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• Water resources generated in the Port
del Comte aquifer will decrease in the
future.

• Future system discharge during both
the thaw and the low flows seasons
will be lower.

• Multi-model and multi-scenario used to
assess isotopic content trends in ground-
water.

• The Isotopic content in groundwater
(δ18OGW) shows trends statistically sig-
nificant.

• Trends in δ18OGW can be used as proxy
of Climate Change impact in aquifer
systems.
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The objective of thiswork is to characterize the impact of climate change in the karst aquifer of the Port del Comte
Massif (PCM). Six regional climate models (RCMs) from CLYM'PY Project are used to analyse themagnitude and
trends of changes on precipitation and temperature (RCP4.5 and RCP8.5 scenarios) and how these changes
propagate through the hydrogeological system as groundwater resources availability and the associated water
isotopic content. The study uses the RCMs climate change forcings as input data to a combination of (1) a
semi-distributed hydrological model for simulating the hydrodynamical response of the aquifer, and (2) a
lumped parameter model for simulating the isotopic content in groundwater at the outlet of the aquifer. A
mean decrease of 2.6% and 1.9% in yearly precipitation and a mean increase of 1.9 and 3.1 °C in average temper-
ature is expected in PCM at the end of the 21st century in the RCP4.5 and RCP8.5 scenarios, respectively. This cli-
mate signal entering the hydrogeological system results in a mean decrease in recharge of 3.9% and 0.5% from
rainfall and of 59.3% and 76.1% from snowmelt, and a decrease of 7.6% and 4.5% in total system discharge, but
also generates an isotopic enrichment in groundwater discharge (δ18OGW) of 0.50‰ and 0.84‰, respectively.
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Recharge
Trends
Moreover, from a long-term (2010−2100) perspective, the mean trend in δ18OGW is 0.7‰/100 yr and 1.2‰/
100 yr for RCP4.5 and RCP8.5, respectively, resulting in easilymeasurable annual lapse rates with the current an-
alytical methods.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

High mountain zones are known as “water towers” because they
generate the main water resources feeding the downstream depending
ecosystems (Viviroli et al., 2007). When mountains constitute an aqui-
fer, the recharged water remains longer in the basin, thus providing a
strategic water resource in dry seasons, which is especially important
in the drought-prone Mediterranean area (Hoerling et al., 2012;
Vicente-Serrano et al., 2014), where water availability is scarce and
greatly dependent on runoff from headwater basins (De Jong et al.,
2009). In this framework, it is essential to assess the impact of Climate
Change (CC) on water resources availability in mountain areas (Chen
et al., 2018). This will help to design the most appropriate adaptation
measures to minimize adverse effects.

A plethora of climate models have been developed to investigate the
extent of CC impact in the future. In their beginning, with no reference
solutions available at that time, these models were generally tuned and
evaluated against present day conditions. The intercomparison of
models has become a mainstream method to assess the uncertainty
and robustness of the different climate model predictions (Cess et al.,
1989; Gates et al., 1999; Lambert and Boer, 2001; Taylor et al., 2012;
Giorgetta et al., 2013; Eyring et al., 2016). A step ahead was done when
climate models were used to reproduce the climate of the past, trying
to simulate long complex climate scenarios based on proxy climate in-
formation (Braconnot et al., 2012; Lohmann et al., 2013; Pfeiffer and
Lohmann, 2016). In this line and more recently, paleoclimate modelling
studies have begun to adopt a new strategy by using fully coupled
isotope-enabled global climate models (IGCM), allowing them to di-
rectly simulate paleoclimate proxies (Sjolte and Hoffmann, 2014;
Holloway et al., 2016; Gierz et al., 2017; Cauquoin et al., 2019; Sjolte
et al., 2020). Nevertheless, all these models require a direct validation
using independent isotopic proxy data.

The stable H and O isotopes of water have become a relevant geo-
chemical climate proxy. Their fractionation mechanisms along with
their distribution throughout the hydro-climatic system make them a
useful tool for reconstructing past climate situations (Dansgaard,
1964). In terms of climate model reliability, it is assumed that the better
themodel reproduce the paleoclimate evolution the better will perform
themodel for the future simulated scenarios. However, the paleoclimate
reconstructions to be accounted by climate models rely on geochemical
proxies to allow for the reconstruction of the climate state in the past,
which is a method subject to potential errors and need calibration. For
the reconstruction of past climate, a global database of speleothem car-
bon and oxygen isotope proxy records has been compiled recently,
which include 455 records covering intervals within the last 21 ka
(Atsawawaranunt et al., 2018, 2019). This information constitutes an
“out-of-sample” test to evaluate the climate models against paleo-
records for climate reconstruction (Schmidt et al., 2014). Additional
information that is currently being used as climate proxy data is the ox-
ygen and hydrogen isotopic content in water from the Global Networks
of Isotopes in Precipitation (GNIP) and Rivers (GNIR), which are man-
aged by the International Atomic Energy Agency (IAEA) in cooperation
with the World Meteorological Organization (WMO). To complement
this, a global analysis, based on oxygen isotope content in modern
cave drip water sampled in 163 drip sites, from 39 caves on five conti-
nents has been compiled recently (Baker et al., 2019). However, all
this information is unevenly distributed, thus with large zones with
scarce and even nil spatial coverage for precipitation isotope data, espe-
cially in mountain zones.
2

