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Abstract

This paper presents an inverse modeling method based on wavelet analysis, devoted
to assessment of the impacts of climate change on the groundwater resources of a con-
fined coastal multi-layer aquifer, located in the south of France (Pyrénées-Orientales).
The hydraulic behavior of the aquifer is described based on the results of a model cali-5

brated to simulate the groundwater dynamics observed on two representative piezome-
ters. The relative contributions of the climate and pumping forcings to the piezometric
variations are quantified. The results illustrate in quantitative terms the dominant in-
fluence of pumping on the temporal variations of the hydraulic head of the aquifer.
Based on this specific behavior simulation, we show the moderate vulnerability of such10

confined aquifers to climate change. Some insights regarding pumping strategies for
confined coastal aquifers that could contribute towards preserving their good status in
future are also provided.

1 Introduction

Although groundwater resources are often critical for agricultural and drinking water15

uses, the impact of climate change on groundwater is less frequently analyzed than
for surface water. Existing studies at the regional scale focus on changes of aquifer
recharge using reservoir models employing precipitation and PET (Thomsen, 1990;
Chen et al., 2002), aquifer storage (groundwater level) and drainage (spring flow) us-
ing water balance models (Döll, 2009; Rivard et al., 2014; Wada et al., 2014), three-20

dimensional finite difference groundwater models (Loaiciga et al., 2000; Allen et al.,
2004; Serrat-Capdevila et al., 2007; van Roosmalen et al., 2007; Woldeamlak et al.,
2007; Carneiro et al., 2010; Goderniaux et al., 2011; Habets et al., 2013; Castaño
et al., 2013) or soil-vegetation-atmosphere transfer schemes (Bouraoui et al., 1999;
Eckhardt and Ulbrich, 2003; Brouyère et al., 2004; Scibek and Allen, 2006; Caballero25
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et al., 2007; Crosbie et al., 2013; Portmann et al., 2013). For a complete review of
climate change impacts on groundwater see Green et al. (2011).

Existing studies generally focus on unconfined aquifers because (1) they are gener-
ally shallow (2) they are often in hydraulic connection with surface water where river-
groundwater interactions control the impact of recharge on both systems (Allen et al.,5

2004; Scibek and Allen, 2006). Nevertheless, confined aquifers are of great interest
especially for water supply since they generally provide a water resource protected
from anthropogenic pollution. The few existing assessments of climate change impact
on confined aquifers are usually performed using complex hydrodynamic models (see
Green et al., 2011 or more recent papers such as Ali et al., 2012). For such models,10

detailed descriptions of the geometry and the hydraulic properties of the different layers
are required, for a correct estimation of the transient flow component of the recharge
(Seiler et al., 2008), as the aquifer response to loading from surface recharge mainly
depends on the change of pressure in the overlying confining units (Maliva et al., 2011).

For complex geological contexts such as those that can be found in the Mediter-15

ranean sedimentary rim (Duvail et al., 2005; Clauzon et al., 2015), the description of
the layers geometry and hydraulic properties may be challenging enough to prevent
the use of a hydrodynamic model. Alternative modeling methods able to simulate the
climate change impact without a detailed description of the aquifer geometry are thus
required.20

This paper aims to present a modeling method based on wavelet analysis for the
assessment of the climate change impact on a confined multi-layer aquifer affected
by major pumping exploitation. Such a method allows fitting a numerical relation be-
tween climate, pumping and groundwater level variation, without explicitly taking into
account the aquifer geometry and its hydraulic properties. It thus represents an inter-25

esting option to explore global (ie. both climate and economic – considering the link
between future economic situation and the pumping withdrawals evolution to for the
latter) change impacts on such kind of complex aquifers.
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The following section describes the study area, the main hydrogeological character-
istics of the confined aquifer studied, and the available data used for modeling. The
third section presents a general description of the wavelet analysis and the way it has
been used for the estimation of the pumped volumes and the groundwater level vari-
ation simulation. It also presents the climate scenarios used to force the model built.5

Results are presented and discussed in the fourth section, and main conclusions are
summarized in the last section.

2 The Roussillon plain Plio–Quaternary (PQ) aquifer

The Roussillon basin is located along the southernmost part of the French Mediter-
ranean coast, near the Spanish border. This 700 km2 sedimentary basin is bordered10

by the foothills of the Pyrenean Mountains on the south and west, the Corbières karst
region on the north and the Mediterranean Sea on the east (Fig. 1). It is embedded
within a Miocene structured margin, the consequence of a marine regression following
the Messinian salinity crisis (partial drying up of the Mediterranean Sea, approximately
6 My ago, Benson et al., 1991). The regression caused the excavation of deep canyons15

by fluvial erosion, which were then filled up with fluvial and marine sands, which now
constitute various sedimentological units deposited according to the “Gilbert Delta” ge-
netic model (Clauzon, 1990; Guennoc et al., 2000; Aunay et al., 2006). Two major
aquifers, the Quaternary aquifer and the underlying continental and marine Pliocene
aquifer, occupy these sediments.20

The Quaternary one lies along the principal rivers (Agly, Têt and Tech) and the coast-
line, with thicknesses ranging from 10 m in the upper part of the valleys to more than
20 m in the coastal fringe (Aunay et al., 2006). It is mainly exploited by farmers, private
individuals and campsite owners.

The Pliocene is divided into an upper system formed by prograding fluvial sands25

and a lower system of prograding marine sands and clays, separated by diachronous
layers of lignite with plant remains alternating with marshy plastic-clays (Aunay et al.,
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2006). Its depth increases towards the coastline, where its maximum thickness reaches
300 m (Duvail et al., 2005). Both sedimentological units constitute productive con-
fined aquifers, with a transmissivity (and associated storage coefficient) ranging from
10−2 m2 s−1 (4×10−5 m−1) for the continental sands, to 10−3 m2 s−1 (1×10−5 m−1) for
the marine sands (Chabart, 1996). These latter layers are not present everywhere,5

implying potential local connections between the upper and lower Pliocene aquifers
(Aunay et al., 2006).

