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1.  INTRODUCTION

We analyzed the austral summer mean and inter-
annual variability responses, in terms of precipita-
tion, surface air temperature, and evapotranspira-
tion, over the 21st century, in an ensemble of regional
climate models (RCMs) for the South American do -
main. The combined inspection of changes in these 3
variables was motivated by previous findings sug-

gesting coupling between soil moisture and evapo-
transpiration in the La Plata Basin (LPB), mainly dur-
ing the austral summer (Sörensson & Menéndez
2011, Ruscica et al. 2014, 2015). In turn, evapotran-
spiration can affect temperature and precipitation
through feedbacks especially in transition zones be -
tween wet and dry climates (Seneviratne et al. 2010).
Parts of the LPB in South America (Ruscica et al. 2015)
and the Mediterranean region of Europe (Seneviratne
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et al. 2006) can be considered transitional climate
regimes with soil moisture limitations.

Coordinated downscaled multi-year simulations
and climate change projections are becoming avail-
able for South America in the CLARIS and CLARIS
LPB projects framework (Boulanger et al. 2010, Sö -
rensson et al. 2010, Carril et al. 2012, Sánchez et al.
2015). The CLARIS ensemble of RCMs is able to
reproduce the major regional characteristics of the
ob served mean climate, and perform better in com-
parison to individual ensemble members (Menéndez
et al. 2010). This result is independent of the variable
and the season, stressing the benefit of combining
models in a multi-model ensemble (Carril et al.
2012). In addition, the use of RCMs enables a better
description of the interactive mechanisms among the
different components of the earth system (Giorgi
1995), including coupling processes between the
continental surface and the atmosphere. Most global
coupled climate models (atmosphere−ocean general
circulation models, AOGCMs; Christensen et al. 2013)
and RCMs (Sánchez et al. 2015) project a summer
precipitation mean increase in the LPB in the 21st
century. However, when estimating the likelihood of
this response, the qualitative consensus within model
ensembles should be weighed against the fact that
most models show relatively large biases over the
LPB in temperature (warm bias) and precipitation
(dry bias) in their present climate simulations. The
complexity of the processes involved in the models’
errors and in the climate response brings additional
uncertainty. Such processes include the interactions
between the South American low level jet, the ther-
mal continental low over northern Argentina, the
transient cyclonic perturbations, the mechanisms
associated with the triggering of convection, and the
land surface− atmosphere processes.

Results for Europe suggest that land−atmosphere
interactions in a context of climate change can induce
changes in temperature variability (Fischer & Schär

2009). In turn, increased climate variability is associ-
ated with a poleward shift of climatic regimes in
 response to increasing greenhouse gas concentrations
(Seneviratne et al. 2006). The role of land− atmosphere
interaction on regional climate systems is being inves-
tigated in different continents besides South America
and Europe, viz. Africa (e.g. Taylor 2008), Asia (e.g.
Zhang et al. 2011), Australia (e.g. Hirsch et al. 2014),
and North America (e.g. Koster et al. 2009).

Consequently, it is necessary to examine the land−
atmosphere interaction, as it is among the potentially
important processes for the summer climate in South
America. As a contribution towards a better under-
standing of this process, our aim was to analyze the
coupling between land and temperature in South
America, its potential influence on the regional cli-
mate variability, and how climate change affects
these features. In particular, the behavior of the LPB
as a transitional climate region is examined more
closely.

2.  DATA AND METHODOLOGY

An ensemble of regional climate change simula-
tions developed in the CLARIS LPB project was ana-
lyzed. The ensemble of models is composed of 3
RCMs driven by the large-scale boundary conditions
from 2 AOGCMs: RCA (Samuelsson et al. 2011) and
REMO (Jacob et al. 2001) driven by EC5OM (Roeck-
ner et al. 2006), and PROMES (Castro et al. 1993)
driven by HadCM3 (Gordon et al. 2000). The RCMs
differ with respect to the implementation of the
atmospheric dynamics and the physics parameteriza-
tion packages. These models were integrated contin-
uously from 1961−2100 for the SRES A1B scenario,
covering all of South America with a horizontal reso-
lution of about 50 km. Land surface schemes used
and other basic features of the models are summa-
rized in Table 1. Some basic results of the full set of
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Reference No. of grid No. of Land surface scheme Soil thermal Soil moisture 
points levels layers layers

RCA
Samuelsson et al. (2011) 134 × 155 40 Samuelsson et al. (2006) 5 2

REMO
Jacob et al. (2012) 151 × 181 31 Dümenil & Todini (1992) 5 1

PROMES
Sánchez et al. (2007) 145 × 163 37 Ducoudre et al. (1993) 7 2

Table 1. Basic information on the models used in this study
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CLARIS LPB models driven by AOGCMs were
reported by Christensen et al. (2013) and Sánchez et
al. (2015), including biases for the present-day cli-
mate and climate change projections for temperature
and precipitation.