Carbonated karst aquifers may represent 15.2% of the land surface,
of which 68.9% can be found globally in hills and mountain zones
(Goldscheider et al., 2020). These aquifers have characteristics that
make themquite different fromother aquifers, such ashigh heterogene-
ity due to the endokarstic network (Bakalowicz, 2005), high velocities
of groundwater flow in cavities, and short water residence times
(Kiraly, 2003; Motyka, 1998). These hydrodynamic features allow a
fast transmission of the recharge inflow signal, including the variation
the environmental tracers entering the system with recharge, such as
δ18O, to the outflowpoints draining aquifer. The hydrogeological system
filters the high variability and dampens the seasonal variations of the
input tracer signal (Jódar et al., 2014, 2016; Herms et al., 2019). This
helps to identify in the output tracer signal the mean tracer content
and any trend relative to the input tracer signal. Accordingly, the O
and H isotopic content of groundwater discharge from karst aquifers
can be used as climate proxy data for validating climate models, as
those obtained by the GNIP and GNIR programs.

Lumped parameter models (LPMs) are useful to simulate the behav-
iour of complexmountain karst systems, evenwhen their heterogeneity
is poorly characterized (Hartmann et al., 2014). These models do not
require a detailed hydrological knowledge of the physical system.
Nevertheless, they allow reproducing the observed hydrodynamical re-
sponse of such aquifers in terms of both, groundwater discharge and the
associated tracer content for the corresponding measured input signals
(Herms et al., 2019). Moreover, such models transform scenarios of CC
into their hydrological results. In this sense, Custodio et al. (2018) ana-
lyzed the effect on groundwater reserve and chloride and radiocarbon
content of a wetter-than-present period, with enhanced recharge, on
data collected from springs in arid lands. In this framework, the evolu-
tion in the isotopic content of groundwater for the different simulated
scenarios may become a relevant source of isotopic data to be used by
IGCMs for validating purposes, as they do currently with paleoclimate
proxies such as δ18O content in ice cores and speleothemes (Gierz
et al., 2017; Cauquoin et al., 2019; Sjolte et al., 2020). Surprisingly,
there are no references in the scientific literature using either the O
and H isotopic content in groundwater nor the expected evolution
under CC scenarios as proxy data to validate IGCMs.

Understanding karst aquifer response to changing climate is critical
from a water resources perspective, especially in the pan-Mediterranean
zone, where water scarcity become a recurrent issue (Pedro-Monzonís
et al., 2015). This work aims at characterizing the propagation of the CC
impact in the Port del Comte Massif (PCM), a Mediterranean mountain
karst aquifer located in the south-eastern sector of the Pyrenees, which
plays a strategic role in providingwater resources transferred to themet-
ropolitan area of Barcelona. The analysis is focussed on the evolution of
(1) the relevant hydrological variables controlling themasswater balance
in the aquifer and their impact in the associated water resources, and
(2) the isotopic content of the groundwater aquifer discharge, with the
aim of identifying relevant trends to be used as CC impact proxies.
Although the results of this work are specific for the PCM, the methods,
proceedings and the general conclusions can be used in any other moun-
tain karst aquifer.

2. Study area

The study area is located in the massif of Port del Comte (PCM), in
the Eastern Pyrenees (Fig. 1). The area is thoroughly described in
Herms et al. (2019, 2021). Only a summary describing the most impor-
tant features is included here. The hydrological basin presents an abrupt

http://creativecommons.org/licenses/by/4.0/


Fig. 1. (A) Generalmap of southernwest European continentwhere the brown shaded areas correspond to carbonate rock outcrops (mapmodified from theWorldMapof Carbonate Rock
Outcrops v.3.0. (http://www.fos.auckland.ac.nz/our_research/karst). The shaded square shows the limits of the hydrological map shown in the inset below, while the small red square
indicates the position of the Port del Comte Massif (PCM). (B) Hydrological setting of PCM (Digital elevation model from “Copernicus Land Monitoring Service”, available from
https://land.copernicus.eu/imagery-in-situ/eu-dem). (C) Geological map of PCM (modified from Herms et al., 2019). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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topography. The elevation of themassif varies between 900 and 2387m
a.s.l. The PCM has an area of 130 km2 and separates the Segre and
Cardener river basins. The Segre River flows in the N part to the W
and then turns to the S at theW side. The Cardener River, themain trib-
utary to the Llobregat River, is at the E side and flows to the S.