A network for monitoring groundwater status has enabled the compilation of
a database of piezometric levels over periods in some cases exceeding 30 years for
certain sites (Fig. 1).10

The data acquired indicate that the groundwater flows from west to east in the
Pliocene aquifers. The hydraulic gradient is low (about 1 to 4 ‰), and flow rates are
probably less than ten meters per year (Chery, 1992). Fourty years ago the piezomet-
ric level of groundwater in the deep marine sands was artesian (Got, 1965; Aunay,
2007). Since then, major exploitation of the aquifers by drilling (essentially for drinking15

water supplies and agriculture) has caused a net decrease in the hydraulic loads, espe-
cially during the summer. In recent years and at certain sites, this decline has lowered
the groundwater level below sea level during the summer months, when withdrawals
are most intense.

The multilayer Plio–Quaternary Roussillon aquifer accounts for almost 80 % of the20

resources used for drinking water in the Département of Pyrénées Orientales. With-
drawals for this purpose have doubled in the past 30 years to 47 Mm3 in 2007, including
29 Mm3 from Pliocene formations (Terrasson et al., 2014). This increase in withdrawals
is in line with the increase in the population within the study area which depend on
this resource (+56 % in 30 years). However, a trend towards the stabilization of with-25

drawals for this purpose has been observed in recent years. Withdrawals from the Plio–
Quaternary aquifer for uses other than drinking water supply are less well documented.
They could be around 28 Mm3 yr−1 (including 5 Mm3 from the Pliocene) for agriculture,
4 Mm3 from the Pliocene for industry, and 6 Mm3 (including 1 Mm3 in the Pliocene) from
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private wells. Thus, the total annual withdrawals from the Plio–Quaternary aquifer for
all uses would reach a total of 83 Mm3, including 39 Mm3 from the Pliocene (Terrasson
et al., 2014). Accordingly, the importance of this aquifer for the Département’s water
resources quickly established a need to understand its functioning, so as to be able to
manage the available resource in a sustainable manner.5

A lot of work has been done to describe the structure and geometry of the Pliocene
aquifer (Duvail et al., 2005; Chabart, 1996; Aunay, 2007); it emphasizes the strong
spatial variation of the sedimentological units involved. The first difficulty faced when
trying to deduce the hydrodynamic processes of the corresponding aquifers from their
geological geometry is that there is a great lithological heterogeneity in the various10

sedimentological units described, e.g., continental sands and marine sands and clays.
A consequence of this is that the hydrodynamic behavior of such units is also spatially
variable. There are also connections between the units, which are not simple horizontal
layers separated by units of low permeability but the distributary channels of a deltaic
complex filled by sand. Moreover, many more than 500 boreholes have been drilled15

to exploit the available groundwater resource in the Roussillon basin, 35 % of which
tap more than one sedimentological unit (Aunay, 2007). Thus pumping groundwater in
a single borehole may have an impact on the hydraulic head of several sedimentologi-
cal units. These major difficulties have so far prevented the construction of a 3-D grid-
ded hydrodynamic model. Nonetheless, the monitoring network (Fig. 2) shows a rather20

coherent seasonal evolution of the groundwater levels at the scale of the whole aquifer
system. Consequently, the evolution of one particular groundwater level time series of
the piezometric network can roughly be considered representative of that of the whole
aquifer system. Based on this fact, the data from two piezometers (10972X0137/PONT
and 10908X0263/FIGUER), along those with the longer time series and located at con-25

trasted distance of the sea shore (Fig. 1), have been analyzed to provide some insights
about the dynamic of the whole aquifer system under present and future conditions.
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3 Modeling method

3.1 General approach

Two piezometers The daily variations of the water levels observed in the piezome-
ters at Perpignan (French Database Index 10908X0263/FIGUER) and Argelès (French
Database Index 10972X0137/PONT) are shown in Fig. 3. The groundwater level’s vari-5

ation is affected by recharge from rainfall, and pumping for domestic, industrial or agri-
cultural needs. The groundwater level time series show a seasonal cycle at the annual
scale and a long term tendency to fall (Fig. 3). To analyze whether the pumping could
explain this, the monthly variation of the total pumping volume of all the boreholes lo-
cated on the Pliocene aquifer during the 1998–2007 period, is compared to both time10

series (Fig. 3). As regards confined groundwater, it is considered that all the pump-
ing operations targeting the aquifer will impact the piezometric levels measured at any
point on it (Sen, 1995, page 170). In this study, various areas containing pumping op-
erations likely to affect the Perpignan and Argelès piezometers were defined, on the
assumption that the water flows are mainly oriented from west to east (Fig. 1). On the15

pumping measurement series, the seasonal pumping (SP) can be distinguished from
the permanent pumping (PP) (Fig. 3). The PP is estimated from the pump discharges
during the winter months (October to March). The SP is calculated by subtracting the
PP from the pump discharges (total pumping).

We assume that annual variations in the piezometry are linked to the SP, while the20

long-term trend is linked to the PP from drinking water withdrawals, which have con-
tinued to grow for nearly 30 years (Terrasson et al., 2014). To test and verify the effect
of pumping on the piezometry we applied the techniques of signal processing, and in
particular the use of continuous wavelets (wavelet analysis sub-section). Cross char-
acterizations of pumping and piezometry for the period 1998–2008 were then used25

to estimate the volumes pumped over the period 1974–1997, for which the volumes
pumped from Pliocene aquifers are poorly known (sub-section on estimation of pumped
volumes).
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Transfer models were then developed to model the observed piezometric variations
(sub-section on Inverse modeling), taking as input components the computed with-
drawals and the recharge (effective rainfall). Finally, these transfer models were used
to simulate the impact of climate change on the Roussillon aquifer’s water resources,
and to facilitate its discussion.5

3.2 Wavelet analysis

The variability and oscillations observed in the long-term hydrogeological time series
in the monitored boreholes (Fig. 3) were studied using wavelet analysis. This analytic
technique is now extensively used in geoscience for the visualization, identification
and filtering of the main spectral components in time series (Labat, 2005, 2008, 2010;10

Lafrenière and Sharp, 2003; Maraun and Kurths, 2004; Yan and Jones, 2008). Choice
of the appropriate wavelet depends on the nature of the signal and on the type of infor-
mation to be extracted from it. We used the Continuous Wavelet Transform (CWT) to
determine the dominant modes of variability and how those modes vary over time. The
Paul wavelet method described in Torrence and Compo (1998), was chosen because,15

as reported by De Moortel et al. (2004), it allows a better time resolution, for any value
of the wavelet parameter, than the Morlet wavelet.

