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Abstract The purpose of this paper is to analyse the regional impact of recent
climate change on the water resources in southern France. We produced spatial
reconstructions of the monthly evolutions of temperature, precipitation and water
discharge in 15 watersheds of six coastal river basins and examined the major changes
based on trend analysis for the last 40 years. In this part of the Mediterranean,
the general warming trend was strongly enhanced by changes in the atmospheric
circulation patterns, characterized by a northward extension of the subtropical high
pressure domain during spring and summer. During these seasons, monthly warming
rates could achieve almost twice the mean annual warming rates. Although annual
precipitation did not follow clear trends, water discharge significantly decreased in
one third of the watersheds and accounted for an estimated 20% reduction of the
water resources in this region. This concerns both the highest and lowest watersheds.
In the former, the reduction is likely the result of a temperature induced switch of
snowfall to rainfall at high altitudes. In the latter, the reduction of discharge seems
to come from lower groundwater levels, which may be related to the temperature
increase too, but also have other origins. The recent climatic evolution is consistent
with most modelling simulations for the future, indicating that the reduction of the
water resources will hold on, probably still enhanced by decreases in precipitation.
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1 Introduction

Understanding the impact of climate change on the water cycle on Earth is one
of the major challenges in assessing socio-economic pressures in the near future.
The Mediterranean region lies in transition between the arid climate of North
Africa and the temperate and rainy climate of central Europe and is affected by
interactions between mid-latitude and tropical processes. This area has shown large
climate shifts in the past (Luterbacher et al. 2006) and was identified as one of the
most prominent “Hot-Spots” in future climate change projections (Giorgi 2006).
Both climate observation and modelling studies revealed a general trend toward
drier and warmer conditions during the last and forthcoming decades (Gibelin and
Déqué 2003; Norrant and Douguédroit 2005; Christensen et al. 2007; Giorgi and
Lionello 2007). Shortening of the water resources, already endemic in many of the
Mediterranean riparian countries, may severely increase in the future (Milly et al.
2005).

Despite the general importance of water resources for local economies, studies
on the impact of climate change on the water cycle in the Mediterranean region
and adjacent areas are relatively sparse and mainly focus on larger river basins
(e.g. Etchevers et al. 2002; Caballero et al. 2007). One reason for this is that most
impact studies rely on modelling with general circulation models (GCM), which are
often too coarse in their spatial resolution to correctly reproduce the local climatic
processes induced by the complex physiography of the Mediterranean drainage
basin. However, neglecting small river basins in scientific evaluations may bias the
resulting conclusions, as they are very abundant in this part of the world (Milliman
2001).

The recent temperature increase since the late 1970s is generally considered to
be the first clear sign of a human induced climate change (Trenberth et al. 2007).
Observation studies that focus on the hydroclimatic evolution of typical coastal
river systems during this period can therefore help for a better understanding of
the possible effects of climate change on water resources in the Mediterranean
region. In this study, we examined the hydroclimatic functioning of six coastal river
basins located in southern France for the period 1965–2004. These are the Tech, Tet,
Agly, Aude, Orb and Herault rivers (Fig. 1), which are typical coastal rivers that
can also be found in many other parts of the Mediterranean basin. Temperature
increase during the 20th century in south-western France (0.110–0.130◦C/decade for
1901–2000, Moisselin et al. 2002) was particularly important compared to the global
average (0.084◦C/ decade for 1901–2005, Brohan et al. 2006). This region could be
thus highly appropriate to detect climate induced changes in the natural water cycle.

According to the locations of the major gauging stations, 15 watersheds could
be distinguished in our study for which the monthly and annual water fluxes and
temperature records exist (discharge) or could be reconstructed via a dense station
network and spatial interpolation techniques (precipitation and temperature). These
watersheds cover a large range of natural and anthropogenic characteristics, which is
important when evaluating whether the observed changes may be induced by climate
change or not. Our objectives were to detect recent trends in the climatic evolution
in this region, to relate them to changes in atmospheric circulation, to quantify their
impacts on the water resources in the investigated watersheds and to assess the
vulnerability of these watersheds with respect to future climate trends.
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Fig. 1 Location of the studied rivers, hydrological stations and corresponding watersheds

2 Datasets and methods

2.1 Water discharge

Discharge (Q) data were obtained from the HYDRO data base hosted at the French
Ministry of Environment, centralizing most of the hydrological records in France.
They were recovered both in daily and in monthly time resolutions. We selected 15
discharge gauging stations with less than 15% missing values for the investigated
period from 1965 to 2004 (Fig. 1). The 1965 starting year was chosen because data
availability and station density were clearly insufficient before this date, both for
gauging and climatic stations.

Most of the retained discharge records largely cover the 1965–2004 period (Fig. 2),
although some start later, end earlier or display gaps in the middle of the records.
Because of the replacement of older gauging stations by newer ones, four of the
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records have been completed by linear regressions with records from neighbouring
stations that were only used to fill data gaps. All of these neighbouring stations are
situated close to the main stations, without the confluence of additional tributaries in
between (Figs. 1 and 2). Pearson’s correlation coefficients between the overlapping
discharge records were always very high (r2 between 0.97 and 1.0) and differences
in the average discharges were always lower than 15% (9%, 15%, 5% and 8% for
Moussan, Rodes, Reynes and Argeles, respectively).

Discharge values in this study were used as specific net discharge values (Q-net).
This means that for each station, we only considered the water discharge that was
created in the corresponding watershed and consequently subtracted the measured
water discharge by the water discharge at the closest upstream station (if any). The
resulting discharge was then divided by the watershed area and the units changed
from cubic meters per year (month, day) to millimeters per year (month, day).

2.2 Watershed delineation

Delineation of the watershed contours was performed on the basis of the relevant
sections of the GTOPO30 global 30 arc sec Digital Elevation Model (DEM) of
USGS (2000), after implementation into the ArcInfo GIS software and conversion
of the geographical coordinates to the French national projection system Lambert
Conformal Conic III. For correction purposes, the river drainage networks were
digitized from maps and also implemented into the GIS in order to recondition
the DEM (Hellweger 1997). Sinks of the DEM were automatically filled and a flow
direction grid was generated by the GIS software. A comprehensive description of
all the methods applied to the DEM can be found in Maidment and Djokic (2000).
The automatically generated flow direction grid did not always overlap with the
real drainage network and numerous manual corrections were necessary to improve
the fit between both networks. Finally, the corrected flow direction grid allowed us
to delineate the different watersheds according to the geographical position of the
considered discharge gauging stations (Fig. 1). These contours were then used to

Fig. 2 Temporal coverage of
the discharge records. Black
bars: complete time series;
grey bars: the gauging station
was temporarily or definitively
replaced by a neighbouring
station and the time series
were reconstructed by linear
correlation between
overlapping records of both
stations (see text); white bars:
data missing
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extract the average watershed characteristics from the GIS climatologies we created
(see below) and from other freely available GIS data bases.