From a climatic perspective, and according to the Köppen-Geiger
classification, the study area presents a cold climate without a dry sea-
son and with cool summers. In the meteorological station MS-02, lo-
cated at 2315 m a.s.l., precipitation (P), temperature (T) and potential
evapotranspiration (PET, Hargreaves and Samani, 1982) show a sea-
sonal variation (Fig. 2) with mean annual values of 1047 mm/yr,
7.0 °C and 525 mm/yr for P, T and PET, respectively. The maximum of
precipitation is in autumn, coinciding with the convective thunder-
storms typical of the Mediterranean. Precipitation declines in winter
to reach the minimum and then increases to reach a second peak in
spring. In winter and spring, solid precipitation falls above 1800 m a.s.
l.. The snow remains on the slopes and summits of the massif for 3 or
4 months before completely melting. In summer precipitation reaches
a second marked minimum.

Fromahydrogeological perspective, the carbonate karstified rocks of
the Paleocene-Eocene formation hold the main aquifer of the PCM. The
massif constitutes an independent structural and hydrogeological unit.
Surface runoff is negligible, in agreement with the karstic nature of
the massif. Aquifer recharge is produced by the infiltration of water
3

from rainfall and snowmelting. The aquifer discharges through a series
of springs, of which only four (Fig. 1) have discharge rates greater than
1 L/s. The most important of them is Fonts del Cardener spring (S-05),
which has a recharge area of 21.5 km2, and produces a mean discharge
of 7.5 hm3/yr that tributes downstream into the Llobregat River and
amounts 7% of the mean annual water use of Barcelona (Barcelona
City Council, 2018).

The mean isotopic content of groundwater discharge in spring S-05
(δGW) is −9.7‰ and −63.3‰ for δ18O and δ2H respectively. These
values coincide with the mean isotopic content of precipitation in the
spring recharge zone. Moreover, the isotopic content of precipitation
(δP) shows a seasonal variation, with heavier isotopic compositions in
summer and lighter in autumn and winter (Fig. 3A), in agreement
with the observed relationship between the isotopic fractionation and
temperature (Clark and Fritz, 1997). δGW follows the sinusoidal varia-
tion of δP (Fig. 3B), thus indicating the short groundwater mean arrival
time of 2.85 yr that has been estimated for this spring (Herms et al.,
2019).

3. Methods and materials

The starting point is the combination of the hydrological and the en-
vironmental tracer transport models, known here as “hydrological
model chain”, to reproduce the observed hydrodynamic behaviour of
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Fig. 2. Average seasonal variation of monthly precipitation (bars), potential evapotranspiration (dashed line) and temperature (line) measured at the meteorological station MS-02
(Fig. 1), located at 1800 m a.s.l., for the period Jan 1990–Sep 2016.
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both groundwater discharge and its O andH isotopic content in the PCM
aquifer system (Herms et al., 2019).

Next, an ensemble of climate projections is used as input to the cal-
ibrated hydrological model to create an ensemble of future recharge
values to the aquifer system. To this end, a delta change approach is
used to calculate the CC signal between reference and future climate
scenarios from precipitation and temperature. The CC signal is then
used to modify the observed precipitation and temperature time series
and therefore running the hydrological model chain. This allows evalu-
ating the impact of CC on the groundwater system and its O and H iso-
topic content.

3.1. Hydrological model chain

Numerical lumped models of flow and transport calibrated by
Herms et al. (2019) are used in this work to simulate the future hydro-
logical behaviour of PCM.

The hydrodynamic behaviour of the aquifer is simulated in
terms of spring discharge with the semi-distributed conceptual
precipitation–runoff model HBV-Light (Seibert and Vis, 2012).
This model is a standard tool for simulating high mountain snow-
dominated hydrological systems (e.g., Konz and Seibert, 2010;
Staudinger et al., 2017; Chen et al., 2018; Epting et al., 2018;
Jódar et al., 2018; Herms et al., 2019). The HBV model solves a gen-
eral water balance equation, requiring as input data hydroclimatic
daily time series of P, T and PET, and some catchment information
Fig. 3. Seasonal variation of O and H isotopic content. (A) δP in precipitation in pluviometer P
symbols, respectively. The sinusoidal lines in the figures correspond to the regression fit to the
δ2H, respectively. The identification codes P-03 and S-05 correspond to those of Fig. 1.

4

including (1) the vertical lapse rates of P and T, and (2) the relative
weight with respect to the total catchment area of the different al-
titude and associated vegetation zones in the basin. For a given day,
the model considers precipitation as rain or snow, depending on
whether the corresponding daily temperature is above or below a
threshold temperature. The snow accumulation and melting are
computed according to a degree-day method by a snow routine. A
two stacked linear reservoir is used to simulate the hydrological
system dynamics. The upper reservoir is used to generate surface
and subsurface runoff, and the lower reservoir generates ground-
water runoff. As output, model HBV provides the daily basin dis-
charge as the sum of surface and subsurface runoffs, but also
provides the daily time series of aquifer recharge, which is after-
wards used to simulate the hydrological system response to an en-
vironmental tracer input function that enters andmigrates through
the aquifer from the recharge zones to the discharge springs.