Our wavelet analysis was aimed at the characterization of water-table variations in
order to identify the energy associated with seasonal and long-term increases in pump-
ing. The long-term trend was characterized by using the wavelet-filtered time series20

(Torrence and Compo, 1998). Calculations were performed using the Paul wavelet,
taking into account the entire pass-band of the piezometric measurement series. The
piezometric variables filtered by the Paul wavelet enable access to figures not influ-
enced by the long-term trend linked to the increase in permanent pumping (Fig. 4).
The difference between the wavelength-filtered record (y1) and the measured piezo-25

metric record (y0) enables the long-term variation of a trend (y1− y0) to be character-
ized (Fig. 4). The situation at the beginning of the measurement series constitutes the
reference value for each of the measurement series studied. The processing applied
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shows that the long-term trend produced a water level drop of nearly 2 m for the Per-
pignan piezometer and 1.5 m for the Argelès piezometer, between the beginning and
the end of their observation period. This reduction begins around 1982 in the case of
Perpignan (Fig. 4b) and is expressed from the very beginning of the shorter Argelès
measurement series (Fig. 4d).5

The SP may be compared to a pseudo-periodic phenomenon. Characterization of
the impact of this phenomenon on the piezometry can be addressed using the Scale–
Averaged Wavelet Power (SAWP) (Torrence and Compo, 1998). The exercise amounts
to determining the pass-band (bandwidth), which best represents the duration of this
transient phenomenon. As a first step, the Fourier squared coherence (Torrence and10

Webster, 1999) was used to identify the time intervals (band) during which pumping
and water level are covarying (Fig. 5). The pumping and water-level time series for the
Perpignan and Argelès piezometers show significant wavelet-squared coherence in the
120 to 370 day band and low consistency outside these periods, i.e., not significant at
the 95 % confidence level.15

The SAWPs over the 120–370 day band for pumping and water level were calculated
(Fig. 6a–d) for the Perpignan and Argelès piezometers. The variance in water level is
well correlated with the changes in pumping, as shown in Fig. 6e and f. The normal-
ized cross-wavelet spectrum exhibits maximum coherence during summer (August,
Fig. 6e and f). The methodological approach developed here allows us to show that20

the piezometric decreases (drawdowns) observed during summer periods are mainly
controlled by the seasonal increase in withdrawals (SP) from the Pliocene aquifer. The
maximum SAWP corrected to the 95 % confidence level calculated for both piezome-
ters is found in August (Fig. 5a and b). The energy of this Dirac function (called a comb
function) estimated for the month of August, is assumed to be proportional to the cu-25

mulative SP discharge.
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3.3 Estimation of pumped volumes

Over the period 1998–2007, the figures for the long-term trend (y1− y0) are related
to the variation of permanent pumping by power functions, best regression fit obtained
with an origin passing by zero (Fig. 7). These functions enable reconstruction of the
figures for the permanent pumping component for the period prior to 1998, for Per-5

pignan and Argelès (Fig. 8). For the seasonal pumping, we employ the normalized
cross-wavelet spectrum (Fig. 5e and f) to reconstruct it, based on the SAWP time se-
ries over the 120–371 day band for water level (Fig. 5a and b) for the period prior to
1998. The variation of seasonal pumping calculated and then reconstituted for the two
piezometers during the period prior to 1998 is presented in Fig. 8. The functions estab-10

lished to reconstruct the permanent and seasonal pumping were then used as inputs
for the transfer models applied to simulate the piezometric variations at Perpignan and
Argelès (see “Inverse Modeling” section).

3.4 Inverse modeling

The hydrogeologic modeling was performed using transfer methods implemented with15

TEMPO software (Pinault, 2001). Calculation of the non-parametric impulse responses
is achieved by inverse modeling with stress positivity. The term inverse modeling is
here restricted to the parameter identification of convolution kernels used to simulate
the output from the input. The calculation of impulse responses under stress allows the
principle of conservation of water mass to be satisfied.20

Computation of the impulse response uses regularization methods inspired by
Tikonov and Arsenine (1976), Tikonov and Goncharsky (1987), and Dietrich and Chap-
man (1993), as described by Pinault et al. (2001a). The search for a solution by the
regularization technique seeks to find the optimal solution for the transport equation
(Eq. 1). Among all possible solutions, the approach of minimizing the norm of the trans-25

port equation allows selecting the solution with the smallest norm so as to smooth the
non-parametric impulse response (Pinault et al., 2001a).
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The inverse modeling approach appears to be well suited to characterizing the func-
tioning of complex hydro-systems (Pinault et al., 2001a, b; Pinault et al., 2004, 2005;
Pinault and Schomburgk, 2006; Dörfliger et al., 2009; Ladouche et al., 2014). In this
study, the method used to simulate water-table variation in the PQ aquifer describes the
fluctuations of the groundwater head by using components associated with recharge5

from rainfall, and seasonal and permanent pumping (Fig. 9), as described by the
wavelet analysis.

The piezometric variation is described by the following convolution equation:

∆H(t) = λΓ∗Reff + λ1Γ1∗QSP + λ2Γ2∗QPP + λ3Γ3∗QRiv +ε (1)

where Γ,Γ1,Γ2, and Γ3 are the normalized non-parametric impulse responses (inte-10

grated area of the impulse response over its lag time equal to 1), Γ is the normalized
impulse response of recharge from effective rainfall; Γ1 is the normalized impulse re-
sponse of seasonal pumping (SP); Γ2 is the normalized impulse response of perma-
nent pumping (PP); Γ3 is the normalized impulse response of the river’s contribution
(QRiv), and ε represents the erratic contribution that is not described or explained by15

the model.
λ,λ1, λ2 and λ3 are positive coefficients for expressing the conservation of water

mass (the bar over the quantities indicate a mean value over the total calibration pe-
riod):

λ
Reff

∆H
+ λ1

QSP

∆H
+ λ2

QPP

∆H
+ λ3

QRiv

∆H
= 1 (2)20

The term λ1QSP allows us to describe the drawdown caused by the seasonal pumping
(QSP). The term λ2QPP describes the long term decreasing trend caused by the per-
manent pumping (QPP). The term λ3QRiv allows us to describe the river contribution
to recharge. The term λReff allows a description of the contribution from the effective
rainfall.25
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The effective rainfall is calculated by:

Reff(t) = R(t)−Ω(t) if RΣ(t) ≥Ω(t), otherwise Reff(t) = 0 (3)

Where R is rainfall and Ω is a threshold function:

Ω(t) = Gr∗R(t)+GTa∗Ta(t)+C (4)

where ∗ is the discrete convolution product, t the time, C a constant, and Gr and GTa5

the impulse responses such that GTa > 0 and Gr < 0. These two impulse responses
(Gr and GTa) are represented by trapezia (not shown). Details of the impulse response
parameter calculation are presented in Pinault et al. (2001a).