2.3 Precipitation and temperature data

2.3.1 Homogenization of datasets

Precipitation (P) and temperature (T) data were provided by Meteo-France in
monthly resolution via the Climatheque data base server. Temperatures were taken
as the average of minimum and maximum temperatures, which is a common practice
in meteorological studies (Moisselin et al. 2002). Only meteorological stations with
less than 20% of missing values were retained, resulting in a total of 127 stations
for precipitation and 49 for temperature. The total number of gaps in the time series
represented about 2.2% for precipitation and 6.7% for temperature. As the existence
of these gaps could bias the successive interpolations (Section 2.3.2), the climatic time
series were homogenised before being used for interpolation. The too large number
of stations excluded the possibility of filling the gaps one by one from classical
regression techniques (i.e. by regression with well correlated series or one reference
series). We therefore used the method proposed by Laborde (2000). For each station,
each gap is filled by the mean value calculated over the whole observation period.
Then, a Principal Component Analysis (PCA) is performed on the matrix of the so-
filled data, resulting in principal component (PC) loadings and scores that are used
to make new estimations of the missing data. A second PCA is then performed on
the matrix of observations with newly estimated missing data, leading to new PC
loadings and scores that are again used to fill the data gaps and so on. Estimation of
the missing observations changes at each PCA iterative step made on the matrix of
observations. Successively estimated missing values follow a decreasing exponential
law and a stable value can be reached after six to seven PCA iterations (Laborde
2000). After having done several tests with our data, we always fixed the number of
iterations to eight as this produced the most realistic predictions.

This method was originally developed to fill gaps in annual precipitation series. In
our case, we divided our climatic dataset in 12 monthly subsets and treated each of
them separately. When filling the gaps, the main difficulty was to select the number
of PCs to be taken into account in the iterative process. Following the assumption
that climatic data are always spatially structured, Laborde (2000) suggested to hold
only PCs that display a spatial structure. Analyses of omnidirectional variograms of
the first PC made on the matrix of observations have therefore been very useful
in selecting the relevant number of the PCs. Figure 3 shows an example of the
omnidirectional variograms of the five first PCs corresponding to the standardised
precipitation data for January. In this case, only the four first PCs have been taken
into account since variable projections on the fifth PC presented no clear spatial
correlation. For the others months, the number of relevant PCs varied between three
and six.

The above described method provides good results in particular for precipitation
for which spatial structures are typical. For temperature, however, no clear spatial
patterns could be detected in our data set, probably because of the strong connection
with elevation, which can easily overwhelm any spatial pattern. Due to the lack of a
clear selection criterion, we always retained the three first PCs for all of our monthly
datasets.
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Fig. 3 Example of
omnidirectional
semivariograms of the variable
projections for the first five
principal components for
precipitation in January
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Climatic datasets can also be affected by the occurrence of artificial breaks in the
time series (Heino 1997; Mestre 2000). These breaks are caused by modifications
of instrumentation and/or the station location and orientation, as this is often the
result of an evolution to the optimal measurement conditions defined by the World
Meteorological Organisation (WMO). Location changes can, in particular, produce
non-stationary time series that are not suitable for trend analysis (Mestre 2000). For
this reason, we implemented several tests for the detection of breaks in our climatic
time series after the gaps have been filled. These tests were the non-parametric
Pettitt’s test (Pettitt 1979), the parametric Buishand’s test (Buishand 1984), the
bayesian method of Lee and Heghinian (Lee and Heghinian 1977) and the Hubert’s
segmentation procedure (Hubert et al. 1989). A comprehensive description of these
tests can be found in WMO (2000). If breaks could be detected with at least one of
these tests, the respective dates were compared with the station metadata, listing all
major changes that occurred during the data acquisition. Whenever we encountered
a coincidence between location changes and detected break dates, we removed the
stations from our dataset. The break tests allowed us to identify four doubtful stations
for temperature and 10 for precipitation. The number of remaining stations for
spatial interpolations was hence reduced to 45 for T and 117 for P (Fig. 4).

2.3.2 Spatial interpolation

For comparison with the discharge data, the climatic parameters had to be spatialised
and averaged for the 15 watersheds delineated in Section 2.2. Based on a sampling of
our data, performances of different interpolators were assessed and compared using
cross-validation. In this procedure, each observation is temporarily removed from
the dataset and estimated using the remaining data. The comparison between the
different interpolators was based on the values of the classical Root Mean Square
Error (RMSE) and the Mean Square Error (MSE) criterions (Goovaerts 2000). The
RMSE is used as a measure of error magnitude while the MSE is used as a guide for
bias in estimates.

For precipitation, the smallest errors were obtained for the Ordinary Kriging
(OK) method while the largest errors were obtained for the deterministic meth-
ods (not shown). This is in agreement with most studies comparing interpolation
techniques (a comprehensive description of them can be found in Goovaerts 1997)
which concluded that for precipitation, geostatistical algorithms (kriging and its
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Fig. 4 Location of the meteorological stations retained for spatial interpolations

by-products) generally produce better results than classical deterministic methods
(i.e. Inverse Distance Weighting, Thiessen polygon; Goovaerts 2000; Lloyd 2005).
This is because the former techniques take into account the spatial structure of P data
(Creutin and Obled 1982). OK was therefore retained to produce spatially gridded
data layers of monthly precipitation. At final, considering for all the months of the
period 1965–2004, RMSE ranged from 2 to 94 mm with a median of 21 mm while
MSE ranged from −1.1 to 1.7 mm with a median close to 0 mm. These rather low
values indicate that our precipitation grids were of good quality.

For temperature, our interpolation method was different, given the strong re-
lationship between this climatic parameter and elevation. A first step consisted in
predicting the monthly temperature values as a function of the collocated elevation
through a simple linear model:

Temperature = a ∗ Elevation + b (1)
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Variance of temperature explained by the linear models ranged from 42% to 98%
with a median of 84% (n = 480). These linear models allowed us to obtain monthly
temperature grids from our DEM, which were averaged for each watershed. The next
step was an interpolation of the residual values between the observed and modelled
station temperatures. Clear spatial patterns between residuals were mostly lacking
and different interpolation algorithms were tested through cross-validation for in-
dividual months. Comparison of the RMSE and MSE cross-validation parameters
again gave advantage to the OK technique. We therefore interpolated the residual
temperatures in the same way as we did for precipitation. Finally, they were averaged
for each watershed and added to the theoretical watershed averages (see above) in
order to obtain the final temperature values.

