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Abstract. A large transient multi-scenario and multi-model ensemble of future streamflow and groundwater projections in
France developed in a national project named Explore2 was recently made available. The main objective of Explore2 is to
provide rich and spatially-consistent information for the future evolution of hydrological (surface and groundwater) resources
and extremes in France to support adaptation strategies. The Explore2 dataset was obtained using a nested multi-scenario
multi-model approach to estimate future uncertainty and to assess local climate at the catchment scale: three greenhouse gas
(GHG) emission scenarios, a set of 17 combinations of Global Climate Models and Regional Climate Models (GCM/RCM),

and two bias correction methods provide the meteorological forcing for nine surface hydrology models and four groundwater
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hydrology models (one to simulate groundwater recharge and three to simulate groundwater level). In this paper, we present
the methodology underlying the dataset, the evaluation of the hydrological models against daily observations of streamflow
and groundwater level, and the key messages on the impact of climate change on both mean river flows and groundwater
recharge.

This large set of hydrological projections shows a high model agreement on the decrease in seasonal flows in the South of
France under the RCP8.5 high-emission scenario, confirming its hotspot status. The surface HMs agree on the decrease in
summer flows across France under the RCP8.5 scenario, with the exception of northern part France. This area may indeed
benefit from more active winter recharge that may counterbalance decrease in summer precipitation and increase in
evapotranspiration. In addition to northern France, annual groundwater recharge is projected to increase slightly in the north-
east while remaining unchanged elsewhere by the end of the century, according to the RCP8.5 scenario. In the mountainous
areas, winter flows will increase as a result of higher air temperature and the high degree of agreement between the models
holds regardless of the RCP considered. Unsurprisingly, the higher the GHG emission scenario, the higher the median changes.

Most of these changes are organised in France along a north-south gradient, regardless of the RCP considered.

1. Introduction
1.1 From Explore2070 to Explore2

The national Explore2070 project (2010-2013) (Carroget et al., 2017) was a pioneering study in France dedicated to the
assessment of the possible impacts of future climate and socio-economic changes on the streamflow and underground water
in mainland France and overseas departments for the period 2046-2065. The Explore2070 climate change study was based on
seven Global Climate Models (GCMs) forced by the median GHG emission scenario A1B of the 4" IPCC report (2007,

https://www.ipcc.ch/report/ard/syr). Four years after the end of the project, Carroget et al. (2017) gave a mixed picture of the

use of data from the Explore2070 project. This earlier project demonstrated for the first time the impact of climate change in
France without, however, leading to adaptation measures being implemented across all catchments. The stakeholders involved
in the water management of the Garonne River basin (south-western France) are certainly those who have made the most use
of the hydrological projections (Lhuissier et al., 2016; Goulard et al., 2019).

In the early 2020s, the Explore2070 project was nevertheless a reference for French water managers almost 10 years after the
publication of its conclusions. Some limitations motivated the development of an updated dataset. Indeed, Explore2070 was
restricted to the 2046-2065 period, which limited the identification of the climate response of modelling chains due to the
internal variability (e.g. Hingray et al., 2019). In addition, other time periods (typically the end of the century for designing
hydraulic infrastructures) might be of interest for diverse users. Finally, the number of points where future flows were
simulated was only 1522, which is not sufficient to provide an adequate coverage of the territory, and small catchments were
under-represented. Although the projections provided by Explore2070 have contributed to the development of water

management strategies, the use of the produced data has also been limited for two reasons: the data were not easily accessible
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(no national portal where hydrological projections can be freely downloaded), and support guidelines were not available,
meaning that only stakeholders with the capacity to process and interpret highly technical data used them.

A new project, Explore2, was initiated to take advantage of the availability of updated regional climate projections and to
address the increased needs of users since Explore2070. The Explore2 project was finally launched in 2021 on the joint
initiative of French scientists, the French Ministry of the Environment and the French Biodiversity Agency (OFB). The
objectives of the project have been defined after collecting feedback from users regarding the results produced by Explore2070
and their use, and based on the availability of data and hydrological models. The two main objectives of the Explore2 project
were: (1) updating knowledge on the impact of climate change on hydrology using more recent GHG scenarios and regional
climate projections, and (2) better supporting stakeholders (ministries, water agencies, local authorities, consultancies,
economic actors, etc.) in understanding and using data and results to design sustainable water management strategies. The
ambition was to go beyond the limitations of the previous project mentioned above (e.g. more simulation points evenly

distributed across mainland France, transient simulations spanning the whole of the 21% century...).

1.2 The Explore2 dataset

User feedback on the Explore2070 dataset helped define the shape of Explore2. In particular, stakeholders expressed the need
for an updated national study that would serve as a reference for hydrology, incorporate new time slices, with outputs adapted
to operational needs, and a larger number of simulation points. Explore2 aimed at providing a benchmark set of climate, river
flows, groundwater levels and groundwater recharge projections for mainland France for the 21% century along with a detailed
evaluation and support of the given information. The approach followed a multi-scenario and multi-model approach applied
uniformly to assess the uncertainties at the different levels of the climate and hydrological modelling.

The objectives of this paper are: (i) to describe the hydrological models used to produce the ensemble of simulations in the
Explore2 dataset, (ii) to provide an evaluation of the hydrological simulations on the past climate, and (iii) to present the main
results on mean annual and seasonal flows.

Section 2 presents the data used for the evaluation of the hydrological models. The climate projections used in Explore2 are
briefly detailed in Section 2. Section 3 details the rationale behind the multi-model hydrological simulation experiment. Section
4 provides a detailed description of the different hydrological models. Section 5 describes the evaluation of hydrological
models. Section 6 details the main findings with a comparison to previous studies. Section 7 is a general discussion before

concluding (Section 8).

2. Hydrological observations and meteorological reanalysis for the evaluation of the modelling chains

Hydrological time series available in the national databases Hydroportail (https://hydro.eaufrance.fr) and ADES

(https://ades.eaufrance.fr), as well as in an internal database of one project partner (EDF), were used as benchmark data for the

evaluation. Not all monitoring sites referenced in these two databases are relevant for the performance assessment: keeping or
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excluding site depends on the level of human-induced alteration on natural functioning of the rivers or aquifers, the data
availability, the quality of the measurements, and the size of the catchment (relevant for the selection of gauging stations). The
level of alteration is partly assessed by comparing observed flows (mean annual and low-flows) to estimated consumptions

derived from declared water withdrawals (https://bnpe.eaufrance.fr), and to the total volume of reservoir capacities over the

upstream catchment. The final set of reference gauging stations considered to be relevant for model evaluation has been
identified through a collective expertise (Strohmenger et al., 2023) and has been validated by the members of two user
committees (see more on these user committees in the next section). These reference points are representative of near-natural
conditions in accordance with the simulation assumptions. For the evaluation of the surface HMs, 611 gauging stations have
been identified. The lengths of the time series range between 23.5 and 44 years, with a median of 40.6 years (Strohmenger et
al., 2023). For the evaluation of the groundwater HMs, 227 reference piezometers have been selected, and also validated by
the user committees. They have at least 10 years of data, 97 % have 20 years of data and 71 % have 27 years of data.