The effective rainfall Reff(t) comprises two components: Reff(t) = Rs(t)+Rf(t), where
Rs(t) and Rs(t) are the components of effective rainfall that respectively induce the slow10

and fast responses of the system. The fast component is assumed to be representative
of the fast infiltration which occurs only after high-rainfall events. The component Rf(t)
is expressed according to Reff(t) by the Alpha function [α(t)]:

Rf(t) = α(t)×Reff(t) (5)

where α(t) is the proportion of effective recharge (its values lies between 0 and 1). The15

Alpha function enables consideration of the non-linear switching behavior of the soil
reservoir, which depends on the effective rainfall over the preceding days. The Alpha
function is related to the effective recharge by the convolution product:

α(t) = Γα,Reff∗Reff(t) (6)

where ∗ is the discrete convolution product, t the time, and Γα,Reff the impulse re-20

sponse of α(t) to effective rainfall Reff(t). The impulse responses are also represented
by trapezia (not shown).
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3.5 Climate scenarios

While early studies used simplified climate scenarios involving fixed ranges of precip-
itation or recharge against which to compare the groundwater response (Woldeamlak
et al., 2007; Wilkinson and Cooper, 1993; Ferguson and Maxwell, 2010), an increasing
number of studies now use climate scenarios derived from the outputs of climate mod-5

els (Green et al., 2011). To build these climate scenarios, various methods of bias cor-
rection and downscaling are applied. These methods range from the simple but robust
so-called perturbation method, based on the mean monthly differences between fu-
ture and present measurements (Déqué, 2007), to more sophisticated methods (called
statistical or dynamic) which mainly enable the distributions of future meteorological10

variables to be compared to present-day ones (Déqué, 2007; Boé et al., 2006; Fowler
et al., 2007; Goderniaux et al., 2009, 2011).

In this study a set of five climate scenarios were constructed by using the perturba-
tion method. This method consists of taking a meteorological data set representative
of the present, and applying the mean monthly anomalies between future and present-15

day temperatures and precipitations simulated by the climate models (Déqué, 2007;
Xu, 1999). Daily precipitation and potential evapotranspiration (PET) for the 1970–
2006 period were extracted from the SAFRAN meteorological database (Vidal et al.,
2010) available for the study zone on a regular 8km×8km grid (Chaouche et al.,
2010). Among the 21 climate-model outputs from the World Climate Research Pro-20

gram’s (WCRP) Coupled Model Intercomparison Project Phase 3 (CMIP3) multi-model
dataset (Meehl et al., 2007), which are available through the Program for Climate Model
Diagnosis and Intercomparison (PCMDI), five climate models were selected over the
French region. They were chosen as they were considered as able to capture both re-
gional precipitation and temperature climatology for the Mediterranean region (Mariotti25

et al., 2008). These models are CNRM-CM3 (Salas y Melia et al., 2005), HadGEM1
(Johns et al., 2006), IPSL-CM4 (Hourdin et al., 2006), MPI-ECHAM5 (Roeckner et al.,
2006; Jungclaus et al., 2006), and NCAR-CCSM3.0 (Collins et al., 2006). Atmospheric
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temperature and precipitation (spatial resolution from 1 to 3.75◦) were extracted for the
French region (8◦ W to 10◦ E, 40◦ to 52◦ N) and for the 1980 2000 (reference), 2020–
2040 (near-term), and 2040–2060 (medium-term) periods, and for the SRES-A1B sce-
nario. This greenhouse-gas emission scenario is considered to be a compromise be-
tween a more optimistic scenario such as the SRES-B1 and a more pessimistic one5

such as the SRES-A2, although they differ only slightly for the period studied (Hourdin
et al., 2006; Nakicenovic and Swart, 2000).

The mean monthly anomalies of temperature and precipitation calculated from the
five climate models provide a description of the average climate change between the
two future periods considered and the present, together with an illustration of the un-10

certainties associated with climate modeling. A multi-model average increase in tem-
perature of between +1.0 and +1.8 ◦C is projected, depending on the season, for the
near-term (2020–40) compared to the present. The projected increase is even greater
for the medium term (204060), between +1.7 and 3.3 ◦C, with in addition a greater
inter-seasonal variation compared to the near term. For precipitation, there is no clear15

signal for the near term (−10.9 to +10.5% depending on the season), while a decrease
(−21.9 to −2.1%) is projected for the medium term. The large uncertainty associated
with the calculated anomalies is higher for precipitation than for temperature, for sum-
mer than for winter, and for the medium term than for the near term.

More details about climate scenarios can be found in Caballero et al. (2008). While20

more sophisticated downscaling methods than the perturbation one (Quintana-Seguí
et al., 2010) and new climate model simulations, like those carried out for the AR5 IPCC
report, (Terray and Boé, 2013) have been performed on our study area, they have so
far not produced sharply different results in terms of monthly average anomalies.
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4 Results

4.1 Modeling of the piezometric levels at Argelès and Perpignan

The transfer model for the Argelés piezometer provides a satisfactory simulation of
the 10 day sampling interval variations in the measured piezometry for the calibration
period (Nash criterion = 0.82, Fig. 10a). These results were obtained without taking5

into account any recharge by the Tech River. The model was validated against the
water levels measured for the 1990–1998 period (Fig. 12); it satisfactorily reproduces
the seasonal pumping periods and the Nash criterion of 0.82 is considered acceptable.