2.4 Statistical analyses

We used the non-parametric Mann–Kendall (MK) test to detect significant trends in
the hydroclimatic time series for 1965–2004. This test is independent of whether its
shape is linear or non-linear (Mann 1945; Kendall 1975). WMO (2000) defined it to be
an official tool in detection of trends in hydrologic data and many studies showed this
test to be efficient in identifying trends in hydrologic and other variables, especially
in the context of the ongoing climate change (e.g., Westmacott and Burn 1997;
Ab Razak and Christensen 2001; Hisdal et al. 2001; Yue et al. 2002). The Mann–
Kendall test statistic is given by:

S =
n−1∑

k=1

n∑

j=k+1

sgn
(
x j − xk

)
(2)

where the xj are the sequential data values, n is the length of the data set and
sgn(xj−xk) is equal to 1, 0 or −1 if xj−xk is greater than, equal to, or less than
zero respectively. The null-hypothesis, Ho, is that the data are uniformly distributed
random variables (i.e. no existing trend in the data set). A standard normal variable
value Z is then determined and is related to a p-value for a specific trend. This p-
value gives the probability of obtaining the observed value for the Mann–Kendall
statistic when in fact no trend exists. We considered detected trends with a p-value
lower than 0.1 as significant and determined the magnitude of the long-term change
by a simple linear model fitted between the tested variable and time.

For correlation analyses between two independent parameter series, we used both
the Pearson’s and the Spearman’s rho correlation tests. The former was selected
when the parameters followed a normal distribution. Otherwise the latter test was
used. The non-parametric Spearman’s rho test is a rank correlation test that allows
identifying relationships between the different parameters independently of the
shape of the relationship. For both tests, only correlations with a p-value lower than
0.1 were considered as statistically significant. A more comprehensive description of
these tests can be found in Helsel and Hirsch (1992).

To investigate the complex relationships existing between surface climatic pa-
rameters and atmospheric circulation, we applied canonical correlation analyses
(CCA) between the time series of the watershed averaged climatic parameters and
the gridded 500 hPa geopotential height fields. The latter were taken from the



Climatic Change (2010) 99:425–456 433

NCEP/NCAR reanalysis datasets (Kalnay et al. 1996; Kistler et al. 2001) in a 2.5 ×
2.5 grid point resolution in a large domain covering the European and Mediterranean
areas. CCA is appropriate to search for linear relationship between two sets of
space/time dependent variables, selecting pairs of spatial patterns of each variable
set such that the time dependent pattern amplitudes are optimally correlated. For
each selected pair, CCA creates two canonical roots that are constructed from
weighted sums of the original data, one for each variable set. The time series of
the canonical roots describe the strength and the sign of the corresponding pattern
for each realization in time. Before performing the CCA, both variable sets were
submitted to a PCA and projected onto their PCs. Only a limited number of the
PCs were retained for subsequent CCA, avoiding noise and accounting for most
of the total variance in the data sets. Previous studies demonstrated that CCA is
a powerful tool for studying the variability of temperature (Xoplaki et al. 2003a, b)
and precipitation (Xoplaki et al. 2004) in connection with the large scale atmospheric
circulation in the Mediterranean region. For more details on the CCA method, we
refer to these studies and the references cited therein.

3 Results

3.1 Physical characteristics of the watersheds

3.1.1 Natural and anthropogenic characteristics

The basin contours delineated in the Section 2.1 were used to determine the natural
and anthropogenic characteristics of the watersheds from different datasets, giving
an overview of their variability in the investigated region (Table 1). Area, mean
elevation and mean slope values range respectively from 201 to >3,000 km2, from
233 to >1,700 m and from 2.4◦ to 10.8◦, highlighting the very different morphologic
conditions of the studied watersheds. Those in high and steep regions (i.e. Laroque,
Vieussan, Puyvalador, Belvianes, Serdinya, Rodes and Reynes) are only under weak
anthropogenic influence, with natural vegetation representing more than 75% of the
total area, mostly forest. This is also reflected by the low population density (6–
28 inhabitants/km2). In the watersheds further downstream, agricultural land use,
often vineyards, is more abundant and covers between 33% and 58% of the total
area. Population density is also more important with values ranging from 20 to 417
inhabitants/km2.

Major reservoirs were built in six of the 15 watersheds (Tables 1 and 2) in order to
provide water for irrigation, to produce hydropower and to protect the downstream
plains from flash-floods, which can be particularly violent in this area. Most of the
reservoirs were constructed before 1965. The regulated areas (in % of the total
watershed areas) strongly vary from one watershed to another, ranging from 6%
(Agde) to 100% (Puyvalador).

Water extraction for irrigation can have an important effect on the river discharges
too (Table 3). The strongest impact concerns the Tet and Tech rivers, where intensive
irrigation has a more than 1,000 years history (Ruf 2001) and the extracted amounts
of water in the corresponding lowland watersheds surpass by far the amounts in the
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Table 2 Reservoir constructions in the studied watersheds

Watershed Name Setting date Water storage
capacity (in mm3)

Agde Salagou 1969 102
Agde Olivettes 1989 44
Vieussan Avene 1962 33
Puyvalador Matemale 1959 0.56
Puyvalador Puyvalador 1932 0.04
Planezes Caramany 1994 27.5
Serdinya Les Bouillouses 1910 0.05
Rodes Vinca 1976 24.2

Data from BRL (2007)

other rivers further in the North. Water extraction is also notable in the Beziers
watershed, where it is used to satisfy the drinking water demand of the population in
the neighbouring cities (DIREN 2004).

3.1.2 Climatic conditions

The investigated watersheds cover a wide range of climatic characteristics (Table 3).
The highest watershed, Serdinya (Table 1), lies in the Pyrenees in the SW part of
the study area, where a permanent snow cover in winter is frequent. The lowest
watershed corresponds to the downstream basin of the Orb River (Beziers) further to
the N, where snowfall is rare. Mean annual temperature is highly linked to elevation
(r2 = 0.98, n = 15), with a vertical gradient of −0.54◦C/100 m. Mean annual precip-
itation generally follows a decreasing gradient both from upstream to downstream
and from North to South (Fig. 5). The wettest watersheds are thus in the hinterlands
of the Herault and Orb rivers (i.e. Laroque and Vieussan), whereas the driest ones
are in the coastal plains in the South (Perpignan, Argeles and Estagel).

