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Abstract: The Allier River and its alluvial aquifer constitute a shallow but highly productive water
resource due to their hydrodynamic properties. This hydrosystem provides almost all of the water
requirements for domestic supply and irrigation. Recent dry summers (such as those in 2015, 2019,
and 2022) and the lack of winter recharge have led managers to question the sustainability of this
resource. We proposed the use of hydrological modelling with Gardenia with which the water balance
can be determined at the watershed scale (7020 km2) and with which forecasting simulations can
be performed for 2030–2070. Thus, this work was divided into (1) model calibration (2000–2020),
(2) the determination of the main drivers of the water balance (2000–2020), (3) and river flow and
groundwater level simulation (2030–2070). For the latter, Gardenia was used considering a “better
case”, using the RCM Aladin63 in RCP2.6, and considering a “worst case”, using the RCM RegCM4-6
in RCP8.5. The calibration for 2000–2014 showed good reproducibility of river flows (NSE = 0.91)
and groundwater levels (NSE = 0.85). The model showed that the major drivers in 2000–2020 were
actual evapotranspiration and effective precipitation, which, respectively, represented 68% and 32%
of mean annual precipitation. Water withdrawals did not significantly contribute to the water balance
with the exception of those in very dry summers, such as those in 2003, 2005, 2015, and 2019. Climate
appeared, therefore, as a prevalent factor of the Allier hydrosystem functioning compared to global
withdrawals except for that during these dry years. Prospective simulations showed a decline in
annual river flows and groundwater levels by a maximum of −15% and −0.08 m asl (“worst case”),
respectively. These simulations showed that the Allier hydrosystem will be able to meet the water
needs for various uses until 2070. In detail, it is likely that summer shortages will no longer be
compensated by the Naussac Dam if the hydrosystem faces more than two years of drought. In
this case, water-saving solutions will have to be found. This study is, thus, a good example of the
application of hydrological modelling to address management issues in such a hydrosystem.

Keywords: hydrological modelling; alluvial hydrosystem; climate change; human pressure; water
balance; forecast

1. Introduction

Quantifying the spatial and temporal variations of a water budget is essential for
improving our understanding of the availability of water resources, the risk of hydrologic
extremes such as floods and droughts, and the implications of climate change [1]. The
water budget, or balance, is the inflow of water from precipitation and the outflow of
water through evapotranspiration according to Thornthwaite and Mather (1957) [2]. The
local annual water balance is controlled by the distribution over time of water supplies
(e.g., precipitation) and demands (e.g., potential evapotranspiration) balanced by the
storage of water in the root zone of the soil [3]. Although, there are different formulations,
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it mostly depends on the scale of investigation, and, thus, the parameters to be considered
can differ. At the watershed scale, it could be expressed as P = ETa + R ± ∆W ± ∆S, which
is readapted from Hasenmueller and Criss (2013) [4], where precipitation (P) is distributed
between actual evapotranspiration (ETa), runoff (R), and withdraws (∆W) and is modulated
by the changes in groundwater/soil water storage (∆S). Precipitation constitutes, in general,
the largest component in a water balance equation [5]. It can generate outflow through
ETa or induce the direct recharge of groundwater through direct vertical percolation in the
vadose zone [6]. Groundwater recharge is a strategic hydrologic variable that needs to be
estimated for sustainable groundwater management, especially within the global warming
context [7]. Anthropogenic water withdrawals are, most of the time, not considered in
water balance assessments. They might be difficult to estimate at a large spatial scale.
However, groundwater occupies a predominant role in sustaining human activities by
being the world’s largest distributed freshwater reservoir [8]. The UNESCO report [9]
indicated that 69% of groundwater withdrawals are for the agricultural sector, 22% are for
domestic uses, and 9% are for industrial purposes.

Many types of aquifers can be used around the continents [10]. Among them, alluvial
formations are distinguished by their minor role in regional groundwater flow and by
their large to very large groundwater storage capacity. Unconsolidated sand and gravel
formations constitute the world’s most easily accessible and most widely tapped aquifers.
In France, alluvial aquifers also play a major role as they provide about 45% of France’s
groundwater use [11]. Among the socioeconomic activities requiring water, irrigation is a
contributing factor in alluvial system vulnerability and groundwater level decreases [12–17].
Climate change is likely to amplify the water resource demands [18] and, thus, enhances
the current alluvial groundwater depletion.

Worldwide, it has been reported in other studies that the piezometric level of alluvial
aquifers is decreasing within various proportions: −5.6 × 10−3 to −1.49 m/y in India [19]
from 1996 to 2016, −0.2 m/y in Australia [20] from 1971 to 2021, and −1 m/y in China [21]
from 1996 to 2022. Godwin et al. (2022) even reported drops in the piezometric level
ranging from −5 m to −30 m in 2015 in Arkansas (US) [22]. Such as with groundwater,
streamflow regimes have also been altered [23–28]. The impact of human activities on water
resource decreases is, therefore, unequivocal. Thus, it is necessary to implement adapted
methodologies to better understand the impact of natural and anthropogenic pressures
on water resources, such as climate change and withdrawals, respectively. Conceptual
or analytical approaches can be used [29], but hydrological modelling and rainfall-runoff
models are still the most widely used methods [30–32]. The selection of an appropriate
type of model is an important issue which depends on the availability, length, and quality
of the hydrometeorological and geomorphological data at spatial scales of regular inter-
vals [29]. The choice of an adequate model is complex, as there are different categories and
subcategories. According to Lee et al. (2005) [33], there is no evidence of a relationship
between catchment type and a preferred model structure. Khakbaz et al. (2012) [34] used
different calibration strategies and concluded that lumped calibration performed better
than distributed calibration. Thus, the choice of a perfect model does not exist, and one
must adapt to the available dataset and the objectives of the study that is being carried out.