The mean transit time (Tm) associated with the normalized impulse response is
the mean value of the lag time (Pinault et al., 2005). The response of the aquifer to10

recharge by effective rainfall is highly inertial, since Tm is 220 days, for an impulse
response length of 520 days (Fig. 10c). The relative contribution of a hydrological cy-
cle’s recharge (fast + slow component) results in piezometric variations of about 0.5 to
0.8 m (Fig. 10b). The relative contribution of SP to the variations in piezometry is about
−0.8 m over a hydrological cycle (Fig. 10b). The maximum response of the aquifer15

to seasonal pumping (SP) is detected during the month of August (Fig. 6f). It occurs
75 days after the start of pumping (Fig. 10d). The increase in PP over the period 1991–
2007 is expressed by a decrease in the piezometry of about −0.6 m over the 17 years
considered.

For the Perpignan site, the transfer model allows reproduction of the measured piezo-20

metric variations only if a water supply from the Têt River is considered. The transfer
model enables a satisfactory reproduction of the variation in the groundwater level mea-
sured at the Perpignan piezometer (Nash criterion= 0.85, Fig. 11a). The model was
validated with the water levels observed for the 1976–1994 period (Fig. 11a) which
were satisfactorily reproduced (Nash criterion = 0.66). The flow rate of the Têt River25

upstream of the Roussillon plain is sustained in spring and summer by the release of
water from the Vinca dam, which introduces a phase shift in the river’s flow regime with
respect to its natural regime. The contribution of recharge by precipitation thus differs
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both temporally and quantitatively from the releases at the dam on the Têt (the recharge
causes an increase in the piezometric level of a maximum of 0.5 m and is expressed
mainly in winter, whereas the Têt’s contribution causes a rise in the level of between
0.3 and 0.8 m, generally expressed in the summer – Fig. 11b). The response of the
aquifer to recharge by effective rainfall appears less inertial than that characterized at5

Argelès (maximum and mean response time 60 and 89 days respectively – Fig. 11c).
The aquifer’s response to recharge by releases from the dam reaches a maximum af-
ter 70–80 days (Fig. 11c). This maximum response is detected in late July, which is
consistent with the fact that the dam releases occur generally in April of each year.

Seasonal pumping (SP) causes piezometric variations of between −1.8 and −3 m10

over a hydrological cycle (Fig. 11b). The aquifer’s maximum response to seasonal
pumping (SP) occurs 75 days after the start of pumping (Fig. 11d); this maximum re-
sponse is detected in late June (Fig. 6e) vs. late July for Argelès (Fig. 11b). For Perpig-
nan, recharge by the Têt River, which is at a maximum during July, masks the effect of
seasonal pumping (SP), which should reach its maximum in late July.15

The increase in PP over the period 1974–2007 is expressed by a decrease in the
piezometry of about −0.9 m over the 33 year period studied. Table 1 summarizes the
characteristics of the models applied to reproduce the piezometric variations observed
in the Argelès and Perpignan piezometers. The greater inertia observed at Argelès
is illustrated by smaller piezometric variations (cf. Figs. 11a and 12, lower panel),20

a greater impulse-response length (520 days for Argelès and 300 days for Perpignan)
and a markedly longer average transit time (Tm: 220 days for Argelès vs. 89 days for
Perpignan). It also shows the spatial heterogeneity of the hydraulic behavior of the
sandy Pliocene formations.

Near Perpignan, we note that the Pliocene aquifer responds to releases from the Têt25

dam more slowly than to recharge (τ3: 70–80 d vs. τ: 60 d in Table 1). This is probably
connected to the fact that the water released at the dams is mostly directed to irrigated
areas, sometimes located more than 20 km downstream, via canals which may or may
not be leakproof. These canals enable the irrigation of tree and truck-farming crops
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on the plain. The water not consumed by irrigated crops contributes to recharging the
Quaternary alluvial water tables, formerly exploited to provide drinking water. Alluvial
groundwater can contribute locally to the underlying Pliocene formations (Aunay, 2007).

Finally, the effect of permanent pumping (PP) on the piezometry is comparable for
the two sites and is expressed by a decrease of about 30 to 40 cm per decade. To5

assess the quality of the simulation performed, sensitivity analyses were carried out on
variations in the forcings (recharge and pumping) used in the transfer model developed
for Argelès (Fig. 12).

The behavior of the model was accordingly evaluated for a period of 11 years in the
absence of pumping [a], and then for a reduction in precipitations of about 50 % [b]10

and 90 % [c] with respect to the test period, under pumping conditions (for SP and PP)
identical to those of 2006. A test with pumping shut down shows that the simulated
piezometric levels quickly rise up again and then stabilize at an elevation of about
9.5 m NGF. This result strengthens confidence in the quality of the model since (1) It
simulates a piezometric level in the absence of pumping that is higher than the figures15

observed at the beginning of the available measurement series (about 9 m NGF at
a period when pumping was weaker than at any other point in the time series), and (2)
the simulated level stabilizes at a figure close to the piezometric level measured during
the installation of the meter, in 1984 (9.7 ma.s.l. – Infoterre Argelès, 2013).

The test of major decrease in rainfall shows the expected disappearance of the effect20

of recharge and a stabilization of the water level, which no longer fluctuates except
under the effect of seasonal pumping (SP), producing variations of about 1 m. The
model thus reproduces the confined nature of the aquifer.

4.2 Impacts of climate change

The impact of climate change on the simulated piezometric levels was assessed using25

the model constructed for the Argelès piezometer. This analysis could not be performed
for the Perpignan piezometer because this would require an explicit simulation of flows
in the Têt River and the management of the Vinca dam in the context of a future climate.
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The results obtained for the reference scenario [1980–2000 period] were compared
with the results of the scenarios for the near [2020–2040] and medium [2040–2060]
terms from the five climate models (CNRM; HADC; IPSL; MPIM; NCAR) and the MULTI
model (multi model average). The simulations were performed with and without pump-
ing. The pumping scenario considered (PS and PP) is identical to that for the year 2008,5

i.e., the pumpings are identical from one cycle to another over the 20 years considered
in the analysis, for current and future periods.

