Fa into Fqa (Equation 2), the ensemble of
solutions is reduced to a limited set of models that respect both the

streamflow and the hydrographic network, represented by the blue
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(a) Evolution of the simulated hydrographic network densities upstream of the Observatoire National Des Etiages (ONDE) station

Agim, [%], distinguishing the seasonal (intermittent during the year) and year-round (perennial during the year) parts. In the background, the
vertical stripes represent the flow types observed at the ONDE station (once a month from May to October between 2012 and 2020, with one
missing year in 2013). (b) Maps of the simulated stream network for two representative times, that is, February 2014 for high recharge and
September 2019 for baseflow. The dashed line represents the sub-catchments for the ONDE stations.

area in Figure 2c. For Canut, the best model is obtained with
Foan=0.2 for K=4.5x 10~ m/s and ®=0.1%, resulting in a high dif-
fusivity of 5.3 x 10" tm?/s. For Nancon the best model is obtained
with a three times lower conductivity K =1.5x10">m/s and a more
than 20 times higher porosity @ =2.2% leading to a more than 30
times lower diffusivity of 1.5 x 10"2m?/s, with Fqa =0.01. Note that
both models lead to high NSE,. values of 0.86 for Canut and 0.88 for
Nancon (supplementary material (S5)). The spatial distribution of the
stream network is quantitatively validated by low values of the mis-
match criterion distance Dyean (lower than 125 m), showing very good
spatial match between the simulated and observed stream networks
(supplementary material (S8)).

We evaluate the models qualitatively by comparing their results
with the observations from the national monitoring network ONDE.
For the best models, Figure 3a illustrates the simulated hydrographic
network density at the sub-catchment extracted from the ONDE sta-
tion Asimonde [%] (Figure 3b), distinguishing the intermittent from the
perennial part calculated on an annual basis. The ONDE observations
are shown as vertical stripes in the background of the figure (red for
the absence of water, i.e., no-flow, orange for pond, i.e., presence of
water but not flowing and green for flowing). For Canut, the model
simulates the presence of water in 84% of the ONDE observations
showing flow or pond (21 out of 25) and the absence of water in 71%
of observations without flow (5 out of 7). For Nancon, the model suc-

cessfully simulates continuous perennial flow, even though the ONDE

station is located in the upstream part of the catchment. In Figure 3b,
the maps showing the maximum and minimum extent of the hydro-
graphic network illustrate the consistency of the model with the
ONDE station observations. The stream is intermittent for Canut, as
shown by the alternating green dot in February and red dot in
September, indicating that the stream dries up at the station. For Nan-
con, the stream is predominantly perennial, with two green dots in
February and in September.

3.2 | Analysis of groundwater controls on
intermittency using the best model

The groundwater storage and streamflow regimes for both catch-
ments, simulated using 3D groundwater flow models, are illustrated
by the groundwater levels shown in cross-sections at the highest and
lowest flow conditions (Figure 4a). The amplitude of the groundwater
table variations is higher for the Canut compared with the Nancon
catchment. In the Canut catchment, the combination of high K and
low @ values suggests that groundwater may be disconnected from
the main stream during low-flow periods, resulting in a persistence
index of less than 1 at the ONDE station (Figure 4b). The same figure
for the discontinuous pattern of simulated seepage areas without the
downslope flowpath function generating a continuous hydrographic

network is available in the supplementary material (S7). In contrast, in
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FIGURE 5 (a) Simulated catchment-scale hydrographic network density Ag;n, [%] as a function of recharge R applied to the model for each

monthly time step. (b) Proportion of seasonal (intermittent during the year) streams Agjm sea/Asim.o: [—] as a function of the subsurface flowpath
lengths Lg,,[m] The solid line loop connecting the numbers 1-12 represents the intermonthly averages calculated over the simulated period from

1960 to 2020. (c) Intermonthly variations in aquifer response times ¢, [days], calculated as the change in total groundwater storage dSg,, L3
normalized by the change in total seepage flow dQsecp [L3/T] at the catchment scale.

the Nancon catchment the groundwater table continuously feeds the
river in the upstream part of the catchment, leading to a higher pro-
portion of perennial streams compared with Canut. In both catch-
ments, intermittent flow, indicated by low persistency index values,
was mainly located in the headwaters of first-order streams
(Figure 4b), while perennial streams were mainly found in the valley
bottoms downstream of the catchment. An animated version of
Figure 4, depicting the spatio-temporal evolution from 2012 to 2020,
is available in the supplementary material (S1).

The relationship between recharge and the simulated hydro-
graphic network density at the catchment scale Agm ot [%] is depicted

in Figure 5. In particular, it shows a distinct hysteretic behaviour for

both catchments. The hysteresis loop follows a counter-clockwise
direction in both catchments, although the shape and position of the
loop differ between them. In both cases, the hydrographic network
expands increasing recharge from October to January and with con-
tracts with decreasing recharge from February to August. Despite an
increase in recharge from August to October, the hydrographic net-
work continues to contract or stabilize. This phenomenon is attributed
to the time lag between groundwater recharge, the rise of the water
table and its gradual reconnection with the surface. During this period,
the hysteretic relationship for the Nancon catchment appears flatter,
a characteristic influenced by its higher storage capacity compared

with the Canut catchment. Similarly, when the recharge decreases

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T



10 of 19 Wl LEY

ABHERVE ET AL.

from January to February, the hydrographic network continues to
expand for Nancon, whereas it immediately contracts for Canut. The
wider range of saturation variations for the Canut catchment, ranging
from 16% down to 1%, is influenced by its higher transmissivity—
compared with 22% down to 5% for Nancon. The high diffusivity for
Canut leads to rapid aquifer drainage and consequently to significant
fluctuations in the expansion and contraction of the hydrographic
network.

In addition, the Figure 5b shows a negative relationship between
the proportion of seasonal (intermittent during the year) streams
Asimsea/Asimtot and the subsurface flowpath lengths. For both catch-
ments, the subsurface flowpath length LgiW increases as the stream
network contracts and intermittent streams disappear. The calculated
aquifer response times t, vary from one to several hundred days
(Figure 5c). They decrease during the recharge period and then
increase as the aquifer empties during the discharge period. During
droughts, when the water table is low, groundwater flows slowly due
to a lower hydraulic gradient and longer subsurface flowpaths
(Figure 5b). The opposite occurs during the recharge period. The aqui-
fer response times are on average 1 order of magnitude higher for
Nancon than for Canut, with averages of 10 and 110days, respec-
tively. The higher t, of Nancon result in a less dynamic expansion/

contraction of the hydrographic network than Canut.

4 | DISCUSSION AND CONCLUSIONS

This study contributes to improving the modelling of streamflow
intermittence with the underlying processes at the groundwater-
surface water interface. The groundwater compartment is often over-
looked or oversimplified in hydrological models used to study the
dynamics of stream network expansion/contraction. Neglecting these
controls can lead to inaccurate predictions, especially during baseflow
when groundwater is the main contributor. We propose a novel
approach to overcome this challenge through a new model calibration
scheme designed to improve the representation of the 3D groundwa-
ter flow and its key role in headwater streamflow intermittence.

4.1 | Use of streamflow intermittence information
to estimate aquifer hydraulic properties

We demonstrate that the use of hydrographic network observations
offers opportunities to improve estimation in hydraulic properties that
properly capture the dynamics of streamflow intermittence. We show
that only the combination of streamflow and stream network maps in
the calibration leads to good estimates of both the hydraulic conduc-
tivity (K) and the porosity (®) of the aquifers. In fact, we found that a
non-unique solution exists when only streamflow is considered, which
poses a challenge in selecting a representative set of parameters. As
already shown in Abhervé et al. (2023), the extent of the stream net-
work provides a constraint on groundwater level, allowing us to esti-
mate the T/R ratio, and hence K by making assumptions on d and R.

Here, the approach is developed/extended in transient where the
estimation of porosity relies on both the streamflow and the expan-
sion/contraction of the hydrographic network. Indeed, the amplitude
of water table fluctuations, and hence the spatio-temporal dynamics
of the stream network, is closely related to the available storage in the
catchment.

The transmissivities and associated hydraulic conductivities esti-
mated in this study are consistent with values obtained from hydraulic
tests or numerical groundwater models carried out in the similar
region and lithological context (BRGM, 2018; Jiménez-Martinez
et al,, 2013; Kolbe et al., 2016; Le Borgne et al., 2006). More precisely,
we find the same order of magnitude of K at 10> m/s as in other
studies carried-out on the Nancon catchment (Abhervé et al., 2023;
Cornette et al., 2022; Dewandel et al., 2021) and the Canut catch-
ment (Abhervé et al., 2023). The low porosity values estimated are
consistent with the values found in the literature in crystalline bed-
rock contexts (Leray et al., 2012; Roques, 2013; Singhal &
Gupta, 2010; Wyns et al., 2004). Indeed, the porosity of the fissured
or weathered layer in the lithological contexts of the region is mainly
about 1% (Dewandel et al., 2006). More specifically for Nancon, stud-
ies by Cornette et al. (2022) and Dewandel et al. (2021) also estimated
an average porosity of less than 4% for aquifers at 30 m depth, which

is consistent with our results.

4.2 | Applicability, limitations and potential
improvements of the approach

By using data from a public monitoring network database (ONDE) in
this study, it has been shown that these data are very useful for vali-
dating model results. However, their interpretation requires certain
assumptions, especially regarding the extrapolation of observations
upstream and downstream of the station. For example, we assume
that the entire stream upstream of the station is considered as dry if
no flow is observed, or flowing if flow is observed. We focus on the
simulated spatially continuous hydrographic network, generated from
the initially simulated discontinuous pattern of seepage areas. (supple-
mentary material S7). This assumption is valid in humid regions and
shallow aquifers, where streams are mainly gaining. This may not be
the case in other regions, especially where discontinuities in ground-
water seepage result in high infiltration into stream losing sections.
Also, our current methodology does not allow us to simulate surface
water infiltration processes or ephemeral flows, which by definition
are generated by storm rainfall.

In contexts where unsaturated processes dominate, it would be
crucial to use a coupled land-surface model to represent soil layers
that could play an important role in subsurface-surface interactions.
For example, using fully integrated models, adding complexity and
heterogeneity to the model could enable us to better simulate the
spatio-temporal dynamics of observations more accurately. For exam-
ple, a refining DEM around streams is often used to better represent
local groundwater-surface interactions. Although they effectively

simulate more hydrological processes, these approaches require more
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data and are often much more difficult to set up, with limitations in
terms of computational time (Thornton et al., 2022).

The parsimonious approach proposed here, that is, considering a
homogeneous aquifer with effective properties, allows us to valid pre-
dictions for the two pilot catchments presented. The modelling
approach is applicable in contexts of strong subsurface-surface inter-
actions, where the water table is close to the surface, in direct interac-
tion with the surface hydrographic network. As it requires only
surface hydrological data, its large-scale deployment will help us to
better predict streamflow intermittence in other regions with different

geomorphological, geological and climatic contexts.

4.3 | Hydrogeological processes controlling the
spatio-temporal dynamics of the stream network

We find differences in the hydraulic properties of the aquifers
between the two studied catchments, which explain the different
observed spatio-temporal streamflow dynamics. More reactive hydro-
logical dynamics are observed for Canut, which is explained by rela-
tively low porosity. Conversely, the more buffered hydrological
dynamics in Nancon required a relatively high porosity—about
20 times higher than in Canut. The lower storage capacity of the
Canut catchment results in a lower proportion of perennial streams
than in the Nancon catchment, which has higher aquifer storage
capacity.