The seasonal variability of precipitation, expressed by the ratio of monthly
maximum to minimum precipitation, also follows a decreasing gradient from N to
S, but increases downstream (Table 3). Ratios of > 4.5 are typical for the watersheds
of the Herault and Orb rivers in the N, while ratios of <2 are found for the upstream
watersheds of the Tech, Tet and Aude rivers in the SW. In the former, precipitation is
more abundant in October, with a second maximum in December/January (Fig. 6). In
the latter, spring precipitation (April/May) is particularly important, even exceeding
sometimes winter precipitation. Furthermore, the October peak is absent there, in
contrast to most other watersheds. According to the definition of the Mediterranean
climate type of Köppen (in Trewartha 1943), for which the strong contrast between
summer and winter precipitation is one of the dominant characteristics, only seven
of the 15 watersheds fulfil the selection criterion of at least three times as much
precipitation in the wettest winter month compared to the driest summer month.
These are the watersheds of the Orb and Herault rivers and the lowest watersheds
of the Agly, Tet and Tech rivers. Hence, the watersheds of the Aude River, which is
the largest river in the study area, cannot be properly considered as being subjected
to a Mediterranean climate type. They all show lower intra-annual precipitation
variability.
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Fig. 5 Mean annual precipitation isohyets in the study region (average over the period 1965–2004)

3.1.3 Water discharge

The highest specific water discharge values (Table 3) are found in the upstream
watersheds (e.g. Laroque, Vieussan and Belvianes) where precipitation is high and
the anthropogenic influence is limited. However, the drainage intensity of 809 mm
in the Vieussan watershed is particularly high when compared to the annual precip-
itation. Here, not all water is rain derived, since karstic sources and water deviation
from the Vebre, a tributary of the Adour-Garonne River system in the west of our
study area, contribute to additional water inputs from outside the drainage area
(DIREN 2004). Inversely, the lowest discharge values are found in the downstream
watersheds where precipitation is generally lower and surface water extraction more
important. The lowest value of −51 mm corresponds to the Perpignan watershed,
where anthropogenic water extraction exceeds the runoff generation within the
watershed (Table 3).
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Fig. 6 Distribution of average monthly precipitation in the considered watersheds (average of 1965–
2004). Horizontal graduations indicate the 50, 100, 150 and 200 mm values. Bars are shaded from
white to black colours according to the different seasons

Average annual Runoff Ratios (RR = specific discharge/precipitation) and corre-
lation analysis between the annual time series of discharge and precipitation give
additional information on the hydrologic functioning of the studied watersheds.
Both have been calculated on the basis of the hydrological year that extends from
September to August in this area. Water levels in soil reservoirs are lowest in late
summer, and differences of their water content from one year to another do not
much influence the relationships between Q and P. RR is the greatest (>0.5) in the
uppermost watersheds and decreases further downstream (Fig. 7a), due to stronger
evaporative water loss at higher temperatures. Beside the outstanding value of the
Vieussan watershed (see above), the greatest ratio is observed for the Belvianes
watershed (RR = 0.69), which shows the second highest elevation of all watersheds.
It is therefore surprising that in the Serdinya watershed, which is even higher, RR
is only 0.51. This might be an artefact, since there is evidence that real discharge
may be underestimated because of the presence of a major deviation for irrigation
at this station (for a discussion, see Ludwig et al. 2004). Lowest runoff ratios values
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Fig. 7 a Mean annual Runoff Ratio (RR) for the period 1965–2004, calculated as Q-net over P in
the considered watersheds (see text). b Spearman’s rho correlation coefficients between Q-net and
P for the same period. The reported values have been calculated on the basis of the hydrologic year
that extends from September to August. Watershed colours from black to white reflect high to low
values of RR (a) and rho (b)

are found for the Estagel watershed (RR = 0.13) and naturally also for Perpignan,
where RR is negative (see above). The Agly River is the only of the six investigated
rivers that is often completely dry during the warm season close to its mouth because
of water losses to the karstic underground in the Estagel watershed (Salvaire and
Teisseire-Dufour 2002).

Rho correlation coefficients between annual Q and P series show a spatial
structure as well (Fig. 7b). They are greatest in the northern upstream watersheds
(Laroque and Vieussan), where runoff is highly linked to precipitation. Further
downstream, the coefficients generally tend to decrease in the entire study region,
here probably related to anthropogenic influence and the interactions with the soil
and groundwater reservoirs, which are more important in these watersheds (Table 3).
Only in the downstream watersheds of the Tet and Agly rivers, Q and P are still
highly correlated. From a hydrological viewpoint, these watersheds have the lowest
soil water contents (see EAWC in Table 3). They are mainly active in years with
heavy flash-floods, which may increase the correlation coefficients. Finally, it is
also worth mentioning the rather low coefficients found in the Argeles and Beziers
watersheds (rho = 0.49 and 0.51, respectively). In the former, our precipitation
estimates might be less reliable because precipitation stations from Spain were
missing in our dataset, which reduces the reliability of the spatial interpolations in
this area. In the latter, the P–Q relationships are also strongly influenced by the
decreasing discharge trend (see Section 3.2.3).

3.2 Trends

3.2.1 Temperature

Mean annual temperature strongly increased in the entire study area, in particular
since the late 1970s (Fig. 8). Inter-annual variability of this parameter has increased
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Fig. 8 Evolution of mean
annual temperature (solid line)
and mean annual precipitation
(black charts) averaged over
the entire study area

too. The magnitude of the mean annual temperature increase during this 40-year
period is around 1.5◦C for most watersheds (Table 4). All trends are highly significant
(p-value < 0.01 for 14 watersheds). Warming was however less important in the
vicinity of the Pyrenees in the south-west (Fig. 9a), with a minimum value in the
Serdinya watershed. Here the mean annual temperature increased on average only
by 0.8◦C (p < 0.05).

Monthly evolutions of temperature show that the general warming was unevenly
distributed over the different seasons (Table 4). Highest warming was recorded in
spring and summer (March to August) in all watersheds. The 2 months with the
strongest warming are March and August with an average temperature increase
of about 2.8◦C. Warming was important in June too (around 2.2◦C on average).
Temperature also increased in winter (December to February), but with a lower
magnitude. Finally, no temperature increase was observed in autumn.

Table 4 Estimated significant temperature changes for 1965–2004 (in ◦C)

Watershed Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Laroque 0.9 – 2.7 1.0 2.2 2.4 2.0 3.2 – – – 1.4 1.6
Agde 1.1 – 2.7 1.0 2.1 2.3 2.1 3.1 – – – 1.5 1.7
Vieussan – – 2.9 – 2.1 2.3 1.8 3.0 – – – 1.5 1.6
Beziers 1.1 – 2.9 – 2.2 2.2 1.9 3.0 – – – 1.5 1.6
Puyvalador – – 3.0 – 1.8 2.1 – 2.6 – – – – 1.2
Belvianes – – 2.8 – – 2.0 – 2.3 – – – – 1.0
Carcassonne – – 2.8 – 2.1 2.1 1.4 3.0 – – – – 1.4
Moussan – – 2.9 0.9 2.2 2.2 1.6 3.1 – – – – 1.6
Planezes – – 2.5 – 1.8 2.1 – 2.8 – – – – 1.2
Estagel – – 2.8 1.0 2.1 2.2 1.4 2.9 – – – 1.2 1.5
Serdinya – – 2.7 – – 1.9 – 2.0 – – – – 0.8
Rodes – – 2.6 – 1.6 2.1 – 2.5 – – – – 1.1
Perpignan – – 2.8 1.0 2.0 2.3 1.6 3.0 – – – 1.2 1.6
Reynes – – 2.8 – 1.6 2.2 – 2.6 – – – – 1.2
Argeles 1.0 – 2.9 1.0 2.0 2.3 1.6 3.0 – – – 1.3 1.6