SAFRAN is a meteorological surface reanalysis available with a spatial resolution of 8 km and hourly temporal resolution,
from 1 August 1958 to the present day (Vidal et al., 2010). This dataset was calculated using the Safran analysis system
(Quintana-Segui et al., 2008), which performs optimal interpolation between all surface observations available in the Météo-
France database and the first estimate of the ERA-40 reanalysis (Uppala et al., 2005). A temporal interpolation step followed
by a spatial interpolation step using 8 km resolution orography are applied in order to obtain daily data on a regular grid
covering France, named grid SAFRAN hereafter. The meteorological reanalysis SAFRAN is used here to adjust the statistical

biases of the climate simulations, and to calibrate and assess the performance of the HMs.

3. Climate projections

The Explore2 project is a large-scale project including the production of both climate and hydrological projections. In
Explore2, a large ensemble of climate projections has been produced based on a selection of existing simulations which have
been statistically adjusted. Climate projections were retrieved for different greenhouse gas emission scenarios based on three
Representative Concentration Pathways (RCPs) through the use of a hydroclimatic modelling chain composed of global
climate models (GCMs), regional climate models (RCMs), bias correction methods (BCs). The focus in this paper is on
hydrology and climate projections are presented briefly below. More details on the climate data and models that underpin the
Explore2 dataset can be found in Corre et al. (2025, Section 2.3) and Marson et al. (submitted).

A subset of the EURO-CORDEX ensemble covering Europe (Coppola et al., 2021) has been used here as the primary source
of climate projections. EURO-CORDEX projections are high-resolution versions of the global projections produced by the
CMIP5 simulation exercise, which served as the basis for the 5 IPCC assessment report. At the beginning of the project, the
most comprehensive ensemble of regional climate projections was the EURO-CORDEX CMIP5 ensemble with more than a
hundred climate projections covering Europe at a 12-km resolution. The criteria used for selecting GCM/RCM are related to

data availability, model diversity and simulation quality:
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- Quality of GCMs: GCMs must be considered realistic for Europe (McSweeney et al., 2015),
- Consistent distribution: The spread of the climate change signal from the EURO-CORDEX ensemble must be
preserved,
- Evolving aerosol forcing: The final set should include the latest EURO-CORDEX simulations allowing evolving
aerosols,
- Balanced design of the RCP/GCM/RCM matrix: Each GCM/RCM pair must be available for at least two GHG
emission scenarios. Each GCM and RCM must be present more than once.
2005 is the last year in the historical runs of the EURO-CORDEX CMIP5 ensemble, which explains why the reference 30-
year period in the project was set at 1976-2005.
To be used as inputs to hydrological models (HMs), RCM outputs were post-processed (including bias correction and
downscaling). Several BCs have been tested. Finally two BCs were applied in the Explore2 project, namely ADAMONT
(Verfaillie et al., 2017) and CDF-t (Michelangeli et al., 2009) from the expertise (in particular, based on the realism of the
rainfall fields). These two variants of the quantile-mapping approach force the statistical distribution of the simulated variables
to match that of the 8-km regular grid SAFRAN over 1976-2005 that forms the baseline reference climate for the project. Both
methods are univariate and applied independently to the outputs of each GCM/RCM pair. Unlike CDF-t, the ADAMONT
method was also able to compute and deliver bias-corrected data at the hourly time step.
Projections from the 5 Assessment Report instead from the 6™ Assessment Report were selected for Explore2 as they were,
at the time, the only large set of high-resolution projections over France. The climate data have nonetheless been analysed at
national level to ensure they convey a message consistent with the latest knowledge of future climate, and we retained only
those climate projections that were compatible with the conclusions of the IPCC Working Group | contribution to the 6%
Assessment Report. This compatibility was assessed by analysing the changes in mean air temperature and precipitation over
France between the reference period and the end of the century in both datasets and for the two contrasting seasons DJF and
JJA. Changes under the RCP8.5 scenario from candidate GCM/RCM/BC chains were compared to those projected by the
CMIP6 ensemble under the SSP5-8.5 scenario. Candidate projections out of the range of the CMIP6 ensemble for both
temperature and precipitation changes in winter and summer were excluded.
A set 17 GCM/RCM pairs was finally retained to build the climate projections, with common historical runs (1976-2005)
between projections based on the same GCM/RCM pair. The regional climate projections considered for Explore2 are an
ensemble of 72 projections (including 10 with the RCP2.6 low-emission scenario, 9 with the RCP4.5 moderate-emission
scenario and 17 with the RCP8.5 high-emission scenario for each BC).
The climate data used for Explore2 are variables required for hydrological modelling: precipitation, air temperature, wind
speed, relative humidity, and radiation components. They are provided at a daily time step on square grid cells with an 8-km
resolution covering mainland France over the period 1951-2100. Reference evapotranspiration (ET0) was calculated using the
Penman-Monteith formula (Allen et al., 1998) parameterized for short grass, the net radiation being derived from the

Hargreaves equation (Hargreaves and Samani, 1985).
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Unfortunately, uncertainties are sometimes ignored by stakeholders: For pragmatic reasons (limited computing resources) or
because they do not know how to select a subset of projections, only one climate projection or median changes are often
considered in prospective studies. To counter these misuse and to illustrate uncertainties due to climate models for the end of
the century, we developed a storyline approach introduced by Shepherd et al. (2018) with numerous applications (e.g. Gibson
et al., 2023; Bjarke et al., 2024; van der Wiel et al., 2024).
A hierarchical clustering method based on mean changes in seasonal precipitation and temperature at the national scale between
the period 2070-2099 and the reference period 1976-2005 was applied to classify a set of 17 projections obtained under the
RCP8.5 high-emission scenario. The 17 climate projections were obtained with the BC method ADAMONT (i.e., the only one
capable of meeting the hourly input data requirements for five hydrological models (Section 4)). Four groups were identified
from the ensemble of the 17 climate projections, from which one individual GCM/RCM/BC chain was extracted to form four
projections showing contrasting changes at the national scale (Fig. 1). These are as follows:

—  Green storyline: “Marked annual warming and increased precipitation”,

— Yellow storyline: “Moderate future changes”,

— Orange storyline: “Marked annual warming and drying”,

— Purple storyline: “Marked annual warming and high seasonal contrasts in precipitation changes”.
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Figure 1: Changes in seasonal precipitation and temperature (winter and summer) between the reference period 1976-2005 and the
end of the century 2070-2099 under RCP8.5. Dots in grey are related to projections obtained with the CDF-t bias correction method
while dots in black are related to those obtained with the other bias correction method ADAMONT. Dotted lines define the range of
values consistent with projected changes in CMIP6 (calculations were made in 2022).

4. Hydrological modelling general features

The effect of such climate projections on hydrology was derived through hydrological modelling, and this section describes

the main features of the modelling exercise.
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4.1 Natural hydrology modelling under climate change

The Explore2 project made use of 13 hydrological models (HMs) used in combination with the ensemble of climate projections
described above. They include nine surface hydrological models, three groundwater hydrological models, and one empirical
model used to calculate the potential groundwater recharge. Across this diversity of models, the Explore2 project provides a
“natural reference hydrology” on which to build prospective studies on water sharing. Streamflow is simulated without any
water management action (no water abstraction nor releases, and no reservoir management), and is therefore considered
natural. Computing groundwater levels without including abstractions was impossible; consequently, these abstractions were
kept at their current level in the simulations over the 21% century.