These results follow previous studies showing the role of mod-
elled groundwater dynamics on streamflow (Carlier et al., 2018a;
Gascuel-Odoux et al., 2010). Although the literature emphasizes that
stream networks are dynamic in a wide range of topographic, geologic
and climatic contexts, our findings support the hypothesis derived
from field surveys that specifically highlight the influence of the sub-
surface (Ackerer et al., 2023; Belemtougri et al., 2021; Durighetto &
Botter, 2022; Godsey & Kirchner, 2014; Hatley et al., 2023; Lapides
et al., 2021; Prancevic & Kirchner, 2019; Warix et al., 2023; Zimmer &
McGlynn, 2017b). Authors generally identify transmissivity and sub-
surface storage capacity, as key factors in streamflow intermittence
processes. However, the specific role of each of these parameters is
rarely discussed. Our investigation of K and @ provides new insights
into the combined effect of these subsurface parameters. The sensi-
tivity analysis (Figure A1 and supplementary material S4) shows that
K mainly controls the average extent of the hydrographic network,
while @ drives its spatio-temporal dynamics. The lower the transmis-
sivity, the higher the average drainage density, and conversely. High
aquifer storage capacity favours the prevalence of perennial streams
over intermittent ones, and conversely.

These findings are also highlighted by the hysteretic behaviour
between the recharge and streamflow dynamics already described in
the literature (Beven, 2006; Gharari & Razavi, 2018; Kirchner, 2009;
Zuecco et al., 2016). As in previous studies (Andermann et al., 2012;
Aubert et al., 2013; Davies & Beven, 2015; Fovet et al., 2015; Pfister
et al., 2017; Schmidt et al., 2020), we relate the difference in degree

and shape of the simulated hysteresis loop to the subsurface storage
capacity of the studied catchments. Furthermore, our modelling
approach is particularly well suited to quantify the spatio-temporal
evolution of aquifer response times. The values estimated for a dozen
days are consistent with those observed for similar lithological con-
texts in the same region (Guillaumot et al., 2022; Jiménez-Martinez
et al., 2013; Molénat et al., 1999). In agreement with the synthetic
model study by Shanafield et al. (2012), aquifer response times are
greater for the Nancon due to its higher storage capacity in compari-
son to the Canut catchment with low porosity. We have shown that
response times increase as the aquifer empties and the hydrographic
network contracts. In addition to the diffusivity of the aquifer, this
dynamics is mainly due to the increase in the lengths of the subsur-
face flowpaths during the contraction of the stream network, as
highlighted by van Meerveld et al. (2019) and recently discussed in
Kirchner et al. (2023). Our results are consistent with these previous
works showing, that the expansion/contraction of the flowing stream
network translates into changes of subsurface flowpath lengths. In
addition to being able to distinguish the role of hydraulic conductivity
and porosity in streamflow intermittence, our findings confirm the
need to consider hydrogeological processes when assessing and

understanding stream intermittency.

44 | Future perspectives and deployment across
multiple sites and issues

The availability of spatio-temporal observations detailing streamflow
intermittence is critical for the calibration of hydrological models (llja
Van Meerveld et al,, 2017). Indeed, the use of these new unconven-
tional data in the calibration of groundwater models provides interest-
ing information that significantly reduces the number of possibilities
(Schilling et al., 2019). Although new methods are emerging such as
camera surveys (Noto et al., 2024) and electrical conductivity sensors
(Gallo et al., 2020; Jensen et al., 2019; Kaplan et al., 2019; Paillex
et al., 2020), historical data rely heavily on labour-intensive manual
mapping and observation (Barefoot et al, 2019; Bujak-Ozga
et al, 2023; Zanetti et al., 2021), making them sparse and time-
consuming to produce. By enabling widely distributed observations,
participatory science initiatives are expected to play a key role in
improving calibration and validation approaches in the near future
(Truchy et al., 2023; Etter et al.,, 2020; Truchy et al., 2023). These
observations are of particular interest when the monitoring stations
span multiple locations along the network, with different degrees of
flow persistence. At the same time, advances in drone surveys and
remote sensing are providing increasingly accurate and high-
resolution data to assess intermittence dynamics (Cavallo et al., 2022;
Dralle, Lapides, et al., 2023). For example, the Surface Water and
Ocean Topography (SWOT) mission is collecting detailed measure-
ments of the spatial evolution of surface waters over time for map-
ping with a centimetric precision (Altenau et al., 2021; Biancamaria
et al., 2016). Although maps of the global hydrographic network are
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becoming increasingly accurate (Allen & Pavelsky, 2018; Amatulli
et al., 2022; Lehner & Grill, 2013; Tootchi et al., 2019; Yamazaki
et al., 2019), future surface water mapping products at fine spatial and
temporal scales including persistence information (Gallart et al., 2016;
Huang et al., 2018; Pekel et al., 2016; Rapinel et al., 2023) will be
essential to refine the model calibration/validation framework pre-
sented in this study and for deploying this approach in ungauged
basins.

In addition to numerical developments, this study addresses a sig-
nificant knowledge gap identified by the hydrological community
regarding the role of key hydrogeological processes in headwater flow
dynamics. Further research is needed to accurately quantify the
coupled groundwater-surface water processes involved in different
contexts. We are confident that such a groundwater modelling
approach can be readily applied to other areas characterized by strong
groundwater-surface water interactions. In particular, we believe this
would help the community to better understand the links between
the lithology that control the critical zone properties and its architec-
ture on ecosystems (Datry, Boulton, et al, 2023; Dralle, Rossi,
et al,, 2023; Hahm et al., 2019; Sdnchez-Montoya et al., 2023). In a
predictive framework, such models will be essential to anticipate
changes in streamflow intermittence under future climatic conditions.
These insights will be crucial for local stakeholders involved in water
and land management, and invaluable for the protection of water-
dependent ecosystems.

ACKNOWLEDGEMENTS
This work was funded by Eau du Bassin Rennais and Rennes Métro-
pole, through the “Eaux et Territoires” (“Water and Territories™)
research chairs of the Foundation of the University of Rennes
(Fondation Rennes 1). Clément Roques acknowledges financial sup-
port from the Rennes Métropole research chair “Ressource en Eau du
Futur”. Ronan Abhervé, Philip Brunner and Clément Roques acknowl-
edge the European project WATERLINE, project id CHIST-ERA-19-
CES-006.

We thank the 2 anonymous reviewers and the editor Gianluca
Botter for their excellent comments, which improved the manuscript.

CONFLICT OF INTEREST STATEMENT

None of the authors have any competing interests to declare.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID
Ronan Abhervé "2 https://orcid.org/0000-0001-7085-5272
https://orcid.org/0000-0002-5021-6008
Jean-Raynald de Dreuzy = https://orcid.org/0000-0003-2993-2015
Thibault Datry "= https://orcid.org/0000-0003-1390-6736

Philip Brunner 2 https://orcid.org/0000-0001-6304-6274

https://orcid.org/0000-0003-3169-743X

Clément Roques

Laurent Longuevergne

REFERENCES

Abhervé, R., Roques, C., Gauvain, A. Longuevergne, L. Louaisil, S.,
Aquilina, L., & De Dreuzy, J.-R. (2023). Calibration of groundwater
seepage against the spatial distribution of the stream network to
assess catchment-scale hydraulic properties. Hydrology and Earth Sys-
tem Sciences, 27(17), 3221-3239. https://doi.org/10.5194/hess-27-
3221-2023

Ackerer, J., Kuppel, S., Braud, I., Pasquet, S., Fovet, O., Probst, A., &
Pierret, M. C. (2023). Exploring the critical zone heterogeneity and the
hydrological diversity using an integrated ecohydrological model in
three contrasted long-term observatories. Water Resources Research,
59(12). https://doi.org/10.1029/2023WR035672

Acuia, V., Datry, T., Marshall, J., Barceld, D., Dahm, C. N., Ginebreda, A.,
McGregor, G., Sabater, S., Tockner, K., & Palmer, M. A. (2014). Why
should we care about temporary waterways? Science, 343(6175),
1080-1081. https://doi.org/10.1126/science.1246666

Allen, D. C. Datry, T., Boersma, K. S., Bogan, M. T., Boulton, A. J.,
Bruno, D., Busch, M. H., Costigan, K. H., Dodds, W. K., Fritz, K. M.,
Godsey, S. E., Jones, J. B., Kaletova, T., Kampf, S. K., Mims, M. C.,
Neeson, T. M., Olden, J. D., Pastor, A. V., Poff, N. L. R,, ... Zimmer, M.
(2020). River ecosystem conceptual models and non-perennial rivers:
A critical review. Wiley Interdisciplinary Reviews: Water, 7(5), 1-13.
https://doi.org/10.1002/wat2.1473

Allen, G. H., & Pavelsky, T. (2018). Global extent of rivers and streams. Sci-
ence, 361(6402), 585-588. https://doi.org/10.1126/science.aat063

Altenau, E. H., Pavelsky, T. M., Durand, M. T., Yang, X., Frasson, R. P.
d. M., & Bendezu, L. (2021). The surface water and ocean topography
(SWOT) mission river database (SWORD): A global river network for
satellite data products. Water Resources Research, 57(7), 1-15. https://
doi.org/10.1029/2021WR030054

Amatulli, G., Garcia Marquez, J., Sethi, T., Kiesel, J., Grigoropoulou, A.,
Ublacker, M. M., Shen, L. Q., & Domisch, S. (2022). Hydrography90m:
A new high-resolution global hydrographic dataset. Earth System Sci-
ence Data, 14(10), 4525-4550. https://doi.org/10.5194/essd-14-
4525-2022

Andermann, C., Longuevergne, L., Bonnet, S., Crave, A, Davy, P, &
Gloaguen, R. (2012). Impact of transient groundwater storage on the
discharge of Himalayan rivers. Nature Geoscience, 5(2), 127-132.
https://doi.org/10.1038/ngeo1356

Aubert, A. H., Gascuel-Odoux, C., & Merot, P. (2013). Annual hysteresis of
water quality: A method to analyse the effect of intra- and inter-
annual climatic conditions. Journal of Hydrology, 478, 29-39. https://
doi.org/10.1016/j.jhydrol.2012.11.027

Azarnivand, A., Camporese, M., Alaghmand, S., & Daly, E. (2020). Modeling
hydrological impacts of afforestation on intermittent streams. Science
of the Total Environment, 728(138), 748. https://doi.org/10.1016/j.
scitotenv.2020.138748

Bakker, M., Post, V., Langevin, C. D., Hughes, J. D., White, J. T,
Starn, J. J., & Fienen, M. N. (2016). Scripting MODFLOW model devel-
opment using python and FloPy. Groundwater, 54(5), 733-739.
https://doi.org/10.1111/gwat.12413

Ballévre, M., Bosse, V., Ducassou, C., & Pitra, P. (2009). Palaeozoic history
of the Armorican massif: Models for the tectonic evolution of the
suture zones. Comptes Rendus -Geoscience, 341(2-3), 174-201.
https://doi.org/10.1016/j.crte.2008.11.009

Barefoot, E., Pavelsky, T. M., Allen, G. H., Zimmer, M. A, & McGlynn, B. L.
(2019). Temporally variable stream width and surface area distribu-
tions in a headwater catchment. Water Resources Research, 55(8),
7166-7181. https://doi.org/10.1029/2018WR023877

Beaufort, A., Lamouroux, N., Pella, H., Datry, T., & Sauquet, E. (2018).
Extrapolating regional probability of drying of headwater streams
using discrete observations and gauging networks. Hydrology and Earth
System Sciences, 22(5), 3033-3051. https://doi.org/10.5194/hess-22-
3033-2018

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T


https://orcid.org/0000-0001-7085-5272
https://orcid.org/0000-0001-7085-5272
https://orcid.org/0000-0002-5021-6008
https://orcid.org/0000-0002-5021-6008
https://orcid.org/0000-0003-2993-2015
https://orcid.org/0000-0003-2993-2015
https://orcid.org/0000-0003-1390-6736
https://orcid.org/0000-0003-1390-6736
https://orcid.org/0000-0001-6304-6274
https://orcid.org/0000-0001-6304-6274
https://orcid.org/0000-0003-3169-743X
https://orcid.org/0000-0003-3169-743X
https://doi.org/10.5194/hess-27-3221-2023
https://doi.org/10.5194/hess-27-3221-2023
https://doi.org/10.1029/2023WR035672
https://doi.org/10.1126/science.1246666
https://doi.org/10.1002/wat2.1473
https://doi.org/10.1126/science.aat063
https://doi.org/10.1029/2021WR030054
https://doi.org/10.1029/2021WR030054
https://doi.org/10.5194/essd-14-4525-2022
https://doi.org/10.5194/essd-14-4525-2022
https://doi.org/10.1038/ngeo1356
https://doi.org/10.1016/j.jhydrol.2012.11.027
https://doi.org/10.1016/j.jhydrol.2012.11.027
https://doi.org/10.1016/j.scitotenv.2020.138748
https://doi.org/10.1016/j.scitotenv.2020.138748
https://doi.org/10.1111/gwat.12413
https://doi.org/10.1016/j.crte.2008.11.009
https://doi.org/10.1029/2018WR023877
https://doi.org/10.5194/hess-22-3033-2018
https://doi.org/10.5194/hess-22-3033-2018

ABHERVE €T AL.