Trends are detected by the MK test for trends and estimated by linear regression over time whenever
they were significant (normal format: 0.05 < p-value < 0.1; underlined format: 0.01 < p-value < 0.05;
bold format: p-value < 0.01). No trends are indicated by “–“
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Fig. 9 Estimated trends for the period 1965–2004 of (a) mean annual temperature (in ◦C) and
(b) mean annual discharge (in %). Only trends with p-values lower than 0.1 are shown. Watershed
colours from black to white reflect high to low values in (a) and low to high values in (b)

3.2.2 Precipitation

Mean annual precipitation was highly variable during the study period but did not
follow significant trends for any of the investigated watersheds (Fig. 8). Also for
the monthly series, clear trends are missing (Table 5). Only in the northernmost
watersheds (Laroque, Agde and Vieussan) precipitation significantly decreased in

Table 5 Estimated significant precipitation changes for 1965–2004 (in %)

Watershed Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Laroque −51 −62 – – – – – – – – – – –
Agde −45 – – – – – – – – – – – –
Vieussan −37 −29 – – – – – – – – – – –
Beziers – – – – – – – – – – – – –
Puyvalador – – – – – – – – – – – – –
Belvianes – – – – – – – – – – – – –
Carcassonne – – – – – – – – – – – – –
Moussan – – – – – – – – – – 79 – –
Planezes – – – 42 – – – – – – – – –
Estagel – – – – – – – – – – – – –
Serdinya – – – – – – – – – – – – –
Rodes – – – – – – – – – – – – –
Perpignan – – – – – – – – – – – – –
Reynes – – – – – – −35 – – – – – –
Argeles – – – – – – – – – – – – –

For further explanations, see Table 4
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January and February. For the other months, the few tendencies that appeared in
our data were mostly positive but weakly significative. April is the only month during
which precipitation tended to increase in almost all watersheds but not significantly
(p-values from 0.09 to 0.44).

3.2.3 Water discharge

Mean annual discharge significantly decreased for Serdinya, Puyvalador, Belvianes,
Beziers and Agde (Table 6 and Fig. 9b). The first three watersheds are located in
the southwestern part of the study area, close to the Pyrenees, with high average
elevations and mostly covered by natural vegetation (Table 1). The last two water-
sheds correspond to the downstream parts of the Herault and Orb rivers (Fig. 9b).
Here, elevation is rather low and natural vegetation covers only slightly more than
50% of the area. For both groups, correlation between the annual P and Q series
were generally lower than for the other watersheds (Fig. 7b), which can be related to
the different trend evolutions of both parameters. Perpignan is the only watershed
where the mean annual discharge followed a positive trend. When summing up the
estimated changes for the six watersheds that exhibit significant trends, it can be
estimated that the mean annual water discharge in the entire study region decreased
by about 20% between 1965 and 2004.

3.2.4 Land use and anthropogenic water extraction

Land use and other anthropogenic factors could also have followed significant
changes during our study period, with possible impacts on the water resources.
In particular reforestation can have a negative feedback on river discharges via
enhancement of evapotranspiration (Rambal 1987; Andréassian 2004). In southern
France, as in many other regions of Europe, reforestation is a well known phenom-
enon which is directly linked to the abandonment of farmland during the second half
of the last century. In order to quantify this trend in our study area, we digitized the

Table 6 Estimated significant changes of specific water discharge (Q-net) for 1965–2004 (in %)

Watershed Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Laroque −65 −82 −55 – – −63 −43 −49 – – – – –
Agde −93 −97 −83 −77 – – −64 −81 −66 – – – −59
Vieussan – −29 – – – – – – – – – – –
Beziers – −62 – – – −149 −206 −156 −108 – – – −62
Puyvalador – – – −26 −32 −47 −57 −46 −43 – – – −28
Belvianes −51 – −41 − 56 −45 −44 −39 −12 – – −46 −45 −42
Carcassonne – – −73 – – – – – – – – – –
Moussan – −57 −81 – – – – 365 – – 640 – –
Planezes – – −70 – – – 69 443 104 – −85 – –
Estagel – – – – – – – −58 −390 −126 – – –
Serdinya – – – – – −44 −45 −25 −67 – – – −27
Rodes −41 −69 −78 – – – – – – – – – –
Perpignan – – – – – – – – 58 – 223 254 112
Reynes – – −49 – – – −52 – – – – – –
Argeles – – – – – – – – – – – – –

For further explanations, see Table 4
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forest inventory maps that were established by the National Forest Inventory agency
(IFN 2007). These inventories exist for the years 1970, 1974, 1980, 1983, 1991 and
1996 although they do not always cover the same areas. They were used to estimate
relative surface of forest cover in all watersheds for the corresponding years. Increase
of forest cover was found to be highly linear, which led us to calculate an average
growth rate for the period 1970–2000 (Fig. 10). Our results confirm that increase
of forest cover occurred everywhere during this 30-year period, ranging from 13%
(Moussan) to 25% (Rodes) of the total watershed areas.

For a quantitative reconstruction of the water extractions for irrigation, the
available data only allowed to go back to the late 1980s (Table 7). These data indicate
that water extractions remained more or less constant during the 1990s before they
slightly increased until 2004.

4 Discussion

4.1 Climate variability and large-scale atmospheric circulation

4.1.1 Temperature

The strong temperature increase in the investigated watersheds is remarkable com-
pared to the global warming. Brohan et al. (2006) reported a warming trend of
0.33◦C/decade for the period 1979–2005 on land in the Northern Hemisphere and of
0.27◦C/decade in both hemispheres. This is largely lower than warming we recorded
in our study area, which is about 0.49◦C/decade for the period 1979–2004. Such a

Fig. 10 Evolution of forest
cover from 1970 to 2000 (in %
of the watershed area).
Watershed colours from black
to white reflect low to high
values of % forest cover
increase. Data from IFN
(2007)
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Table 7 Evolution of surface water extraction for irrigation

Watershed Extractions (mm/year)
1987–1992 1993–1998 1999–2004

Laroque 2 2 2
Agde 6 14 18
Vieussan 2 1 1
Beziers 30 32 39
Puyvalador 0 0 0
Belvianes 1 1 0
Carcassonne 8 7 6
Moussan 5 4 8
Planezes 10 6 1
Estagel 2 2 5
Serdinya 1 0 1
Rodes 57 59 113
Perpignan 226 167 195
Reynes 17 20 26
Argeles 59 42 69

Data from Agence de l’Eau RMC (2006)

strong warming suggests that local changes in the atmospheric circulation pattern
may have enhanced the general warming.