Explore2 HM structures cover a range from conceptual to physically-based structures. Conceptual models — together with the
J2000 model which does not resolve the energy balance — use Penman—Monteith ETO as presented above, while other models
compute actual evapotranspiration from their water and energy balance models.

Many HMs had to be calibrated. No common calibration rules were adopted by the modellers and calibration was achieved
thanks to the experience of each partner in their model. However, all HMs were evaluated using the same framework, with
common efficiency criteria calculated over a common evaluation period on the same set of reference points. HM model
evaluation is the subject of Section 5.

Most of these models have been extensively used in previous climate change impact and adaptation studies in large French
catchments (see e.g. Amraoui et al., 2019; Lemaitre-Basset et al., 2024; Morel et al., 2022; Seyedhashemi et al., 2022; Thirel
et al., 2019; Vergnes et al., 2023).

. Optimisation . Number of Bias
Spatial Spatial . . Number of .
Model Type . . of the Reference . simulation Lo correction
discretisation domain - projections
parameters points method
Physically-based - 10 (RCP2.6), 9
CTRIP resolving energy (Dréstlz'lgl:teg deells) O Z%ihga)rme etal  once 2024 (RCP45),17  ADAMONT
balance 9 g (RCP8.5)
Lumped Automatic Brittany 60 20 (RCP2.6)
EROS Conceptual esfgled(g?:;)m' —— 18 (RCP4.5), QBQ'EAONT
Semi-distributed  Automatic ' ONERIVEr 37 34 (RCP8.5)
basin
20 (RCP2.6),
s . L ADAMONT
GRSD Conceptual Semi-distributed  Automatic gle (sgfg; et France 3712 18 (RCP4.5), CDF-t ©
' 34 (RCP8.5)
Semi-distributed Loire and 20 (RCP2.6),
. . Ki I « R ADAMONT
J2000 Process-oriented  (hydrological Manual (zrggg;e eta Rhone River 1291 18 (RCP4.5), CDF-t ©
response units) basins 34 (RCP8.5)
) 20 (RCP2.6),
QADO RDOR Conceptual Lumped Automatic Slar(z;\(/)alg;;a et France 611 18 (RCP4.5), ég?_':/lONT
‘ 34 (RCP8.5)
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20 (RCP2.6),

MORDOR-TS Conceptual Semi-distributed  Automatic Z%Lf;';reta" g&iﬁ’b';‘s’:;e 535 18 (RCP4.5), ég?_ltvlom
34 (RCP8.5)
Physically-based - 10 (RCP2.6), 9
ORCHIDEE  resolving energy (Dr;StL'IZl:teg dcellyy Manuel Z%g;ereta" France 3587 (RCP45),17  ADAMONT
balance 9 g (RCP8.5)
Physically-based - . 10 (RCP2.6), 9
SIM2 resolving energy ('?;St{]'lzfteg g cells) ';Ie gg;%’;eet France 649 (RCP45),17  ADAMONT
balance gularg ' (RCP8.5)
20 (RCP2.6),
SMASH Conceptual Semi-distributed  Automatic Jay-Allemand et France 3821 18 (RCP4.5), ADAMONT
al. (2020) 3 @Repes)  COF

Table2: Characteristics of the nine surface hydrological models and their application within the Explore2 project.
All surface HMs have produced daily streamflow time series. Some modellers also provided other water-related variables (soil

moisture, snow water equivalent, groundwater storage, etc.), depending on their confidence on such outputs. In this paper, we

focus on streamflow and groundwater level data, for surface and groundwater HMs, respectively. Table 2 and Table 3 list the

main characteristics of the Explore2 HMs, which are described in detail and in alphabetic order, in the Supplement section S1.

Note that, in addition to the input data, certain characteristics are shared by the hydrological models (e.g. the SURFEX land

surface model (Le Moigne et al., 2020) is a common component of the AquiFR, CTRIP and SIM2 models), and that one of

the key-features that differentiates the hydrological models for the analyses in the following sections is the choice of parameter

optimisation: automatic, manual, or no optimisation. The four models requiring hourly input data (AquiFR, CTRIP,

ORCHIDEE, and SIM2) could not be forced with projections bias-corrected at the daily time step by the CDF-t method.

Therefore,hey were forced only by the 36 projections bias-corrected with ADAMONT. Due to a lack of resources, the two
hydrological models RECHARGE and MONA have been forced by climate projections using ADAMONT only.

. Optimisation . Number of Bias
Spatial Spatial . . Number of .
Model Type : L of the Reference A simulation - correction
discretisation domain . projections
parameters points method
Nord-Pas-de-Calais .
. L ) 1 42
Physically- Distributed Veranes et al Basse-Normandie, 2?n?s grid 10 (RCP2.6),
AquiFR based resolving (regular grid Automatic g ' Bassin parisien, Poitou- P 9 (RCP4.5), ADAMONT
(2020) 724
energy balance cells) Charentes, Alsace, . 17 (RCP8.5)
piezometers
Tarn-et-Garonne
. 20 (RCP2.6),
. hash . 41 ADAMONT
EROS Conceptual Lumped Automatic i:ay(ezo(l)zazs) emi et Brittany iezometers 18 (RCP4.5), CDF-t ©
: P 34 (RCP8.5)
Physically- Distributed Aissat et al lili?f o 10 (RCP26),
MONA bazed 4 (regular grid Manual (2023) ’ Aquitaine 216 9 (RCP4.5), ADAMONT
cells) - 17 (RCP8.5)
piezometers
Semi- Caballero et al 621 10 (RCP26),
RECHARGE Conceptual distributed No (2021) ' France hydrogeologi 9 (RCP4.5), ADAMONT
cal units 17 (RCP8.5)
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Table3: Characteristics of the groundwater hydrological models and their application within the Explore2 project.
Explore2 HMs provided transient daily simulations of streamflow and groundwater, for surface and groundwater HMs,
respectively, over the period 1976-2100, as forced by GCM/RCM/BC projections described above. The period 1950-1975 was

used as a warm-up period.

4.2 Streamflow simulation network

Simulation points were selected based on four operational and thematic national networks including the network of gauging
stations in the Hydroportail database (http://hydro.eaufrance.fr). These points are de facto of interest for different management
issues (knowledge, monitoring, regulation, etc.) and aim at providing a uniform national coverage.

Combining the different networks resulted in more than 10,000 candidate points. Given the 8-km spatial resolution of the
gridded climate projections that were used as forcings for hydrological modelling, points with a drainage area of less than 64
km2 have been excluded. Finally, a set of 4,043 locations of interest was identified. Each surface HM has its own river network
derived from Digital Terrain Models (DTMs) to describe the upstream-downstream link between catchments. Unfortunately,
it was not possible for all the models to simulate discharge at these 4,043 locations, as they were unable to put these points
along their river network.