The variations of the interannual monthly means of simulated effective rainfall over
the reference period (1980–2000), the near (2020–2040) and the medium (2040–2060)
terms are compared on Fig. 13. The multi-model mean and the envelope curves limited10

by the minimum and maximum values calculated from the monthly means of effective
rainfall in all scenarios, which represent their dispersion, are shown. In the near term,
effective winter rainfalls would be comparable to those in the reference period, although
they should be lower in the spring (−20 to −50 % in the multi-model mean). However,
high uncertainty is associated with these variations because they fall within the sce-15

narios’ tolerance interval. In autumn, the effective rainfall should also be lower (from
−20 to −30 % in the multi-model mean), compared to those in the reference period,
with greater certainty than in the spring, given the smaller dispersion of the scenarios
in October and November. In the medium term, the downward signal grows stronger,
both in intensity and in certainty, as future variations fall out of the scenarios’ tolerance20

interval. Thus a sharp drop in effective rainfall may be observed in the spring (from
−20 to −90 % in the multi-model mean), as well as in the fall and early winter (−30 to
−60 %) as compared to the reference period. Only the effective rainfalls of November
and January appear unchanged.

The variation of the interannual monthly means of the simulated piezometric levels25

for the reference scenario (1980–2000) and future climate scenarios (2020–2040 and
2040–2060), with and without pumping, are compared on Fig. 14. In the near term
(2020–2040), the piezometric levels in the absence of pumping appear comparable
to those in the reference scenario (monthly interannual range of variability expressed
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by the standard deviation overlaps those falling between the minimum and maximum
figures obtained for all scenarios – Fig. 14 upper panel, left). Under permanent pumping
only (SC1) or both permanent and seasonal (SC2), the piezometric level would fall
slightly in all months of the year. However, the scenarios’ tolerance interval includes
this situation, indicating that the observed decrease is probably not significant.5

In the medium term (2040–2060), piezometric levels in the absence of pumping
would fall significantly in every season (the scenarios’ tolerance interval is located out-
side the current monthly interannual range of variability – Fig. 14 upper panel, right).
We see here that the projected drop in recharge in the autumn and spring (Fig. 13)
produces a decrease in the piezometric level year-round (a result related to the sys-10

tem’s inertia). Taking into account the pumping (SC1 or SC2, Fig. 14, middle and lower
panels, right), does not change the order of magnitude of the projected decline.

5 Discussion

The modeling methods based on wavelet analysis presented in this paper have enabled
us to simulate the behavior of a confined aquifer with a highly complex hydrogeology, in15

the vicinity of two observation piezometers. They also allowed us develop a descriptive
outline of the principal processes involved. Thus, while the behavior of this aquifer as
observed at the various existing monitoring stations seems fairly homogeneous (sea-
sonal fluctuation of groundwater levels characterized by a downward trend over the
last 30 years), the modeling performed has identified a number of processes at work,20

depending on the areas considered.
Firstly, the Argelès area exhibits a behavior that seems more inertial than the one

at Perpignan. This is expressed (Table 1) by a longer duration and mean transit time
of the normalized impulse response, and a smaller relative contribution of the SP to
water-level changes for Argelès. Nonetheless, the sensitivity of its changes in water-25

level to effective rainfall is slightly greater than that at Perpignan, and its lag time for
maximum response of the normalized impulse response is shorter. This means that
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the transfer of hydraulic head linked to recharge into the aquifer is faster for the Argelès
area than for Perpignan. The more inertial character of Argelès expresses the lower
transmissivity of the aquifer in this area as compared to Perpignan, which is consistent
with the orders of magnitude estimated by interpretation of the pumping tests available
for the aquifer (Aunay, 2007). The greater sensitivity of the piezometric level at Argeles5

could be explained by a smaller storage coefficient, but this parameter of the aquifer is
poorly known (Aunay, 2007).

Finally, the faster transfer of pressure (30 days for Argelès vs. 60 at Perpignan) could
be explained by a higher diffusivity (ratio of transmissivity to storage coefficient), re-
flecting that the aquifer is more confined in the Argelès sector than in the Perpignan10

sector.
However, other factors may also explain the difference in behavior between the two

areas. The thicker Quaternary formations which overlie the Pliocene ones in the Per-
pignan area could have a buffering effect on the infiltration of effective rainfall (Fig. 1).
The formations of the Corbières karstic system, which have circulations at depths of15

more than 100 m, recharge the Pliocene aquifer at depth (Aunay, 2007), probably with
a time-lag after rainfall. Lastly, the presence of a large network of canals, used for ir-
rigation and fed from the dam on the Têt, may also cause a delay in the infiltration of
effective rainfall. To distinguish the effects of these various factors on the behavior of
the groundwater, it would be necessary to explicitly incorporate into the modeling not20

only the Quaternary and karstic formations but also the layout of the canals.
Secondly, the analysis highlights the overall preponderant influence, at the annual

scale, of the withdrawals by SP and PP as compared to the recharge, which explains
the continued decline in water levels observed throughout the measurement series.
The modeling shows that the trend component corresponding to PP affects both sites25

in the same way (decrease of about 0.3 mdecade−1). The relative contribution of SP to
water level changes is higher for Perpignan than for Argelès (Table 1), while the lower
transmissivities in this area should lead to larger drawdowns.
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This is probably related to the fact that, for Argelès, the contribution of the Tech river
was not explicitly taken into account because it is synchronous with the contribution
from precipitation. However, this contribution is probably included in the two seasonal
components used in the model (recharge and SP). In this case, it leads to an overes-
timation of the recharge component and/or an underestimation of the SP component5

(hence its smaller contribution to water level changes as compared to that seen at Per-
pignan),although it is impossible to quantify them. Since the contribution of the Têt river
is explicitly taken into account in modeling the piezometric level at Perpignan (via the
releases from the Vinca dam), the quantification of the SP component is probably more
realistic than at Argelès.10

