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Abstract
In Part I of our study (Zazulie et al. Clim Dyn, 2017, hereafter Z17) we analyzed the ability of a subset of fifteen high-
resolution global climate models (GCMs) from the Coupled Model Intercomparison Project phase 5 to reproduce the past 
climate of the Subtropical Central Andes (SCA) of Argentina and Chile. A subset of only five GCMs was shown to repro-
duce well the past climate (1980–2005), for austral summer and winter. In this study we analyze future climate projections 
for the twenty-first century over this complex orography region using those five GCMs. We evaluate the projections under 
two of the representative concentration pathways considered as future scenarios: RCP4.5 and RCP8.5. Future projections 
indicate warming during the twenty-first century over the SCA region, especially pronounced over the mountains. Projec-
tions of warming at high elevations in the SCA depend on altitude, and are larger than the projected global mean warming. 
This phenomenon is expected to strengthen by the end of the century under the high-emission scenario. Increases in winter 
temperatures of up to 2.5 °C, relative to 1980–2005, are projected by 2040–2065, while a 5 °C warming is expected at the 
highest elevations by 2075–2100. Such a large monthly-mean warming during winter would most likely result in snowpack 
melting by late winter-early spring, with serious implication for water availability during summer, when precipitation is a 
minimum over the mountains. We also explore changes in the albedo, as a contributing factor affecting the net flux of energy 
at the surface and found a reduction in albedo of 20–60% at high elevations, related to the elevation dependent warming. 
Furthermore, a decrease in winter precipitation is projected in central Chile by the end of the century, independent of the 
scenario considered.

Keywords  CMIP5 models · Model evaluation · Subtropical Central Andes · Future projections · Elevation-dependent 
warming

1  Introduction

Global warming since the late nineteenth century is evident 
over land and ocean, and the past three decades have been 
successively warmer at the Earth’s surface than any of the 
previous decades in the instrumental record. Nevertheless, 
the surface warming is not spatially uniform (Stocker et al. 
2013), with different regions experiencing different warming 
rates, the Arctic being the most notorious example. Moun-
tainous regions appear to be more sensitive to global-scale 
warming than other regions at lower elevations but at the 
same latitude (Beniston et al. 1997; Bradley et al. 2004; 
Rangwala et al. 2013). Mountainous regions generally are 
home to fragile ecosystems, and glaciers and the seasonal 
snowpack constitute key sources of freshwater for the adja-
cent lowlands (Beniston 2003; Viviroli et al. 2007). There 
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is an ongoing and growing need for reliable and up-to-date 
climate change information at the local-to-regional scales 
in order to effectively manage future climate risk (Zubler 
et al. 2015). Due to the role that mountains play in terms of 
resources provided to both local and lowland communities, 
it is important to determine the future trends of climate in 
mountainous regions and whether these regions will experi-
ence stronger warming compared to adjacent lowlands and 
to the global mean (Palazzi et al. 2016).

Several studies have addressed future projections for 
mountainous regions around the world from Global Climate 
Model (GCM) simulations and have highlighted the issue of 
the elevation dependent warming (EDW)—the altitudinal 
dependence of warming rates—due to its implications for 
future rates of change in mountain cryosphere systems and 
their associated hydrological regimes, mountain ecosystems 
and biodiversity (Rangwala et al. 2016; Pepin et al. 2015; 
Bradley et al. 2006). Since temperature at the Earth’s sur-
face is primarily the result of the radiative energy balance, 
the factors that affect the net flux of radiation at the surface 
such as albedo, clouds, water vapor and related feedbacks 
(Palazzi et al. 2016), among others, are the potential driv-
ers of the EDW. Pepin et al. (2015) present a review on the 
different mechanisms that contribute towards EDW. They 
point out that the resulting response to all these factors 
and their interactions is complex, and some of them will 
be more influential than others in different regions and at 
certain times of the year. As an example, Fyfe and Flato 
(1999) analyzed a single GCM simulation for the US Rocky 
Mountains and found enhanced warming at higher eleva-
tions during winter and spring due to a rise in the snow line, 
which amplifies the surface warming via the snow-albedo 
feedback. Liu et al. (2009) analyzed both observations and 
model projections for the Tibetan Plateau and found an 
amplified warming in monthly minimum temperatures at 
higher elevations, particularly in winter and spring, likely 
caused by a combination of cloud-radiation and snow-albedo 
feedbacks. Rangwala et al. (2013) analyzed future projection 
for the Himalayas in Asia and the Rocky Mountains in the 
United States and concluded that at higher elevations warm-
ing is enhanced relative to lowlands at the same latitudes, 
particularly in the cold season, with no significant summer 
warming. In a recent study, Palazzi et al. (2016) analyzed 
the EDW over the Tibetan Plateau using simulations from 
GCMs participating in the Coupled Model Intercomparison 
Project phase 5 (CMIP5). They found the largest warming 
in regions with mean temperatures below freezing especially 
in winter, suggesting a key role of mechanisms involving 
water phase changes, the presence/absence of snow and the 
snow-albedo feedback.