Finally, hydrological projections from at least four HMs are available at ~2,400 locations (Fig. 2¢). Some regions that do not
have an extensive river network may have only a few simulation points (e.g. Atlantic coast of south-west France). Due to the
regional coverage of J2000, EROS and MORDOR-TS, the Loire River basin is the best documented catchment with projections
available for all HMs (9) for 31 simulation points. Figure S1 (Supplement, S2) shows the location of simulation points for each
surface HM and complements the overall output network shown in Fig. 2c. The minimum size of simulated catchments is 64
kmz, in accordance with the spatial resolution of climate projections. The median size of the catchment area associated with
the simulation points is 240 km2 for the Explore2 project while the median size of the catchment with hydrological simulations
in Explore2070 was 640 km2. The Explore2 project provides almost three times as many simulation points as Explore2070

with a finer spatial resolution.
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4.3 Groundwater simulation grid

The potential recharge of groundwater by precipitation is estimated at the regional scale. The pre-existing division of France
into 621 groundwater bodies (Masses d'Eau SOuterraine, MESO, Fig. 2a) delineated so as to be homogeneous in terms of
hydrogeological characteristics (Mardhel and Normand, 2006) has been adopted here. As part of the previous Explore2070
project, groundwater simulations were provided for a group of separated but major aquifers with sedimentary formations
(excluding karst), which are also the most heavily exploited. The domain simulated by the groundwater HMs (2b) was extended
in the Explore2 project to cover a large portion of north-western mainland France. Groundwater levels are provided ona 1-km
resolution regular grid for the AquiFR modelling platform (~140,000 points), and on a 2-km resolution regular grid for MONA
(~10,000 points). In addition to gridded outputs, simulations are provided on a set of piezometers (~1,100 points), available in
the national database ADES (https://ades.eaufrance.fr/).

5. Evaluation of the modelling chain
5.1 Method

Evaluation of the hydrological projections over the reference period is a prerequisite before studying the impact of climate
change on water resources, i.e. in conditions where all HMs are applied in extrapolation (Thirel et al., 2015). The evaluation
process was conducted in two phases. First, Explore2 HMs have been evaluated over the period 1976-2019 by comparing
simulations forced by the reanalysis SAFRAN with the observations at the reference points from the networks described
above.. Note that the evaluation of RECHARGE is extensively detailed in Robelin et al. (2025). Second, the entire modelling
chain from GCMs to HMs was examined to assess how well the HMs forced by historical runs (i.e. bias-corrected projections
for the reference period 1976-2005) can reproduce the various facets of the hydrological regime. Here, the focus is on surface
hydrological models.

The performance assessment involves a set of metrics which evaluate diverse aspects of streamflow and groundwater regime
at several time scales, from daily to long-term.

A set of 12 metrics and two tests were selected to evaluate the surface HMs across the flow regime. These metrics, detailed in
Table 3, are complementary and evaluate different aspects of the hydrological time series: overall performance, climate
sensitivity, high flows, mean flows, low flows, and robustness. Criteria assessing the overall performance are the Bias and the
Kling Gupta efficiency (Gupta et al., 2009) KGEN applied to square-root daily streamflow (giving roughly equivalent weight
to high flows and low flows). The sensitivity of streamflow to precipitation and temperature is assessed through climatic
elasticity indices (er, o, €r, 1A, €T, DIF, €T, uA, Sankarasubramanian et al., 1991), which may help understanding contrasting
responses of HMs under climate change. High, mean, and low flows and associated processes are assessed with a set of six
hydrological signatures (Q10, medtQJXA, aCDC, aQA, Q90, medtVCN10). The choice of the metrics was partly supported

by the analysis of the correlation matrix between pairs of around 50 metrics suggested by modellers (highly correlated metrics
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were removed from the initial set of 50 metrics). Finally, the robustness assessment test (RAT, Nicolle et al., 2021) is based
on the identification of a correlation between model errors and temperature (RAT ) or precipitation (RATR). The Spearman
correlation p between model bias and meteorological variables was computed, and the robustness for the tested HM is rejected
when a significant correlation is found (p-value = 10%). Four metrics were considered for the evaluation of groundwater HMs
280 and are detailed in Table 4: NSEpias, NSEspy, I, and Bias. Three of them were included in the previous assessment of
groundwater HMS by Vergnes et al. (2020). For each criterion described above, a range defining an acceptable fit was proposed

by modellers and shown in Table 3 and Table 4.

Metrics Category Definition Value for a perfect fit [acceptable fit]
KGE+/* Overall performance Kling Gupta efficiency on square-root daily streamflow 1[0.5; 1]
Bias ® Relative bias 0[-0.2;0.2]
£R,DIF
. - Rainfall elasticity in winter DJF and in summer JJA (ratio)
* Climate sensitivity
€R, JIA
1[0.5; 2]
&1, 0¥
Temperature elasticity in winter DJF and in summer JJA (ratio)
&1 aa™
Q10 High flows Relative error in flow that is exceeded 10 % of the time 0[-0.2;0.2]
O Bias in median occurrence (Julian day) of the annual maximum
medtQJXA * . 0 [- 30 days; 30 days]
daily streamflow
Mean flows Difference between flow that is exceeded 66 % of the time and
aCDC * ) ) ] 1[0.5; 2]
flow that is exceeded 33 % of the time (ratio)
aQA Sen slope computed on annual flows (ratio) 1[0.5; 2]
Q90 Low flows Relative error in flow that is exceeded 90 % of the time 0[-0.8;0.8]
Bias in median occurrence (Julian day) of the annual minimum
medtVCN10 * 0 [- 30 days; 30 days]
of the 10-day mean flow
RAT+* Robustness Robustness assessment test against annual air temperature Passed at the 10 % confidence level
RATR* @ Robustness assessment test against annual precipitation Passed at the 10 % confidence level

Table 3: Metrics used for the evaluation of streamflow simulations. Metrics with * are detailed in the Supplementary materials (S3)

285

Metrics Category Definition Value for a perfect fit [acceptable fit]

Nash-Sutcliffe efficiency coefficient on deviation of

' 1[05;1
NSEbies groundwater level to the mean [ ]
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295

300

305

310

Nash-Sutcliffe efficiency coefficient on Standardised

NSEgpu * 1[05;1

S Overall performance Piezometric Level Index [ ]
r ® Correlation coefficient 1[0.5; 1]
Bias Mean error 0[-2m;2m]

Table 4: Metrics used for the evaluation of groundwater level simulations.
5.2 Evaluation results

This section provides an overview of the evaluation of the HMs over the 1976-2019 period. Note that the models had their
parameters obtained after comparing (sometimes calibrating, see Table 2) the simulations against observed data available over
the period 1976-2019 and therefore the evaluation as described below is not systematically an evaluation with independent

data. More details are available in (Sauquet et al., 2023).