Figure 12 (case a) shows that if pumping stops, the simulated water level rises
abruptly back up, reaching an equilibrium level in less than one hydrological cycle.
This is related to the mean transit time of the impulse response to effective rainfall
employed in the model, whose duration is less than one year (Table 1). Similarly, if
we consider a zero recharge (Fig. 12b and c), the simulated piezometric level remains15

at an equilibrium level and does not fall over time, in spite of the pumping. The model
thus expresses the highly confined nature of the aquifer in the Argelès area, where vari-
ations in the piezometric level are controlled by rapid changes of pressure within the
aquifer rather than by a flow dynamic known to be slow (flow rates of less than10 myr−1,
obtained from tritium and carbon-14 dating by Chery, 1992). However, although the20

functioning of the model in a no-recharge situation may be viewed as realistic, transient
variations of the piezometric level are mainly controlled by the permanent pumping (the
model was constructed on the assumption that the long-term trend is fully explained
by the signal of increase in the PPs). This explains why the simulated piezometric level
remains stable on Fig. 12b and c, instead of gradually falling under the effect of pump-25

ing, in the absence of recharge. Now, a rising trend in the temperatures of the study
area was noted between 1971 and 2000 (Chaouche et al., 2010). This increase may
have caused a reduction in the effective rainfall over the period 1970–2008. In this
regard, a portion of the downward trend in water levels could also be related to long-
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term climate variability. This is the major limitation of the modeling approach adopted,
and which we cannot escape when dealing with confined aquifers subjected to major
exploitation by pumping.

The tests presented in Fig. 12 show that the equilibrium state of the water levels
in the Argelés area is controlled by PPs. If permanent pumping on the aquifer were5

doubled, it is probable that the model would simulate a fall in the piezometric level until
it reached a new steady state. From a hydrodynamic perspective it can therefore be
considered that this aquifer would be capable of supporting a larger pumping opera-
tion. The aquifer thus appears to be relatively invulnerable to climate change. This idea
is backed up by the projections in Fig. 13, which show that in the medium term the10

simulated piezometric level for Argelès would be affected by a decrease of no more
than about 0.5 m. This decrease is less than that caused by the current exploitation
of the aquifer (which produces a decrease of more than 1.5 m, taking PP and SP to-
gether). It would therefore appear possible to offset the declining recharge projected in
the climate scenarios by a well thought-out exploitation of the aquifer, which could prob-15

ably be achieved with improved water-use efficiency and water-demand management
(Green et al., 2011). The relationship between the volume pumped by the PP and the
drop in the water level (Fig. 7) indicates that over the near and medium term we could
maintain the current piezometric level by retaining the current permanent pumping of
about 7 million m3 (vs. about 8 million currently) for Perpignan and 2 million m3 (vs.20

some 2.2 million at present) for Argelès.
Nevertheless, the vulnerability of this coastal aquifer to saline intrusion problems may

still be exacerbated by the effect of CC. If we extrapolate the simulated medium-term
fall in piezometric level at Argelès (of about 50 cm) to the station at Barcarès (French
database index 0912X0112/BAR3), located on the beach at the mouth of the Agly river,25

its piezometric level would fall to about 2 m below sea level under summer conditions.
The great sensitivity of the water level to seasonal pumping identified by the modeling
(Figs. 10 and 11) could then be used to limit this fall by reducing coastal withdrawals
during the summer. This reduction could be offset by pumping in wintertime or alter-
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natively by an increase in withdrawals near the massifs. This is all the more plausible
since simulation tests have shown similar modeling results whether we consider the
pumping boreholes in the areas outlined in Fig. 1 or those throughout the whole study
area (not shown). This means that given constant withdrawals across the region, pump-
ing carried out sufficiently far from a given point will not impact its piezometric behavior.5

This feature could therefore be used to limit the decrease imposed by climate change
on coastal piezometers.

The work presented in this article constitutes a modeling exercise; the representa-
tiveness of its results for the aquifer as a whole may be questioned. The first limit that
can be identified resides in the fact that the two piezometers at Argelès and Perpignan10

are installed in formations that are not exactly the same throughout the sedimentary
package that makes up the aquifer. This is expressed by their very different impulse
response characteristics for recharge (the formations tapped at Perpignan exhibiting
a lesser inertia than the ones at Argelès). Despite this, the confined nature of the
aquifer is expressed by a great similarity among the piezometric behaviors observed in15

all the piezometers, particularly in coastal areas, insofar as they respond primarily to
pressure transfers.

It is therefore probable that the magnitude of the impact of the diminished recharge
projected for Argelès (around 0.5 m) can be extrapolated to the entire aquifer. The
second limit deserving of attention lies in the fact that the modeling performed does not20

permit a rigorous exploration of the future vulnerability of the aquifer to saline intrusions.
Indeed, the decreases in water level simulated for the near and medium term are likely
to intensify this vulnerability, especially along the coast.

To explicitly incorporate this issue in the analysis, it will be necessary to simulate the
variation of the quality of the water in the aquifer, and in particular its salinity.25
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6 Conclusions

This article shows how wavelet analysis techniques can be utilized as an alternative
to hydrodynamic models for confined aquifers, whose geological complexity prevent
a detailed description of the geometry and the hydraulic properties of the saturated
and overlying units. Using these techniques, the variation of groundwater levels in two5

piezometers installed in a confined, heavily exploited aquifer of a Mediterranean coastal
zone has been simulated. They were implemented in order to take into account the
impact of pumping on drawdown of the water table and, by doing so, to simulate the
unimpacted piezometric measurement series.

The proposed approach enabled us to identify and rank the factors that affect the10

seasonal fluctuations of the water table, and to improve our conceptual model of the
aquifer.

On the one hand, the predominant influence of pumping, as the main factor con-
trolling drawdown of the water table, has thereby been highlighted. For a complete
understanding of the piezometric variation, it appeared also necessary to take into ac-15

count the contributions of surface waters in the catchment areas bordering the aquifer
(streams and karstic aquifers). Lastly, differences in hydrodynamic behavior between
the two areas studied were described in a qualitative manner. On the other hand, it
appeared that the wavelet analysis is unable to distinguish between the influences of
components whose temporal dynamics are too similar, such as recharge by rainfall and20

by streams reacting to that rainfall.
The assembled model was then used to study the impact of climate change (five

scenarios) on the aquifer’s water resources. The reduction in future precipitation pre-
dicted by the scenarios is expressed in a moderate decrease in effective rainfall and
in the piezometric level of the water table (50 cm); however, this decrease becomes25