On the one hand, there are physically based models whose structures depend on the
spatial distribution and variation of physical parameters, such as the MIKE SHE [35,36],
the HydroGeoSphere [37,38], and the SWAT [39,40] models. The latter requires spatially
distributed data, such as the digital elevation model (DEM), the land cover and uses, soil
properties, and climate data (precipitation, air temperature, solar radiation, and others). On
the other hand, there are indeed conceptual and lumped models designed to approximate
within their structures the general physical mechanisms which govern the hydrological
cycle [41]. In the present category, the TOPMODEL [42,43], the HBV [44,45], and the
GR4J [46,47] models can be mentioned. Based on reservoir modelling, they are less de-
manding in data input and are mostly based on averaged precipitation and air temperature
to determine potential evapotranspiration. This very brief review of the main models is
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not exhaustive but shows that the range of possibilities is large. The final choice is then
mainly ruled by the available amount and the variety of data. In this study, the conceptual
model Gardenia [48,49] was chosen. Indeed, it allows one to model the river flows at the
watershed’s outlet and groundwater levels based only on the precipitation and potential
evapotranspiration data. It has the advantages of considering the water cycle as a whole
(from precipitation, groundwater recharge, runoff, and withdrawals to the river outflow)
and being calibrated based on a reasonable number of parameters (8 to 10). However,
Gardenia only requires one record for each hydrological parameter, which led us to use
methods to average them at the scale of the study area.

Such a model can be easily applied to any alluvial watershed, and it allowed us to
determine the main factors driving the water balance and the projected evolution of water
availability in a climate change context. In this framework, the present study focused on
the Allier hydrosystem (i.e., the Allier River and its alluvial aquifer), which constitutes
a major regional water resource supplying different uses (domestic water and irrigation
mostly) and which faces an increasing water demand and a regular decrease in recharge.

2. Materials and Methods
2.1. Description of the Study Area

The whole Allier River Watershed covers a surface of 14,310 km2 in Central France [50].
The Allier River’s source is to the south of the catchment at 1473 m asl, and it flows towards
the Loire River. The present study focused on the southern part of this watershed, which
covers an area of 7020 km2 (Figure 1a) from the river source to Limons (270 m asl), which
is considered to be the outflow point (Figure 1b). It is characterized by a contrasted
distribution of elevation levels varying between 1700 and 270 m asl, thus generating
heterogeneous precipitations fields.
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Figure 1. (a) Location of the Allier River, the Loire River, and the Southern Allier River Watershed
in France. (b) Merged maps of elevation levels and distribution of mean annual precipitation in the
study area (Météo-France, 2000–2020).

The south of the catchment and all the reliefs surrounding the Limagne rift receive
higher quantities of precipitation, from 800 to 1600 mm/y, sometimes exceeding 2000 mm/y.
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On the contrary, the Limagne plain is known to be deficient, with mean precipitation limited
to 500–600 mm/y [51]. In addition, this parameter changes with time. For example, at the
station of Clermont–Ferrand, the yearly precipitation sum is 570 ± 90 mm/y (averaged
over 2000–2020), with an observed minimum of 380 mm in 2015 and a maximum of
735 mm in 2008. Annual mean air temperatures also vary depending on the elevation:
12.1 ± 0.7 ◦C in Clermont–Ferrand versus 8.3 ± 0.8 ◦C in St-Etienne-de-Ludgares (averaged
over 2000–2020).

The hydrological regime of the Allier River is, thus, subject to both intense floods
and severe droughts in summer. At Limons, the daily mean river discharge is 70 m3/s
(1974–2020), which ranges between a minimum of 2.8 m3/s observed on 08/06/1975 and a
maximum of 1120.0 m3/s observed on 12/04/2003. In 1983, the Naussac Dam, located near
the Allier River source (Figure 1b), was built to ensure a minimum discharge into the Allier
River. One of its purposes is to ensure a minimum discharge into the Allier River so that
the nuclear power plants, located downstream of the Loire River, have enough water to
cool their reactors. This dam consists of a reservoir lake of 190 × 106 m3 at the maximum
of its capacity that must guarantee a minimum flow of 6 m3/s. It takes approximatively
two years of precipitation to fully recharge this dam.

Regarding its global geology, the upstream part of the study area (Figure 1b) is made
of crystalline rocks presenting with very low permeability. It is drained by the Allier River
and its main tributary, the Alagnon River. The downstream part is dominated by the
Limagne rift, an elongated tectonic depression within the Hercynian crystalline massif [52].
This Oligocene graben favored the setting of the Allier alluvial aquifer [53], which consists
of an unconfined alluvium layer with a 10–15 m depth and a 0.1 m to 3–4 km width.

The land use is mainly occupied by grasslands and forests in the upstream part, while,
within the Limagne rift, flatter elevation levels have favored an important urban and
agricultural development that benefits from the presence of fertile lands and the availability
of superficial and groundwater resources. Indeed, the Allier River supplies water for almost
all agricultural needs (92%), and its alluvial aquifer supplies water for 60% of domestic
water uses.

Hence, there are noticeable contrasts (in topography, climatology, geology, and land
uses) between the upstream and downstream part of the study area (Figure 1b). Thus, we
aimed to analyze the hydrological and anthropogenic parameters (from 2000 to 2020) of
these two areas, separately. Hydrological modelling with Gardenia was carried out on the
downstream part, where the Allier hydrosystem is located.

2.2. Available Data on the Study Area

Several climatic and hydrological data collected in the study area have been used, such
as precipitation, air temperature, river flows, groundwater levels, and water withdrawals
for the different uses (domestic, irrigation).

The longest precipitation and air temperature datasets were recorded from 1974 to
2020 in Clermont–Ferrand (x = 3.15, y = 45.79, and z = 331 m asl) for temperature and
in St-Etienne-de-Ludgarès (x = 3.95, y = 44.65, z = 1022 m asl) for precipitation. For the
gauging stations of the Allier River, it is also possible to go back to 1974 in Vieille-Brioude
and Limons. The more recent period of 2000–2020 is better documented, and the following
data were collected (Table 1): (1) daily precipitation and air temperature from 23 weather
stations distributed along the entire watershed, (2) daily river flows from three gauging
stations installed on the Allier River watercourse in Vieille-Brioude and in Limons (QVB
and QLIMONS) and on the Alagnon River (QALGN), (3) daily discharges of the Naussac Dam
(QNAUSS), (4) water withdrawals for domestic and irrigation uses, and (5) groundwater
levels at four locations between 2007 and 2020 (Figure 1b). We focused on data from three
available piezometers located close to Culhat and at different distances from the Allier
River (see P40-07, P40-08, and P40-09 in Figure A1).
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Table 1. List of collected data together with their sources (internet access links are provided in the
Data Availability Statement), units, sampling timesteps, and available time periods.