5.2.1 Evaluation of surface hydrological models

Surface HMs show a good overall performance when forced by the meteorological reanalysis SAFRAN. They perform well
across the whole streamflow range: the majority of the evaluation scores fall within the range considered acceptable by the
modellers (for more than 66 % of the simulations, all models and reference stations combined).The performance of all models
is good to very good for large catchments (only 3 of the 25 catchments with surface area greater than 5,000 km? have KGEV
< 0.5), whereas it is more scattered for small rivers (120 catchments with surface area less than 200 km? have KGEV < 0.5).
The acceptable fit in terms of KGEV and Bias are met by all surface HMs for 183 of the 611 reference gauging stations.
Conversely, for 63 of the reference stations, the evaluation scores are mostly (at least for half of the HMs) outside one of the
two acceptable ranges for KGE or Bias. Note that the global performance of the hydrological models CTRIP, J2000, and
ORCHIDEE varies widely between reference stations. The variation in global performance should encourage data users to
examine the relevance of these models locally and subsequently their interest in using the hydrological projections produced
by these HMs.

Models perform well for high flows, with a median performance across the set of reference stations being close to zero for the
Q10 metric. The performance is globally lower for low flows with possible biases for two HMs: SIM2 with a median score
Q90 of 1.03 (103 %) tends to overestimate low flows for most catchments while CTRIP with a median score Q90 of -0.43 (-
43 %) tends to underestimate low flows for most catchments.

Unsurprisingly, the evaluation scores of models whose parameters are obtained by automatic numerical optimisation (GRSD,
EROS, MORDOR-TS, MORDOR-SD, and SMASH) over the period 1976-2019 are close to the perfect fit. For example, the
GRSD model was calibrated against streamflow using the KGE\ objective function, leading obviously to very high values for
this metric.

The proportion of values within the acceptable range for all models and all stations is displayed in Fig. 3 for the 14 evaluation

scores. Less satisfactory results in terms of KGEV are found in the north of France, the downstream tributaries of the Seine
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335

River basin, and the South-East. These poor results are primarily due to unsatisfactory modelling of surface-groundwater
exchanges for these areas. Surface HMs encounter difficulties for groundwater-dominated catchments located in the North,
and are challenged by extended karst systems in the South-East. In the Alps, the low values of KGEV could be due to difficulties
in modelling snow dynamics and biases in the SAFRAN forcings, i.e. an underestimation of total precipitation at high altitude
(Magand et al., 2018). Care must also be taken not to over-interpret KGEW scores on rivers influenced by groundwater, as this
score is largely driven by the variability of streamflow, which is limited for these rivers. The map derived from the Bias score
shows that the lowest performing catchments are located to the south-east and north, while the highest performance is found
in the west. The analysis of the elasticities € shows that the response to rainfall pulses in winter (er, pse) iS well captured by the
models and the spatial pattern is mainly explained by the absence/presence of large groundwater aquifers in lowlands and the
contribution of snow to the total precipitation in mountainous areas. The spatial patterns obtained with gr ps and eg, 134 are
quite similar but with more values out of the acceptable range in summer. We may suspect a difficulty in reacting well to local
precipitation not well captured by the reanalysis SAFRAN. In a way, results with er were expected: the models were designed
to reproduce the rainfall-flow transformation, more particularly where liquid precipitation is the main driver. There is good
sensitivity (e, 2a) to air temperature in summer, especially in the south of France where evapotranspiration is the main driver
of flow variability. Results for &t, psr is diverse probably due to a weak sensitivity of river flow to fluctuation in air temperature
in winter. The average seasonality of floods (medtQJXA) is correctly reproduced over France except for southern France. One
possible reason is the bimodality of flood seasonality in these areas (see e.g. Fig. 3 in Bldschl et al., 2017) which calls into
question the relevance of computing an average Julian date of floods. Performance scores on mean flows are fairly good across
most of France. The hydrological models are globally able to reproduce current seasonal contrasts (aCDC) and long-term
trends on annual flows (aQA). The most important biases on aCDC are identified in south-eastern and northern France, similar
to what was found on the two overall scores KGEV and Bias. The RAT metrics are very demanding, with a high failure rate,
whether the models are calibrated through optimization or not. Performance in low flows is less satisfactory than in high flows
when comparing Q90 and Q10 values. The acceptable range of variation for Q90 has been chosen wider than for Q10 (Table

3), so that the map associated with Q90 does not lead to widespread failure.
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Figure 3: Proportion (%) of simulations with evaluation metrics within the acceptable range. A value of 100 % means that all HMs
demonstrate numerical metrics within the acceptable range at all reference gauging stations while a null value means that all HMs
demonstrate numerical metrics outside the acceptable range at all reference gauging stations. Statistics of the evaluation metrics
have been computed on a division of France into 187 sub-basins (https://www.sandre.eaufrance.fr) to identify contrasts in HM
performance over the 611 reference gauging stations.
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5.2.2 Evaluation of groundwater hydrological models
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Figure 4: Evaluation scores obtained for the three groundwater HMs at the reference piezometers.
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Out of the three groundwater HMs, the EROS model is the only one to be calibrated through a numerical optimisation on both
observed streamflow and groundwater level observations, leading to very good assessment scores and low biases (Fig. 4). The
evaluation scores obtained with MONA and AquiFR reveal a more heterogeneous match between observations and outputs
(Fig. 4).

For the north of France, and more precisely the area covered by AquiFR, the evaluation confirms results recently obtained by
Vergnes et al. (2020). The AquiFR model shows no systematic bias, with negative bias in the north of the Loire basin,
corresponding to the Beauce region, and with positive bias values in the Alsace plain. Elsewhere, there is no obvious pattern.
The NSEsp; score is mostly positive (75 % of the values are above 0.25), demonstrating the ability of AquiFR to capture
monthly anomalies. The correlation coefficient r is negative on only two of the 197 reference piezometers modelled by the
AquiFR platform. In Brittany, all seven reference piezometers simulated by EROS present a correlation coefficient r higher
than 0.93, as a consequence of the calibration process.

Results are less satisfactory in the south-west with MONA (r < 0 for 10 of the 23 reference piezometers). It should be noted
that MONA is an annual model dedicated to deep aquifers where groundwater levels vary little from one year to the next. Its
main objective is to reproduce long-term average groundwater levels in order to study their sensitivity to climate change. The

NSEspL metric was therefore not computed, reducing the number of dots in Fig. 4 for this metric.

5.2.3 Evaluation of surface hydrological models driven with baseline climate projections

Assessing the entire chain fed by historical runs is not straightforward. GCM/RCM runs, even bias-corrected ones, are not
expected to reproduce the sequencing of meteorological events observed over the historical period, which makes a criterion
such as KGEV irrelevant for the purposes of the diagnosis. A comparison between simulated and observed hydrological
signatures is more appropriate. However, it remains challenging to distinguish between the differences attributable to
modelling biases and those due to climate variability, based on this comparison.