The tropical Andes in South America have been the focus 
of attention due to the rapid decrease of mountain glaciers 
related to global warming (Bradley et al. 2006; Vuille et al. 

2008). Palomino-Lemus et al. (2015) studied summer pro-
jections over the Andes of Colombia applying statistical 
downscaling of CMIP5 GCMs and found that liquid precipi-
tation will increase over this region in the period 2071–2100. 
In a recent study, Rangecroft et al. (2016) explored future 
projections for the Bolivian Andes and concluded that a 
dramatic loss of the extent of the permafrost is expected in 
response to projected twenty-first century warming, repre-
senting a reduction of high mountain water storage.

Recent precipitation trends for central Chile and central-
western Argentina reported by different studies, indicate 
decreasing trends in annual precipitation in central Chile 
during the twentieth century, in contrast with the increase 
observed east of the Andes, over the lowlands of Argen-
tina (Aceituno et al. 1993; Minetti and Vargas 1998; Barros 
et al. 2000; Minetti et al. 2003). Minetti et al. (2003) found 
a decreasing trend in annual precipitation between 1931 and 
1999 in a broad region that included central Chile, high-
altitude sections of the Cuyo Cordillera and Comahue in 
Argentina, which encompasses the SCA region. Rosenblüth 
et al. (1997) studied temperature trends in Argentina and 
Chile, over the period 1960–1992, and found an increase in 
annual and seasonal temperature in central Chile (from sta-
tions Punta Tortuga and Punta Angeles, Chile) and a cooling 
east of the Andes (from Mendoza station, Argentina). Falvey 
and Garreaud (2009) reported decreasing trends of annual 
temperature near the coast of Chile and warming inland over 
the period 1979–2006. Vincent et al. (2005) studied temper-
ature extreme indices and found opposite behavior on either 
side of the Andes: warming on the west and cooling on the 
east over Argentina for the period 1961–2000. According to 
Barros et al. (2015), instrumental observations and paleocli-
mate proxy data over the Andes Mountains between 30° and 
40°S indicate a positive trend in temperature, especially in 
winter, and a declining trend in annual precipitation. These 
trends have caused a reduction of the ice mass in the Andes 
and glacier retreats have been observed since the nineteenth 
century (Le Quesne et al. 2009). In particular, winter pre-
cipitation and temperature trends for the SCA of Argentina 
and Chile were studied by Rusticucci et al. (2014) over the 
period 1979–2010. The study, using different gridded data-
sets and ERA-Interim reanalysis, indicates a generalized 
decrease in winter precipitation and warming especially 
between 32° and 35°S.

Future twenty-first century projections for South America 
indicate a significant warming and decrease in precipitation 
for southern-central Chile and increased precipitation over 
the plains of southeastern South America (Blazquez and 
Nuñez 2013; Barros et al. 2015). Barros et al. (2015) high-
light that the projected temperature increase over Argentina 
for the coming decades is greater than the observed warm-
ing of the last 60 years, and will occur over only 30 years. 
This constitutes an acceleration in the regional warming rate. 
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However, updated future projections using the most recent 
generation of GCMs for the subtropical Andes have not been 
carried out and there are no published studies on the EDW 
over this region.