The isotopic content variation in groundwater is simulated with
FlowPC (Małoszewski and Zuber, 1996, 2002). FlowPC is a lumped pa-
rameter model that requires only a few input parameters. It is useful
in alpine catchment areas, where data are often scarce (Małoszewski
et al., 1992, 2002; Müller et al., 2013; Lauber and Goldscheider, 2014;
Jódar et al., 2016; Herms et al., 2019). The model solves numerically
the convolution integral [Eq. (1)] to transform the isotopic input tracer
signal δin(t) entering the hydrogeological system as recharge into the
output tracer signal δout(t) leaving the system as spring discharge
(Fig. 4).
-03. (B) δGW in spring S-05. In both cases δ18O and δ2H are indicated by solid and empty
observed δP and δGW data (Jódar et al., 2016). These lines are thick and thin for δ18O and



Fig. 4. Schematic representation of the groundwater system response to a hypothetical input tracer function (modified from Jódar et al., 2016).
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δout tð Þ ¼
Z t

−∞
δin tð Þg t−ξð Þdξ ð1Þ

where t is the time, ξ is the integration variable, g(τ) is a weighting
function describing the transit time distribution (TTD) exit of tracer that
entered the aquifer at different times in the past, and therefore implic-
itly includes hydraulic properties of the aquifer, and τ is the system tran-
sit time. FlowPC has already implemented four analytic g(τ) functions
(Małoszewski and Zuber, 2002). In this work, the exponential piston
flow (EPF) TTD is used, as did Herms et al. (2019) to reproduce the ob-
served O and H isotopic content variation in groundwater for the PCM
aquifer system. This distribution assumes that the system is composed
of two parts in line, one of themwith a volume VEM and an exponential
distribution of transit times, and the other one with a volume VPF and a
piston flow transit time distribution (Zuber, 1986). The parameter η=
(VEM + VPF)/VEM, along with τ characterize the EPF-TTD of the system.
For spring S-05, the values of η and τ are 1.02 and 2.88 yr, respectively
(Herms et al., 2019).

The FlowPCmodel requires the time series of (1)monthly aquifer re-
charge, which is obtained by integrating monthly the daily recharge
values from HBV, and (2) the monthly averaged isotopic content of re-

charge (cδR), which is assumed the same as themonthly averaged isoto-

pic content of precipitation ( bδP), given the karst nature of PCM. This
assumption implicitly assumes that the correlation between δP and T
(Fig. 4) also holds for δR and T.

The O and H isotopic signature of rainfall is linked strongly to
changes in surface temperature (Dansgaard, 1964; Rozanski et al.,
1992), especially inmid latitudinal to high latitudinal regions. This rela-
tionship has been used often as a paleothermometer and should be
accounted if the climate community aims to better understand possible
futurewarmer-than-present climate scenarios by examining pastwarm
periods. Although this relationshipmay change in space and time (Gierz
et al., 2017), it is known that the temporal slope of the δP-T relation has
remained largely stable throughout the last 21,000 years over the mid-
dle and high latitudes of the globe. In the pan-Mediterranean zone, this
temporal slope (m) is about 0.27‰/°C (Guan et al., 2016). The isotopic
composition of recharge δR for the future scenarios is therefore esti-
mated as

δR Tð Þ ¼ m T−�T
� �þ T−δR ð2Þ

where T and δR are the mean air temperature and isotopic composition
recharge for the reference period. For the j-th month of the future cli-
mate projection scenario,cδR j is obtained by weighting the daily values
of recharge isotopic composition δRij by the corresponding daily re-
charge rate QRij as

cδR j ¼ ∑N
i¼1δR Tij

� � � QRij

∑N
i¼1QRij

ð3Þ

where N is the number of days of the j-th month.
5

3.2. Delta change approach

A delta change approach (Hay et al., 2000; Räty et al., 2014; Chen
et al., 2018) is used to calculate the CC signal between reference and fu-
ture climate. This signal has been produced specially for the Pyrenees in
the framework of the CLYM'PY (Characterization of the evolution of cli-
mate and provision of information for adaptation in the Pyrenees)
Project (Amblar-Francés et al., 2020), where high–resolution (5 km ×
5 km) climate projections for the 21st century have been generated
using 24 downscaled general circulationmodels (GCMs) for several dif-
ferent emission scenarios. This work uses a subset of 6 climate models
with the Representative Concentration Pathways (RCP) RCP4.5 and
RCP8.5. The former corresponds to a”pathway” in which the radiative
forcing stabilizes without overshooting 4.5 W/m2 (~650 ppm CO2-
equivalent) in 2100, and the latter to the upper bound of the RCPs with
a radiative forcing overpassing 8.5 W/m2 (>1370 ppm CO2-equivalent)
in 2100. In this sense, the term “pathway” stresses that not only the
long-term greenhouse gas concentration levels are of interest, but also
the trajectory driven along time to reach that outcome (Moss et al.,
2010; Van Vuuren et al., 2011).