Parameters Units Timestep Source Time Period

Precipitation (P) mm Daily Météo-France 2000–2020
Air temperature (Ta) ◦C Daily Météo-France 2000–2020
River flow rate (Q) m3/s Daily Hydroportail 2000–2020

Piezometric level (H) m asl Daily ADES 2007–2020
Abstraction (QW) Mm3/y Yearly EPLoire 2000–2019

Dam discharge (QNAUSS) m3/s Daily BNPE/AELB 2000–2020

Water withdrawal data included domestic and irrigation supplies expressed as volume
per year. Domestic supply was assumed to be constant throughout the year; we then
divided the annual volume by 365 and reported an equal volume of withdrawal each day.
Irrigation occurred from April to September in the following proportions: 2% in April, 2%
in May, 12% in June, 51% in July, 32% in August, and 1% in September. The annual volume
was, thus, distributed daily over these six months and was reported each day according to
the previous percentages.

The Naussac Dam’s water releases were naturally included in the incoming Allier
River discharge in Vieille-Brioude (Figure 1b). They were, thus, considered in the model
and in the forecast section of this work. As mentioned before, a purpose of the Naussac
Dam is to ensure a minimum river flow at several control points, such as in Vieille-Brioude,
where the dam must guarantee a flow of 6 m3/s at least. This was also considered in the
forecast section. In the model, we assume that the dam would be able to provide a flow of
6 m3/s in Vieille-Brioude during the considered period (2030–2070).

A list of the main used abbreviations is provided in Table A1.

2.3. Description of the Hydrological Model Gardenia

Gardenia is a conceptual model that has already demonstrated its effectiveness in
simulating and forecasting river flows and groundwater levels for watersheds of different
sizes over varying periods of time [54–57]. It simulates the main mechanisms of the
water cycle, precipitation (P), actual evapotranspiration (ETa), runoff (R), and groundwater
recharge (GWR), using simplified physical laws which are translated into flows through a
succession of reservoirs (Figure 2, [49]). The reservoir (S) represents the first 10 cm of the
soil affected by evapotranspiration processes. Effective precipitation (PEFF) depends on the
capacity of reservoir (S) according to quadratic laws (1) and (2):

If P > PET, then PEFF = (P − PET) × Satur2 (1)

If P < PET, then ETa = (PET − P) × Satur × (2 − Satur) (2)

where Satur is the reservoir (S) saturation level. Then, PEFF supplies the unsaturated zone
reservoir (Uz). PEFF is distributed into R and GWR depending on the distribution height
of the runoff–infiltration parameter (HR-I, Table 2). R supplies the superficial flow, and
GWR supplies the groundwater reservoir (Sz) (for saturated zone). Finally, the simulated
parameters are the groundwater level H of Sz and the total river discharge Q at the outlet
of the watershed. HCULHAT and QLIMONS are indicated in Figure 2, QLIMONS being the
addition of the R component and the drainage of Sz.

The parameterization of the model requires the daily average of precipitation over
2000–2020, which is representative of the watershed. The latter can be obtained with geosta-
tistical (such as kriging) or deterministic methods. The most frequently used deterministic
methods are the Thiessen polygon and inverse distance weighting (IDW) [58]. As Gardenia
requires a single record for each input parameter (Table 1), precipitation was averaged using
the Thiessen polygon method for the twelve stations located on the upstream part and for
the eleven stations on the downstream part (Figure 1b). Although kriging method usually
leads to increased accuracy, it has the disadvantage of mainly relying on the assumption
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of stationarity in the means [59]. Moreover, Ruelland et al. (2008) [60] compared differ-
ent interpolation methods for precipitation in a lumped model; all approaches (Thiessen
polygon, IDW, spline and kriging) led to a similar fitting between observed and simulated
values of the river flow. Hence, the straightforward method of Thiessen polygon to average
precipitation over 2000–2020 was chosen.
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(2014) [49].

Table 2. Optimized parameters in Gardenia and their descriptions: soil reservoir capacity SRES,
distribution height of runoff–infiltration HR-I, underground exchange factor FEXCH, flow delay time
FD, half infiltration time of the water table Infilt1/2, half drying time of groundwater flow Dry1/2,
groundwater base level GBF, and storage coefficient SCOEFF.

Parameters Units Description

SRES mm Water capacity of the soil layer.

HR-I mm Water height that leads to an equal distribution of the fast flow (R) and of the low flow (GWR).

FEXCH % The model is allowed to export/import flow to/from reservoir Sz.

FD days Delay between the emptying of Uz and Sz until it reaches the outlet.

Infiltr1/2 month Time between a PEFF reaction and an increase in the low flow component of the groundwater reservoir.

Dry1/2 month Time upon which, when no GWR occurs, the groundwater flow is divided by two.

GBF m asl Level that would be reached after an infinite time with no GWR.

SCOEFF % Storage coefficient of the aquifer.

The daily mean air temperature was calculated by averaging data from the twelve
weather stations on the upstream part and the eleven on the downstream part. Potential
evapotranspiration was calculated from this averaged value using the Oudin method [61].

Calibration is a semiautomatic process. The user gives for each optimized parameter
(Table 2) (1) an initial value for the first run and (2) a range with a lower and an upper
limit. In order to test and validate the model, the river flow in Limons was calibrated using
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2000–2014 data and was validated using 2015–2020 data. Similarly, the groundwater levels
in Culhat were calibrated using 2010–2016 data and were validated using 2017–2020 data.

The first simulated timesteps strongly depend on the previous ones. The period
of 1998–1999 was, thus, used as a “warm-up” period for the river flow simulation, and
2007–2009 was used for the groundwater level simulation. To assess the ability of the
model to reproduce measurements, the Nash–Sutcliffe efficiency criterium (NSE) (3) [62]
was used:

NSE = 1 − ∑T
t=0 (Q t − qt)

2

∑T
t=0 (Q t − Q

)2 (3)

where Qt and qt are, respectively, the observed and modeled flow at time t and where Q is
the mean of the observed flows. It ranges between −∞ to 1, 1 being a perfect fit. During
the calibration process, a weighting was applied to the square root of the flows. Biases on
river flows (Qbias) and groundwater levels (Hbias) was determined using (4):

Bias (m3/s or m asl) = Sim_Avg − Obs_Avg (4)

where Sim_Avg and Obs_Avg are, respectively, the simulated and observed averages for
the full simulation period.