The Andes mountain range acts as a topographic bar-
rier to the atmospheric flow from the deep tropics to mid-
latitudes; its highest peaks and ridges constitute the bor-
der between Argentina and Chile between 23° and 53°S. 
The Andes between 30° and 37°S are of particular impor-
tance since they separate two large agricultural and indus-
trial regions: central Chile to the west and the lowlands of 
western Argentina to the east. The annual snowpack is a 
critical source of river runoff, contributing to the socio-
economical activities of the nearby population (Masiokas 
et al. 2006; Barros et al. 2015). Water availability affects 
human consumption, irrigation, hydro-electric power gen-
eration and industries. This region is highly vulnerable to 
changes in climate, particularly to a warming scenario that 
will directly affect its cryosphere; therefore, it is crucial to 
provide regional information of future projections. The aim 
of this study is to analyze future climate projections for the 
complex orography region of the Subtropical Central Andes 
using high-resolution GCMs from CMIP5 for the twenty-
first century. The present study also aims to analyze the 
dependence of projected changes on elevation in this region 
and to evaluate if the reduction of the cryosphere—through 
the analysis of surface albedo—could be one of the possible 
mechanisms leading to the EDW.

2 � Data and methods

We analyze climate simulations of the twenty-first century 
performed by a selection of high-resolution models partici-
pating in CMIP5 (Taylor et al. 2012). We select two of the 
four representative concentration pathways (RCPs) designed 
as future scenarios for the CMIP5: RCP4.5 and RCP8.5. A 
detailed description of the different future scenarios can be 
found in Moss et al. (2010). The RCPs considered in this 

study correspond to an intermediate stabilization scenario 
and a high emission scenario, respectively (van Vuuren et al. 
2011). Radiative forcing in RCP4.5 stabilizes at 4.5 W/m2 
(approximately 650 ppm CO2-equivalent) in the year 2100 
without ever exceeding that value (Thomson et al. 2011). In 
the RCP8.5 the greenhouse gas emissions and concentrations 
increase considerably over time, leading to a radiative forc-
ing of 8.5 W/m2 (~ 940 ppm CO2) at the end of the century 
(Riahi et al. 2011). Model outputs were obtained from the 
data archives of the Program for Climate Model Diagnosis 
and Intercomparison (PCMDI, http://www-pcmdi.llnl.gov). 
We consider only one realization of each selected climate 
model and we analyze the following set of variables: surface 
altitude (orog), near surface temperature (tas), precipitation 
(pr), surface downwelling shortwave radiation (rsds), sur-
face upwelling shortwave radiation (rsus), sea level pressure 
(psl), specific humidity (hus), eastward wind (ua) and north-
ward wind (va). Surface albedo was calculated as the ratio 
between the surface upwelling and downwelling shortwave 
radiation.

In our previous study (Z17) we analyzed the ability of fif-
teen high-resolution CMIP5 GCMs (for full list see Table 1 
in Z17) to reproduce the past climate of the Subtropical Cen-
tral Andes, against two reference datasets: ERA-Interim rea-
nalysis and CRU gridded dataset over the period 1980–2005 
for austral summer and winter. The studied region is concen-
trated over the Andes between 30°–37°S and 71°–69.5°W 
and location and topography of the SCA box can be seen in 
Fig. 1 from Z17. The analysis presented in Z17 showed that 
a subset of GCMs performed better than the multi-model 
ensemble mean (MMM15) in the past: BCC-CCSM1(m), 
CCSM4, CESM1-CAM5, CNRM-CM5 and EC-EARTH. 
Therefore, a five-member ensemble (MMM5) was produced 
from these models to analyze future climate projections in 
the selected Andean region. While MIROC4h also per-
formed well for 1980–2005, simulations were not available 
for the twenty-first century so this model was not included 
in the MMM15. Since only RCP8.5 simulations were avail-
able from the MRI-ESM1, this model is only present in the 

Table 1   Temperature (°C/
decade) and precipitation trends 
((mm/day)/decade) for the 
period 2006–2100

Significant trends at the 95% level of confidence are shown in bold

Temperature (°C/decade) Precipitation, (mm/day)/decade

DJF JJA DJF JJA

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

BCC-CSM1.1 (m) 0.11 0.39 0.08 0.26 0 0 − 0.01 − 0.01
CCSM4 0.17 0.42 0.16 0.38 0 0.04 − 0.01 − 0.10
CESM1 (CAM5) 0.25 0.52 0.30 0.59 0.01 0.01 0.06 0.06
CNRM-CM5 0.28 0.53 0.22 0.53 0 − 0.01 0 − 0.04
EC-EARTH 0.22 0.49 0.23 0.55 0 − 0.01 − 0.04 − 0.11
MMM5 0.21 0.47 0.20 0.46 0 0 0 − 0.04

http://www-pcmdi.llnl.gov
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MMM15 for that scenario. We compare here the results from 
the multi model ensemble mean from the original 15 GCMs 
evaluated in Z17, with the reduced, five-member ensemble.