According to their ability to reproduce the observed climate variabil-
ity throughout Spain (CEDEX-MAPAMA, 2017), a subset of 6 climate
models with the emission scenarios RCP4.5 and RCP8.5 (Table SM1 in
Suppl. Mat.) were selected by the Spanish Minister of Agriculture,
Fisheries, Food and Environment (MAPAMA) to evaluate the impact of
CC on water resources in Spain. The subset includes the following cli-
mate models: bcc.csm1.1 (Wu et al., 2014), CNRM.CM5 (Voldoire
et al., 2013), inmcm4 (Volodin et al., 2010), MIROC.ESM (Watanabe
et al., 2011), MPI.ESM.MR (Giorgetta et al., 2013) and MRI.CGCM3
(Yukimoto et al., 2012). This work adopts this subset as climate model
ensemble to assess the impact of CC in the hydrogeological system of
PC. In all cases, the temporal period associated to the reference period
and future scenarios are 1975–2005 and 2005–2100, respectively.

To simulate the impact of CC in the behaviour of the hydrogeological
system, the future model runs (RCM + HBV + FLOWPC) are used to
capture the change signal, but not from the raw variables directly
(P and T time series from RCMs). For the future period, a delta change
approach is used. To this end, synthetic time series of precipitation
(Psync) and temperature (Tsync) are built based upon their correspond-
ing observed time series (1981–2015), concatenating them in a row,
as many times as required, to equal the time interval length comprised
in the future simulation scenarios (2005–2100). In this way, the ob-
served seasonal and finer time variability of P and T, which are not cap-
tured by the RCMs (Fig. SM1 in Suppl. Mat.), are preserved along with
their corresponding frequency-magnitude relationships.

For every RCM, the simulations are used to calculate a multiplicative
and an additive correction coefficient (delta change factor), for daily
precipitation (P) and temperature (T), respectively, by comparing con-
trol and scenario climate model runs, as follows:

α tið Þ ¼
eP tið Þ
Pref

ð4Þ

http://MPI.ESM.MR
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β tið Þ ¼ eT tið Þ−Tref ð5Þ

where the tilde (~) over the variable stands for the 30 years backward
daily mean of the variable for a given day (ti), and the subscript “ref”
stands for the variable averaged value for the last 30 years of the refer-
ence period (1975–2005). Once the delta change factors time series are
obtained, they are applied to Psync and Tsync (Eqs. (6) and (7), respec-
tively; see Fig. SM2 in Suppl. Mat.), thus including the CC signal in the
input time series of the hydrological model chain.

P tið Þ ¼ α tið Þ � Psync tið Þ ð6Þ

T tið Þ ¼ β tið Þ þ Tsync tið Þ ð7Þ

3.3. Trend analysis of time series

Temporal trends in the isotopic composition are identified using the
Mann–Kendall test (MKT). This is a robust test for trend detection, used
widely in climatological, hydrological and environmental time series
analysis. The test does not assume the data to be distributed according
to any rule (e.g., it does not require data to be normally distributed). It
is not affected by missing data in the time series other than the fact
the number of sample points are reduced and hencemight adversely af-
fect the statistical significance.MKT is neither affected by irregular spac-
ing of the time points of measurement nor by the length of the time
series.

The MKT statistic S (Mann, 1945; Kendall, 1975) is obtained as

S ¼ ∑
N−1

i¼1
∑
N

j¼iþ1
sgn xi−xj

� � ð8Þ

whereN is the number of data points in the time series, xi is the i-th data
value in the time series, and sgn(xi-xj) is the indicator sign function de-
fined by

sgn xi−xj
� � ¼ 1;xi−xj>0

0;xi−xj ¼ 0
−1;xi−xj<0

8><>: ð9Þ

The variance associated with S is calculated as

σ2
S ¼ 1

18
N N−1ð Þ 2N þ 5ð Þ−∑

h

k¼1
nk nk−1ð Þ 2nk þ 5ð Þ

 !
ð10Þ

where h is the total number of tied groups in the data, nk is the number
of ties of extent k. A tied group is a set of sample data having the same
value.

For large sample sizes (N>10), S is approximated by the normal dis-
tributed statistic ZS (Eq. (11)), which is usedbymost statistical software.
In this work, the trend analysis has been conducted using both the com-
puter Program of Trend Test from the USGS (Helsel and Frans, 2006;
Helsel et al., 2006), and the Real Statistics Resource Pack software
(Zaiontz, 2020).

ZS ¼
S−1ð Þ=σ S;S>0

0;S ¼ 0
Sþ 1ð Þ=σ S;S<0

8><>: ð11Þ

Positive and negative values of ZS indicate increasing and decreasing
trends, respectively. The trends are tested at a given significance level α.
If |ZS| > |Z1−α/2|, then the null hypothesis (i.e., there is no trend) is
rejected and a significant trend is assumed in the time series. Z1−α/2 is
the corresponding value of P = α/2 for a standard normal distribution.
In this work the significance level of 0.05 is considered. Therefore
Z1−α/2 = 1.96.
6

The slope of trend β in the time series is evaluated by the non-
parametric procedure proposed by Sen (1968). It is calculated by

β ¼ median
xj−xi
j−i

� �
;j>i ð12Þ

The confidence interval for the Sen's slope (βL, βU) can be computed
as (Hollander and Wolfe, 1973; Gilbert, 1987)

βL ¼
1
2

N−Cαð Þ ð13Þ

βU ¼ 1
2

N þ Cαð Þ ð14Þ

Cα ¼ σ S � Z1−α=2 ð15Þ

The MKT is indeed a robust test for trend detection. Nevertheless, it
is not well suited for data with periodicities (i.e., seasonal effects) be-
cause the functional dependence of S (Eq. (8)). To ensure the effective-
ness of MKT for detecting trends, the seasonal effects are eliminated in
this work by considering annual time series instead of monthly ones.
To this end, the monthly time series of precipitation and aquifer re-
charge are annually integrated,whereas themonthly time series of tem-
perature and isotopic content in water are annually averaged.