Present and future climates were analyzed for
 periods of 30 yr (1981−2010 and 2071−2100, respec-
tively). For the sake of brevity, only seasonal (Decem-
ber through February, DJF) fields from the ensemble
mean were considered. The variables selected were
austral summer mean surface air temperature, pre-
cipitation, and evapotranspiration. The RCMs’ output
was interpolated from the native model grid to a
 regular 0.5° × 0.5° latitude−longitude grid. The linear
30 yr summer trends were removed at each grid box
and for each 30 yr period individually.

3.  RESULTS AND DISCUSSION

Fig. 1a−c shows the seasonal means for the austral
summer precipitation, temperature, and evapotran-
spiration, according to the model ensemble for the
period 1981−2010. The austral summer is the rainy
season in the South American monsoon system
(Nogues-Paegle et al. 2002). The maximum rainfall in
the Atlantic flank of South America (Fig. 1a) is located
over central and eastern Brazil. The biases in precip-
itation and temperature (Fig. 2) are qualitatively sim-
ilar to other ensembles of models (e.g. CMIP3, Chris-
tensen et al. 2007). Precipitation is underestimated in
the southern LPB and northern South America and is
overestimated in eastern Brazil, while the tempera-
ture shows a positive bias in the southern LPB and
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Fig. 1. Austral summer (DJF) (a) mean precipitation, (b) surface air temperature, and (c) surface evapotranspiration for the 
present climate (1981−2010), and (d−f) corresponding changes in 2071−2100 with respect to 1981−2010 
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most of northern South America, and a negative bias
in eastern Brazil. In the LPB, the temperature bias is
of the same magnitude as the response of tempera-
ture, while the precipitation bias is often larger than
the response.

Seasonal mean precipitation and evapotranspira-
tion tend to be anticorrelated between about 30° S
and the equator. Evapotranspiration (Fig. 1c) is rela-
tively low in areas of higher rainfall due to the reduc-
tion in solar radiation at the surface associated with
increased cloudiness. Evapotranspiration is highest
in a broad region west and south of the region of
higher rainfall in central Brazil, including, in particu-
lar, north of the LPB. Interestingly, in the LPB there is
a marked north−south  gradient in precipitation and
evapotranspiration. How ever, in the case of tempera-
ture (Fig. 1b), its meridional gradient is weak in that
area (northern Argentina, Paraguay, and southern
Brazil).

The distribution of the changes during austral sum-
mer for the period 2071−2100 in seasonal mean pre-
cipitation, surface air temperature, and evapotran-
spiration from the CLARIS LPB ensemble under the
SRES A1B scenario is shown in Fig. 1d−f. Precipita-
tion changes (Fig. 1d) show a positive response over
the southern LPB. This precipitation increase is con-
sistent with CMIP3 (Christensen et al. 2007) and
CMIP5 (Christensen et al. 2013) ensembles and with
the full CLARIS LPB ensemble of regional models
(Christensen et al. 2013), giving more certainty to our
results. Precipitation also increases in part of north-

ern South America and along the coast of northern
Brazil. The ensemble projects precipitation decrease
in part of the northern tip of South America, across
the continent around 10−20° S mainly over eastern
Brazil, along the Andes, and in Patagonia.

Regarding surface air temperature projections
(Fig. 1e), the ensemble depicts higher temperatures
over all of the continent, with the largest changes be-
tween about 10 and 25° S, along the Andes except in
southern Patagonia, and around Venezuela and north
Brazil. It is worth noting that the vicinity of the Rio de
la Plata is the area with the lowest  temperature rise.
This area with low temperature re sponse coincides
with the zone of increased rainfall in southern LPB,
suggesting a relationship between the 2 variables. It
is also interesting to note that the maximum gradient
in temperature changes coincides with the LPB (maxi-
mum heating north of the LPB, minimum near the
Rio de la Plata). Temperature changes projected by
CMIP5 models for DJF agree that the lowest heating
in South America occurs in southeastern South Amer-
ica (see Table 14.1 in Christensen et al. 2013).