Wl LEY 13 of 19

Belemtougri, A. P., Ducharne, A, Tazen, F., Oudin, L., & Karambiri, H.
(2021). Understanding key factors controlling the duration of river
flow intermittency: Case of Burkina Faso in West Africa. Journal of
Hydrology: Regional Studies, 37. https://doi.org/10.1016/j.ejrh.2021.
100908

Benstead, J. P., & Leigh, D. S. (2012). An expanded role for river networks.
Nature  Geoscience, 5(10), 678-679. https://doi.org/10.1038/
ngeo1593

Bertassello, L. E., Durighetto, N., & Botter, G. (2022). Eco-hydrological
modelling of channel network dynamics —Part 2: Application to meta-
population dynamics. Royal Society Open Science, 9. https://doi.org/
10.1098/rs0s.220945

Beven, K. (2006). Searching for the holy grail of scientific hydrology.
Hydrology and Earth System Sciences, 10, 609-618. https://doi.org/10.
5194/hess-10-609-2006

Biancamaria, S., Lettenmaier, D. P., & Pavelsky, T. M. (2016). The SWOT
mission and its capabilities for land hydrology. Remote Sensing and
Water Resources, 55, 117-147. https://doi.org/10.1007/978-3-319-
32449-4_6

Bloschl, G., Bierkens, M. F. P., Chambel, A., Cudennec, C., Destouni, G.,
Fiori, A., Kirchner, J. W., McDonnell, J. J., Savenije, H. H. G,
Sivapalan, M., Stumpp, C., Toth, E., Volpi, E., Carr, G., Lupton, C,,
Salinas, J., Széles, B., Viglione, A., Aksoy, H., ... Zhang, Y. (2019).
Twenty-three unsolved problems in hydrology (UPH)—A community
perspective. Hydrological Sciences Journal, 64(10), 1141-1158. https://
doi.org/10.1080/02626667.2019.1620507

Bond, N. R., & Kennard, M. J. (2017). Prediction of hydrologic characteris-
tics for ungauged catchments to support hydroecological modeling.
Water Resources Research, 53(11), 8781-8794. https://doi.org/10.
1002/2017WR021119

Botter, G., Vingiani, F., Senatore, A., Jensen, C., Weiler, M., McGuire, K.,
Mendicino, G., & Durighetto, N. (2021). Hierarchical climate-driven
dynamics of the active channel length in temporary streams. Scientific
Reports, 11(1), 1-13. https://doi.org/10.1038/s41598-021-00922-2

Bresciani, E., Goderniaux, P., & Batelaan, O. (2016). Hydrogeological con-
trols of water table-land surface interactions. Geophysical Research Let-
ters, 43(18), 9653-9661. https://doi.org/10.1002/2016GL070618

BRGM. (1998). Carte géologique métropolitaine a 1/1000000. Bureau de
Recherches Géologiques et Minieres. https://infoterre.brgm.fr/

BRGM. (2018). Tectonic-lithostratigraphic log with evolution of hydrody-
namic parameters according to lithological sets. In SIGES Bretagne—
Systéme d'information Pour La Gestion Des Eaux Souterraines En Bre-
tagne. Bureau de Recherches Géologiques et Minieres. https://sigesbre.
brgm.fr/

Bujak-Ozga, I., Van Meerveld, H. J. ( 1), Rinaldo, A., & Von Freyberg, J.
(2023). Short-term dynamics of drainage density based on a combina-
tion of channel flow state surveys and water level measurements.
Hydrological Processes, 37(12), 1-16. https://doi.org/10.1002/hyp.
15041

Busch, M. H., Costigan, K. H., Fritz, K. M., Datry, T., Krabbenhoft, C. A,,
Hammond, J. C., Zimmer, M., Olden, J. D., Rocha, M. P., Godsey, S.,
Allen, G. H., & Blaszczak, J. R. (2020). What's in a name? Patterns,
trends, and suggestions for defining non-perennial rivers and streams.
Water, 12, 1-19. https://doi.org/10.3390/w12071980

Carlier, C., Wirth, S. B., Cochand, F., Hunkeler, D., & Brunner, P. (2018a).
Exploring geological and topographical controls on low flows with
hydrogeological models. Ground Water, 57(1), 48-62. https://doi.org/
10.1111/gwat.12845

Carlier, C., Wirth, S. B., Cochand, F., Hunkeler, D., & Brunner, P. (2018b).
Geology controls streamflow dynamics. Journal of Hydrology, 566,
756-769. https://doi.org/10.1016/j.jhydrol.2018.08.069

Cavallo, C., Papa, M. N., Negro, G., Gargiulo, M., Ruello, G., & Vezza, P.
(2022). Exploiting Sentinel-2 dataset to assess flow intermittency in
non-perennial rivers. Scientific Reports, 12(1). https://doi.org/10.1038/
s41598-022-26034-z

Cornette, N., Roques, C., Boisson, A., Courtois, Q., Marcais, J.,
Launay, J., Pajot, G., Habets, F., & De Dreuzy, J. R. (2022). Hillslope-
scale exploration of the relative contribution of base flow, seepage
flow and overland flow to streamflow dynamics. Journal of Hydrol-
ogy, 610(December 2021). https://doi.org/10.1016/j.jhydrol.2022.
127992

Costigan, K. H., Jaeger, K. L., Goss, C. W., Fritz, K. M., & Goebel, P. C.
(2016). Understanding controls on flow permanence in intermittent
rivers to aid ecological research: Integrating meteorology, geology and
land cover. Ecohydrology, 9(7), 1141-1153. https://doi.org/10.1002/
eco.1712

Costigan, K. H., Kennard, M. J,, Leigh, C., Sauquet, E., Datry, T., &
Boulton, A. J. (2017). CHAPTER 2.2: Flow regimes in intermittent riv-
ers and ephemeral streams. In Intermittent rivers and ephemeral
streams. Elsevier Inc. https://doi.org/10.1016/B978-0-12-803835-2.
00003-6

Crave, A., & Davy, P. (1997). Scaling relationships of channel networks at
large scales: Examples from two large-magnitude watersheds in Brit-
tany, France. Tectonophysics, 269, 91-111. https://doi.org/10.1016/
S0040-1951(96)00142-4

Daneshmand, H., Alaghmand, S., Camporese, M., Talei, A., & Daly, E.
(2019). Water and salt balance modelling of intermittent catchments
using a physically-based integrated model. Journal of Hydrology, 568-
(February 2018), 1017-1030. https://doi.org/10.1016/j.jhydrol.2018.
11.035

Datry, T., Boulton, A. J., Fritz, K., Stubbington, R., Cid, N., Crabot, J., &
Tockner, K. (2023). Non-perennial segments in river networks. Nature
Reviews Earth & Environment, 4, 815-830. https://doi.org/10.1038/
s43017-023-00495-w

Datry, T., Larned, S. T., & Tockner, K. (2014). Intermittent rivers: A chal-
lenge for freshwater ecology. BioScience, 64(3), 229-235. https://doi.
org/10.1093/biosci/bit027

Datry, T., Truchy, A, Olden, J. D., Busch, M. H., Stubbington, R,
Dodds, W. K., Zipper, S., Yu, S., Messager, M. L., Tonkin, J. D,
Kaiser, K. E., Hammond, J. C, Moody, E. K, Burrows, R. M,
Sarremejane, R., Delvecchia, A. G., Fork, M. L., Little, C. J,
Walker, R. H,, ... Allen, D. (2023). Causes, responses, and implications
of anthropogenic versus natural flow intermittence in river networks.
BioScience, 73(1), 9-22. https://doi.org/10.1093/biosci/biac098

Davies, J. A. C., & Beven, K. (2015). Hysteresis and scale in catchment
storage, flow and transport. Hydrological Processes, 29(16), 3604-
3615. https://doi.org/10.1002/hyp.10511

Day, D. G. (1980). Lithologic controls of drainage density: A study of six
small rural catchments in New England, N. S.W. Catena, 7, 339-351.
https://doi.org/10.1016/50341-8162(80)80024-5

Devauchelle, O., Petroff, A. P., Seybold, H. F., & Rothman, D. H. (2012).
Ramification of stream networks. Proceedings of the National Academy
of Sciences of the United States of America, 109(51), 20832-20836.
https://doi.org/10.1073/pnas.1215218109

Dewandel, B., Boisson, A., Amraoui, N., Caballero, Y. Mougin, B,
Baltassat, J. M., & Maréchal, J. C. (2021). Improving our ability
to model crystalline aquifers using field data combined with a
regionalized approach for estimating the hydraulic conductivity field.
Journal of Hydrology, 601(June). https://doi.org/10.1016/j.jhydrol.
2021.126652

Dewandel, B., Lachassagne, P., Wyns, R, Maréchal, J. C., &
Krishnamurthy, N. S. (2006). A generalized 3-D geological and hydro-
geological conceptual model of granite aquifers controlled by single or
multiphase weathering. Journal of Hydrology, 330(1-2), 260-284.
https://doi.org/10.1016/j.jhydrol.2006.03.026

Dewandel, B., Maréchal, J. C., Bour, O. Ladouche, B., Ahmed, S.,
Chandra, S., & Pauwels, H. (2012). Upscaling and regionalizing hydrau-
lic conductivity and effective porosity at watershed scale in deeply
weathered crystalline aquifers. Journal of Hydrology, 416-417, 83-97.
https://doi.org/10.1016/j.jhydrol.2011.11.038

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T


https://doi.org/10.1016/j.ejrh.2021.100908
https://doi.org/10.1016/j.ejrh.2021.100908
https://doi.org/10.1038/ngeo1593
https://doi.org/10.1038/ngeo1593
https://doi.org/10.1098/rsos.220945
https://doi.org/10.1098/rsos.220945
https://doi.org/10.5194/hess-10-609-2006
https://doi.org/10.5194/hess-10-609-2006
https://doi.org/10.1007/978-3-319-32449-4_6
https://doi.org/10.1007/978-3-319-32449-4_6
https://doi.org/10.1080/02626667.2019.1620507
https://doi.org/10.1080/02626667.2019.1620507
https://doi.org/10.1002/2017WR021119
https://doi.org/10.1002/2017WR021119
https://doi.org/10.1038/s41598-021-00922-2
https://doi.org/10.1002/2016GL070618
https://infoterre.brgm.fr/
https://sigesbre.brgm.fr/
https://sigesbre.brgm.fr/
https://doi.org/10.1002/hyp.15041
https://doi.org/10.1002/hyp.15041
https://doi.org/10.3390/w12071980
https://doi.org/10.1111/gwat.12845
https://doi.org/10.1111/gwat.12845
https://doi.org/10.1016/j.jhydrol.2018.08.069
https://doi.org/10.1038/s41598-022-26034-z
https://doi.org/10.1038/s41598-022-26034-z
https://doi.org/10.1016/j.jhydrol.2022.127992
https://doi.org/10.1016/j.jhydrol.2022.127992
https://doi.org/10.1002/eco.1712
https://doi.org/10.1002/eco.1712
https://doi.org/10.1016/B978-0-12-803835-2.00003-6
https://doi.org/10.1016/B978-0-12-803835-2.00003-6
https://doi.org/10.1016/S0040-1951(96)00142-4
https://doi.org/10.1016/S0040-1951(96)00142-4
https://doi.org/10.1016/j.jhydrol.2018.11.035
https://doi.org/10.1016/j.jhydrol.2018.11.035
https://doi.org/10.1038/s43017-023-00495-w
https://doi.org/10.1038/s43017-023-00495-w
https://doi.org/10.1093/biosci/bit027
https://doi.org/10.1093/biosci/bit027
https://doi.org/10.1093/biosci/biac098
https://doi.org/10.1002/hyp.10511
https://doi.org/10.1016/S0341-8162(80)80024-5
https://doi.org/10.1073/pnas.1215218109
https://doi.org/10.1016/j.jhydrol.2021.126652
https://doi.org/10.1016/j.jhydrol.2021.126652
https://doi.org/10.1016/j.jhydrol.2006.03.026
https://doi.org/10.1016/j.jhydrol.2011.11.038

14 of 19 Wl LEY

ABHERVE ET AL.