As in Z17, the region of the Subtropical Central Andes 
(SCA) is delimited by 30°–37°S and 71°–69.5°W; austral 
summer season corresponds to December–January–February 
and austral winter season to June–July–August, respectively. 
Results are presented here in terms of temporal evolution 
of temperature and precipitation for the period 2006–2100, 
spatially averaged over the SCA box. We also analyze spa-
tial patterns of change for two periods: 2040–2065 and 
2075–2100 relative to the historical period 1980–2005 for 
each season.

3 � Results

Figure 1 shows time series of temperature and precipita-
tion averaged over the SCA box for the multi-model mean 
considering the fifteen GCMs (MMM15) initially proposed 
by Z17 and the reduced ensemble with the selected five 
GCMs (MMM5). This figure also shows the interannual 
variability of temperature and precipitation for the sum-
mer and winter seasons, as represented by the two reference 

datasets—CRU and ERA-Interim, shown in grey—for the 
period 1980–2005. ERA-Interim reanalysis has been vali-
dated over this region in Rusticucci et al. (2014) against dif-
ferent gridded datasets and meteorological stations for win-
ter season (Viale and Nuñez 2011). A good representation 
of both interannual variability and trends was found in the 
period 1979–2010. In Fig. 1, note firstly that the reference 
datasets show better agreement between them in winter (JJA) 
than in summer (DJF). As was discussed in Z17, the CRU 
dataset better represents the temperature in the SCA region, 
with reanalysis showing a warm bias (almost 3 °C) in sum-
mer. Both ensembles (MMM15 and MMM5) overestimate 
summer temperature over the entire period. Nevertheless, 
the reduced ensemble MMM5 shows a slight improvement, 
as seen by lower values of summer temperature compared to 
those from the MMM15. During winter, the mean difference 
between the reference datasets is reduced to approximately 
1 °C, and the improvement with the reduced ensemble is 
more noticeable. MMM5 shows not only a better agreement 
with the validation datasets in the mean value, but also in the 
interannual variability assessed in Z17 through the monthly 
coefficient of variation. As pointed out in Z17, GCMs over-
estimate interannual variability in every month. Further-
more, Z17 shows a generalized agreement in the long-term 

Fig. 1   Temporal series of areal mean of near surface temperature 
(left) and precipitation (right) over the SCA box for the period 1980–
2005. In grey the reference datasets (dashed and triangles: CRU; line 

and squares: ERA-Interim) and in black the multi-model means (lines 
and circles: MMM5 with 5 GCMs; dotted and crosses: MMM15 with 
all GCMs)
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behavior between GCMs and the reference datasets, with 
warming in both seasons.

As also discussed in Z17, there is a generalized misrep-
resentation by GCMS in the processes involved in summer 
convective precipitation east of the Andes, in Argentina. 
This results in an overestimate of summer precipitation 
both by GCMs and reanalysis in the eastern edge of the 
SCA box, which affects the areal average. There is a mean 
difference of 0.6 mm/day between the reanalysis and the 
CRU, which is quite large considering the observed mean 
value for the season (0.25 mm/day). The reduced ensem-
ble MMM5 does not perform better than the MMM15 in 
this case. In contrast, both reference datasets agree in the 
winter precipitation mean and its interannual variability, 
indicative of a good representation of the mechanisms 
involved in winter precipitation by the reanalysis, as was 
discussed in another of our studies of climate in the region 

(Rusticucci et al. 2014). The reduced ensemble MMM5 
outperforms the MMM15 in the mean values and interan-
nual variability for winter precipitation, compared with the 
reference datasets. While both reference datasets coincide 
in the sign of the precipitation trends in each season, there 
is no agreement among GCMs in the long-term behavior 
of this variable, according to Z17.