2.4. Regional Climate Model (RCM) and Representative Concentration Pathway (RCP) Scenarios
for Forecasting the River Discharge and Groundwater Levels

A common purpose of every groundwater or hydrological model in general is to
forecast the effect of some future action (evolution of water withdrawals for instance) or
hydrologic condition (such as climate change) [63]. To achieve this goal, the calibrated
model is forced using climatic data that were part of the new set of regionalized climate
projections, DRIAS-2020, from the Euro-Cordex project [64]. Air temperature (◦C) and
precipitation (mm/d) for 2030–2070 were extracted for the downstream part of the study
area (Figure 1b) considering “best case” and “worst case” scenarios. The former implied the
RCM Aladin63_CNRM-CM5, which was associated with the emission scenario RCP2.6. The
latter implied the RCM RegCM4-6_HadGEM2, which was associated with RCP8.5. Indeed,
in comparison to the yearly mean air temperature reference “Ref” of 11.5◦ C (Table 3), the
RCM Aldadin63 in RCP2.6 was moderate in terms of climate change with a very similar
yearly mean air temperature of 11.3 ◦C. On the contrary, the RCM RegCM4-6 in RCP8.5
involved an increase of 1.05 ◦C over 2030–2070 [65]. Furthermore, RCP2.6 was the most
optimistic emission scenario, and it resulted in a stabilization of air temperature anomalies
around year 2100 in France. In the case of the RCP8.5 scenario, the absence of regulation of
man-made greenhouse gases leads to a gradual increase in temperature anomalies until
year 2100 (Figure 3).

Table 3. Yearly mean of air temperature (◦C) and precipitation sums (mm/y) averaged over 2030–2070
for the defined “best case”, RCM Aladin63 in RCP2.6, and for the “worst case”, RegCM4-6 in RCP8.5,
based on collected data from DRIAS-2020. They all refer to the downstream part of the study area
(Figure 1b) compared to values obtained for the reference period “Ref”: 2000–2020.

Parameter Ref RCM Aladin63
RCP2.6

RCM RegCM4-6
RCP8.5

Air temperature (◦C) 11.50 11.30 12.55

Precipitation (mm/y) 770 909 886

The use of two couples of contrasted RCM-RCPs allowed us to give a range of potential
evolution of the Allier River outlet discharge (Limons) and of the groundwater levels
(Culhat). The analysis of the forecasted QLIMONS and HCULHAT for 2030–2070 was compared
to the reference (2000–2020 for QLIMONS and 2007–2020 for HCULHAT).
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Figure 3. Evolution of the mean air temperature anomaly (◦C) in France forRCP2.6, RCP4.5, and
RCP8.5, adapted from Valérian et al. (2022) [64].

The work presented in this article was, thus, divided in four steps: (1) a preanalysis of
the data to characterize the evolution trends of hydrometeorological parameters and water
withdrawals, (2) the calibration of the hydrological model Gardenia based on the collected
data (Table 1) and the optimized parameters (Table 2), (3) the quantification of the water
balance components for 2000–2020 resulting from the data preanalysis and from the model,
and (4) the forecast of QLIMONS and HCULHAT for 2030–2070.

3. Results and Discussion
3.1. Identification of the Driving Factors using the Observation Data
3.1.1. Trends in 1974–2020

To compare this study with a more global trend, we investigated the evolution of the
climatic (precipitation and air temperature) and hydrologic (river flows, withdrawals, and
dam releases) data from the long-term records of 1974–2020. The interannual mean air
temperature (1974–2020) in Clermont–Ferrand was 11.5 ± 0.9 ◦C, while the values after
the 2000s were more often above that mean (Figure 4a). The temperature has gradually
increased by +0.05 ◦C/y since 1974, which corresponded to an increase of 2.3 ◦C over
46 years. The interannual precipitation mean (1974–2020) was 580 ± 110 mm/y in Clermont–
Ferrand and was 1450 ± 340 mm/y in St-Etienne-de-Ludgarès (SEDL, Figure 4b). The
standard deviations showed that the interannual variability was greater in SEDL than
in Clermont–Ferrand. These records both showed a slight decrease of −1.8 mm/y in
Clermont–Ferrand and of −0.9 mm/y in SEDL; that is to say there was a decrease of 83 mm
and of 41 mm over 46 years, respectively.

Figure 4c shows the total annual river discharge (Mm3/y) flowing through Limons
and Vieille-Brioude. In accordance with its downstream position in the watershed, higher
discharges were monitored in Limons, with an interannual mean of 2210 ± 720 Mm3/y
versus that of 860 ± 280 Mm3/y in Vieille-Brioude. A decreasing trend could also be seen:
−28.4 Mm3/y in Limons and −9.9 Mm3/y in Vieille-Brioude. This means that the Allier
River discharge decreased by approximatively 30% between 1974 and 2020.
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Figure 4. (a) Annual air temperature Ta (◦C) at Clermont–Ferrand weather station, (b) annual
precipitation P (mm/y) at Clermont–Ferrand and St-Etienne-de-Ludgarès (SEDL) weather stations,
(c) annual discharge volume Q (Mm3/y) measured by the gauging stations of Limons (QLIMONS) and
Vieille-Brioude (QVB). The red frame indicates the modelling period (2000–2020).

3.1.2. Observed Trends during the Modelling Period: 2000–2020

In this subsection, the observations made for the upstream and downstream parts
of the study area (Figure 1b) are distinguished. The upstream and downstream parts
presented, respectively, a mean annual air temperature of 10.5 ± 0.7 ◦C and 8.5 ± 0.7 ◦C
and a mean annual precipitation sum of 770 ± 130 mm/y and 860 ± 120 mm/y. If air
temperatures increased similarly in both locations, with a gradient of +0.05 ◦C/y and
+0.06 ◦C/y, respectively (Figure 5a,b), the evolution of the other studied parameters would
be more moderate for the upstream part compared to the downstream part.