Dohman, J. M., Godsey, S. E., & Hale, R. L. (2021). Three-dimensional sub-
surface flow path controls on flow permanence. Water Resources
Research, 57(10), 1-18. https://doi.org/10.1029/2020WR028270

Domenico, P. A., & Schwartz, F. W. (1990). Physical and chemical hydrogeol-
ogy. John Wiley & Sons, Inc.

Dralle, D. N., Lapides, D. A., Rempe, D. M., & Hahm, W. J. (2023). Mapping
surface water presence and hyporheic flow properties of headwater
stream networks with multispectral satellite imagery. Water Resources
Research, 59(9), 1-18. https://doi.org/10.1029/2022WR034169

Dralle, D. N., Rossi, G., Georgakakos, P., Hahm, W. J., Rempe, D. M,,
Blanchard, M., Power, M. E., Dietrich, W. E., & Carlson, S. M. (2023).
The salmonid and the subsurface: Hillslope storage capacity deter-
mines the quality and distribution of fish habitat. Ecosphere, 14(2), 1-
23. https://doi.org/10.1002/ecs2.4436

Dubreuil, V. (2022). Le changement climatique en France illustré par la
classification de Képpen. La Météorologie, 116, 37-47.

Dunne, T. (1975). Formation and controls of channel networks. Progress in
Physical ~ Geography, 4, 211-239. https://doi.org/10.1177/
030913338000400204

Durighetto, N., Bertassello, L. E., & Botter, G. (2022). Eco-hydrological
modelling of channel network dynamics—part 1: Stochastic simulation
of active stream expansion and retraction. Royal Society Open Science,
9(11). https://doi.org/10.1098/rs0s.220944

Durighetto, N., & Botter, G. (2022). On the relation between active net-
work length and catchment discharge. Geophysical Research Letters,
49(14). https://doi.org/10.1029/2022GL099500

Durighetto, N., Vingiani, F., Bertassello, L. E., Camporese, M., & Botter, G.
(2020). Intraseasonal drainage network dynamics in a headwater
catchment of the Italian Alps. Water Resources Research, 56(4). https://
doi.org/10.1029/2019WR025563

Eastman, M., Parry, S., Sefton, C., Park, J., & England, J. (2021). Recon-
structing spatiotemporal dynamics in hydrological state along intermit-
tent rivers. Water (Switzerland), 13(4), 1-22. https://doi.org/10.3390/
w13040493

Etter, S., Strobl, B., Seibert, J., & Van Meerveld, H. J. I. (2020). Value of
crowd-based water level class observations for hydrological model cal-
ibration. Water Resources Research, 56(2), 1-17. https://doi.org/10.
1029/2019WR026108

European Environment Agency. (2018). CORINE land cover 2018
(CLC2018). Copernicus land monitoring service https://land.
copernicus.eu/pan-european/corine-land-cover/

Fan, Y., Clark, M., Lawrence, D. M., Swenson, S., Band, L. E., Brantley, S. L,
Brooks, P. D., Dietrich, W. E., Flores, A, Grant, G, Kirchner, J. W,
Mackay, D. S., McDonnell, J. J., Milly, P. C. D., Sullivan, P. L., Tague, C,
Ajami, H., Chaney, N., Hartmann, A,, ... Yamazaki, D. (2019). Hillslope hydrol-
ogy in global change research and earth system modeling. Water Resources
Research, 55, 1737-1772. https://doi.org/10.1029/2018 WR023903

Fovet, O., Belemtougri, A., Boithias, L., Braud, I., Charlier, J. B., Cottet, M.,
Daudin, K., Dramais, G., Ducharne, A., Folton, N., Grippa, M.,
Hector, B., Kuppel, S., Le Coz, J., Legal, L., Martin, P., Moatar, F.,
Molénat, J., Probst, A, ... Datry, T. (2021). Intermittent rivers and
ephemeral streams: Perspectives for critical zone science and research
on socio-ecosystems. Wiley Interdisciplinary Reviews: Water, 8(4), 1-33.
https://doi.org/10.1002/wat2.1523

Fovet, O., Ruiz, L., Hrachowitz, M., Faucheux, M., & Gascuel-Odoux, C.
(2015). Hydrological hysteresis and its value for assessing process con-
sistency in catchment conceptual models. Hydrology and Earth System
Sciences, 19(1), 105-123. https://doi.org/10.5194/hess-19-105-2015

Freeze, R. A.,, & Cherry, J. A. (1979). In Prentice-Hall (Ed.), Groundwater,
Englewood Cliffs 604 pp., ISBN 978-0133653120, 1979.

Frei, S., Fleckenstein, J. H., Kollet, S. J., & Maxwell, R. M. (2009). Patterns
and dynamics of river-aquifer exchange with variably-saturated flow
using a fully-coupled model. Journal of Hydrology, 375(3-4), 383-393.
https://doi.org/10.1016/j.jhydrol.2009.06.038

Freund, E. R, Seybold, H., Jasechko, S., & Kirchner, J. W. (2023). Ground-
water's fingerprint in stream network branching angles. Geophysical
Research Letters, 1-7. https://doi.org/10.1029/2023GL103599

Gallart, F., Llorens, P., Latron, J., Cid, N., Rieradevall, M., & Prat, N. (2016).
Validating alternative methodologies to estimate the regime of tempo-
rary rivers when flow data are unavailable. Science of the Total Environ-
ment, 565, 1001-1010. https://doi.org/10.1016/j.scitotenv.2016.
05.116

Gallo, E. L., Meixner, T., Lohse, K. A,, & Nicholas, H. (2020). Estimating sur-
face water presence and infiltration in ephemeral to intermittent
streams in the southwestern US. Frontiers in Water, 2, 1-16. https://
doi.org/10.3389/frwa.2020.572950

Gao, S., Chen, M,, Li, Z., Cook, S., Allen, D., Neeson, T., Yang, T., Yami, T., &
Hong, Y. (2021). Mapping dynamic non-perennial stream networks
using high-resolution distributed hydrologic simulation: A case study
in the upper blue river basin. Journal of Hydrology, 600, 126522.
https://doi.org/10.1016/j.jhydrol.2021.126522

Gascuel-Odoux, C., Weiler, M., & Molenat, J. (2010). Effect of the spatial
distribution of physical aquifer properties on modelled water table
depth and stream discharge in a headwater catchment. Hydrology and
Earth System Sciences, 14(7), 1179-1194. https://doi.org/10.5194/
hess-14-1179-2010

Gharari, S., & Razavi, S. (2018). A review and synthesis of hysteresis in
hydrology and hydrological modeling: Memory, path-dependency, or
missing physics? Journal of Hydrology, 566, 500-519. https://doi.org/
10.1016/j.jhydrol.2018.06.037

Goderniaux, P., Davy, P., Bresciani, E., De Dreuzy, J. R., & Le Borgne, T.
(2013). Partitioning a regional groundwater flow system into shallow
local and deep regional flow compartments. Water Resources Research,
49, 2274-2286. https://doi.org/10.1002/wrcr.20186

Godsey, S. E., & Kirchner, J. W. (2014). Dynamic, discontinuous stream
networks: Hydrologically driven variations in active drainage density,
flowing channels and stream order. Hydrological Processes, 28(23),
5791-5803. https://doi.org/10.1002/hyp.10310

Goémez-Gener, L., Siebers, A. R, Arce, M. I, Arnon, S., Bernal, S.,
Bolpagni, R., Datry, T., Gionchetta, G., Grossart, H. P., Mendoza-
Lera, C., Pohl, V., Risse-Buhl, U., Shumilova, O., Tzoraki, O., Von
Schiller, D., Weigand, A., Weigelhofer, G., Zak, D., & Zoppini, A. (2021).
Towards an improved understanding of biogeochemical processes
across surface-groundwater interactions in intermittent rivers and
ephemeral streams. Earth-Science Reviews, 220. https://doi.org/10.
1016/j.earscirev.2021.103724

Gonzalez-Ferreras, A. M., & Barquin, J. (2017). Mapping the temporary
and perennial character of whole river networks. Water Resources
Research, 53(8), 6709-6724. https://doi.org/10.1002/2017WRO
20390

Guillaumot, L., Longuevergne, L., Marcais, J., Lavenant, N., & Bour, O.
(2022). Frequency domain water table fluctuations reveal recharge in
fractured aquifers depends on both intense and seasonal rainfall and
unsaturated zone thickness. Hydrology and Earth System Sciences Dis-
cussions, 26, 5697-5720.

Gutiérrez-Jurado, K. Y., Partington, D., Batelaan, O., Cook, P., &
Shanafield, M. (2019). What triggers streamflow for intermittent rivers
and ephemeral streams in low-gradient catchments in Mediterranean
climates. Water Resources Research, 55(11), 9926-9946. https://doi.
org/10.1029/2019WR025041

Gutierrez-Jurado, K. Y., Partington, D., & Shanafield, M. (2021). Taking the-
ory to the field: Streamflow generation mechanisms in an intermittent
Mediterranean catchment. Hydrology and Earth System Sciences, 25(8),
4299-4317. https://doi.org/10.5194/hess-25-4299-2021

Hahm, W. J., Rempe, D. M., Dralle, D. N., Dawson, T. E., Lovill, S. M,,
Bryk, A. B., Bish, D. L., Schieber, J., & Dietrich, W. E. (2019). Lithologi-
cally controlled subsurface critical zone thickness and water storage
capacity determine regional plant community composition. Water

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T


https://doi.org/10.1029/2020WR028270
https://doi.org/10.1029/2022WR034169
https://doi.org/10.1002/ecs2.4436
https://doi.org/10.1177/030913338000400204
https://doi.org/10.1177/030913338000400204
https://doi.org/10.1098/rsos.220944
https://doi.org/10.1029/2022GL099500
https://doi.org/10.1029/2019WR025563
https://doi.org/10.1029/2019WR025563
https://doi.org/10.3390/w13040493
https://doi.org/10.3390/w13040493
https://doi.org/10.1029/2019WR026108
https://doi.org/10.1029/2019WR026108
https://land.copernicus.eu/pan-european/corine-land-cover/
https://land.copernicus.eu/pan-european/corine-land-cover/
https://doi.org/10.1029/2018WR023903
https://doi.org/10.1002/wat2.1523
https://doi.org/10.5194/hess-19-105-2015
https://doi.org/10.1016/j.jhydrol.2009.06.038
https://doi.org/10.1029/2023GL103599
https://doi.org/10.1016/j.scitotenv.2016.05.116
https://doi.org/10.1016/j.scitotenv.2016.05.116
https://doi.org/10.3389/frwa.2020.572950
https://doi.org/10.3389/frwa.2020.572950
https://doi.org/10.1016/j.jhydrol.2021.126522
https://doi.org/10.5194/hess-14-1179-2010
https://doi.org/10.5194/hess-14-1179-2010
https://doi.org/10.1016/j.jhydrol.2018.06.037
https://doi.org/10.1016/j.jhydrol.2018.06.037
https://doi.org/10.1002/wrcr.20186
https://doi.org/10.1002/hyp.10310
https://doi.org/10.1016/j.earscirev.2021.103724
https://doi.org/10.1016/j.earscirev.2021.103724
https://doi.org/10.1002/2017WR020390
https://doi.org/10.1002/2017WR020390
https://doi.org/10.1029/2019WR025041
https://doi.org/10.1029/2019WR025041
https://doi.org/10.5194/hess-25-4299-2021

ABHERVE €T AL.