The largest percentage changes in evapotranspira-
tion occur between about 20 and 40° S (Fig. 1f). These
changes show a different behavior to the east and west
of the Andes: evapotranspiration de creases through -
out Chile and increases east of the Andes, with the
largest changes over southeastern South America in
agreement with the lowest temperature increases. The
ensemble indicates that the eva po transpiration rates
near the Rio de la Plata will increase by a maximum of
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30% in the period 2071−2100 relative to the 1981−2010
reference period. In tropical latitudes, the evapotran-
spiration tends to decrease along the Atlantic coast be-
tween northeastern Brazil and Venezuela.

The primary limitation of evapotranspiration is either
atmospheric demand or soil moisture supply (Budyko
1974, Seneviratne et al. 2010). In the energy-limited
evapotranspiration regime (typical of wet climates),
evapotranspiration is independent of the soil mois-
ture content. In the soil moisture-limited evapotran-
spiration regime (typical of dry and tran sition regions),
soil moisture content provides a first-order constraint
on evapotranspiration. We infer these 2 distinct evapo -
transpiration regimes based on a correlation approach,
as already adopted in previous studies (Seneviratne
et al. 2006). Fig. 3 shows Spearman’s correlation
between seasonal means of evapotranspiration and
seasonal means of temperature (r(T,ET)) for the pres-
ent and future time-slices. Temperature is used as a
proxy for atmospheric de mand since it is clearly in -
terrelated with radiation and vapor pressure deficit.
This figure provides a picture of South America dis-
playing where demand or supply limitation domi-
nates the interannual evapotranspiration behavior
during DJF and how climate change may affect this
distribution.

Positive correlations generally identify a strong
atmospheric control on evapotranspiration (i.e. eva -
potranspiration is constrained only by atmospheric
energy), and are typical of humid tropical regions
(e.g. large parts of Brazil), in which vegetation is
rarely exposed to soil moisture limitation due to
ample supply of precipitation. However, the areas of
higher evapotranspiration (Fig. 1c) do not coincide
with the area of maximum positive correlation (cen-
tered in the core region of the South American mon-
soon system, Fig. 3a) because in the latter, evapo-
transpiration is radiation-limited (cloud cover).

Negative correlations point to a strong control of
soil moisture upon evapotranspiration and tempera-
ture. Therefore, this metric (r(T,ET)) can be seen as
a measure of soil moisture−evapotranspiration and
soil moisture−temperature couplings. There are 2
main regions with negative correlations: (1) northern
South America, associated with the dry season of
the North American monsoon system, and (2) south -
eastern South America. This latter pattern is simi -
lar to the ‘hotspot’ (a maximum) of soil moisture−
evapotranspiration coupling identified by Sörensson
& Menéndez (2011; their Fig. 5). The methodology
employed by Sörensson & Menéndez (2011) is dif -
ferent because they calculated the coupling strength
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from a comparison of 2 ensembles of summer simula-
tions performed with a regional model, viz. 1 ensem-
ble with full-interaction between soil and atmo -
sphere and the other with prescribed soil moisture.
This agreement achieved using different approaches
supports the robustness of the result.

The map of r(T,ET) for the period 2071−2100
(Fig. 3b) suggests that there are virtually no changes
in the evapotranspiration regime (i.e. overall, the
sign of the correlation tends to be conserved
between the 2 periods over almost all of South
America).  However, for most of the continent, the
magnitude of the correlation (positive or negative) is
reduced, with some exceptions such as northeast
Brazil and the Altiplano, where the coupling with
the surface increases, or northwestern Brazil, where
the energy-limited evapotranspiration regime be -
comes stronger. In particular, the area in central

South America dominated by atmospheric control
on evapotranspiration is reduced, possibly related to
the negative precipitation response across the conti-
nent around 10−20° S (Fig. 1d). The magnitude of
the negative correlation r(T,ET) tends to weaken
around central and northern Argentina, indicating a
decline in the coupling be tween soil moisture and
evapotranspiration (i.e. there is less influence of soil
moisture over evapotranspiration), especially near
the Rio de la Plata.