By far most of the temperature increase occurred during spring and summer,
when the monthly warming rates achieve almost twice the annual rates (see above).
During these seasons, the study region is under the influence of the relative stable
subtropical high pressure conditions, reaching their maximum in summer. Xoplaki
et al. (2003a) studied the variability of summer (June to September) air temperatures
over the entire Mediterranean area in connection to the large scale atmospheric
pressure conditions and thermic predictors (thickness patterns and Mediterranean
SST) during the second half of the last century. Based on canonical correlation
analyses (see Section 2.4), they demonstrated that the average warming of about
0.08◦C/decade can be related to a canonical mode which, in its positive phase,
represents warm summers, blocking conditions (deviation of westerly winds towards
northern Europe), subsidence and atmospheric stability over the Mediterranean.
They suggested this mode to control the long-term changes in the Mediterranean
summer temperature, allowing for a surplus of solar radiation reaching the surface
when high pressure systems are persistent. This is in good agreement with Casty
et al. (2007) who detected an increased influence of the Azores High in summer
towards central Europe and the Mediterranean during the last 40 years. Also the
work of Chen et al. (2002), based on satellite measurements of radiative energy fluxes
since 1985, supports the hypothesis of a northward extension of the subtropical high
pressure domain.

Focussing more specifically on our study region and using the same statistical
tool as Xoplaki et al. (2003a) confirms that the temperature evolution from March
to August is highly connected to the mid-altitude regional pressure conditions. In
particular the gridded 500 hPa geopotential height fields (Z500), also frequently
used in other studies to investigate the atmospheric circulation patterns in the
Mediterranean region (e.g. Giorgi et al. 2004a, b; Casty et al. 2005; Giorgi and
Lionello 2007), are powerful predictors for the temperature evolution. CCA made
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on the time series of the first PC of March to August averaged Z500 and surface air
temperature series resulted in a unique canonical root for temperature (CR-T) that
is highly correlated with temperature series in all investigated watersheds (r between
0.92 and 0.99, see Fig. 11a). Correlation between the corresponding Z500 canonical
root (CR-Z500) and the 500 hPa geopotential heights is more variable at larger
regional scales, but also shows very high correlation coefficients (>0.9) over the
study region (Fig. 11b). Since the temperature evolution in the studied watersheds
was uniform, no additional canonical modes were produced in our analysis.

The temporal evolutions of both CCA modes (Fig. 11c) are also highly correlated
(r = 0.95) and follow a significant positive trend towards higher temperatures and
pressure conditions. This is clear evidence that the extension of the subtropical
high pressure domain is mainly responsible for the strong temperature increase in
our watersheds. In this context, one can also notice that the two months with the
strongest warming are March and August (Table 4), which approximately mark the
beginning and the end of the spring and summer seasons. It is therefore indicated
that the extension of the subtropical high pressure domain is not only a spatial but
also a temporal phenomenon. Similar canonical modes are found when CCA are
performed for individual months from March to August. Each month is characterized
by a positive pressure field anomaly over our study area and CR-Z500 follow

Fig. 11 a Spatial correlation (r values) between the March to August watershed temperature and
the canonical root of this parameter (CCA-T) over the study region; b spatial correlation (contour
map of r) between the March to August 500 hPa geopotential heights and the canonical root of this
parameter (CR-Z500) in the Mediterranean region; c normalized time series of both CR-500 (dashed
lines) and CR-T (solid line) during the study period



446 Climatic Change (2010) 99:425–456

significant positive trends in March, May, June and August (not shown). These are
also the months for which temperature increase was greatest.

4.1.2 Precipitation

One may be surprised that precipitation did not follow clear trends in the studied
watersheds, although changes in the atmospheric circulation occurred. Precipitation
is known to be more independent from large-scale climate states than temperature,
especially in summer when precipitation events are mainly controlled by local-
scale convective processes and other factors such as soil humidity. Furthermore, the
circulation changes described above mainly concern the spring and summer periods,
whereas most precipitation falls from October to March (Fig. 6). Xoplaki et al. (2004)
considered these months as the wet season in the entire Mediterranean region and
showed that corresponding precipitation generally shows less spatial averaged pre-
dictability compared to summer temperature. They could nevertheless demonstrate
that variations of the NAO index are mainly responsible for interdecadal changes of
the Mediterranean precipitation throughout the twentieth century.

The NAO index is associated with changes to westerlies over the North Atlantic
and Europe (Hurrell 1995; Wanner et al. 2001). High positive indices of NAO are
generally associated with a lower occurrence of depressions in southern Europe and
hence lower probabilities of precipitation occurrence in this area, since the Atlantic
air masses are deviated further to the North. Inversely, negative indices indicate that
these air masses can reach the Mediterranean region and increase precipitation there.
Negative correlation between precipitation and NAO is therefore a widespread
feature in the Mediterranean drainage basin in winter, when most of precipitation
occurs (Mariotti and Struglia 2002). Spearman’s rho correlation coefficients between
precipitation in the studied watersheds and the NAO index confirm this. All are
negative but significant for most watersheds only in winter (Fig. 12). This is not the
case during the warm season (late spring and summer), when this region is dominated
by the subtropical high pressure regime (Bolle 2003).

It is now largely documented that the NAO index followed a significant increasing
trend in winter and early spring since 1965, leading to a general precipitation decrease
in Mediterranean (e.g. Hurrell 1995; Wanner et al. 2001; Xoplaki et al. 2004). This
precipitation decrease was however not recorded in our study region. But it is
interesting to note that the few watersheds that recorded a significant precipitation
decrease during January and February (Laroque, Agde, Vieussan; see Table 5) are
those for which correlations between P and NAO index are the strongest (Fig. 12).
The general NAO influence in our study region is therefore confirmed but it is
obviously not strong enough to provoke long-term trends for annual precipitation.
This result is in agreement with Vicente-Serrano and Lòpez-Moreno (2006) who
studied the influence of the NAO index on precipitation variability in the Northeast
of Iberian Peninsula, close to the southern limit of our study area. Here precipitation
variability seems to respond better to atmospheric variability at more detailed (syn-
optic) spatial scales than NAO variability. This can explain the stationary behaviour
(and even the slight upward trends) of annual precipitation they found along the
Mediterranean coast during the last decade.



Climatic Change (2010) 99:425–456 447

Fig. 12 Significant Spearman’s rho correlation coefficients between average monthly precip-
itation and NAO index in the considered watersheds. NAO index was downloaded from
http://www.cru.uea.ac.uk/cru/data/nao.htm. Bars are coloured in white for 0.05 < p-value < 0.1, in
grey for 0.01 < p-value < 0.05 and in black for p-value < 0.01

4.2 Climatic controls on water resources

4.2.1 Mountainous watersheds

A major finding of our work is the reduction of the water resources in the study
region: one third of the watersheds recorded a significant decrease of the mean
annual discharge from 1965 to 2004. As precipitation did not change, it is likely

http://www.cru.uea.ac.uk/cru/data/nao.htm
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that this decrease is mainly related to the temperature increase. It is therefore
interesting to consider also the evolution of the runoff deficit (E = precipitation
minus discharge) and of the runoff ratio in the watersheds (Table 8). As expected,
runoff deficit significantly increased in most cases, by more than 95% in the Agde,
Beziers and Belvianes watersheds. Runoff ratio, on the other hand, mostly decreased.
RR is generally negatively correlated with temperature and positively correlated
with precipitation. For Puyvalador, Belvianes and Serdinya, the three mountainous
watersheds with a significant decrease of the mean annual water discharge, temper-
ature explains a greater variability of the observed RR changes than precipitation.
This suggests that the decreasing capacity of these watersheds to produce runoff was
rather related to enhanced evapotranspiration via increasing temperature than to the
variability of precipitation.