Wl LEY 15 of 19

Resources Research, 55(4), 3028-3055. https://doi.org/10.1029/
2018WR023760

Haitjema, H. M., & Mitchell-Bruker, S. (2005). Are water tables a subdued
replica of the topography? Ground Water, 43(6), 781-786. https://doi.
org/10.1111/j.1745-6584.2005.00090.x

Hammond, J. C., Zimmer, M., Shanafield, M., Kaiser, K., Godsey, S. E.,
Mims, M. C,, Zipper, S. C., Burrows, R. M., Kampf, S. K., Dodds, W.,
Jones, C. N., Krabbenhoft, C. A., Boersma, K. S., Datry, T., Olden, J. D.,
Allen, G. H., Price, A. N., Costigan, K., Hale, R,, ... Allen, D. C. (2021).
Spatial patterns and drivers of nonperennial flow regimes in the con-
tiguous United States. Geophysical Research Letters, 48(2), 1-11.
https://doi.org/10.1029/2020GL090794

Harbaugh, A. W. (2005). MODFLOW-2005: The U.S. Geological survey
modular ground-water model—the ground-water flow process. In
Techniques and methods. USGS. https://doi.org/10.3133/tm6A16

Hatley, C. M., Armijo, B., Andrews, K., Anhold, C., Nippert, J. B., &
Kirk, M. F. (2023). Intermittent streamflow generation in a merokarst
headwater catchment. Environmental Science: Advances, 2(1), 115-131.
https://doi.org/10.1039/d2va00191h

Hrachowitz, M., Savenije, H. H. G., Bloéschl, G., McDonnell, J. J,
Sivapalan, M., Pomeroy, J. W., Arheimer, B., Blume, T., Clark, M. P.,
Ehret, U., Fenicia, F., Freer, J. E, Gelfan, A, Gupta, H. V,
Hughes, D. A., Hut, R. W.,, Montanari, A., Pande, S., Tetzlaff, D, ...
Cudennec, C. (2013). A decade of predictions in ungauged basins
(PUB)-a review. Hydrological Sciences Journal, 58(6), 1198-1255.
https://doi.org/10.1080/02626667.2013.803183

Huang, C., Chen, Y., Zhang, S., & Wu, J. (2018). Detecting, extracting, and
monitoring surface water from space using optical sensors: A review.
Reviews of Geophysics, 56(2), 333-360. https://doi.org/10.1029/
2018RG000598

IGN. (2021). Le modéle numérique de terrain (MNT) maillé qui décrit le
relief du territoire francais 3 moyenne échelle BD ALTI® version 2021.
In Information Géographique sur I'Eau et Institut National de I'Information
Géographique et Forestiére. Information Géographique sur I'Eau et Institut
National de ['Information Géographique et Forestiére https://
geoservices.ign.fr/bdalti

IGN. (2022). BD TOPO®: La modélisation 2D et 3D du territoire et de ses infra-
structures sur I'ensemble du territoire frangais. In Information Géographique
sur [IEau et Institut National de [Information Géographique et
Forestiere. Information Géographique sur I'Eau et Institut National de I'Infor-
mation Géographique et Forestiére. https://geoservices.ign.fr/bdtopo

IGN and OFB. (2019). Jeu de données des cours d'eau de France métropo-
litaine BD TOPAGE® version 2019. In Office Francais de la Biodiversité
(OFB) - Information Géographique sur I'Eau et Institut National de I'Infor-
mation Géographique et Forestiere. Information Géographique sur I'Eau et
Institut National de I'Information Géographique et Forestiére. https://
bdtopage.eaufrance.fr/

llja Van Meerveld, H. J., Vis, M. J. P., & Seibert, J. (2017). Information con-
tent of stream level class data for hydrological model calibration.
Hydrology and Earth System Sciences, 21(9), 4895-4905. https://doi.
org/10.5194/hess-21-4895-2017

Ivkovic, K. M., Croke, B. F. W., & Kelly, R. A. (2014). Overcoming the
challenges of using a rainfall-runoff model to estimate the impacts
of groundwater extraction on low flows in an ephemeral stream.
Hydrology Research, 45(1), 58-72. https://doi.org/10.2166/nh.
2013.204

Jaeger, K. L., Montgomery, D. R., & Bolton, S. M. (2007). Channel and
perennial flow initiation in headwater streams: Management implica-
tions of variability in source-area size. Environmental Management,
40(5), 775-786. https://doi.org/10.1007/s00267-005-0311-2

Jaeger, K. L, Olden, J. D., & Pelland, N. A. (2014). Climate change poised
to threaten hydrologic connectivity and endemic fishes in dryland
streams. Proceedings of the National Academy of Sciences of the
United States of America, 111(38), 13894-13899. https://doi.org/10.
1073/pnas.1320890111

Jaeger, K. L, Sando, R., McShane, R. R., Dunham, J. B., Hockman-
Wert, D. P., Kaiser, K. E., Hafen, K., Risley, J. C., & Blasch, K. W.
(2019). Probability of streamflow permanence model (PROSPER): A
spatially continuous model of annual streamflow permanence through-
out the Pacific northwest. Journal of Hydrology X, 2(100), 005. https://
doi.org/10.1016/j.hydroa.2018.100005

Jencso, K. G., & McGlynn, B. L. (2011). Hierarchical controls on runoff gen-
eration: Topographically driven hydrologic connectivity, geology, and
vegetation. Water Resources Research, 47(11), 1-16. https://doi.org/
10.1029/2011WR010666

Jensen, C. K., McGuire, K. J., MclLaughlin, D. L., & Scott, D. T. (2019).
Quantifying spatiotemporal variation in headwater stream length using
flow intermittency sensors. Environmental Monitoring and Assessment,
191(4). https://doi.org/10.1007/s10661-019-7373-8

Jensen, C. K., McGuire, K. J., & Prince, P. S. (2017). Headwater stream
length dynamics across four physiographic provinces of the Appala-
chian highlands. Hydrological Processes, 31(19), 3350-3363. https://
doi.org/10.1002/hyp.11259

Jensen, C. K., McGuire, K. J., Shao, Y., & Andrew Dolloff, C. (2018). Model-
ing wet headwater stream networks across multiple flow conditions in
the Appalachian highlands. Earth Surface Processes and Landforms,
43(13), 2762-2778. https://doi.org/10.1002/esp.4431

Jiménez-Martinez, J., Longuevergne, L., Le Borgne, T. Davy, P,
Russian, A., & Bour, O. (2013). Temporal and spatial scaling of hydrau-
lic response to recharge in fractured aquifers: Insights from a fre-
quency domain analysis. Water Resources Research, 49(5), 3007-3023.
https://doi.org/10.1002/wrcr.20260

Kaplan, N. H., Blume, T., & Weiler, M. (2020). Predicting probabilities of
streamflow intermittency across a temperate mesoscale catchment.
Hydrology and Earth System Sciences, 24(11), 5453-5472. https://doi.
org/10.5194/hess-24-5453-2020

Kaplan, N. H., Blume, T., & Weiler, M. (2021). Event controls on intermit-
tent streamflow in a temperate climate. Hydrology and Earth System
Sciences, 26, 2671-2696. https://doi.org/10.5194/hess-26-2671-
2022

Kaplan, N. H., Sohrt, E., Blume, T., & Weiler, M. (2019). Monitoring ephem-
eral, intermittent and perennial streamflow: A dataset from 182 sites
in the Attert catchment, Luxembourg. Earth System Science Data,
11(3), 1363-1374. https://doi.org/10.5194/essd-11-1363-2019

Kirchner, J. W. (2009). Catchments as simple dynamical systems: Catch-
ment characterization, rainfall-runoff modeling, and doing hydrology
backward. Water Resources Research, 45(2). https://doi.org/10.1029/
2008wr006912

Kirchner, J. W., Benettin, P., & Van Meerveld, I. (2023). Instructive sur-
prises in the hydrological functioning of landscapes. Annual Review of
Earth and Planetary Sciences, 51, 277-299. https://doi.org/10.1146/
annurev-earth-071822-100356

Klgve, B., Ala-aho, P., Bertrand, G., Boukalova, Z., Erturk, A,
Goldscheider, N., llmonen, J., Karakaya, N., Kupfersberger, H.,
Kveerner, J., Lundberg, A., Mileusni¢, M., Moszczynska, A., Muotka, T.,
Preda, E., Rossi, P., Siergieiev, D., Simek, J., Wachniew, P., ...
Widerlund, A. (2011). Groundwater dependent ecosystems. Part I:
Hydroecological status and trends. Environmental Science and Policy,
14(7), 770-781. https://doi.org/10.1016/j.envsci.2011.04.002

Klgve, B., Ala-Aho, P., Bertrand, G., Gurdak, J. J., Kupfersberger, H.,
Kvarner, J., Muotka, T., Mykr3, H., Preda, E., Rossi, P., Uvo, C. B.,
Velasco, E., & Pulido-Velazquez, M. (2014). Climate change impacts on
groundwater and dependent ecosystems. Journal of Hydrology,
518(PB), 250-266. https://doi.org/10.1016/j.jhydrol.2013.06.037

Kolbe, T., Margais, J., Thomas, Z., Abbott, B. W., De Dreuzy, J.-R,
Rousseau-Gueutin, P., Aquilina, L., Labasque, T., & Pinay, G. (2016).
Coupling 3D groundwater modeling with CFC-based age dating to
classify local groundwater circulation in an unconfined crystalline aqui-
fer. Journal of Hydrology, 543, 31-46. https://doi.org/10.1016/j.
jhydrol.2016.05.020

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T


https://doi.org/10.1029/2018WR023760
https://doi.org/10.1029/2018WR023760
https://doi.org/10.1111/j.1745-6584.2005.00090.x
https://doi.org/10.1111/j.1745-6584.2005.00090.x
https://doi.org/10.1029/2020GL090794
https://doi.org/10.3133/tm6A16
https://doi.org/10.1039/d2va00191h
https://doi.org/10.1080/02626667.2013.803183
https://doi.org/10.1029/2018RG000598
https://doi.org/10.1029/2018RG000598
https://geoservices.ign.fr/bdalti
https://geoservices.ign.fr/bdalti
https://geoservices.ign.fr/bdtopo
https://bdtopage.eaufrance.fr/
https://bdtopage.eaufrance.fr/
https://doi.org/10.5194/hess-21-4895-2017
https://doi.org/10.5194/hess-21-4895-2017
https://doi.org/10.2166/nh.2013.204
https://doi.org/10.2166/nh.2013.204
https://doi.org/10.1007/s00267-005-0311-2
https://doi.org/10.1073/pnas.1320890111
https://doi.org/10.1073/pnas.1320890111
https://doi.org/10.1016/j.hydroa.2018.100005
https://doi.org/10.1016/j.hydroa.2018.100005
https://doi.org/10.1029/2011WR010666
https://doi.org/10.1029/2011WR010666
https://doi.org/10.1007/s10661-019-7373-8
https://doi.org/10.1002/hyp.11259
https://doi.org/10.1002/hyp.11259
https://doi.org/10.1002/esp.4431
https://doi.org/10.1002/wrcr.20260
https://doi.org/10.5194/hess-24-5453-2020
https://doi.org/10.5194/hess-24-5453-2020
https://doi.org/10.5194/hess-26-2671-2022
https://doi.org/10.5194/hess-26-2671-2022
https://doi.org/10.5194/essd-11-1363-2019
https://doi.org/10.1029/2008wr006912
https://doi.org/10.1029/2008wr006912
https://doi.org/10.1146/annurev-earth-071822-100356
https://doi.org/10.1146/annurev-earth-071822-100356
https://doi.org/10.1016/j.envsci.2011.04.002
https://doi.org/10.1016/j.jhydrol.2013.06.037
https://doi.org/10.1016/j.jhydrol.2016.05.020
https://doi.org/10.1016/j.jhydrol.2016.05.020

16 of 19 Wl LEY

ABHERVE ET AL.