Indeed, precipitation presented a decreasing gradient of −11.8 mm/y for the down-
stream part versus −1.6 mm/y for the upstream part (Figure 5b,c). The potential evapotran-
spiration increased by +2.5 mm/y and by +1.8 mm/y for the downstream and upstream
parts, respectively. According to Brulebois et al. (2015) [66], an increase in air temperature
results in an increase in actual evapotranspiration and, consequently, in a decrease in
runoff. This seemed to be the case for the downstream part of the study area (Figure 5b,d,f)
but not for the upstream basin, which exhibited a greater stability of these parameters
(Figure 5a,c,e).
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were more variable from one year to another but also tended to increase by +0.22 Mm3/y.  
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Figure 5. Evolution from 2000 to 2020 for the upstream and downstream parts of the study area
(as defined in Figure 1) of (a,b) mean annual air temperature Ta (◦C), (c,d) annual precipitation P,
potential evapotranspiration sum PET (mm/y), (e,f) mean annual discharge of the Allier River in
Limons (QLIMONS) and Vieille-Brioude (QVB) (Mm3/y), and (g,h) mean annual groundwater levels
H of the alluvial aquifer (m asl) in Cohade (HCOHADE) and in Culhat (HCULHAT).

QVB was quite constant (Figure 5e) just like the groundwater level HCOHADE close
to it (Figure 5g). A decrease in the QLIMONS could be observed (−20.7 Mm3/y, Figure 5f).
Similarly, the alluvial water table HCULHAT had a downward trend of −0.04 m asl/y from
2007 to 2020 (Figure 5h), corresponding to a decrease of −0.52 m over 13 years. Hence,
there were spatial heterogeneities in the observed trends along the alluvial aquifer. Indeed,
at the scale of the study area, it seemed that the largest hydrological parameter decreases
were recorded in Limons.

Figure 6 illustrates the evolution of the annual discharge of the Naussac Dam (QNAUSS)
into the Allier River (injections were positive values) and the annual volumes withdrawn
for domestic and irrigation supplies (QW, negative values). Water withdrawals for domestic
supplies were quite constant with a mean of 19.4 ± 1.2 Mm3/y between 2000 and 2020.
They were characterized by a slight increase of +0.04 Mm3/y. Withdrawals for irrigation
were more variable from one year to another but also tended to increase by +0.22 Mm3/y.
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Figure 6. Annual volume of water injected into the river by the Naussac Dam (QNAUSS) and annual
volume of water withdrawn for domestic supplies and irrigation (QW), all expressed in Mm3/y. The
trend lines are given for each presented component.

Moreover, we observed a recurrence of years with more intense summer droughts;
that was the case for the years 2003, 2005, 2011, 2015, and 2019. These droughts were mainly
characterized by an increased volume of withdrawals for irrigation and dam releases
(Figure 6) and by a decrease in precipitation. However, for the latter, some discrepancies
were noted between the upstream and downstream parts of the study area. The drought
of 2003 for instance, was characterized by a drop in precipitation in the downstream part
(Figure 5d) but not in the upstream part (Figure 5c). On the contrary, during the 2015
drought, a decline in precipitation was clearly observed in both parts of the watershed.
The effect of this lack of precipitation did not always result in a decrease in the mean
annual river flow in Limons (as in 2003) because this intense low-flow period was followed
by a major flood (observed peak flow of 1120 m3/s). Therefore, the contribution of the
upstream and downstream parts to the observed river flow at the outlet in Limons could
considerably vary in time, and the origin of the droughts could be multifactorial (on the
interannual scale).

QNAUSS also tended to increase in 2000–2020. To cite an extreme case, in 2003, 130 Mm3

were released by the dam. This means that almost 70% of the dam reservoir lake was
emptied to support the streamflow versus the drought.

3.1.3. Subannual Variations

Figure 7 reports the subannual values of QLIMONS, QVB (Figure 7a), and HCULHAT
(Figure 7b) for three piezometers (P40-09, 08, and 07) whose locations are represented in
Figure A1. This figure represents the mean distribution of the daily river flows in Limons,
Vieille-Brioude, and the groundwater levels in Culhat over a year (averaged for 2000–2020
for the flows and for 2007–2020 for the levels).
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Figure 7. (a) Distribution of the Allier River’s flow rates (m3/s) over a year, which was averaged
on a daily basis from 2000 to 2020 in Vieille-Brioude (QVB) and Limons (QLIMONS), from which
Naussac Dam’s daily releases were subtracted (QVB-NAUSS and QLIMONS-NAUSS), (b) distribution of
the groundwater levels (m asl) over a year, which was averaged on a daily basis from 2007 to 2020,
for three piezometers in Culhat (HCULHAT).

The distribution of QLIMONS showed an important difference between the high (73 m3/s)
and low flows (31 m3/s) in Figure 7a. During the summer, the reduced difference between
QVB and QLIMONS indicated that the Allier River flow mainly originated from the upstream
part of the study area. During the winter, it was the opposite, with a higher contribution of
the downstream part to QLIMONS.

Thus, looking at the subannual scale, the hydrology of the Allier Watershed was
characterized through a nivo–pluvial regime, with high flows in the autumn and spring
due to abundant rainfall which were accentuated in the spring by the snowmelt [67,68].
To emphasize the importance of QNAUSS during low waters, the river flow in Limons and
Vieille-Brioude was subtracted by QNAUSS (QLIMONS-NAUSS/QVB-NAUSS). In the summer,
QVB was almost exclusively supplied by QNAUSS, while QNAUSS contributed to around 50%
of the observed QLIMONS. This highlighted that during the average summer, the observed
river flow at the outlet was more dam-dominated than natural.

The strong seasonality of the Allier River flow was also noticeable in groundwater lev-
els such as HCULHAT (Figure 7b). Furthermore, we observed a decreasing level of HCULHAT
towards the Allier River (Figure A1), indicating that the alluvial aquifer supplies the Allier
River. P40-07 was the piezometer where contrasts between high and low flows were more
pronounced, which was similar to the river flow pattern reflecting the equilibrium between
the river and the aquifer.

The analysis of the hydrometeorological data of the last 20 years allowed us to iden-
tify the forces that the Allier hydrosystem was facing, particularly on its downstream
part (Figure 5b,d,f,h): (1) air temperatures increasing by 0.06 ◦C/y and, thus, potential
evapotranspiration increasing by 2.5 mm/y; (2) withdrawals for irrigation increasing by
0.22 Mm3/y; (3) river flows at the watershed outlet in Limons decreasing by −20.8 Mm3/y
along with groundwater levels at specific locations, such as Culhat (Figure 5h); and (4) a
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crucial contribution of the Naussac Dam during the summers (Figure 7a). In the following
section, the hydrological model Gardenia was used to discriminate the factors control-
ling the Allier hydrosystem water balance and to simulate their evolution according to
global changes.