The mean annual cycle of temperature for the MMM5, as 
expected, shows a systematic increase throughout the year 
for both RCPs, highest for RCP8.5 and end of the century 
time frame (Fig. 2). The mean annual cycle of precipitation 
is projected to shift slightly from a current winter maximum 
in June to a broader maximum for June–July by mid-century 
and a decrease in magnitude by the end of the century. As 
in the current climate, summer precipitation is much lower 
than winter precipitation in the SCA region; while there is 
an indication of higher summer precipitation, this should 

Fig. 2   Annual cycle of mean 
temperature (upper pannel) 
and mean precipitation (lower 
pannel) averaged over the SCA 
box for the historical period 
1980–2005 (black lines), and 
simulated future: 2040-65, blue 
and 2075–2100, green. The 
two scenarios are plotted: solid 
lines: RCP4.5 and dashed lines: 
RCP8.5
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be considered with caution given the errors in representing 
summer precipitation in the current climate.

The projected near surface temperature time series from 
2006 to 2100, averaged over the SCA region for sum-
mer (DJF) and winter (JJA) for the two RCPs, are shown 
in Fig. 3. The black line shows the five-member ensem-
ble (MMM5), the dotted line corresponds to the MMM15 
and the shaded grey area indicates the spread among their 
respective members. Both scenarios show warming trends 
for summer and winter. The projected MMM15 is higher 
than the reduced ensemble for both scenarios and in both 
seasons, more evident in winter than in summer where the 
difference between ensembles is 1 °C. Naturally, the spread 
is reduced when a smaller number of members is included in 
the ensemble mean but this fact is more evident in winter. By 
the end of the twenty-first century, all cases show a reduced 
spread (shaded grey area). Table 1 shows the temperature 
trends for the twenty-first century derived from each of the 
five GCMs and the MMM5. A Student’s t test was applied 
to assess the significance of the trends. Significant values 
at the 95% level of confidence indicated in bold in Table 1. 
Each of the GCMs, as well as the MMM5, shows significant 
positive trends, reinforcing the robustness of the signal in 
this region. As expected, the simulations for the RCP8.5 

show a larger increase (0.47°/decade) than for the RCP4.5 
(0.21°/decade) during summer. In winter, the two scenarios 
show similar increasing trends as in summer, in each GCM 
and the MMM5: 0.20°/decade for RCP4.5 and 0.46°/decade 
for RCP8.5.

The projected MMM5 and MMM15 precipitation in the 
SCA region for both seasons and scenarios are shown in 
Fig. 4, where the y-axis is adjusted to the climatological 
values for each season. The projections indicate that precipi-
tation remains at around 1 mm/day in summer, with small 
interannual variability and small spread between members. 
Summer values are slightly higher for the MMM5 than for 
the MMM15. During winter, when most of the precipitation 
is observed over the Subtropical Central Andes region, pro-
jections indicate no significant changes for either of the sce-
narios. Values of MMM15 are higher than those of MMM5, 
and MMM15 (light grey shading) shows more variability 
than MMM5. None of the scenarios indicates significant 
changes.

All GCMs and MMM5 indicate virtually null trends in 
summer precipitation for RCP4.5 (Table 1). Only CCSM4 
shows a significant positive trend for the RCP8.5, but there 
is not agreement among models. Most models show a nega-
tive trend in winter precipitation, with two GCMs showing 

Fig. 3   Temporal series of projected near surface temperature spatially 
averaged over the SCA box for the period 2006–2100. Dotted lines 
correspond to MMM with all GCMs and solid line corresponds to the 
reduced ensemble with 5 GCMs. Shaded areas indicate the spread 

among GCMs (light grey: all GCMs; dark grey: reduced ensemble). 
Left panels: summer (DJF) and right panels: winter (JJA). Upper pan-
els: RCP4.5; Lower panels: RCP8.5
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significant negative values: CCSM4 and EC-EARTH. These 
GCMs have shown a good agreement in the spatial distri-
bution and the annual cycle of precipitation with the refer-
ence datasets in the period 1980–2005 (Zazulie et al. 2017). 
However, while EC-EARTH coincided with the negative 
trends shown in the reference datasets, CCSM4 showed the 
opposite behavior.