Lachassagne, P., Dewandel, B., & Wyns, R. (2021). Review: Hydrogeology
of weathered crystalline/hard-rock aquifers-guidelines for the
operational survey and management of their groundwater resources.
Hydrogeology Journal, 29, 2561-2594. https://doi.org/10.1007/
s10040-021-02339-7

Lague, D., Davy, P., & Crave, A. (2000). Estimating uplift rate and erodibil-
ity from the area-slope relationship: Examples from Brittany (France)
and NUmerical modelling. Physics and Chemistry of the Earth, 25(6-7),
543-548. https://doi.org/10.1016/51464-1895(00)00083-1

Lapides, D. A., Leclerc, C. D., Moidu, H., Dralle, D. N., & Hahm, W. J.
(2021). Variability of stream extents controlled by flow regime and
network hydraulic scaling. Hydrological Processes, 35(3), 1-17. doi:10.
1002/hyp.14079

Le Borgne, T., Bour, O., Paillet, F. L., & Caudal, J. P. (2006). Assessment of prefer-
ential flow path connectivity and hydraulic properties at single-borehole
and cross-borehole scales in a fractured aquifer. Journal of Hydrology,
328(1-2), 347-359. https://doi.org/10.1016/j.jhydrol.2005.12.029

Le Moigne, P., Besson, F., Martin, E., Boé, J., Decharme, B., Etchevers, P.,
Faroux, S., Habets, F. Lafaysse, M., Leroux, D. & Rousset-
Regimbeau, F. (2020). The latest improvements in SURFEX v8.0 of the
Safran-Isba-Modcou hydrometeorological model over France. Geos-
cientific Model Development Discussions, 13, 3925-3946. https://doi.
org/10.5194/gmd-2020-31

Lehner, B., & Grill, G. (2013). Global river hydrography and network rout-
ing: Baseline data and new approaches to study the world's large river
systems. Hydrological Processes, 27(15), 2171-2186. https://doi.org/
10.1002/hyp.9740

Leibowitz, S. G., Wigington, P. J., Schofield, K. A., Alexander, L. C,
Vanderhoof, M. K., & Golden, H. E. (2018). Connectivity of streams
and wetlands to downstream waters: An integrated systems frame-
work. Journal of the American Water Resources Association, 54(2), 298-
322. https://doi.org/10.1111/1752-1688.12631

Leleu, I., Tonnelier, I., Puechberty, R., Gouin, P., Viquendi, I., Cobos, L.,
Foray, A., Baillon, M., & Ndima, P.-O. (2014). La refonte du systéeme
d'information national pour la gestion et la mise a disposition des don-
nées hydrométriques. La Houille Blanche, 1, 25-32. https://doi.org/10.
1051/Ihb/2014004

Leray, S., De Dreuzy, J. R, Bour, O., Labasque, T., & Aquilina, L. (2012).
Contribution of age data to the characterization of complex aquifers.
Journal of Hydrology, 464-465, 54-68. https://doi.org/10.1016/J.
JHYDROL.2012.06.052

Levick, L., Hammer, S., Lyon, R., Murray, J., Birtwistle, A., Guertin, P.,
Goodrich, D., Bledsoe, B., & Laituri, M. (2018). An ecohydrological
stream type classification of intermittent and ephemeral streams in
the southwestern United States. Journal of Arid Environments, 155-
(March), 16-35. https://doi.org/10.1016/j.jaridenv.2018.01.006

Lindsay, J. B. (2016). Whitebox GAT: A case study in geomorphometric
analysis. Computers & Geosciences, 95, 75-84. https://doi.org/10.
1016/j.cageo.2016.07.003

Lovill, S. M., Hahm, W. J., & Dietrich, W. E. (2018). Drainage from the criti-
cal zone: Lithologic controls on the persistence and spatial extent of
wetted channels during the summer dry season. Water Resources
Research. 54(8). https://doi.org/10.1029/2017WR021903

Luijendijk, E. (2022). Transmissivity and groundwater flow exert a strong
influence on drainage density. Earth Surface Dynamics Discussions,
10, 1-22. https://doi.org/10.5194/esurf-10-1-2022

Magand, C., Alves, M. H., Calleja, E., Datry, T., Dérflinger, G., England, J.,
Gallart, F., Gomez, R., Jorda-Capdevila, D., Marti, E.,, Munne, A,
Pastor, V. A., Stubbington, R., Tziortzis, I., & Von Schiller, D. (2020).
Intermittent rivers and ephemeral streams: What water managers
need to know edited by: Contributing authors. Technical Report—Cost
ACTION CA, 15113. https://doi.org/10.5281/zenodo.3888474

Mahoney, D. T. Christensen, J. R, Golden, H. E., Lane, C. R,
Evenson, G. R., White, E., Fritz, K. M., D'Amico, E., Barton, C. D.,
Williamson, T. N., Sena, K. L., & Agouridis, C. T. (2023). Dynamics of
streamflow permanence in a headwater network: Insights from

catchment-scale model simulations. Journal of Hydrology, 620(PA),
129422. https://doi.org/10.1016/j.jhydrol.2023.129422

Masson, V., Champeaux, J. L., Chauvin, F., Meriguet, C., & Lacaze, R.
(2003). A global database of land surface parameters at 1-km resolu-
tion in meteorological and climate models. Journal of Climate, 16(9),
1261-1282. https://doi.org/10.1175/1520-0442-16.9.1261

McDonough, O. T., Hosen, J. D., & Palmer, M. A. (2011). Temporary
streams: The hydrology, geography, and ecology of non-perennially
flowing waters. In H. S. Elliot, & L. E. Martin (Eds.), River ecosystems:
Dynamics, management and conservation (pp. 259-290). Nova Science
Publishers, Inc.

Messager, M. L., Lehner, B., Cockburn, C., Lamouroux, N., Pella, H.,
Snelder, T., Tockner, K., Trautmann, T., Watt, C., & Datry, T. (2021).
Global prevalence of non-perennial rivers and streams. Nature,
594(7863), 391-397. https://doi.org/10.1038/s41586-021-03565-5

Mimeau, L., Kinne, A., Branger, F., Kralisch, S., Devers, A., & Vidal, J.
(2024). Flow intermittence prediction using a hybrid hydrological
modelling approach: Influence of observed intermittence data on the
training of a random forest model. Hydrology and Earth System Sci-
ences, 28, 851-871. https://doi.org/10.5194/hess-28-851-2024

Molénat, J., Davy, P., Gascuel-Odoux, C., & Durand, P. (1999). Study of
three subsurface hydrologic systems based on spectral and cross-
spectral analysis of time series. Journal of Hydrology, 222(1-4), 152-
164. https://doi.org/10.1016/50022-1694(99)00107-9

Mougin, B., Allier, D., Blanchin, R., Carn, A., Courtois, N., Gateau, C., &
Putot, E. (2008). SILURES Bretagne (Systéme d'Information pour la Locali-
sation et [|'Utilisation des Ressources en Eaux Souterraines). BRGM.
https://infoterre.brgm.fr/rapports/RP-56457-FR.pdf

Nash, J. E., & Sutcliffe, J. V. (1970). River flow forecasting through concep-
tual models part I—A discussion of principles. Journal of Hydrology,
10(3), 282-290. https://doi.org/10.1016/0022-1694(70)90255-6

Niedda, M., & Pirastru, M. (2014). Field investigation and modelling of
coupled stream discharge and shallow water-table dynamics in a small
Mediterranean catchment (Sardinia). Hydrological Processes, 28(21),
5423-5435. https://doi.org/10.1002/hyp.10016

Nippgen, F., McGlynn, B. L., & Nicholas, R. E. E. (2015). The spatial and
temporal evolution of contributing areas. Water Resources Research,
51,4550-4573. https://doi.org/10.1002/2014WR016719

Niswonger, R. G., Panday, S., & Ibaraki, M. (2011). MODFLOW-NWT, a
Newton formulation for MODFLOW-2005. U.S. Geological Survey
Techniques and Methods, 6(A16), 44. https://doi.org/10.3133/tm6A37

Noilhan, J., & Mahfouf, J. F. (1996). The ISBA land surface parameterisa-
tion scheme. Global and Planetary Change, 13(1-4), 145-159. https://
doi.org/10.1016/0921-8181(95)00043-7

Noto, S., Durighetto, N., Tauro, F., & Grimaldi, S. (2024). Characterizing
space-time channel network dynamics in a Mediterranean intermit-
tent catchment of central Italy combining visual surveys and cameras
water resources research. Water Resources Research, 60(1), 1-17.
https://doi.org/10.1029/2023WR034682

Nowak, C., & Durozoi, B. (2012). Observatoire national des Etiages. Techni-
cal report. https://onde.eaufrance.fr/

Paillex, A., Siebers, A. R., Ebi, C., Mesman, J., & Robinson, C. T. (2020). High
stream intermittency in an alpine fluvial network: Val Roseg.
Switzerland. Limnology and Oceanography, 65(3), 557-568. https://doi.
org/10.1002/In0.11324

Payn, R. A, Gooseff, M. N., McGlynn, B. L, Bencala, K. E, &
Wondzell, S. M. (2009). Channel water balance and exchange with
subsurface flow along a mountain headwater stream in Montana,
United States. Water Resources Research, 45(11). https://doi.org/10.
1029/2008WR007644

Peel, M. C,, Finlayson, B. L., & Mcmahon, T. A. (2007). Updated world map of
the Képpen-Geiger climate classification. Hydrology and Earth System Sci-
ences, 11, 1633-1644. www.hydrol-earth-syst-sci.net/11/1633/2007/

Pekel, J. F., Cottam, A., Gorelick, N., & Belward, A. S. (2016). High-
resolution mapping of global surface water and its long-term changes.
Nature, 540(7633), 418-422. https://doi.org/10.1038/nature20584

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T


https://doi.org/10.1007/s10040-021-02339-7
https://doi.org/10.1007/s10040-021-02339-7
https://doi.org/10.1016/S1464-1895(00)00083-1
info:doi/10.1002/hyp.14079
info:doi/10.1002/hyp.14079
https://doi.org/10.1016/j.jhydrol.2005.12.029
https://doi.org/10.5194/gmd-2020-31
https://doi.org/10.5194/gmd-2020-31
https://doi.org/10.1002/hyp.9740
https://doi.org/10.1002/hyp.9740
https://doi.org/10.1111/1752-1688.12631
https://doi.org/10.1051/lhb/2014004
https://doi.org/10.1051/lhb/2014004
https://doi.org/10.1016/J.JHYDROL.2012.06.052
https://doi.org/10.1016/J.JHYDROL.2012.06.052
https://doi.org/10.1016/j.jaridenv.2018.01.006
https://doi.org/10.1016/j.cageo.2016.07.003
https://doi.org/10.1016/j.cageo.2016.07.003
https://doi.org/10.1029/2017WR021903
https://doi.org/10.5194/esurf-10-1-2022
https://doi.org/10.5281/zenodo.3888474
https://doi.org/10.1016/j.jhydrol.2023.129422
https://doi.org/10.1175/1520-0442-16.9.1261
https://doi.org/10.1038/s41586-021-03565-5
https://doi.org/10.5194/hess-28-851-2024
https://doi.org/10.1016/S0022-1694(99)00107-9
https://infoterre.brgm.fr/rapports/RP-56457-FR.pdf
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1002/hyp.10016
https://doi.org/10.1002/2014WR016719
https://doi.org/10.3133/tm6A37
https://doi.org/10.1016/0921-8181(95)00043-7
https://doi.org/10.1016/0921-8181(95)00043-7
https://doi.org/10.1029/2023WR034682
https://onde.eaufrance.fr/
https://doi.org/10.1002/lno.11324
https://doi.org/10.1002/lno.11324
https://doi.org/10.1029/2008WR007644
https://doi.org/10.1029/2008WR007644
http://www.hydrol-earth-syst-sci.net/11/1633/2007/
https://doi.org/10.1038/nature20584

ABHERVE €T AL.