3.2. Quantification of the Driving Factors of the Water Balance from 2000 to 2020
3.2.1. Calibrated Model and Parameters

The calibration of the model was performed on a daily timestep for QLIMONS from
2000 to 2014 (Figure 8a) and for HCULHAT from 2010 to 2016 (Figure 8b). Gardenia was
effective in reproducing the Q and H patterns of the river and the alluvial aquifer, with a
NSE of 0.91 and 0.85, respectively. The calculated biases on the calibration period were
small: −2.7 m3/s for QLIMONS and −0.03 m asl for HCULHAT. Figure 8b,e illustrate the good
correlation between the observed and simulated values, with an R2 of 0.91 for QLIMONS
and 0.85 for HCULHAT over the calibration period. The river flow simulation over the
validation period of 2000–2014 (Figure 8a,c) for QLIMONS had an unchanged NSE of 0.91
and a Qbias of −4.1 m3/s. Then, the validation period of 2017–2020 for HCULHAT had
an NSE of 0.84 and an Hbias with a value of −0.1 m asl (Figure 8d,f). Hence, the model
was more efficient in simulating the river flows than the groundwater levels. Several
reasons could be given, such as the duration of the calibration period was smaller for the
groundwater levels than for the flows, because of data availability. Moreover, there were
more calibration parameters dedicated to optimizing the river flow than the groundwater
levels (Table 2). Those elements might lead to a better fit in the river flow simulation than
the groundwater levels.
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in Section 3.1. The model calibration allowed us to specify the actual evapotranspiration 
and effective precipitation rates. The latter was divided into runoff and groundwater re-
charge. In the Gardenia model scheme, the water fluxes that were not distributed between 
ETa or GWR supplied the R component (Figure 2).  

The water budget represents the resource stability and availability at the watershed 
scale. Considering the downstream part of the study area, the following formula could be 
written (5): 
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Figure 8. (a) Evolution of the simulated vs. observed Allier River discharge (m3/s) in Limons
with the corresponding correlation plots considering a calibration using (b) 2000–2014 timestep and
(c) a validation using 2015–2020 timestep; (d) evolution of the simulated vs. observed groundwater
levels in Culhat (m asl) with the corresponding correlation plots considering a calibration using
(e) 2010–2016 timestep and (f) a validation using 2017–2020 timestep. In (a,d), precipitation (mm/d)
was determined for the downstream part (Figure 1b) of the study area.

Furthermore, some misfits were noticed, especially for the flood periods of QLIMONS.
This could be due to the applied weighting that was aimed at minimizing the deviations in
the square root of the flows, which favored low waters. The set of parameters that allowed
us to obtain this calibration is shown in Table 4.
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Table 4. Post-calibration of the optimized parameters and their adjustment ranges.

Parameter Unit Initial Value Min Max Calibrated
Value

SRES mm 250 0 650 131.5
HR-I mm 70 1 9999 48.6
FEXCH % 0 −70 80 −31.0
FD day 0 0 10 2.2
Infilt1/2 month 0.5 0.05 10 0.05
Dry1/2 month 2 0.05 15 0.36
GBF m asl 0 - - 290.5
SCOEFF (%) 10 1 30 1.6

Different ranges of variations were tested for each optimization parameter. The
parameters presented in Table 4 allowed the best river flow and level fit (Figure 8). The
soil capacity (SRES) and the distribution height of the runoff–infiltration parameter (HR-I)
were particularly important, as they controlled the production of effective precipitation.
Regarding the simulated HCULHAT, the optimized storage coefficient of 2% was coherent
with an unconfined aquifer type, which was the case for the Allier’s alluvial aquifer.

Figure 8a,d also illustrate the precipitation records used as input data in the Gardenia
model. Some floods observed in Limons resulted from important precipitation events
occurring in the upstream part of the study area and caused an increase in inflow in Vieille-
Brioude, which was, thus, reflected in Limons. Indeed, there were often precipitation
events that did not necessarily lead to river floods or groundwater level increases in the
downstream part. Moreover, some precipitation events occurred in the summer, and they
may not have been effective precipitation events due to higher evapotranspiration rates.

3.2.2. Water Balance in the Downstream Part from 2000 to 2020

The observed precipitation values QVB and QLIMONS were derived from the preanalysis
in Section 3.1. The model calibration allowed us to specify the actual evapotranspiration and
effective precipitation rates. The latter was divided into runoff and groundwater recharge.
In the Gardenia model scheme, the water fluxes that were not distributed between ETa or
GWR supplied the R component (Figure 2).

The water budget represents the resource stability and availability at the watershed
scale. Considering the downstream part of the study area, the following formula could be
written (5):

QIN + PEFF = QOUT ± ∆S (5)

Thus: ∆S = Inflows (QIN + PEFF) − Ouflows QOUT (6)

with QIN being the sum of QVB and QALGN and with QOUT being the sum of QLIMONS and
the water withdrawals QW (domestic supply + irrigation). The difference between the
rates of water flowing in and out of an accounting unit was balanced by the change in the
water storage ∆S (6) [69]. Figure 9 thus illustrates the total inflows, outflows, and ∆S at
the downstream basin scale. Inflows decreased at a rate of −45 Mm3/y in the modelling
period of 2000–2020.