In what follows, we explore the ability of the model
ensemble to simulate interannual variability, and
how this variability changes within a context of cli-
mate change. As a measure of the interannual vari-
ability, the standard deviation of DJF mean precipita-
tion, temperature, and evapotranspiration is evaluated
for the periods 1981−2010 and 2071−2100. Fig. 4
depicts the interannual variability of each considered

236

a

(mm d–1)Precipitation Temperature Evaporation(°C) (mm d–1)

(%) (°C) (%)

b c

d e f

5

2.5

2

1.7

1.5

1.3

1.1

0.9

50

40

30

20

10

5

–5

–10

–20

–30

–40

–50

50

40

30

20

10

5

–5

–10

–20

–30

–40

–50

1

0.7

0.5

0.4

0.3

0.2

0.1

–0.1

–0.3

–0.5

5

3

1.5

1.1

0.9

0.7

0.5

0.3

0.1

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Fig. 4. Interannual standard deviation of DJF average (a) precipitation, (b) surface air temperature, (c) surface evapotranspira-
tion for 1981−2010, and (d−f) corresponding projected changes for 2071−2100 



Menéndez et al.: Land surface−atmosphere interaction

variable for the present time-slice and the respec-
tive response to climate change (2071−2100 minus
1981−2010).

During the rainy season in DJF, most of Brazil,
Bolivia, and the tropical western coast of South
America show a large interannual variability of pre-
cipitation (Fig. 4a) but a relatively weak interannual
variability of temperature (Fig. 4b), suggesting that
solar irradiation does not change substantially from
year to year. In contrast, the precipitation variability
is smaller, but the temperature variability is larger,
in vast areas of the LPB. Land surface−atmosphere
interaction is only one of the significant factors mod-
ulating interannual climatic variability in South
America. Many studies have demonstrated the influ-
ence that different modes of variability have on the
variability of the regional climate (Garreaud et al.
2009). In areas with dry bias in the seasonal mean
rainfall (i.e. the LPB and northern South America),
the ensemble underestimates the interannual vari-
ability of pre cipitation, and vice versa in areas with
wet bias (Zaninelli 2015). The interannual variability
of  temperature tends to be somewhat overestimated,
 especially in the LPB (Zaninelli 2015).

The interannual variability of evapotranspiration
(Fig. 4c) has a rather similar geographical pattern to
that of temperature, with a maximum centered on
northeastern Argentina. In turn, this maximum vari-
ability coincides with the zone of coupling between
soil moisture and evapotranspiration (i.e. r(T,ET) < 0,
Fig. 3a), confirming that in this area, the soil in -
fluences the variability of temperature through
 evapotranspiration. Consequently, this region can be
considered a transitional climate zone since it is a
geographical hot spot of land−atmosphere coupling
(Koster et al. 2004) located between arid areas to the
west and to the south and humid areas to the east
and to the north. The large interannual variability in
this region suggests that evapotranspiration is lim-
ited by soil moisture in one summer and not limited
in another. This transitional region coincides with the
strongest gradient in mean summer warming over
South America (between northern Paraguay and the
Rio de la Plata, Fig. 1e).

The humid areas located around the core of the
South American monsoon in central Brazil are char-
acterized by an energy-limited evapotranspiration
regime (Fig. 3a). In this region, the high interannual
variability of precipitation has little effect on soil
moisture content and on the evapotranspiration
 variability (Figs. 3a & 4c; because the soil is always
moisture laden, the storage of water in the soil shows
little variation).

Projected changes in the interannual variability of
precipitation (Fig. 4d) alternate areas with increases
and decreases, but tend to be positively correlated
with the mean rainfall response (Fig. 1d). In par -
ticular, the interannual variability of precipitation
increases in vast areas of the LPB, consistently with
increasing seasonal mean rainfall, although the
 spatial variability of the response is large. While soil
moisture can affect rainfall and its variability (Sö -
rensson et al. 2010, Sörensson & Menéndez 2011,
Ruscica et al. 2014), ENSO is the dominant source of
interannual variability and, due to the increase in air
moisture availability, ENSO-related precipitation
variability will likely intensify during this century
(Christensen et al. 2013). In the rest of South Amer-
ica, precipitation variability tends to fall around
the center of Brazil, throughout Chile, and Patagonia,
and tends to increase in northeastern Brazil and parts
of Amazonia and northern South America.