Changes in the spatial distribution of summer and win-
ter temperature, relative to 1980–2005, for the reduced 
ensemble MMM5, are shown in Fig. 5, following RCP4.5 
and RCP8.5 for two periods in the future: 2040–2065 and 
2075–2100. All differences are positive, consistent with 
warming over the entire region. Note that larger changes 
are expected over high altitude areas compared to lowlands 
for both scenarios and future time frames. Projected differ-
ences are larger in the northern sector of the southern central 
Andes, where higher elevations are found. As expected, for 
both seasons the results for RCP8.5 show greater warming 
than for RCP4.5 and both scenarios present larger differ-
ences by the end of the twenty-first century.

Figure 6 shows projected changes in summer and winter 
precipitation relative to 1980–2005, for RCP4.5 and RCP8.5. 
The same spatial pattern of differences in summer precipita-
tion is shown for both scenarios and for the two periods in 
the future: 2040–2065 and 2075–2100. All cases show a pro-
jected increase in summer precipitation east of the Andes, 
in the northern sector of the four left panels. The projected 

increase from 1980 to 2005 to 2040–2065 is about 4 mm/
day, which represents an increase of 40% compared to the 
MMM5 climatology. In contrast, the reduced ensemble pro-
jects a decrease over central Chile. Projected winter precipi-
tation differences are also shown in Fig. 5; note that the color 
scale is adjusted to the climatological values of precipitation 
in this season in order to better emphasize changes. For the 
period 2040–2065, MMM5 shows no change in the precipi-
tation pattern for RCP4.5, while RCP8.5 indicates a slight 
decrease in winter precipitation over central Chile (centered 
at about 35°S). Both scenarios indicate negative differences 
in this same region by the end of the twenty-first century. 
The largest decrease (− 1 mm/day) is expected over Chile 
at around 35°S, where mean winter precipitation is close to 
5 mm/day, representing a 20% decrease.

As was shown in Fig. 5, greater warming is expected 
around the border between Argentina and Chile where 
higher elevations in the Andes are found. To further explore 
this feature we present in Fig. 7 the temperature change as 
a function of elevation for the Subtropical Central Andes 
box for the five individual GCMs included in the reduced 
ensemble. While all projections show increases as a function 
of elevation there are some noteworthy seasonal differences. 
In summer (top panels in Fig. 7), models following RCP4.5 
project a 1–2 °C increase for mid-century and a 2–3 °C 
increase by the end of the century. An increased warming 
is expected when following RCP8.5 and results in larger 

Fig. 4   Same as Fig. 3 but for precipitation
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differences with respect to 1980–2005: about 2 °C by mid-
century and 3–5 °C by late twenty-first century. There is a 
slight, but noticeable, dependence of the temperature change 
with elevation during summer. This relationship is further 
enhanced in winter, especially for RCP8.5, and also a greater 
temperature difference is observed between the two time 
frames. It is important to point out that each individual GCM 
presents an elevation dependence warming with slightly dif-
ferent slopes, which are related to the different representation 

of the topography in each model. The significance of these 
slopes was assessed with a Student’s t-test, with the level of 
significance taken as P < 0.05. In winter, All 5 GCMs pre-
sented a positive significant linear relationship for both sce-
narios and both time frames. In contrast, in summer slopes 
resulted smaller than in winter and generally positive, except 
for RCP4.5 for the period 2075–2100 in CNRM-CM5 and 
EC-EARTH models. All slopes resulted significant under 
RCP4.5 for mid-century, while only CESM1-CAM5 resulted 

Fig. 5   Temperature changes (°C) relative to 1980–2005, obtained 
from the reduced ensemble (MMM5) for RCP4.5 (top) and RCP8.5 
(bottom), for the periods 2040–2065 and 2075–2100. Left panels cor-

respond to austral summer (DJF) and right panels to austral winter 
(JJA). The SCA box is delimited by the grey rectangle

Fig. 6   Same as Fig. 5 but for precipitation. Note that the color scale is adjusted to the seasonal values
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significant under RCP8.5. For the end of the century, only 
CCSM4 and CESM1-CAM5 resulted significant under both 
scenarios.