ETa (570 ± 50 mm/y) and PEFF (250 ± 100 mm/y) were realistic compared to the
previous results obtained in the study area. Indeed, according to [70,71], ETa represented,
on average, 60% of total terrestrial precipitation events, which was coherent with the
modelled value of ETa that corresponds to 68% of precipitation events. PEFF was equivalent
to 32% of total precipitation events, which agreed with the study realized by [50] who
also worked on the Allier basin. The French geological survey, BRGM [72], indicated that
weather stations with the lowest mean annual PEFF were located in continental lowlands,
such as Clermont–Ferrand. ETa and PEFF decreased at a rate of −2.8 mm/y and −10 mm/y
(−200 mm over 20 years), respectively.
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The ∆S fluctuations were strongly linked to the interannual variations of PEFF (R2 = 0.75).
During the period of 2011–2015, ∆S was negative, meaning that the available water storage
was more stressed than recharged. This was consistent with a significantly lower PEFF
amount of 130 mm/y between the years 2011 and 2015. Cases of negative ∆S values in
water budget calculations were already reported in other studies [73,74]. In our case, if
outflows were higher than inflows, it meant that there was a greater solicitation of the
alluvial aquifer that supported the river. In the present case, water withdrawals (QW)
poorly influenced the water balance, except during the summers when irrigation occurred.
At the annual scale, QW represented 0.8% to 2.5% of the output fluxes (Figure 9), and it did
not significantly improve the model calibration when inputted into Gardenia. Nonetheless,
at the subannual scale, irrigation could represent up to 30% of the river flow monitored in
Limons, such as that in July 2019 during an important drought. Then, the groundwater
recharge was determined throughout the model, and it accounted for 130 ± 48 mm/y
between the years 2000 and 2020, making up 15% of overall precipitation events. This
was very low compared to the recharge values observed in similar alluvial aquifers, which
ranged from 10% to 34% [75–78].

Inflows in Figure 9 included QNAUSS (the part of the inflows monitored in Vieille-
Brioude). Watersheds regulated by dams are numerous around the world [79–81], and
their water releases can induce changes in river flow frequencies or in the interception of
high flood peaks [82]. The year 2022 is an interesting example of the limitations of dam
regulations: the Naussac Dam reservoir lake was indeed only 70% full, and the low-flow
period started earlier, in May instead of June. This was due to the combined effects of
insufficient winter precipitation events in the upstream part of the study area and the severe
2022 summer drought. If the dam is not sufficiently refilled in the winter of 2023, a period of
crisis is expected for the following summer. The misfunctioning of the Naussac Dam would
have important consequences on the summer QVB, on QLIMONS, and on groundwater levels
such as HCULHAT [82].

Hence, warming summers and the temporal unevenness of precipitation events have
given rise to supplemental irrigation requirements at different places [83]. Achugbu et al.
(2022) [84] stated that evapotranspiration is a major factor with respect to changes in
streamflows due to the land use changes in their study area. Climate in the Allier River
Watershed stood out as a major driver of the water balance, actual evapotranspiration, and
effective precipitation, which were prevalent factors given the model outputs. The main
challenge is being able to discriminate between climatic and anthropogenic influences.
Climate would explain many of the observed trends in Northwest Europe, while, for
Southwest Europe, human disturbances better explain both the temporal and spatial
trends [85]. Effective future water resource management is threatened by the uncertainties
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related to the changing climate processes and anthropogenic impacts that are occurring on
an increasing basis, as Lorenzo-Lacruz et al. (2022) [86] concluded in their study.

Different solutions have been proposed to mitigate the impacts of this so-called “global
change”. For instance, Mas-Pla et al. (2013) [87] proposed the alternative of using basement
groundwater as a potential water supply to ease the pressure on overexploited stream-
connected alluvial aquifers. This could be a solution, but only sporadically.

Gupta et al. (1985) [88] suggested using canals for irrigation, which could also allow the
additional recharge of groundwater through canal seepage. The groundwater decline could
also be reversed through an artificial groundwater recharge by using vertical shafts (with
sand–gravel filters) [89] or infiltration galleries to move surface water into the aquifer [22]
and to collect precipitation and ditch flow during the nonproduction season for later
irrigation use. Reba et al. (2017) [90] investigated the use of on-farm reservoirs and
managed an aquifer recharge (artificial recharge over nonconfined geological units). In
Mississippi, a large number of reservoirs collecting winter precipitation were built to
replace the use of alluvial aquifers, which suffer from a decline of more than 30 m in some
places. Thus, the use of artificial reservoirs is a solution adopted in many watersheds, but
it may not be the “best” solution in our case as there is already one (i.e., the Naussac Dam).
As previously explained, it recently showed its limitations within the summer of 2022.

Possible solutions could be found in land use/cover management as well. For instance,
Tribouillois et al. (2022) [91] studied the advantages of cover crops. They showed that
using long-duration crops and diversifying rotations help in improving quantitative water
management. The replacement of maize with crops requiring less water was also mentioned.
Similar perspectives were explored by Martin et al. (2016) [92]: a full crop rotation would
lead to a 10.5% reduction of irrigation withdrawals. In the case of our study, it would reduce
human pressures when the Allier River is at its lowest rates. There are, therefore, interesting
perspectives that have recently been proposed to achieve better water management through
improved land handling.

3.2.3. River Flow and Groundwater Level Variations from 2030 to 2070

Figure 10 presents the reference (2000–2020) and the forecasted (2030–2070) QLIMONS
and groundwater levels in Culhat-P40-07 (HCULHAT) according to the defined case sce-
narios in Section 2.4. The forecasted flows all decreased compared to the reference, up
to 48.05 ± 25.90 m3/s in RegCM4-6/RCP8.5 (Figure 10a). The reference of HCULHAT was
290.35 ± 0.24 m asl; the forecasted levels all decreased down to 290.27 ± 0.23 m asl (in
RegCM4-6/RCP8.5) compared to that reference (Figure 10b). QLIMONS was 56.90 ± 28.81 m3/s
over 2000–2020. Although, all the trends were downward, the differences between the scenar-
ios were minimal at the interannual scale (Figure 10) as the standard deviations overlapped.

At the subannual scale, there were noticeable variations as well (Figure 11). The mean
annual distribution of QLIMONS and HCULHAT for the 2030–2070 period were computed
according to different scenarios: the RCM Aladin63/RCP2.6 (Figure 11a,b) and the RegCM4-
6/RCP8.5 (Figure 11c,d) scenarios. Each curve was compared to the reference determined
with the 2000–2020 QLIMONS and the 2007–2020 HCULHAT.