Changes in temperature variability have lower and
smoother spatial variation (Fig. 4e). The ensemble of
models predicts an increase in the variability of sum-
mer temperatures in most areas of South America,
with the exception of the LPB and central-western
Ar gentina. A possible reason for the decrease in
 summer temperature variability in parts of the LPB is
enhanced soil moisture associated with greater sum-
mer mean precipitation, which increases the capabil-
ity of evaporation to dampen temperature variations
(Seneviratne et al. 2010). This region in subtropical
South America, characterized by a decrease in tem-
perature variability, collocates along the eastern and
southern flanks of the transitional climate zone (cf.
Figs. 3a & 4e).

The overall changes in the ensemble-mean inter-
annual variability of evapotranspiration have an un -
even geographical distribution (Fig. 4f). The major
changes tend to be positively correlated with changes
in temperature variability, although the geographic
distribution is patchier. Roughly, evapotranspiration
variability decreases in the southern LPB and in -
creases in eastern Brazil and northern South Amer-
ica. However, it should be noted that changes in the
variability of precipitation and evapotranspiration
have a large spread between individual models (not
shown).

In much of the climatic transition zone of the south-
ern LPB, the mean precipitation and evapotranspira-
tion responses are both positive (Fig. 1d,f), contribut-
ing to wetness and dryness, respectively, in the region.
The net effect for DJF is shown in Fig. 5a (mean pre-
cipitation minus evapotranspiration [P−E] for the cur-
rent period) and its response in Fig. 5b (change in
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P−E from the years 1981−2010 to 2071−2100). This
field describes the flux of water between the atmos-
phere and the continental surface and consequently
provides key information regarding the land−atmos-
phere interaction. For the present climate, the zone
between the equator and 25° S is a region of wetting,
in the sense that precipitation exceeds evapotranspi-
ration. This water is stored as soil moisture, or else it
contributes to the runoff. By contrast, parts of north-
ern South America, the southern LPB, central Chile,
and northern Patagonia are regions of drying (Fig. 5a).
However, over Ar gentina and Uruguay, evapotran-
spiration exceeds precipitation only slightly (differ-
ences are generally <1 mm d−1).

Regarding the response to climate change of P−E,
changes in P−E are negative around the latitudes
10−20° S. In this region in the period 2070−2100, pre-
cipitation still exceeds evapotranspiration, but the
difference between them is reduced from the current
period (i.e. decreased wetting), which is consistent
with the decrease in the area dominated by atmos-
pheric control on evapotranspiration discussed above
(Fig. 3). Conversely, over the LPB and in parts of
northern South America, P−E changes are positive,
suggesting a tendency towards increasing wetting.
Note that over the LPB, the region of wetting in the
sense of P−E is shifted to the north and northwest

compared to the region of increased precipitation
(compare Figs. 5b & 1d). The southern portion of the
LPB (near the Rio de la Plata) is the area where the
increase in evapotranspiration is strongest (Fig. 1f),
and also where the coupling between soil moisture
and eva potranspiration is weakest (Fig. 3). It should
be kept in mind that the sign of the P−E changes
does not necessarily coincide with the sign of the
soil moisture changes (e.g. Orlowsky & Seneviratne
2012).

4.  CONCLUSIONS

We analyzed patterns of change in the austral
 summer land-surface climatology of South America,
from present-day to future climate conditions, by
comparing 2071−2100 to 1981−2010 patterns. The
patterns were derived from a 3-member CLARIS LPB
RCM multi-model ensemble driven by 2 CMIP3
 models under the A1B emission scenario. Our ana -
lysis included DJF mean precipitation, surface air
temperature, and evapotranspiration, as well as
 corresponding interannual variations. In order to
infer the evapotranspiration regimes, the correlation
between temperature and evapotranspiration was
evaluated. The patterns of precipitation minus eva -
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potranspiration (P−E) were used as a dryness or
 wetting indicator.

While results for all of South America were pre-
sented, the emphasis was placed on the LPB region
and adjacent areas (the LPB was the region exam-
ined in the EU FP6 CLARIS and the EU FP7 CLARIS
LPB projects, Boulanger et al. 2010). The LPB in sum-
mer is characterized by a strong meridional gradient
of mean precipitation (about 9 mm mo−1 for each
degree of latitude), and by weak meridional varia-
tions in mean temperature. Projections of seasonal
mean temperature and precipitation obtained with
our ensemble were consistent with those obtained
with the CMIP3 and CMIP5 ensembles in southeast-
ern South America (Christensen et al. 2007, 2013).
Mean precipitation shows increases in the southern
LPB and decreases over the Brazilian highlands. The
change in the mean temperature shows a reverse
pattern: minimum warming in the southern LPB
(<2°C) and maximum over the Brazilian highlands
(>3°C). The minimum heating zone around the Rio
de la Plata matches a positive response in the mean
 evapotranspiration.