An influence of temperature on discharge is also indicated by the trend analysis
of the monthly discharge series (Table 6). Among the 180 individual series of all
watersheds, 51 significant trends have been detected as negative and eight as positive.
Most decreasing trends occurred in spring and summer. March, July and August
have the greatest number of significant decreasing trends (eight, seven, and seven,
respectively). These months were also characterised by the highest temperature
increase (Table 4), without change in precipitation (Table 5). In winter and autumn,
decreasing discharge trends are less abundant. Only for Laroque and Agde, high
negative trends from January to March exist, but here also precipitation decreased
during these months, which might be imprinted in the discharge records.

Our finding of decreasing discharge trends in the mountainous watersheds of the
French Pyrenees are in good agreement with the results of López-Moreno et al.
(2008), who studied the hydroclimatic evolution of Mediterranean watersheds on the
Spanish side of the Pyrenees. This study also reports a significant discharge reduction
in many watersheds during 1955–1995, which was attributed to an increase in poten-
tial evapotranspiration (derived from temperature and radiation data), a decrease in

Table 8 MK trend analyses and Spearman’s rho correlation statistics for water balance (E =
Precipitation − Discharge), runoff ratio (RR) and annual T and P

Watershed E trend (%) rho (E–T) rho (E–P) RR trend (%) rho (RR–T) rho (RR–P)

Laroque 45 0.39 0.59 −24 −0.43 0.71
Agde 98 – – −53 – 0.43
Vieussan 68 – – −18 – 0.44
Beziers 160 0.44 0.37 −73 −0.37 0.40
Puyvalador 21 – 0.52 −25 −0.43 –
Belvianes 212 0.53 – −39 −0.64 0.39
Carcassonne – – – – – 0.75
Moussan 24 – 0.55 – – 0.59
Planezes – – – – – 0.77
Estagel – – 0.68 – – 0.87
Serdinya – – 0.33 −19 −0.44 0.32
Rodes 75 – 0.52 −42 −0.54 0.63
Perpignan – – 0.48 – – 0.80
Reynes 48 0.23 – −25 −0.29 0.58
Argeles 36 0.40 – – −0.42 0.43

All parameters have been calculated on the basis of the hydrological years (September to August).
For further explanations and significance levels, see Table 4



Climatic Change (2010) 99:425–456 449

precipitation during certain periods of the year (while annual precipitation remained
unchanged), a negative trend in snow accumulation at high altitudes as well as to a
re-growth of natural vegetation following the abandonment of farmland.

Puyvalador, Belvianes and Serdinya have average elevations above 1,000 m and
are mostly covered by natural vegetation. They have an important snow cover during
the cold season and it is likely that the hydrological trends relate to changes in
snow accumulation. Lòpez-Moreno and Garcìa-Ruiz (2004) studied role of snow
on discharge regime in Central Spanish Pyrenees. They found a significant negative
trend in snow accumulation during winter for the second half of the twentieth cen-
tury, with immediate consequences on discharge regimes. Both the annual average
discharge and the relative importance of springtime high flows decreased. The few
snow records we could find in the south-western part of our study region confirm
that snowfall strongly decreased in the elevated regions of the Pyrenees, probably
more than at lower altitudes (Fig. 13). Such a large decrease of snow cover could
easily explain the abundant discharge decreasing trends for Puyvalador, Belvianes
and Serdinya during the snowmelt period, which stretches from April to August in
our study area (Table 6).

It is also remarkable that the general warming was clearly lower in the moun-
tainous watersheds in the southwestern part of our study region than in the other
watersheds (Section 3.2.1). In a study based on a greater station density in the Tet
basin, Ludwig et al. (2004) also reported a much lower temperature increase in the
upstream part of the Tet compared to the downstream part. They attributed this to
the possibility of artefacts in the temperature records or to the existence of local
microclimates. But the spatially consistent trend of a lower temperature increase
revealed in our study is an argument against this and identifies the warming anom-

Fig. 13 Evolution of the
number of days with snowfall
at two meteorological stations
in the Pyrenees: a Hospitalet
at 1,425 m (W of the Serdinya
watershed); b Fillol at 725 m
(in the Rodes watershed). See
Fig. 4 for precise location of
both stations
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alies as a regional pattern. Snowfall and permanent snow cover inhibit evaporation,
but when temperature increase and snow turns to rain, water can infiltrate the soil
and becomes available for subsequent evapotranspiration. The latter may strongly
increase and the additional latent heat flux may even partly counterbalance the
general warming through reduction of the sensible heat flux between the surface
and atmosphere. Modelling and observation studies on the effect of irrigation on
dry soils in California demonstrated that increasing soil humidity can have a strong
negative feedback on surface air temperatures at larger spatial scales (e.g. Bonfils
and Lobell 2007; Kueppers et al. 2008). Our data do not allow a general distinction
between the evolutions of solid and liquid precipitation in all watersheds and further
research is needed to follow the question whether the warming anomalies may relate
to enhanced evapotranspiration. But it is worthy to note that the differences in
the warming trends are mainly recorded during the cold season, when snowfall is
frequent. During spring and summer, the anomalies are much less important and the
warming occurred almost uniformly in the entire study region (not shown).

4.2.2 Lowland watersheds

The two lowland watersheds that recorded a significant decrease of the mean annual
discharge are Beziers and Agde. Here, identification of the possible climatic controls
on this decrease is less evident. In the former watershed, correlation coefficients in
Table 6 show that T and P explain about the same RR variability and that E is
significantly correlated with T. In the latter watershed, however, a clear influence of T
on RR cannot be evidenced. Beziers and Agde have the lowest elevations and can be
widely connected with the uppermost groundwater reservoirs (BRGM 2002; Petelet-
Giraud and Negrel 2007). A full understanding of the detected discharge trends
therefore also requires considering the evolution of minimum discharges. The latter
were defined in our study as the lowest discharge values from the daily discharge
series for each month or each year. MK tests show that significant decreasing trends
for the monthly minimum discharges are abundant in many watersheds, with a
clustering in spring and summer (Table 9). This is in agreement with the strong
warming during these seasons and June, July and September show consequently the
greatest number of negative trends (nine, eight and eight respectively). But on an
annual scale, decreases of minimum discharge were clearly the most important in the
Beziers and Adge watersheds, underlining their outstanding positions.