significant in the medium term (2050), in spite of the high uncertainty associated with
rainfall predictions. This relatively low vulnerability is explained by the confined nature
of this aquifer, whose balance is controlled by pumping. This impact could quite easily
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be limited by a change in the pumping strategy for the aquifer, which might equally
well consist of taking less water each year, or a better distribution of withdrawals be-
tween the summer and winter seasons, or between withdrawals at the coast and near
the mountains. Nevertheless, the relative invulnerability to climate change of confined
aquifers of the type studied in this article must be placed in context, inasmuch as the5

modeling carried out does not take into account the problem of saline intrusions. It
appears likely that the decline in water level projected under future climates might en-
courage the infiltration of sea water. The rise in sea level correlated with the predicted
future warming trend reinforces the necessity of incorporating it into the analysis. In
this regard, only hydrodynamic modeling based on a description of the geometry of the10

aquifers and their relationship with the sea will enable us to study this issue.
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Table 1. Main characteristics of the modeling for the Argelès and Perpignan piezometers. τ
is the normalized impulse response of the recharge from effective rainfall; τ1 is the normal-
ized impulse response of the SP; τ2 is the normalized impulse response of the PP; τ3 is the
normalized impulse response of the Têt river contribution.

Parameter Argelès Perpignan

Nash index for the calibration period 0.82 0.85
Nash index for the validation period 0.71 0.66
Relative contribution of effective recharge to water level changes From +0.5 to +0.8 m < 0.5 m
Length of the normalized impulse response of the effective rainfall (τ) 520 days 300 days
Mean transit time (Tm) of the normalized impulse response of (τ) 220 days 89 days
Lag for the maximum response of the normalized impulse response (τ) 30 days 60 days
Relative contribution of the seasonal pumping (SP) to water level changes −1 m From −1.8 m to 3 m
Date for the maximum contribution of the seasonal pumping (calculated from τ1) Mid-Aug End of Jun
Relative contribution of permanent pumping (PP) to water level changes −0.6 m over 17 years −0.9 m over 33 years
Relative contribution of the river to water level changes – From +0.2 to 0.8 m
Lag for the maximum response of the normalized impulse response (τ3) – 70–80 days
Date for the maximum contribution of the river (calculated from τ3) – End of Jul
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Figure 1. Geological context and piezometric network locations for monitoring the Roussillon
Plio–Quaternary aquifer. Two specific piezometers (Perpignan and Argelès) are highlighted,
over which modeling has been performed. Dashed outlines show the boreholes that were taken
into account for each piezometer.
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Figure 2. Groundwater level time series recorded over the last 15 years with the piezometer
network of the Pliocene aquifer.
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Figure 3. Daily piezometric data (ma.s.l.) at Perpignan (a) and Argelès (b) (see Fig. 1 for
location) showing the long-term depletion trend, the effect of recharge by net rainfall, and the
effect of summer water withdrawals. Pumping cumulated at the yearly time scale for the 1998–
2007 period is also shown. The thin dashed line represents the permanent pumping equivalent
of pumping during the winter period (October to March).
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Figure 4. Wavelet-filtered time series of water levels (Perpignan and Argelès) computed with
the Paul wavelet.
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Figure 5. Fourier squared coherence calculated with Paul wavelet (m = 4) between pumping
data (input) and water level (output) for the Perpignan piezometer (a) and Argelès piezometer
(b) The dashed line is the 95 % confidence level.
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Figure 6. (a, b) Scale–Averaged Wavelet Power (SAWP) over the 120–371 day band for water
levels measured in the Perpignan (a) and Argelès (b) piezometers using the Paul wavelet (m =
4). The dashed line is the 95 % confidence level. The thin solid line is the SAWP corrected
to the 95 % confidence level, calculated for the month of August. This function is called the
“comb function”. (c, d): SAWP over the 120–371 day band for pumping in the Perpignan area
(c) and Argelès area (d) using the Paul wavelet (m = 4). The dashed line is the 95 % confidence
level. (e, f): cross SAWP over the 120–371 day band with pumping data (input) and water level
(output) calculated with the Paul wavelet (m = 4) for Perpignan (e) and Argelès (f). The dashed
line is the 95 % confidence level.
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Figure 7. Changes in the volume of PP (1998–2007 period) based on the long-term trend.
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Figure 8. Variation of pumped volumes observed between 1998 and 2007 and reconstituted
volumes for the preceding period. The permanent pumping was estimated from the long-term
trend deduced from the Wavelet-filtered time series. The seasonal pumping volume (comb
function) was estimated from the maximum SAWP (corrected to the 95 % confidence level)
calculated for the month of August.
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Figure 9. Architecture of the model used to simulate the water levels in the Perpignan and
Argelès piezometers located on the PQ aquifer.
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Figure 10. Inverse modeling of Pliocene confined aquifer (Argelès Piezometer) with a 10 day
step. The measured and simulated piezometry is shown (a) as well as the relative contribution
of the components (b), the impulse response of recharge (c) and of the SP (d).
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Figure 11. Inverse modeling of Pliocene confined aquifer (Perpignan Piezometer) with a 10 day
step. The measured and simulated piezometry is shown (a) as well as the relative contributions
of the recharge, pumping, and Têt river components (b) and their impulse responses (c).
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Figure 12. Sensitivity test of the model constructed for the Argelès piezometer for various
conditions: variation of the piezometry calculated by the model in the absence of pumping [a]
and for two precipitation situations, taking pumping into account: [b] = 50 % of the computed
rain for the period 2008–2017 and [c] = 10 % of the computed rain for the period 2008–2017
(SP and PP pumping conditions identical to those of 2008).
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Figure 13. Variation of mean monthly values of effective rainfall for the reference period (1980–
2000) and the short- (2020–2040) and medium- (2040–2060) term periods. The dashed lines
represent the scenarios’ dispersions limited by the minimum and maximum values of monthly
averages considering all scenarios. January=Month 1 and December=Month 12.
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Figure 14. Variation of interannual monthly means of the piezometric levels simulated for the
Argelès piezometer: reference period (1980–2000), short- (2020–2040) and medium- (2040–
2060) term. The minimum and maximum envelope curves correspond to the extreme values
across all scenarios. January=Month 1 and December=Month 12. Three different situations
are simulated: (top) no pumping; (middle) with PP and without SP (SC1); and (bottom) with PP
and SP (SC2).
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