Wl LEY 17 of 19

Peterson, D. A., Kampf, S. K., Puntenney-desmond, K. C., Fairchild, M. P,
Zipper, S., Hammond, J. C., Ross, M. R. V., & Sears, M. G. (2023). Preict-
ing streamflow duration from crowd-sourced flow observations. Water
Resources Research, 60(1). https://doi.org/10.1029/2023WR035093

Pfister, L., Martinez-Carreras, N., Hissler, C., Klaus, J., Carrer, G. E.,
Stewart, M. K., & McDonnell, J. J. (2017). Bedrock geology controls on
catchment storage, mixing, and release: A comparative analysis of
16 nested catchments. Hydrological Processes, 31(10), 1828-1845.
https://doi.org/10.1002/hyp.11134

Prancevic, J. P., & Kirchner, J. W. (2019). Topographic controls on the
extension and retraction of flowing streams. Geophysical Research Let-
ters, 46(4), 2084-2092. https://doi.org/10.1029/2018GL081799

Price, A. N., Jones, C. N., Hammond, J. C., Zimmer, M. A., & Zipper, S. C.
(2021). The drying regimes of non-perennial rivers and streams. Geo-
physical ~ Research  Letters, 48(14).  https://doi.org/10.1029/
2021GL093298

Querner, E. P., Froebrich, J., Gallart, F., Cazemier, M. M., & Tzoraki, O.
(2016). Simulating streamflow variability and aquatic states in tempo-
rary streams using a coupled groundwater-surface water model.
Hydrological Sciences Journal, 61(1), 146-161. https://doi.org/10.
1080/02626667.2014.983514

Quichimbo, E. A, Singer, M. B., & Cuthbert, M. O. (2020). Characterising
groundwater-surface water interactions in idealised ephemeral stream
systems. Hydrological Processes, 34(18), 3792-3806. https://doi.org/
10.1002/hyp.13847

Quintana-Segui, P., Le Moigne, P., Durand, Y., Martin, E., Habets, F.,
Baillon, M., Canellas, C., Franchisteguy, L., & Morel, S. (2008). Analysis
of near-surface atmospheric variables: Validation of the SAFRAN anal-
ysis over France. Journal of Applied Meteorology and Climatology, 47(1),
92-107. https://doi.org/10.1175/2007JAMC1636.1

Rapinel, S., Panhelleux, L., Gayet, G., Vanacker, R. Lemercier, B.,
Laroche, B., Chambaud, F., Guelmami, A., & Hubert-Moy, L. (2023).
National wetland mapping using remote-sensing-derived environmen-
tal variables, archive field data, and artificial intelligence. Heliyon, 9(2),
1-17. https://doi.org/10.1016/j.heliyon.2023.e13482

Reynolds, L. V., Shafroth, P. B., & LeRoy Poff, N. (2015). Modeled intermit-
tency risk for small streams in the upper Colorado river basin under cli-
mate change. Journal of Hydrology, 523, 768-780. https://doi.org/10.
1016/j.jhydrol.2015.02.025

Ritter, A., & Mufoz-Carpena, R. (2013). Performance evaluation of hydro-
logical models: Statistical significance for reducing subjectivity in
goodness-of-fit assessments. Journal of Hydrology, 480, 33-45.
https://doi.org/10.1016/j.jhydrol.2012.12.004

Roques, C. (2013). Fault zone hydrogeology in crystalline media: Implication in
term of groundwater ressources for the Armorican massif. Thesis Univer-
sité de Rennes, 1, https://tel.archives-ouvertes.fr/tel-00967360

Roques, C., Bour, O., Aquilina, L., & Dewandel, B. (2016). High-yielding
aquifers in crystalline basement: Insights about the role of fault zones,
exemplified by Armorican massif, France. Hydrogeology Journal, 24(8),
2157-2170. https://doi.org/10.1007/s10040-016-1451-6

Russell, P. P., Gale, S. M., Mufioz, B., Dorney, J. R., & Rubino, M. J. (2015).
A spatially explicit model for mapping headwater streams. Journal of
the American Water Resources Association, 51(1), 226-239. https://doi.
org/10.1111/jawr.12250

Sanchez-Montoya, M. M., Datry, T., Ruhi, A,, Carlson, S. M., Corti, R., &
Tockner, K. (2023). Intermittent rivers and ephemeral streams are piv-
otal corridors for aquatic and terrestrial animals. BioScience, 73(4),
291-301. https://doi.org/10.1093/biosci/biad004

Sando, R., & Blasch, K. W. (2015). Predicting alpine headwater stream
intermittency: A case study in the northern rocky mountains. Ecohy-
drology and Hydrobiology, 15(2), 68-80. https://doi.org/10.1016/j.
ecohyd.2015.04.002

Sarremejane, R., Messager, M. L., & Datry, T. (2022). Drought in intermit-
tent river and ephemeral stream networks. Ecohydrology, 15(5).
https://doi.org/10.1002/ec0.2390

Sauquet, E., Beaufort, A., Sarremejane, R., & Thirel, G. (2021). Predicting
flow intermittence in France under climate change. Hydrological Sci-
ences Journal, 66(14), 2046-2059. https://doi.org/10.1080/
02626667.2021.1963444

Sauquet, E., Shanafield, M., Hammond, J. C., Sefton, C., Leigh, C., &
Datry, T. (2021). Classification and trends in intermittent river flow
regimes in Australia, northwestern Europe and USA: A global perspec-
tive. Journal of Hydrology, 597(126), 170. https://doi.org/10.1016/j.
jhydrol.2021.126170

Scheller, M., Van Meerveld, I., Sauquet, E., Vis, M., & Seibert, J. (2024). Are
temporary stream observations useful for calibrating a lumped hydro-
logical model? Journal of Hydrology, 632(February), 130686. https://
doi.org/10.1016/j.jhydrol.2024.130686

Schilling, O. S., Cook, P. G., & Brunner, P. (2019). Beyond classical observa-
tions in hydrogeology: The advantages of including exchange flux,
temperature, tracer concentration, residence time, and soil moisture
observations in groundwater model calibration. Reviews of Geophysics,
57(1), 146-182. https://doi.org/10.1029/2018RG000619

Schmidt, A. H., Lidtke, S., & Andermann, C. (2020). Multiple measures of
monsoon-controlled water storage in Asia. Earth and Planetary Science
Letters, 546. https://doi.org/10.1016/j.epsl.2020.116415

Seibert, J., & Vis, M. J. P. (2016). How informative are stream level obser-
vations in different geographic regions? Hydrological Processes, 30(14),
2498-2508. https://doi.org/10.1002/hyp.10887

Senatore, A., Micieli, M., Liotti, A., Durighetto, N., Mendicino, G., &
Botter, G. (2021). Monitoring and modeling drainage network
contraction and dry down in Mediterranean headwater catchments.
Water Resources Research, 57(6). https://doi.org/10.1029/2020
WR028741

Shanafield, M., Bourke, S. A., Zimmer, M. A., & Costigan, K. H. (2021). An
overview of the hydrology of non-perennial rivers and streams. Wiley
Interdisciplinary Reviews: Water, 8(2), 1-25. https://doi.org/10.1002/
wat2.1504

Shanafield, M., Cook, P. G., Brunner, P., McCallum, J., & Simmons, C. T.
(2012). Aquifer response to surface water transience in disconnected
streams. Water Resources Research, 48(11), 1-8. https://doi.org/10.
1029/2012WR012103

Singhal, B. B. S., & Gupta, R. P. (2010). Applied hydrogeology of fractured
rocks. In Springer science-+business media (2nd ed.). Springer Dordrecht.
https://doi.org/10.1007/978-90-481-8799-7

Smakhtin, V. U. (2001). Low flow hydrology: A review. Journal of Hydrol-
ogy, 240(3-4), 147-186. https://doi.org/10.1016/s0022-1694(00)
00340-1

Snelder, T. H., Datry, T., Lamouroux, N., Larned, S. T., Sauquet, E., Pella, H., &
Catalogne, C. (2013). Regionalization of patterns of flow intermittence
from gauging station records. Hydrology and Earth System Sciences, 17(7),
2685-2699. https://doi.org/10.5194/hess-17-2685-2013

Sophocleous, M. (2002). Interactions between groundwater and surface
water: The state of the science. Hydrogeology Journal, 10(1), 52-67.
https://doi.org/10.1007/s10040-001-0170-8

Staudinger, M., Seibert, J., & Van Meerveld, H. J. (2021). Representation of
bi-directional fluxes between groundwater and surface water in a
bucket-type hydrological model. Water Resources Research, 57(9), 23.
https://doi.org/10.1029/2020WR028835

Stoll, S., & Weiler, M. (2010). Explicit simulations of stream networks to
guide hydrological modelling in ungauged basins. Hydrology and Earth
System Sciences, 14(8), 1435-1448. https://doi.org/10.5194/hess-14-
1435-2010

Strahler, A. N. (1964). Quantitative geomorphology of drainage basins and
channel networks. In V. T. Chow (Ed.), Handbook of applied hydrology
(pp. 439-476). McGraw-Hill.

Thornton, J. M., Therrien, R., Mariéthoz, G., Linde, N., & Brunner, P.
(2022). Simulating fully-integrated hydrological dynamics in complex
alpine headwaters: potential and challenges. Water Resources Research,
58(4). https://doi.org/10.1029/2020WR029390

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T


https://doi.org/10.1029/2023WR035093
https://doi.org/10.1002/hyp.11134
https://doi.org/10.1029/2018GL081799
https://doi.org/10.1029/2021GL093298
https://doi.org/10.1029/2021GL093298
https://doi.org/10.1080/02626667.2014.983514
https://doi.org/10.1080/02626667.2014.983514
https://doi.org/10.1002/hyp.13847
https://doi.org/10.1002/hyp.13847
https://doi.org/10.1175/2007JAMC1636.1
https://doi.org/10.1016/j.heliyon.2023.e13482
https://doi.org/10.1016/j.jhydrol.2015.02.025
https://doi.org/10.1016/j.jhydrol.2015.02.025
https://doi.org/10.1016/j.jhydrol.2012.12.004
https://tel.archives-ouvertes.fr/tel-00967360
https://doi.org/10.1007/s10040-016-1451-6
https://doi.org/10.1111/jawr.12250
https://doi.org/10.1111/jawr.12250
https://doi.org/10.1093/biosci/biad004
https://doi.org/10.1016/j.ecohyd.2015.04.002
https://doi.org/10.1016/j.ecohyd.2015.04.002
https://doi.org/10.1002/eco.2390
https://doi.org/10.1080/02626667.2021.1963444
https://doi.org/10.1080/02626667.2021.1963444
https://doi.org/10.1016/j.jhydrol.2021.126170
https://doi.org/10.1016/j.jhydrol.2021.126170
https://doi.org/10.1016/j.jhydrol.2024.130686
https://doi.org/10.1016/j.jhydrol.2024.130686
https://doi.org/10.1029/2018RG000619
https://doi.org/10.1016/j.epsl.2020.116415
https://doi.org/10.1002/hyp.10887
https://doi.org/10.1029/2020WR028741
https://doi.org/10.1029/2020WR028741
https://doi.org/10.1002/wat2.1504
https://doi.org/10.1002/wat2.1504
https://doi.org/10.1029/2012WR012103
https://doi.org/10.1029/2012WR012103
https://doi.org/10.1007/978-90-481-8799-7
https://doi.org/10.1016/s0022-1694(00)00340-1
https://doi.org/10.1016/s0022-1694(00)00340-1
https://doi.org/10.5194/hess-17-2685-2013
https://doi.org/10.1007/s10040-001-0170-8
https://doi.org/10.1029/2020WR028835
https://doi.org/10.5194/hess-14-1435-2010
https://doi.org/10.5194/hess-14-1435-2010
https://doi.org/10.1029/2020WR029390

18 of 19 Wl LEY

ABHERVE ET AL.