The ref QLIMONS and QLIMONS forecasts obtained through the Aladin63/RCP2.6 sim-
ulations (Figure 11a) presented a similar evolution except for a better distribution of the
autumn flows that begin in early September and a flood control of the high flows occurring
from October to December. RegCM4-6 in RCP8.5 (Figure 11c) showed a global decrease
in the Allier flow rate with a flood control affecting the spring, autumn, and winter. The
low-flow period was reduced compared to the reference and extended from late July to
October. The flow rates were dramatically affected, reaching values lower than 10 m3/s.
This was due to a decrease in precipitation and runoff and an increase in irrigation activities.
The simulated decrease corresponded to −15.7% of the total streamflows.
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casted flow/level is above the reference and the reverse is represented by red areas. The yearly mean
flow/level over 2030–2070 period for the reference and the forecast are also shown.

The forecasted HCULHAT for 2030–2070 with Aladin63/RCP2.6 (Figure 11b) showed a
shift in the low-water period that began in May and ended in September, whereas, with
RegCM4-6 RCP8.5, a global decrease in HCULHAT was observed (Figure 11d). The maximum
annual decrease in the groundwater level was 0.08 m (worst case scenario). The Naussac
Dam was included in the forecasts by setting 6 m3/s in Vieille-Brioude (see Section 2.2 for
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more details). It did not cause a difference in the river flows in the considered scenarios; it
was indeed compensated by water withdrawals, especially irrigation.

Other studies have examined the impact of climate change on the hydrology of
French rivers and aquifers, at basin scales, using similar hydrological models. Habets et al.
(2013) [56] agreed with a global decrease in streamflows and groundwater levels in the
Seine and the Somme River basins. The results were more contrasted for Thirel et al.
(2019) [93] who forecasted a slight increase in the annual discharges of the Rhine River,
which was even more important in RCP8.5, and a decrease in low flows by 2050. A more
global study carried out at the French territory scale (Explore 2070 project, [94]) reported, in
accordance with our results, a general decrease in river streamflows from 10% to 40%, with
a stronger decrease in summer low flows. Moreover, the Explore 2070 specific groundwater
report [95] mentioned a decrease in the groundwater recharge with climate change. The
most pessimistic models indicated a very limited decrease in groundwater levels in the
alluvial plains, which was consistent with the −0.08 m asl forecasted in the current study.
Even though most hydrologic indicators point to an overall decrease in water resources, the
consequences of climate change are quite heterogeneous in France and worldwide. Within
several studies, the impact was mostly an acceleration of the existing seasonality with an
increase in high flows during the wet seasons and a decrease in low flows during the dry
seasons [96,97].

4. Conclusions

This study presented a general assessment of the impacts of hydrometeorological
(precipitation, air temperature, and river flow) and anthropogenic parameters (withdrawals
and dam releases) on the Allier River and its alluvial aquifer over a recent period, from 2000
to 2020. The recurrence of intense droughts, the continuous exploitation of this hydrosystem,
and the uncertain effect of climate change have all given rise to many concerns among local
water managers and among the scientific community. In this framework, we proposed
using hydrological modelling with Gardenia to determine the driving factors of the water
balance at the Allier River Watershed scale. The model calibration carried out between
2000 and 2014 included hydrometeorological and water withdrawal data.

It appears that the Allier hydrosystem is not spared from climatic and anthropogenic
influences and their classical evolution, showing a decrease in effective precipitation and
groundwater recharge and an increase in anthropogenic pressures. At the subannual scale,
the impact of the Naussac Dam was highlighted because its releases covered almost 100%
of the river flow in Vieille-Brioude (the outflow of the upstream basin) and 50% of QLIMONS
(the outlet of the whole study area) during summer droughts. Gardenia showed the
participation of each component in the water budget. Actual evapotranspiration, effective
precipitation, and groundwater recharge accounted, respectively, for 68%, 32%, and 15%
of the total precipitation in the downstream part of the study area. The change in water
storage ∆S was tightly linked to the interannual variations of effective precipitation and was
strongly affected by periods of drought (especially in 2011–2015, where ∆S was negative).

In order to quantitatively forecast the evolution of both the surface and groundwater,
two sets of climate projections from the DRIAS-2020 database (Aladin63/RCP2.6 and
RegCM4-6/RCP8.5) were used. They, respectively, corresponded to the best and the
worst scenarios of evolution considered in our study, Aladin63/RCP2.6 being the best and
RegCM4-6/RCP8.5 being the worst. Whatever the scenario, the river flow at the outlet in
Limons and the groundwater levels in Culhat decreased compared to the reference value
determined in 2000–2020, with a more or less elevated amplitude depending on the scenario.
Aladin63 /RCP2.6 led to a small decrease on an annual basis but also to a change in the
distribution of high and low flows within the year. RegCM4-6 /RCP8.5 generated more
important modifications with a large decrease in both river flows and groundwater levels.

The critical point of such a study is to distinguish the different drivers that affect water
resource availability. Climate change and water withdrawals are the two major drivers that
alter hydrological processes, but they are intimately related, as climate change generates
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droughts that have higher water withdrawals for irrigation as a consequence. Irrigation
indeed creates a real challenge: having to withdraw water from the streamflow when the
river is the least able to supply it. That is why the Naussac Dam was built: to ensure a
minimum flow in the Allier River. However, given the recent intense and longer-lasting
summer droughts, managers are concerned about the difficulties of refilling the dam in the
winter. Some alternatives were reviewed, and the use of artificial water reservoirs seems to
be largely adopted. Nevertheless, considering the important uncertainties surrounding the
Naussac Dam, a solution involving a reduction in withdrawals associated with improved
agricultural land use management has to be favored.

Using hydrological modelling, this study showed that climate variability (in time
and space) can be a major factor driving the alluvial hydrosystem water balance over
anthropogenic pressures such as water withdrawals. The method presented in this paper
could be applied to any watershed.
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Table A1. Table summarizing the most important abbreviations used throughout this study.

Abbreviation Significance

CF Clermont–Ferrand weather station (Figure 1b)
SEDL St-Etienne-de-Ludgares weather station (Figure 1b)

VB Vieille-Brioude (Figure 1b)
P Precipitation
Ta Air temperature

PET Potential Evapotranspiration
ETa Actual Evapotranspiration
PEFF Effective precipitation
GWR Groundwater recharge

Q River flow/discharge
QW Water withdrawal

QLIMONS River flow in Limons
QVB River flow in Vieille-Brioude

QALGN River flow for the Alagnon River
QNAUSS Water releases of the Naussac Dam

NSE Nash–Sutcliffe efficiency criterium
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