Following on from section 5.2.1, the analysis focuses here on surface HMs and on three metrics encompassing the different
phases of the river flow regime: the two percentiles q90 and q10, which are exceeded 90 % and 10 % of the time respectively,
and the mean annual streamflow ga at the 611 gauging stations. These three metrics X have been computed over the common
reference period 1976-2005 from observed streamflow time series (Xons), Simulated streamflow time series obtained with HMs
forced by the reanalysis SAFRAN (Xca) and simulated streamflow time series obtained with HMs using historical runs (Xnist).
A global dimensionless criterion (RRH) for each metric X, each historical run, and each gauging station i of the reference
network is computed as follows:

RRH= (Xrea — Xnist)/ (Xrea = Xobs) )

The value (Xrea — Xnist) is the difference between the two estimates Xrea and Xnist, resulting from combined bias of the climate
projections and the effect of the internal variability of the climate. The value (Xrea — Xobs) is the deviation to the observed value
Xobs, resulting from bias in hydrological modelling and in the meteorological reanalysis. The criterion RRH should take a value

between -1 and +1 if no major additional bias appears with the use of bias-corrected climate data. The results are presented in
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380 Fig. 5, with boxplots summarising results across the reference network for each metric and for each HM. Here we consider
separately the 17 GCM/RCM runs that have been corrected using the ADAMONT method, and the 17 GCM/RCM runs that

have been corrected using the CDF-t method.
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Figure 5: Boxplots of the RRH criterion computed for the flow quantile 90 that is exceeded 90 % of the time (a, b), the mean annual
streamflow ga (c, d), and the flow quantile g10 (e, f) that is exceeded 10 % of the time for both bias correction methods ADAMONT
and CDF-t. The bottom and top of the box are the 25" and 75" percentiles, and the line is always the median. The dashed lines
represent the values 1 and -1. The boxes have been ordered from left to right in alphabetical order by model name.

Figure 5 shows that whatever the variable, the climate modelling chain, the bias correction method and the hydrological model,
the medians of RRH values fall within the -1 to 1.1 range. However, RRH values may deviate significantly from the null value
(expected value in the absence of both internal variability and of bias in climate modelling) in particular for RRH calculated
on ga and g10 flows. For both q10 and ga, ~45 % of the RRH values fall within the [-1; 1] intervals, all HMs and BCs combined
while ~75 % of the RRH values are found in the [-1; 1] interval and the median of RRH obtained with q90 are very close to
zero. The inaccuracies in the representation of low flows (e.g. q90) by HMs appear to be of a greater order of magnitude than
those caused by imperfections in climate modelling. Conversely, the inherent limitations of hydrological and climatic models
result in biases of a similar magnitude for mean and high flows.

There is a difference in RRH spread between the models - particularly for q90: the dispersion in RRH values is greater for HMs
with numerically optimised parameters (EROS, GRSD, MORDOR-SD, MORDOR-TS and SMASH) (i.e. explicit strategies
in the calibration process search for (Xrea — Xobs)=0 and even small values of (Xrea — Xnist) may lead to high values of RHH)
while the other models (CTRIP, J2000, ORCHIDEE and SIM2) do not perform as well with possible large deviation to
observed streamflow data (i.e high values for (Xrea — Xobs)) leading more likely to low RRH values.

A comparison of the boxplots in Fig. 5 obtained using the two BCs for the six HMs (1%t column against 2" column) shows no
clear distinction: the hierarchy of hydrological models in terms of dispersion and deviation from zero of the RRH values is
quite similar, regardless of the bias correction method applied. This can be explained by the use of the same meteorological
reanalysis, i.e. SAFRAN, for calibrating the two bias correction methods. However the dispersion in RRH values is higher
with the ADAMONT method. One possible reason for this is that the ADAMONT method is based on a quantile mapping
correction applied conditionally to weather regimes, which may induce residual bias when the frequency of these regimes
differs between historical GCM/RCM runs and the SAFRAN reanalysis.

An analysis of the maps of the median RRH values calculated at each simulation point, combining all GCM/RCMs for each
BC, does not show any clear pattern, suggesting the absence of specific regional behaviour or bias.

Finally, note that RRH values can be negative, indicating possible bias offsetting effects (i.e. (Xrea — Xnist) and (Xrea - Xobs) May
display an opposite sign). The use of bias corrected projection from the climate modelling chain introduces naturally additional

biases. However, theses biases are limited and river flow seem reasonably approximated by HMs fed by historical runs.

6. Summary of the projected changes for mean river flows and groundwater recharge

This section summarizes the main findings on change in hydrological metrics characterising water resources: the seasonal
flows (QDJF, QMAM, QJJA, QSON), the annual flows QA, and the annual groundwater recharge with the three GHG emission
scenarios RCP2.6, RCP4.5 and RCP8.5. Results obtained with the AquiFR modelling platform on groundwater levels, on river
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flow intermittence and on floods are presented in Jeantet et al. (2025), in Jaouen et al. (2024) and in Tramblay et al. (2025),

respectively.

Figures 6 and 7 show the maps of the projected median changes between the reference period 1976-2005 and the end of the
century 2070-2099. Dispersion of the median changes across France is summarised by the interquartile range IQR of the
median changes between the reference period 1976-2005 and the two time slices 2041-2070 (‘mid-century”) and 2070-2099
(Table 7).

A multi-model index of agreement (MIA, Tramblay and Somot (2018)) is also computed on time series to measure the degree

of agreement between models at each simulation point (Fig. 8):
MIA= =30 i, )

where N is the total number of projections, ix = +1 when the projection k suggests an increase in the considered variable,
ik = -1 when the projection k suggests a decrease in the considered variable, and ix = 0 otherwise. MIA values vary between
-1 and +1, taking a value close to 1 and to -1 when the majority of the N projections suggest an increase and a decrease,
respectively. Trends over the 1976-2100 period were assessed using the non-parametric Theil-Sen slope estimator (Theil,
1950; Sen, 1968) regardless of the significance of the trends. In accordance with the evaluation of the robustness in the IPCC
WGI Interactive Atlas, the multi-model agreement on the projected changes is considered strong when |[MIA| > 0.6 (more than
80 % of the projections agree on the sign of the change). We consider also a moderate agreement when 0.6 > [MIA| > 0.4. The
maps of the multi-model agreement index MIA by RCP allows to identify areas of sign agreement. Unfortunately, the number
of projections of annual recharge was considered too small (e.g. only nine for RCP4.5) to allow calculation of related MIA

values.

Although the annual recharge and annual streamflow have been estimated independently (with recharge not being included in
the surface hydrological models), the projections are very consistent with each other in terms of intensity and spatial pattern
of median changes (Fig. 6). Most of the regions demonstrate positive changes in both metrics for RCP2.6 while a gradient
north-south is suggested for RCP4.5 and RCP8.5 with projected positive changes in the northern France and negative changes
in the southern France. Most of the changes in QA between the reference period and the two time slices are limited (IQR
[-10; 10] %) (Table 6). Finally, there is no agreement between projections (|MIA| > 0.6 for less than ten simulation points)
under RCP2.6 and RCP4.5, while hydrological projections do agree for 12 % of the simulation points across France and these
points are located in the southern France and Corsica pointing towards a decrease in QA under RCP8.5 (Fig. 8). There is no

agreement for an increase in mean annual flows under RCP8.5.
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The increase in mean winter flows is predominant across France for the three RCPs, except in the southern France where they
decrease for RCP8.5 (Fig. 7). The most important and positive changes with an agreement between projections can be found
for QDJF in the Alps and Pyrenees (Fig. 8) for the three RCPs. In these mountainous areas, as a consequence of the increase
in air temperature (even moderate for RCP2.6), a change in the phase of precipitations is projected, with snow packs forming
later and melting earlier for the three GHG emission scenarios, and finally low flows in winter will be less severe. On average,
catchments with a mean elevation above 2400 m.a.s.l. display median changes (above + 25 % under RCP4.5, and above +50 %
under RCP8.5, respectively). There are also agreements on changes in QDJF in the south of France, but these indicate a
decrease. However, the extension is rather limited. For RCP8.5, a strong contrast is observed in the south-west: winter flows
are likely to increase in the mountainous headwaters, while hydrological projections do agree on a high decrease in the
lowlands.