Tootchi, A., Jost, A.,, & Ducharne, A. (2019). Multi-source global wetland
maps combining surface water imagery and groundwater constraints.
Earth System Science Data, 11(1), 189-220. https://doi.org/10.5194/
essd-11-189-2019

Tramblay, Y., Rutkowska, A., Sauquet, E., Sefton, C., Laaha, G., Osuch, M.,
Albuquerque, T., Alves, M. H., Banasik, K., Beaufort, A., Brocca, L.,
Camici, S., Csabai, Z., Dakhlaoui, H., DeGirolamo, A. M., Dérflinger, G.,
Gallart, F., Gauster, T., Hanich, L., ... Datry, T. (2021). Trends in flow
intermittence for European rivers. Hydrological Sciences Journal, 66(1),
37-49. https://doi.org/10.1080/02626667.2020.1849708

Truchy, A., Csabai, Z., Pernecker, B., Bertin, W., & Pellizzaro, F. (2023). Citi-
zen scientists can help advance the science and management of inter-
mittent rivers and ephemeral. BioScience, 73(July), 513-521. https://
doi.org/10.1093/biosci/biad045

Van Meerveld, H. J. I, Kirchner, J. W., Vis, M. J. P,, Assendelft, R. S.,
Seibert, J., llja Van Meerveld, H. J., Kirchner, J. W., Vis, M. J. P,
Assendelft, R. S., & Seibert, J. (2019). Expansion and contraction of the
flowing stream network alter hillslope flowpath lengths and the shape
of the travel time distribution. Hydrology and Earth System Sciences,
23(11), 4825-4834. https://doi.org/10.5194/hess-23-4825-2019

Vergnes, J.-P., Roux, N., Habets, F., Ackerer, P., Amraoui, N., Besson, F.,
Caballero, Y., Courtois, Q., de Dreuzy, J.-R., Etchevers, P., Gallois, N.,
Leroux, D. J., Longuevergne, L., Le Moigne, P., Morel, T., Munier, S.,
Regimbeau, F., Thiéry, D., & Viennot, P. (2020). The AquiFR hydrome-
teorological modelling platform as a tool for improving groundwater
resource monitoring over France: Evaluation over a 60-year period.
Hydrology and Earth System Sciences, 24(2), 633-654. https://doi.org/
10.5194/hess-24-633-2020

Vidal, J. P., Martin, E., Franchistéguy, L., Baillon, M., & Soubeyroux, J. M.
(2010). A 50-year high-resolution atmospheric reanalysis over France
with the Safran system. International Journal of Climatology, 30(11),
1627-1644. https://doi.org/10.1002/joc.2003

Ward, A. S., Schmadel, N. M., & Wondzell, S. M. (2018). Simulation of
dynamic expansion, contraction, and connectivity in a mountain
stream network. Advances in Water Resources, 114, 64-82. https://doi.
org/10.1016/j.advwatres.2018.01.018

Warix, S. R., Godsey, S. E., Lohse, K. A, & Hale, R. L. (2021). Influence of
groundwater and topography on stream drying in semi-arid headwater
streams. Hydrological Processes, 35(5), 1-18. https://doi.org/10.1002/
hyp.14185

Warix, S. R., Manning, A. H., & Singha, K. (2023). Local topography and
streambed hydraulic conductivity influence riparian groundwater age
and groundwater-surface water connection. Water Resources Research,
59(9), 1-22. https://doi.org/10.1029/2023WR035044

Weill, S., Altissimo, M., Cassiani, G., Deiana, R., Marani, M., & Putti, M.
(2013). Saturated area dynamics and streamflow generation from
coupled surface-subsurface simulations and field observations.
Advances in Water Resources, 59, 196-208. https://doi.org/10.1016/j.
advwatres.2013.06.007

Westwood, C. G., England, J., Johns, T., & Stubbington, R. (2020). A revised
classification of temperate lowland groundwater-fed headwater
streams based on their flora. Water and Environment Journal, 34(S1),
573-585. https://doi.org/10.1111/wej.12561

Whiting, J. A., & Godsey, S. E. (2016). Discontinuous headwater stream
networks with stable flowheads, Salmon River basin, Idaho. Hydrologi-
cal Processes, 30(13), 2305-2316. https://doi.org/10.1002/hyp.10790

Williamson, T. N., Agouridis, C. T., Barton, C. D., Villines, J. A,, & Lant, J. G.
(2015). Classification of ephemeral, intermittent, and perennial stream
reaches using a TOPMODEL-based approach. Journal of the American
Water Resources Association, 51(6), 1739-1759. https://doi.org/10.
1111/1752-1688.12352

Winter, T. C. (1999). Relation of streams, lakes, and wetlands to ground-
water flow systems. Hydrogeology Journal, 7(1), 28-45. https://doi.
org/10.1007/s100400050178

Wondzell, S. M., LaNier, J., & Haggerty, R. (2009). Evaluation of alternative
groundwater flow models for simulating hyporheic exchange in a small

mountain stream. Journal of Hydrology, 364(1-2), 142-151. https://
doi.org/10.1016/j.jhydrol.2008.10.011

Wyns, R., Baltassat, J.-M., Lachassagne, P., Legchenko, A., Vairon, J., &
Mathieu, F. (2004). Application of proton magnetic resonance sound-
ings to groundwater reserve mapping in weathered basement rocks
(Brittany, France). Bulletin de La Société Géologique de France, 175(1),
21-34. https://doi.org/10.2113/175.1.21

Yamazaki, D., lkeshima, D., Sosa, J., Bates, P. D, Allen, G. H, &
Pavelsky, T. M. (2019). MERIT hydro: A high-resolution global hydrog-
raphy map based on latest topography dataset. Water Resources
Research, 55(6), 5053-5073. https://doi.org/10.1029/
2019WR024873

Yu, S., Xuan Do, H., Van Dijk, A. I. J. M,, Bond, N. R, Lin, P, &
Kennard, M. J. (2020). Evaluating a landscape-scale daily water balance
model to support spatially continuous representation of flow
intermittency throughout stream networks. Hydrology and Earth Sys-
tem Sciences, 24(11), 5279-5295. https://doi.org/10.5194/hess-24-
5279-2020

Zanetti, F., Botter, G., & Camporese, M. (2024). Stream network dynamics
of non-perennial rivers: Insights from integrated surface-subsurface
hydrological modeling of two virtual catchments. Water Resources
Research, 60(2). https://doi.org/10.1029/2023WR035631

Zanetti, F., Durighetto, N., Vingiani, F., & Botter, G. (2021). Analysing river
network dynamics and active length-discharge relationship using
water presence sensors. Hydrology and Earth System Sciences,
26,3497-3516. https://doi.org/10.5194/hess-26-3497-2022

Zimmer, M. A, & McGlynn, B. L. (2017a). Bidirectional stream-
groundwater flow in response to ephemeral and intermittent stream-
flow and groundwater seasonality. Hydrological Processes, 31(22),
3871-3880. https://doi.org/10.1002/hyp.11301

Zimmer, M. A., & McGlynn, B. L. (2017b). Ephemeral and intermittent run-
off generation processes in a low relief, highly weathered catchment.
Water Resources Research, 53(8), 7055-7077. https://doi.org/10.
1002/2016WR019742

Zimmermann, B., Zimmermann, A., Turner, B. L., Francke, T., &
Elsenbeer, H. (2014). Connectivity of overland flow by drainage net-
work expansion in a rain forest catchment. Water Resources Research,
50(2), 5375-5377. https://doi.org/10.1002/2012WR012660

Zipper, S. C., Hammond, J. C., Shanafield, M., Zimmer, M., Datry, T.,
Jones, C. N., Kaiser, K. E, Godsey, S. E., Burrows, R. M,
Blaszczak, J. R., Busch, M. H., Price, A. N., Boersma, K. S., Ward, A. S.,
Costigan, K. Allen, G. H. Krabbenhoft, C. A, Dodds, W. K,
Mims, M. C,, ... Allen, D. C. (2021). Pervasive changes in stream inter-
mittency across the United States. Environmental Research Letters,
16(8). https://doi.org/10.1088/1748-9326/ac14ec

Zuecco, G., Penna, D., Borga, M., & Van Meerveld, H. J. (2016). A versatile
index to characterize hysteresis between hydrological variables at the
runoff event timescale. Hydrological Processes, 30(9), 1449-1466.
https://doi.org/10.1002/hyp.10681

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Abhervé, R., Roques, C., de Dreuzy,
J.-R,, Datry, T., Brunner, P., Longuevergne, L., & Aquilina, L.
(2024). Improving calibration of groundwater flow models
using headwater streamflow intermittence. Hydrological
Processes, 38(6), e15167. https://doi.org/10.1002/hyp.15167

85UB017 SUOWWOD ARSI 3(gedl|dde ay) Aq peusenob afe Saie YO 8Sn Jo se|ni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SULIBYLIOY™AS | IM ATl 1[eulUO//SANY) SUONIPUOD pue SWe 1 8y} 89S *[Z02/90/0T] Uo ARigiTauljuo A8]im ‘ssuuey 8 g1s,eAIuN Aq 29TST dAU/Z00T 0T/10p/woo A8 im Alelqijeul|uo//sdny wouy pepeojumod ‘9 ‘vZ0Z ‘S80TE60T


https://doi.org/10.5194/essd-11-189-2019
https://doi.org/10.5194/essd-11-189-2019
https://doi.org/10.1080/02626667.2020.1849708
https://doi.org/10.1093/biosci/biad045
https://doi.org/10.1093/biosci/biad045
https://doi.org/10.5194/hess-23-4825-2019
https://doi.org/10.5194/hess-24-633-2020
https://doi.org/10.5194/hess-24-633-2020
https://doi.org/10.1002/joc.2003
https://doi.org/10.1016/j.advwatres.2018.01.018
https://doi.org/10.1016/j.advwatres.2018.01.018
https://doi.org/10.1002/hyp.14185
https://doi.org/10.1002/hyp.14185
https://doi.org/10.1029/2023WR035044
https://doi.org/10.1016/j.advwatres.2013.06.007
https://doi.org/10.1016/j.advwatres.2013.06.007
https://doi.org/10.1111/wej.12561
https://doi.org/10.1002/hyp.10790
https://doi.org/10.1111/1752-1688.12352
https://doi.org/10.1111/1752-1688.12352
https://doi.org/10.1007/s100400050178
https://doi.org/10.1007/s100400050178
https://doi.org/10.1016/j.jhydrol.2008.10.011
https://doi.org/10.1016/j.jhydrol.2008.10.011
https://doi.org/10.2113/175.1.21
https://doi.org/10.1029/2019WR024873
https://doi.org/10.1029/2019WR024873
https://doi.org/10.5194/hess-24-5279-2020
https://doi.org/10.5194/hess-24-5279-2020
https://doi.org/10.1029/2023WR035631
https://doi.org/10.5194/hess-26-3497-2022
https://doi.org/10.1002/hyp.11301
https://doi.org/10.1002/2016WR019742
https://doi.org/10.1002/2016WR019742
https://doi.org/10.1002/2012WR012660
https://doi.org/10.1088/1748-9326/ac14ec
https://doi.org/10.1002/hyp.10681
https://doi.org/10.1002/hyp.15167

ABHERVE €T AL.

Wl LEY 19 of 19

APPENDIX A

— —6 _
K=10"°m/s K=10"mls K=10"*m/s
X
o
-
1]
)
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Saturated area at the catchment scale Persistency Dry Intermittent Perennial
Intermittent  Min.  Mean Max. % index, P. [-] Period: 1990 to 2019
Perennial Min. Mean Max. % ! 0 0.25 0.50 0.75 1
FIGURE A1 Maps of the persistency index P; obtained for nine pairs of K and @ tested for the Canut catchment (simulation period 1960-

2020). Below each map, the minimum, average and maximum water-saturated area, that is, drainage density at the catchment scale displayed for

the intermittent and perennial part.
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