This enhanced warming with elevation has been dis-
cussed in previous studies for other regions of the world 
(e.g. Bradley et al. 2004; Rangwala et al. 2013), and a pos-
sible mechanism relates to changes in the radiation budget 
as a result of changes in surface albedo. The SCA region 
is characterized by the presence of seasonal snowpack and 
permanent mountain glaciers. Changes in the spatial distri-
bution of snow and ice at the surface will induce changes in 
albedo. Figure 7 shows the changes in summer and winter 
albedo as a function of elevation, for the two time frames 
using RCP8.5. Firstly, note that there are no changes pro-
jected in summer albedo (Fig. 8, left panel) for neither mid- 
nor late twenty-first century, relative to 1980–2005. The 
results for winter also show no changes at elevations lower 
than 1500 m, but there is an evident, non-linear decrease 
in albedo at higher elevations. The majority of the GCMs 
show albedo decreases between 20–60% at elevations higher 
than 1500 m. The exception is BCC-CSM1(m) that shows 
very small decreases in albedo, smaller than 1%. Differences 

for the ensemble mean at high altitude regions present a 
reduction of 22% percent for the period 2040–2065, and 
32% by the end of the twenty-first century. The SCA region 
is characterized by a south-north gradient in elevation and 
an opposite gradient in annual precipitation, so that the 
maxima in snow cover and mountain glaciers are expected 
at approximately 35°S. It is likely that the morphology of 
the region combined with the atmospheric circulation (and 
resulting precipitation) may explain the non-linear relation-
ship between changes in albedo and elevation.

A similar analysis is presented for precipitation (Fig. 9) 
in order to explore whether this variable shows an elevation-
dependence. As seen in Fig. 9, the results are more variable 
than the clear signal observed for the temperature changes 
(Fig. 7). During austral summer, and at elevations lower than 
2000 m, the majority of the points indicate either no change 
or a decrease in precipitation, while a majority of points 
indicate a precipitation increase at higher elevations. During 
austral winter the majority of the points indicate either no 
change or a decrease in precipitation, with little evidence 
of a relationship with elevation. Since there is little or no 
dependence on elevation of the change in precipitation, 

Fig. 7   Temperature change (°C) relative to 1980–2005, as a function of elevation for RCP 4.5 (left column) and RCP 8.5 (right column). Blue 
symbols correspond to 2045–2065 and green symbols to 2075–2100. Upper panels: austral summer (DJF); lower panels: austral winter (JJA)
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projected differences in circulation might be more useful in 
explaining changes in this variable.

Figure 10 shows the changes in 850 hPa humidity and 
wind, and sea level pressure for summer and winter from 
the MMM5 following RCP8.5 for the late twenty-first cen-
tury. Only this scenario and time frame are shown because 

changes in summer precipitation are consistent across sce-
narios and time frames and larger changes are expected in 
winter with RCP8.5 for the period 2075–2100. As discussed 
in Z17, the summer low-level jet is responsible for precipita-
tion in northern and northwest Argentina, east of the Andes. 
The MMM5 projects an increase in summer precipitation 

Fig. 8   Albedo change (relative to 1980–2005) as a function of elevation for summer (left column) and winter (right column), following RCP8.5. 
Blue symbols correspond to 2045–2065 and green dots to 2075–2100

Fig. 9   Same as Fig. 7 but for precipitation change (%)
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east of the Andes (see Fig. 6). As seen in Fig. 10, there is an 
increase in low-level humidity in summer and a southerly 
wind anomaly, resulting in increased moisture advection 
into the region. West of the Andes a decrease in summer 
precipitation is projected from RCP8.5 simulations over 
central Chile, possibly associated with positive anomalies 
in surface pressure combined with a stronger anticyclonic 
circulation. The location of the south Pacific subtropical 
high modulates the annual cycle of precipitation over central 
Chile, influencing winter precipitation over the Andes. The 
MMM5 simulations following RCP8.5 project decreased 
winter precipitation by the late twenty-first century. Stronger 
positive pressure differences in sea level pressure in winter 
may indicate a displacement of the subtropical high farther 
away from the continent and combined with slightly reduced 
westerlies and stronger anticyclonic flow between 30° and 

40°S, would result in less moisture advection during winter 
over the Subtropical Central Andes.

4 � Summary and conclusions

Over 10 million people live in central Chile and central-
western Argentina, adjacent to the Subtropical Central 
Andes. The population depends on fresh water originating 
from seasonal snowpack melting for human consumption, 
industry, irrigation and hydro-electric generation. In this 
study we provide detailed information of future climate 
projections for the region, crucial for determining future 
environmental policies of cryosphere conservation and water 
management in the region.