The interannual variability of the seasonal mean
precipitation presents a strong meridional gradient
over the LPB. The interannual variability of tempera-
ture and that of evapotranspiration tend to be anti-
correlated with precipitation variability, and have a
similar geographic pattern, with high variability in
Paraguay and northern Argentina. This region is a
transitional climate zone, where the primary limita-
tion of evapotranspiration is the soil moisture supply.
This is consistent with previous results which identify
this area as the South American region of greatest
coupling between soil moisture and evapotranspira-
tion, during the mature phase of the monsoon (e.g.
Sörensson & Menéndez 2011, Ruscica et al. 2014).
Therefore, the surface− atmosphere feedbacks can
help link precipitation, evapotranspiration, and tem-
perature particularly in this region of South America
during summer.

While in general there are no changes in the
 austral summer evapotranspiration regime under
increased levels of atmospheric greenhouse gases,
large areas in the tropics are projected to become
drier, and the northern LPB is projected to become
somewhat wetter (conclusions based on r(T,ET) and
P−E analyses). These patterns are consistent with
projected changes in other measures of dryness, such
as the consecutive dry days (CDD) index. A  high-
resolution atmospheric global model ensemble (Kitoh
et al. 2011), regional model projections (Sörensson
et al. 2010), and the CMIP5 model ensemble (see

Fig. 12.26 in Collins et al. 2013) indicate longer
CDD periods over parts of central South America and
the Brazilian highlands, and either no significant
changes or a reduction in CDD in parts of the LPB,
consistent with our results. Further results coherent
with those described here can be found in Cavalcanti
et al. (2015; see their Table 1).

The interannual rainfall (evapotranspiration) varia-
tions tend to increase (decrease) during this century
in the southern LPB, although the spatial variability
of the response is large. Overall, the patterns of
change are patchy for the interannual variations due
to a lack of agreement in the sign of change in the in -
dividual models. As already known (e.g. Seneviratne
et al. 2010), this intermodel spread introduces uncer-
tainty in the modeling of land surface processes.

Evapotranspiration changes are more sensitive to
climate change under water-limited conditions (e.g.
in the southern LPB). In this area, the ensemble pro-
jects a decrease in temperature variability, coherent
with the increased evapotranspiration which dampens
the temperature variations. Under energy-limited
con ditions (e.g. in the monsoon core region in central
Brazil), the response of evapotranspiration is much
lower, and interannual variability of temperature
tends to increase. These results are consistent with
those of Wang & Alimohammadi (2012), who found
that under energy-limited conditions, most of the
precipitation variability is transferred to the run -
off variability (and consequently not to the variability
of evapotranspiration), but under water-limited con-
ditions, the precipitation variability is transferred
to soil moisture changes, consequently influencing
evapo transpiration and temperature variability.

Regional forcing due to land use change affecting
South America is not presently included in current
RCMs (i.e. models used here consider fixed land use
conditions). The unknown land use and land cover
evolution brings uncertainty in projections of the sur-
face air temperature, evapotranspiration, and precip-
itation. Nuñez et al. (2008) provided a quantitative
estimate of the impact of land use and other land sur-
face changes on temperature change in Argentina
for the period 1961−2000. They found that these
changes have produced a warming trend contribu-
tion to the annual (summer) mean temperature of
+0.071°C decade−1 (+0.017°C decade−1), especially
in the areas where the observed precipitation has
increased the most, and where, as a consequence,
there has been a large increase in soy production.
For the sake of comparison, the response of the
 summer mean temperature simulated by our CLARIS
LPB ensemble is about 2°C over 90 yr, or +0.22°C
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decade−1 (i.e. 13 times the estimate of Nuñez et al.
2008 for summer).

More research is needed, using alternative data
sets, to further understand the regional changes in
the interannual variability of the atmospheric branch
of the hydrological cycle, and their relation with tem-
perature, by investigating the roles of different con-
trolling factors, such as soil moisture, land use, and
sea surface temperature.
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