As for mean winter flows, increase in spring flows is projected in the Alps and the Jura for the three RCPs, while decrease is
projected with moderate to high agreement in southern France for RCP8.5. Spring is certainly the season with the weakest
changes whatever the RCP and with the less agreement on changes (e.g. 8 % of the simulation points for QMAM against 16 %
for QDJF under RCP4.5). As previously outlined, the increase in mountain flows can be attributed to a change in the dynamics
of snowpack melt, driven by a decrease in snowfall and an earlier snowpack melting.

Mean summer and autumn flows are mostly down throughout mainland France for both moderate to high emission scenarios
RCP4.5 and RCP8.5. Furthermore, the pattern of median changes for QJJA and QSON under RCP4.5 and RCP8.5 look similar.
Changes in summer and autumn are structured along a north-south axis, with the greatest decreases in the south-west (between
-63 % and -32 % in the Garonne basin compared with between -13 % and +2 % for the coastal rivers along the Channel for
mean summer flows under RCP8.5. Summer is the season with the highest agreement on changes under the RCP8.5 scenario.
The median changes are almost entirely downward in autumn, reflecting a decrease in water availability in this season and
hence a gradual extension of low-flow periods from summer to autumn throughout the 21%t century. However, decreases in
autumn are slightly lower in magnitude than those projected in summer. An agreement is obtained for nearly half of the
simulation points in the autumn, and these points are located in the south of France under the RCP8.5 scenario.. The agreement
in summer and in autumn is less present under the RCP4.5 scenario than under the RCP8.5 scenario. In summer and autumn,
Northern France is the only area where hydrological projections do not agree on the sign of change and where the median

changes are limited, regardless of the GHG emission scenario.

RCP2.6 RCP4.5 RCP8.5
Variable

2041-2070 2070-2099 2041-2070 2070-2099 2041-2070 2070-2099

Annual flow 1.7;5.0 6.2,9.8 -1.7,4.4 0.0;7.4 -1.7,6.3 -10.1; 4.6
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Winter flow 2.7,13.1 7.6,13.9 5.4,15.8 9.9;18.9 6.6, 18.8 2.7,19.9

Spring flow 1.3;59 4.2;12.5 -3.5;5.8 -0.6; 12.0 0.8;10.0 -6.5; 11.9
Summer flow -0.9; 5.6 12,85 -20.7; -12.7 -17.5; -6.5 -17.1; -5.6 -38.1;-21.4
Autumn flow -8.9;2.2 -1.3;6.4 -13.1;-2.8 -18.8; -8.5 -22.1;-11.0 -37.4, -20.5
Annual recharge 55;11.4 8.3;13.5 0.5;7.8 4.3;14.0 3.8;11.8 -3.0; 12.0

Table 6: Interquartile range of the median changes between the reference period 1976-2005 and the two time slices 2041-2070 and
2070-2099.

7. Discussion

Most of the maps show a north-south gradient under RCP4.5 and RCP8.5 scenarios. This gradient is already present in the
ensemble of climate projections (Supplement, Fig. S2, Fig. S3 for changes in precipitations) and particularly pronounced at
the end of the century for the high emission scenario, suggesting:

- An average warming between +3 °C and +5.5 °C, with more pronounced change in mean annual temperature of
around +1.5 °C in the south-east of France compared with the north-west,

- No consensus on the sign of the changes in annual precipitation except for the north-east of France (increase), and
the south-east and south-west (decrease),

- Anincrease in winter precipitation between +10 % and +45 %, more pronounced in the north of France and lower, or
even uncertain, in the south,

- Adecrease in summer precipitation across France, particularly marked in the south-west of France.

As expected, for the winter and spring seasons, the ensemble of projections points towards an increase of water resources in
the north-east and a decrease in the south-east and south-west of France. For the summer and autumn seasons, the majority of
France experiences a decrease in water resources and the north part of France is less affected than the south part. The rivers of
the lowlands in south-western France, as well as the small Mediterranean coastal rivers, appear to be hot spots, with an almost

general decline in all seasonal flows.

Unsurprisingly, global warming, even moderate, impact the dynamic of snow pack in the Alps and the Pyrenees, demonstrating
the high sensitivity of the basins in the mountainous areas. Rivers influenced by snow under current conditions are likely to
experience changes in the magnitude and temporal pattern of low flows with an increase in winter flows and a decrease in

summer flows and shifts of the flow peak from spring to winter.
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Although France as a whole is expected to dry out in summer, this trend is more uncertain in northern France. In northern
France, confidence in the sign of the change in summer is low due to offsetting effects. In this region, river flow regimes are
primarily influenced by large aquifers, which regulate flows, with a significant contribution of groundwater to low flows during
summer months. By the end of the century, there will be a balance between increased winter recharge, which may contribute
to lower flows, and higher evapotranspiration and lower rainfall in summer. In addition, the models are not as effective in

representing groundwater-river exchanges (as previously mentioned in Section 5.2.1).

The results obtained here can be broadly compared to those of recent studies that have examined the future of water resources
at the European level (e.g., Bisselink et al., 2020; Di Sante et al., 2021; Greve et al., 2023; Clemenzi et al., 2026), although
there are differences in the assumptions and methods used to analyse the results (e.g., global warming level versus time slice).
Large-scale impact studies suggest changes of varying magnitude in water availability. Nevertheless, they agree on changes
following a strong north-south gradient: under extreme conditions (end of the century according to the RCP8.5 and SSP585
scenarios, global warming of +2°C and +3°C), southern European countries are likely to experience a decrease in water
availability, particularly southern France, Spain and Portugal, while, conversely, northern European countries (including
northern France) will benefit from more abundant water availability. The results provided by the Explore2 project are
consistent with these large-scale climate change impact studies. The results are in line with results with a national coverage
but using only one hydrological model (Dayon et al., 2018). Dayon et al. (2018) suggest a decrease in mean annual discharge
of around -20% for the Garonne River basin, -15% in the Loire river basin, and -5% for the Seine River basin (but with a weak
agreement on the sign of change) under the RCP8.5 scenario by the end of the century (for comparison with Explore2, see
Supplement, Fig. S4 and Table S2). However, they are less consistent with the previous national study Explore2070, which
predicted a generalised decline in annual flow in France, including in the north of the country. One reason for the divergent
conclusions is that the Explore2070 project used of a set of predominantly drier IPCC AR4 climate simulations from seven

GCMs with A1B moderate emission scenarios.