4. Results and discussion

4.1. Effect of climate projections on hydrology

The signal of CC enters the hydrological systems through variations
in the terms conditioning the mass water balance in the system. Fig. 5
shows the percentage of change associated to precipitation (P), temper-
ature (T), actual evapotranspiration (AET), total runoff (Qtot), rainfall re-
charge (Qrain), snowmelt recharge (Qsnow) and total recharge (Qrec),
averaged for the 2011–2040, 2041–2070 and 2071–2100 intervals for
the average ensemble of climate models. The interval length has been
selected to ensure that the estimated values for the interval are not con-
ditioned by the short-term patterns of temporal variability which often
contain the climatic variables.

Precipitation seems to follow a slight downward trend for the differ-
ent average intervals considered (Fig. 5), presenting maximum annual
decreases of 29 and 30mm for the RCP4.5 and RCP8.5 scenarios, respec-
tively (Table SM2 in Suppl. Mat.). As can be shown, the variability in
rainfall for themodel ensemble is always greater in the case of the emis-
sion scenario RCP8.5. The precipitation signal, including the trend, prop-
agates throughout the hydrological system. It is reflected almost
homothetically in the obtained variations of Qrain, Qrec and Qtot. Despite
the variations shown for the selected multidecadal intervals, none of
these variables present a statistically significant trend for the whole es-
timation period 2010–2100 (Table 1).

Temperature shows amonotonous increasing trend for the three se-
lected intervals, being the variation greater in every case for the RCP8.5
emission scenario. For the last interval (2071–2100), the average tem-
perature with respect the reference period (1986–2015) is 1.9 and
3.1 °C for the scenarios RCP4.5 and RCP8.5, respectively. The tempera-
ture evolution signal propagates in a natural way to both AET and
Qsnw, as it is well-known that both variables show a large dependence
on T. Furthermore, for the whole period 2010–2100, the estimated
trends for T, AET and Qsnw are statistically significant, increasing for T
and AET and decreasing for Qsnw, as expectable for a warmer climate
scenario. Such decreasing trends in Qsnw have been already observed
in the Western Pyrenees and other mountain zones (López-Moreno
et al., 2009, 2020; Matiu et al., 2021), and are expected to be more
marked in the future, especially at low elevations, with more uncertain
trends in observations and in future projections at higher elevations
(Gobiet et al., 2014; Beniston et al., 2018; Hock et al., 2019; IPCC, 2019).



Fig. 5. Percentage of change of the hydrometeorological variables for the averaging periods 2011–2040, 2041–2070 and 2071–2100, obtained by the different climate models for the
emission scenarios RCP4.5 and RCP8.5, with respect the corresponding averaged value of the variable obtained for the reference period (1998–2005). The dashed line indicates the null
change position.
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Previousworks focusing on CC impacts inmountain zones indicate a
generalized water resources decrease (Beniston and Stoffel, 2014;
Beniston et al., 2018). This trend has already been observed in the
Pyrenees (López-Moreno et al., 2008b), highlighting the importance of
this mountain range as an early warning system to mitigate the impact
of CC, among other impacts, by implementing adaptation strategies be-
fore the impact arrival in the central and northern European zones. In
the case of PCM, climatemodels predict a slight decrease in the total dis-
charge flow Qtot, with a not statistically significant long-term trend.

The evolution of Qtot is highly controlled by the evolution of P.
However, T also plays an important role in this regard, modifying not
so much themagnitude of Qtot but the associated seasonality, especially
in basins where the dynamics of snow accumulation and melting pro-
cesses are relevant. Snow melting is a process that maximizes the dif-
fuse recharge of the aquifer, being able to play an important role in
the total aquifer recharge if the snow accumulation during the cold sea-
son is important, as occurs in the central zone of the Pyrenees (Jódar
et al., 2020). Moreover, the snow accumulation and melting diffuse re-
charge may even condition the speleogenesis and development of
karst (González-Ramón et al., 2020). In the study area, the aquifer re-
charge from snow melt represents only 7% of total recharge. Despite of
that, it is enough to leave a clear fingerprint in terms of Qtot response,
as revealed when the hydrograph of the reference period is compared
7

with that of the last considered period 2071–2100 (Fig. 6). The latter
presents a discharge increase in the winter months (Nov-Feb). This dis-
charge increment is generated by a decrease of snowfall and an increase
of rainfall, driven by the warmer climate conditions obtained for the cli-
mate models for this period. Consequently, Qtot presents a decrease in
the thaw season (Mar-May), as in winter there is less accumulation of
snow and therefore a lower snowmelt flow contributing to the total
basin discharge in the spring season. In addition, the snow accumula-
tion decrease will reduce the aquifer recharge, thus favoring an
earlier low flow season. This effect has been already observed in
some high mountain basins (López-Moreno and García-Ruiz,
2004, López-Moreno et al., 2008a, 2008b; Birsan et al., 2005; Bard
et al., 2015; Mallucci et al., 2019).