In rivers connected to groundwaters, a long term decrease of minimum discharge
may reflect a general lowering of the groundwater levels. In the case of Beziers and
Adge, such a lowering of groundwaters could directly result from the temperature
increase. Indeed, strong warming during spring and summer leads more frequently
to base flow conditions, a situation that can lead to depletion of the groundwater
reservoirs. On the long term, groundwaters contribute less to the total river discharge
and the average discharge decreases too. However, in the cases of the Beziers and
Agde watersheds it not excluded that the mean annual discharge trends are the
combined effect of precipitation and temperature. Negative precipitation trends
were recorded in the upstream parts of the Orb and Herault rivers in January and
February (Table 5). Winter precipitation can be particularly important for recharging
groundwaters and their decrease may also have contributed to lower groundwater
levels further downstream.
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Table 9 Estimated significant changes of minimal daily discharge for 1965–2004 (in %)

Watershed Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Laroque – −69 −56 −49 – −53 −38 −33 −44 – – – –
Agde – −71 −70 −50 – −58 −64 −55 −64 −59 – – −77
Vieussan – – −30 – – – – −25 −44 −40 – – −30
Beziers – −45 −49 −46 −50 −75 −86 −79 −87 −61 −46 – −92
Puyvalador – 85 65 – – −57 −63 −37 – – – – 105
Belvianes −56 −39 −32 −53 −41 −64 −40 −19 −28 −28 −50 −45 −28
Carcassonne – – – −58 −46 −58 −47 – −58 −48 −52 – −48
Moussan – – −39 – – −65 −46 – – – – – –
Planezes – – −54 −60 – – 214 1722 187 – – −40 –
Estagel – – – −61 – – – – – – – – –
Serdinya – – – – – −55 −47 −49 −76 −27 – – −42
Rodes – – – – – −54 – – – – – – −34
Perpignan – – – – – – – – – – – – –
Reynes – – – – – – – – −34 – – – –
Argeles – −37 – – – – – – – – – – –

For further explanations, see Table 4.

4.3 Anthropogenic controls on water resources

4.3.1 Land use changes

In their study on the mountainous watersheds on the Spanish side of the Pyrenees,
López-Moreno et al. (2008) suggested that the reforestation is one of the major
drivers leading to the general discharge decrease. Our data confirm that reforestation
was a widespread phenomenon in our study area during the second half of the
last century (see Section 3.2.4). But we found also the lowest reforestation rates
in the high mountainous watersheds and in Beziers and Adge compared to the
other watersheds (Fig. 10). This does not point to forest growth as being the major
driver for the decline in the water resources in our study area, although it may have
contributed to increasing evapotranspiration and/or to lowering of the groundwater
levels in the downstream watersheds.

4.3.2 Damming

Among the reservoirs that can have a major impact on discharge regimes, only the
Vinca and Caramany dams were constructed during the study period in the Rodes
and Planezes watersheds, respectively (Tables 1 and 2). Both watersheds were not
characterized by significant changes of their water resources. The former reservoir
is generally filled in spring and summer and emptied in autumn, which can explain
the positive discharge trend in September in the Perpignan watershed (Table 6).
The Caramany dam, in the other hand, mainly supports discharge during summer.
It is therefore not surprising that discharge significantly increased for the July to
September months in the Planezes watershed. As dams generally contribute to better
control water resource in both watersheds, they are also likely responsible for the
lack of significant trends in their minimal discharges series too (Table 9).
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4.3.3 Water extraction

Water extraction for irrigation remained more or less constant since the 1980s,
except during the most recent years that depict an increase (Table 7). By far the
greatest water extractions exist in the middle and lower watersheds in the Tet and
Tech rivers where no significant changes in water resources was recorded. On the
contrary, Perpignan is the only watershed where the mean annual discharge followed
a significant positive trend, even if this may be considered with some caution as the
specific discharge is negative (Table 3). This positive trend probably reflects a more
efficient control of water use for irrigation after the Vinca dam construction in 1976,
situated at the entrance of this watershed.

Of course, it has also to be mentioned that irrigation is not the only form of
anthropogenic water consumption in our study region. A major unknown is the
water consumption via uncontrolled pumping of groundwater for irrigation and
other purposes, for which no data are available. This could have contributed to the
lowering of the upper groundwater levels too, especially in the Agde and Beziers
watersheds where the demographic pressures on the water resources increased
(Montginoul et al. 2005). It is therefore not excluded that anthropogenic activities
contributed at least partly to the observed decreases of water discharge in these
watersheds.

5 Conclusions

The data collected and processed in our work allowed a detailed reconstruction of
the hydroclimatic evolution in southern France during the last 40 years. As in many
other parts of the world, temperature strongly increased since the late 1970s, likely
one of the first clear sign of a human induced climate change (Trenberth et al. 2007).
In this part of the Mediterranean drainage basin, the general warming trend was also
strongly enhanced by changes in the atmospheric circulation patterns, characterized
by a northward extension of the subtropical high pressure domain in spring and
summer. During these seasons, monthly warming rates could achieve almost twice
the mean annual warming rates. Annual precipitation, on the other hand, did
not follow clear trends. Only in the northernmost watersheds winter precipitation
significantly decreased, most likely as the result of a northward displacement of the
westerly winds reflected by the positive trend of the North Atlantic Oscillation.

Our data reveal a strong climatic pressure on the water resources. About one third
of the investigated watersheds recorded significant decreases in their mean annual
water discharge. This concerns both the highest and lowest watersheds in the study
region. In the former, the reduction of the water resources is likely to be related
to a temperature induced switch of snowfall to rainfall at high altitudes, which can
enhance water losses through evapotranspiration. Our results therefore confirm the
findings of previous studies which demonstrated that river basins with important
snow cover are particularly vulnerable to the risk of decreasing water resources
(e.g. Etchevers et al. 2002; Caballero et al. 2007). The reduction of discharge in
the lowland watersheds seems to be related to lower groundwater levels, which
could have decreased their contribution to the surface flow. This may directly relate
to the temperature increase, but decreases of winter precipitation in the upstream
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watersheds, anthropogenic water use and land use changes can be superimposed too.
Although our study area is not very large in size (about 12,000 km2), detection and
understanding of the observed changes was only possible after decomposition of the
six studied rivers into 15 watersheds. This has to be considered as an important result
too, as it underlines the complex functioning and small scale differences that often
characterizes the coastal river basins in Mediterranean context.

The observed hydroclimatic trends refer to the recent past and do not allow
speculation about possible evolutions in the future. But most GCM climate simu-
lations agree that the observed trends towards warmer temperatures in the northern
Mediterranean will hold on during the forthcoming decades (Christensen et al.
2007), with the strongest warming rates during summer. This is different in northern
Europe, where warming should mainly occur in winter. Many of the GCM models
also predict a general precipitation decrease, which would have much more drastic
consequences on the water resources than those already observed in this study.
Reliable evaluation of this requires the availability of robust hydrological modelling
tools, which have not only to be validated for steady state conditions, but which also
need to demonstrate their abilities to reproduce the hydrological responses under
changing climatic conditions in the past. Data sets as ours might be particularly
suitable for the development and validation of such modelling tools.
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