The magnitude and the spread of changes in summer and autumn over France are correlated with the projected level of GHG
emission, e.g. at the end of the century, IQR ~ [-40, -20] % across France for median changes in both QJJA and QSON under
RCP8.5 compared with IQR ~ [-20, -10] % under RCP4.5. There is an overlap between the intervals for the changes in winter

and spring.

The ensemble of future streamflow projections produced within the Explore2 project is certainly the richest transient multi-
scenario and multi-model ensemble developed in France. This dataset allows for the first time investigating uncertainties in
future river flow regimes considering six uncertainty sources: RCPs, GCMs, RCMs, BCs, HMs, and the climate internal
variability (Evin et al., 2025). Climate model uncertainty under RCP8.5 high-emission scenario at the end of the century is
illustrated with changes projected by the HMs forced by the four climate story-lines. The results displayed for the four

storylines (Fig. 9, Fig. 10) do confirm that these specific forcings lead to contrasting hydrological futures and that they are
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useful for making stakeholders aware of uncertainties on potential groundwater recharge and streamflow. Projected changes
in annual groundwater recharge and winter and summer flows are well correlated with the main characteristics of the climate

projections:

The green storyline is the wettest one: Flows mostly increase in winter (IQR = [-3, +32] % across France), except in
the most western and southern parts of France, and, although this storyline suggests the highest increase in winter
precipitation, only a limited area in northern France may experience less severe low flows in summer (IQR = [-29, -
1] % across France),

The yellow storyline is the less extreme one: The spatial patterns are similar to the ones obtained with the green
storyline, but with less contrast in winter (IQR = [+7, +26] % across France),

The purple storyline is the most contrasting one: increases in groundwater recharge and winter flows are locally
projected in the north-eastern part of France in response to more abundant winter precipitation, while a high decrease
in these two metrics is predicted in the south-western part of France (IQR = [-21, +15] % across France), basins in
south-west France are particularly affected in summer by the reduction in recharge (IQR = [-56, -36] %),

The orange storyline is the driest one, leading to a generalised decrease in flows whatever the season (IQR = [-25,
-3] % across France in winter, IQR = [-66, -53] % across France in summer).

Not surprisingly, the summer flows and, to a lesser extent, the autumn flows (not shown), are projected to decrease, and the

winter flows are expected to increase in mountainous areas, regardless of the storyline.
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Figure 9: Changes in the annual groundwater recharge and the annual, winter and summer flows between the reference period and
the end of the century for the four storylines. The areas coloured black on the maps are those where there is no aquifer and where
the notion of groundwater recharge is not relevant. Median changes are shown for annual and seasonal flows based on available
HMs (please note the different scales in Fig. 7).
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8. Conclusions

A nested multi-scenario, multi-model approach to understand future certainty and uncertainty, and to access local climate and
catchment scales, was used to produce an updated nationally consistent multi-model ensemble of transient hydrological
projections at the daily time step. This ensemble results from the combination of three GHG emission scenarios, a set of 17
climate modelling chains GCM/RCM and two bias correction methods, and 9 surface hydrology models and 4 groundwater

hydrology models (one to simulate groundwater recharge and three to simulate groundwater level).

A comprehensive evaluation analysis was performed here using a large set of time series of daily streamflow and groundwater
levels. The diagnostic provides an overview of the quality/performance of surface hydrology and hydrogeology models, using
the reanalysis SAFRAN as input data. Modest HMs performance is more often found in the north, where aquifers regulate the
dynamics of river flows and in the mountainous areas where surface HMs have to account for snowpack. The ability of the
entire modelling chain to represent observed river flows when HMs are fed by historical runs was assessed by comparing two
flow quantiles and the mean annual streamflow extracted from the observations and the simulations over the reference period
1976-2005 and was deemed adequate. The magnitude of changes in groundwater recharge and streamflow is not uniform but
organized along a north-south axis, and depends on the changes in climate and on the geological characteristics of the areas.
Unsurprisingly, climate change will increase the severity of low flows in summer and decrease the severity of low flows in
winter. Most of the rivers in south-western France and along the Mediterranean coastal will be hot spots, with an almost general
decline in all seasonal flows.

To our knowledge, the Explore2 ensemble has used an unprecedented diversity of climate models (compared to the UK
(eFLaG) dataset (Hannaford et al., 2023), which is based on a single GCM and a single RCM) and hydrological models
(compared to the Australian ensemble produced by Zheng et al. (2024)). In addition to the technical challenge of producing
such an ensemble, the richness of the ensemble lies in its use for operational and research purposes, for example: the ability to
characterise the uncertainties as described, but also the ability to produce consolidated results in the case of strong agreement
between the projections, and to step back from the results in the case of disagreement, thus promoting understanding of the

divergences between hydrological projections.

One of the unique features of Explore2 is the connection established with stakeholders throughout the project. The way of
presenting these results of the Explore2 project is the results of a close cooperation between scientists and stakeholders from
various backgrounds but with interest in water management. This co-construction was organised as part of the user support
work package, which was based on repeated exchanges with committees. These exchanges notably focused on (1) data
requirements (i.e. the most relevant variables and indices for water management among the outputs of the hydrometeorological
modelling chains), (2) the structure and topics of a massive open online course (https:/e-

learning.oieau.fr/enrol/index.php?id=3799) dedicated to the project, (3) the way results were presented in graphs, (4) the
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contents of technical guides for understanding complex concepts such as uncertainty in climate change projections, and (5) the
contents of prototype fact sheets summarising the changes projected at each simulation point. Through this work package,
scientists were expected to have a better understanding of how to adapt their outputs to the needs of stakeholders, who in turn
could acquire good practice in using the data produced. Both aimed at co-constructing information that is useful for adaptation,
and finding scientifically relevant ways of representing and summarising the results obtained by the simulations. These
committees have also enabled scientists to obtain local information for building the reference and simulation networks. As an
example of cooperation between scientists and stakeholders, the results of present-day evaluation (sections 5.2) were
summarised in the form of summary sheets displaying scores for each HM from local (Supplement S6, Fig. S5 at one reference
gauging station) to regional (Supplement S6, Fig. S6 on the scale of the national hydrogeological units) scales. These sheets
are publicly available through the open platform for French public data dedicated to the Explore2 project

(https://entrepot.recherche.data.gouv.fr/dataverse/explore?).

The Explore2 dataset is beginning to be widely used thanks to its direct access on different open platforms: the French public

data warehouse (https://entrepot.recherche.data.gouv.fr/dataverse/explore2) and on the DRIAS-Eau website

(https://www.drias-eau.fr/). Its use is growing, particularly because this data supports the reference warming scenario, named

“TRACC” (Trajectoire de Réchauffement de référence pour I'Adaptation au Changement Climatique), chosen by the French
government for the French National Adaptation Plan for Climate Change (PNACC-3) (decree and order published in January
2026, https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000053399130,
https://www.legifrance.gouv.fr/jorf/id/JJORFTEXT000053399165). All planning documents and adaptation strategies in

France will have to be based on this trajectory.
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interactive visualisation platform for Explore2 main results (including Explore2 key messages on these three aspects of changes
in future average flows, low flows and high flows, maps and time series of any individual hydroclimate projection or any

combination of these).
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