There is a net decrease in the mean annual spring discharge for
the third period 2071–2100, of 0.6 and 0.4 hm3/yr for the emission
scenarios RCP4.5 and RCP8.5, respectively. These values may look
not a huge decrease, but such variations may be critical downstream
for the depending ecosystems (Goldscheider, 2019). These ecosys-
tems are tacking with a structural water scarcity derived from the
increased frequency and severity of the current Mediterranean
droughts (Hoerling et al., 2012; Vicente-Serrano et al., 2014), and
their expected increasing trend in the framework of CC (Cramer
et al., 2018).



Table 1
Estimated Sen's slopes for the hydrometeorological variables for the period 2010–2100, considering the different climate models and the two emission scenarios.
The blue shaded values indicate statistically significant trends for the whole period.
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4.2. Effect of climate projections on the isotopic content of groundwater

Meteoric water recharging the aquifer introduces in the system not
only the input signal in terms of inflows, but also enters the signal asso-
ciated to the isotopic content of recharge water. This signal propagates
Fig. 6. Seasonal variation of themonthly averaged discharge for both the historical (1986–2015) a
thick line showsQtot for the referenceperiod. Red line and shaded area indicatemeanQtot and the c
the mean Qtot and the associated variation interval for RCP4.5. (For interpretation of the reference
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downgradient from aquifer recharge to discharge areas, where regional
springs drain the system. In the case of a trending input tracer signal, the
trend will be transferred to the output tracer signal unless the tracer
was not conservative (Jódar et al., 2014). Additionally, the aquifer filters
the high-frequency variability of the input tracer signal, even damping
nd future (2071–2100) periods considering the climate projections RCP4.5 and RCP8.5. Black
orresponding variation interval for RCP8.5,whereas blue dashed line and shaded area indicate
s to colour in this figure legend, the reader is referred to the web version of this article.)
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the amplitude of the seasonal variation of δP (Figs. 3 and 4) (Herms et al.,
2019; Jódar et al., 2016, 2020). Such filteringmakes it easier identifying
trends in the δGW outflow signal because the “noise” associated to the
high frequency variability of δP in the inflow signal hinders the trendde-
tection (Fig. SM3 in Suppl. Mat.). In this line, the PCM is an ideal system
to evaluate how the signal of the impact of CC is propagated through a
karst aquifer. The groundwater mean arrival time of 2.83 yr is long
enough to eliminate the high-frequency variability signal of δP, but
short enough to identify the most significant recharge events at the
spring discharge from both the hydrodynamic and the isotopic perspec-
tive (Herms et al., 2019).

The evolution of δGW in spring S-05 shows a trend like that of T, be-
coming isotopically heavier in an increasing monotonic way for the
three intervals considered (Fig. 5). These variations are larger for sce-
nario RCP8.5, regardless of the selected time interval. For the last ana-
lyzed period of the 21st century, the average annual increase in δGW
for scenarios RCP4.5 and RCP8.5 is 0.50‰ and 0.84‰, respectively.
From a long-term perspective (i.e., 2010–2100; Fig. 7), δGW shows sta-
tistically significant trends of 0.7‰/100 yr and 1.2‰/100 yr RCP4.5
and RCP8.5, respectively (Table 1).

Isotopic information from groundwater ultimately occurs from pre-
cipitation, but reflects the interplay between physical aspects of climate,
meteorology and geo-hydrology at different spatial-temporal scales.
Despite of that, the isotopic content of groundwater reveals as a useful
source of information. The hydrogeological systems provide a response
in terms of δGW that reflect faithfully not only the mean value of δP but
also the associated trends. This behaviour makes the hydrogeological
systems especially well-suited to be used as proxy data providers of δP
for fully IGCM, which is a current promising research line (Yoshimura,
2015).