Fig. 10   Differences in a humidity (shaded) and wind (direction as vectors and intensity in contours) and b sea level pressure (hPa) between 2075 
and 2100 using RCP8.5 and the historical run for the period 1980–2005 for summer (left) and winter (right)
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A common practice to assess future climate projections 
is to use the mean values of all climate models available. 
Historical simulations of fifteen GCMs were available at 
relatively high resolution and were analyzed in our pre-
vious study, Z17. The multi-model ensemble mean was 
obtained from those models (MMM15) and validated against 
ERA-Interim and the gridded CRU as reference datasets. 
The evaluation of model performance for the past climate 
(1980–2005) described in Z17, showed different abilities of 
individual GCMs in representing the climate of the SCA, 
suggesting that a reduced ensemble of only five members 
(MMM5) would better represent the regional climate. In the 
present study we have compared temporal series of tem-
perature and precipitation for austral summer and winter 
between the full MMM15 and the reduced MMM5 over the 
SCA. It is evident that the MMM5 outperforms the MMM15 
for both variables and both seasons. Whereas in summer 
there is a very small reduction in the bias for temperature 
and precipitation, in winter there is a large improvement in 
performance when using MMM5 compared against the two 
reference datasets. This improved performance justifies the 
selection of the reduced ensemble to evaluate climate projec-
tions for this region characterized by complex topography.

Future projections indicate warming during the twenty-
first century over the SCA region, especially pronounced 
over the mountains. During winter, increases in tempera-
ture relative to 1980–2005 of up to 2.5 °C by 2040–2065 
are simulated. A warming of up to 5 °C is projected for the 
highest elevations by the end of the century. This evidence 
of an elevation-dependence warming over the central Andes 
has also been reported in other mountain ranges around the 
world, e.g. in the Rockies and the Himalayas (Rangwala 
et al. 2013; Palazzi et al. 2016). Such a large monthly-mean 
warming during winter would most likely result in late win-
ter-early spring snowpack melting, with serious implication 
for water availability during summer, when precipitation is 
negligible over the mountains. Moreover, linear trends for 
the period 2006–2100 indicate significant positive values 
for each of the GCMs analyzed and for the MMM5. Similar 
temperature trends are obtained for summer and winter but 
their magnitudes depend on the scenarios, approximately 
0.2 °C/decade for RCP4.5 and close to 0.5°/decade using 
RCP8.5. The trend determined from the high emission sce-
nario is twice the value of the trend obtained from the sta-
bilization scenario.

A strong dependence of the temperature trends on ele-
vation was found in winter for both time frames, and it is 
enhanced for the RCP8.5 scenario. This relationship is 
weaker in summer. Our results are consistent with previous 
studies that explored EDW over other mountain ranges in 
the world. The EDW has been related to changes in the net 
flux of energy at the surface as a result of changes in sur-
face albedo. In the Himalayas, Palazzi et al. (2016) found 

that surface albedo was the dominant factor to the observed 
EDW. Nevertheless, other factors such as elevation-depend-
ent changes in cloud cover and soil moisture have also been 
suggested as possible forcings (Pepin et al. 2015) and could 
prevail at some other elevated regions. The SCA is charac-
terized by the presence of seasonal snowpack and mountain 
glaciers that are directly affected by EDW, which in turn 
induces changes in the surface albedo. A strong reduction in 
albedo (between 20–60%) for elevated sites in winter is evi-
dent from the simulations, while no albedo change is found 
in summer. The relationship in winter is non-linear and may 
be explained by the morphology of the region combined 
with the atmospheric circulation.

No clear trend was identified for precipitation in the SCA 
region. Spatial patterns of changes in this variable showed 
a consistent increase in summer precipitation across sce-
narios and time frames in northwestern Argentina. This 
region was identified in our previous study (Z17) as due to 
the mis-representation of summer mechanisms involved in 
the generation of convective precipitation from GCMs and 
reanalysis, so results in this region are considered less reli-
able. A decrease in winter precipitation in central Chile was 
found for RCP4.5 only for the end of the twenty-first century, 
and for RCP8.5 for both time frames.

The combined projections of increased temperature, 
reduced albedo and reduced precipitation in winter could 
lead to severe restrictions in the water availability in the 
region of the Subtropical Central Andes and large societal 
consequences on both sides of the Andes.
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