IGCMs provide the isotopic signal distribution of a particular time
period along with the corresponding evolution of climate variables,
which is particularly useful in paleoclimate and paleo-altimetry studies
(Rowley and Garzione, 2007; Bershaw et al., 2012; Gierz et al., 2017;
Cauquoin et al., 2019). Besides, these models unravel the complex rela-
tionships between geochemical climate proxies (e.g., ice core δ18O, tree
cellulose δ18O, and coral δ18O) and climate simulations (Okazaki and
Yoshimura, 2019). To illustrate this, it could be considered to simulate
the temperature evolution during interglacial δ18O-climate reconstruc-
tions while minimizing possible misinterpretations of isotope records
Fig. 7.Evolution of the isotopic (δ18O) content in groundwater discharge for spring S-05 conside
period. The pointmarks the beginning of the RCP scenarios. The red line and shaded area indicat
line and shaded area indicate mean δGW and associated variation interval for scenario RCP4.5
references to colour in this figure legend, the reader is referred to the web version of this artic
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used in such paleo-climatological studies. This is a focal topic given
the growing concerns about future global CC. Nevertheless, there is
still enough room for improving IGCMs (Gierz et al., 2017). In this re-
gard, there is limited O and H water isotopic data regarding (1) the hy-
drological processes moving the water vapor in and out of clouds - this
is being improved by applying laser spectroscopic isotopic measure-
ment techniques (Wassenaar et al., 2018; Denisova et al., 2020) - and
(2) terrestrial hydrological cycles at different scales, including the
partitioning of total water transport as surfacewater, in transit recharge
through the vadose zone and groundwater (Yoshimura, 2015). This
point may be addressed by adding isotopic content data of both surface
water and groundwater, which is crucial information to evaluate aver-
ages of precipitation O and H isotope contents at the corresponding
aquifer recharge areas, especially in zones with nil spatial coverage of
precipitation isotope data. As a result, more certain local and global bud-
get of O and H isotopes could be obtained, especially for groundwater
(Henderson-Sellers et al., 2004; Custodio and Jódar, 2016; Baker et al.,
2019; Herms et al., 2019) to help validating IGCMs. In this line, the re-
sults obtained in this work will be useful to provide plausible scenarios
to comparewith, whilemaking the IGCMs CC simulationsmore reliable.
This is of paramount importance to develop CC adaptation strategies
scaled to the expected impact in the hydrogeological systems.

Karst aquifers have been shown to be very vulnerable, especially to
pollution, due to their high hydraulic conductivity and limited self-
depuration capacity (Parise et al., 2015). Moreover, when the karst
aquifers are unconfined, focused recharge through the most conductive
karst features facilitates the widespread rapid incorporation and trans-
port of pollutants to the groundwater (Hartmann et al., 2021). In this
framework, and from the perspective of climate change impact, their
vulnerability is even higher. In high mountain karst aquifers, the snow
cover provides additional water storage for the hydrological system
while protecting the aquifer from external pollutants. Besides, in the
warm season, the generated snowmelt drives aquifer recharge as a spa-
tially diffuse process driven by the snowmelt infiltration (Meeks and
Hunkeler, 2015; Jódar et al., 2020). The snowmelt flows diffusely
through the snowpack while maintaining moderate drainage rates.
This maximizes infiltration through the uppermost soil/epikarst layer
along the slopes of the mountain (Custodio and Jódar, 2016). The
warming trends obtained in this work impact directly in the snowpack
cover formation and the corresponding snowmelt infiltration (Fig. 5 and
ring the climate projections RCP4.5 and RCP8.5. Black thick line shows δGW for the reference
emean δGWand corresponding variation interval for scenario RCP8.5,whereas blue dashed
(the violet colored strip is just the overlapping of red and blue). (For interpretation of the
le.)
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Table 1). As a result, the vulnerability of the karst systemwill be even in-
creased, given that these mountain karst aquifers will be directly ex-
posed longer to eventual contaminant surface spills. As shown, this
stresses the interplay between vulnerability to pollutants and impact
of climate change, given that they are not independent in high moun-
tain aquifer karst systems.

5. Conclusions

Karst aquifers are particularly vulnerable to the impact of CC because
they typically show short transit times that allow a fast propagation of
the CC generated hydro- climatical signal through the hydrogeological
system. This is the case of the PCM, in which the climate input signal
variations propagate quickly through the hydrological system, as
reflected in the hydrological variables that control the hydrodynamic
functioning of the aquifer and impact the ecosystems dependent on
groundwater discharge in a short time.

The estimated evolution of P and T for the last 30 years period of the
21st century shows a net decrease in P and an increase in T. These var-
iations, which regardless of the climatemodel are bolded in the scenario
RCP8.5, are primarily reflected in a decrease of snowfall and snow
accumulation, which in turn have immediate consequences on the hy-
drological system, such as reducing both springtime high flows and
aquifer recharge, and advancing the low flows period.

The temporal variability associated to thehydrological variablesmay
hinder the fast detection of CC impact in hydrological systems.
Nevertheless, the trend on the isotopic composition of groundwater
may be used as a proxy of such impact. In the PCM, the isotopic compo-
sition of groundwater shows a clear enrichment trend, with mean rates
of 0.7‰/100 yr and 1.2‰/100 yr for scenarios RCP4.5 and RCP8.5,
respectively. These values are high enough to produce in the short-
mean term an isotopic enrichment in groundwater that are easily de-
tected by available analytical methods. The methodology applied to
obtain these values may be applied in other hydrogeological systems
to provide valuable information for helping the validation of fully
coupled isotope-enabled global climate models. Besides, measuring
the evolution of the isotopic composition of groundwater in a regular
schememay serve as prognosis of the CC impact on the sampled aquifer
if any isotopic enrichment trend is detected in the mean isotopic com-
position of the spring discharge.
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