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[1] High-elevation tropical mountain regions may be more strongly affected by future
climate change than their surrounding lowlands. In the tropical Andes a significant
increase in temperature and changes in precipitation patterns will likely affect size and
distribution of glaciers and wetlands, ecosystem integrity, and water availability for human
consumption, irrigation, and power production. However, detailed projections of future
climate change in the tropical Andes are not yet available. Here we present first results for
the end of the 21st century (2071–2100) using a regional climate model (RCM) based on
two different emission scenarios (A2 and B2). The model adequately simulates the
spatiotemporal variability of precipitation and temperature but displays a cool and wet
bias, in particular along the eastern Andean slope during the wet season, December–
February. Projections of changes in the 21st century indicate significant warming in the
tropical Andes, which is enhanced at higher elevations and further amplified in the middle
and upper troposphere. Temperature changes are spatially similar in both scenarios, but the
amplitude is significantly higher in RCM-A2. The RCM-A2 scenario also shows a
significant increase in interannual temperature variability, while it remains almost
unchanged in RCM-B2 when compared to a 20th century control run. Changes in
precipitation are spatially much less coherent, with both regions of increased and decreased
precipitation across the Andes. These results provide a first attempt at quantifying future
climate change in the tropical Andes and could serve as input for impact models to simulate
anticipated changes in Andean glaciation, hydrology, and ecosystem integrity.
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1. Introduction

[2] Mountain regions play a critical role for downstream
water supply in the arid and semiarid regions of the tropics
and subtropics, affecting millions of people [Viviroli et al.,
2007]. This is particularly true for the tropical Andes, which
are relatively moist compared with the adjacent hyperarid
coastal desert to the west. Much of the rain and snow falling
in the tropical Andes is initially stored, either as ice in
mountain glaciers or as water, retained in high-altitude
tropical wetlands (‘‘páramos’’), before being gradually
released over time [Buytaert et al., 2006; Juen et al.,
2007; Vuille et al., 2008a]. Glaciers and páramos therefore
act as critical buffers against highly seasonal precipitation
and provide water for domestic, agricultural or industrial

use during the dry season, when rainfall is low or absent.
Yet climate change may soon lead to dramatic changes in
Andean hydrology, with unknown consequences regarding
the availability of water for human consumption, irrigation,
mining, power generation and the social and cultural life of
Aymara and Quechua cultures [Young and Lipton, 2006;
Vergara et al., 2007]. While changes in climate are already
being observed [Vuille and Bradley, 2000; Vuille et al.,
2003] and glaciers are retreating throughout the tropical
Andes [Ramirez et al., 2001; Francou et al., 2003, 2004;
Jordan et al., 2005; Mark and Seltzer, 2005; Ceballos et al.,
2006; Thompson et al., 2006; Mark and McKenzie, 2007;
Seimon et al., 2007; Vuille et al., 2008a] detailed assess-
ments of how climate will change in the 21st century and how
these changes will impact the environmental service provided
by glaciers and wetlands are sorely missing. Here we take a
first step in this direction by simulating different scenarios of
future climate change in the tropical Andes as provided by the
Intergovernmental Panel on Climate Change–Special Report
on Emission Scenarios (IPCC-SRES) [Nakicenovic and
Swart, 2000], using a high-resolution Regional Climate
Model (RCM). Such high-resolution models, run over a
limited domain have been successfully applied in studies of
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weather forecasting, climate prediction and the study of
specific mesoscale circulation systems in South America
[e.g., Roads et al., 2003; Seth and Rojas, 2003; Rojas and
Seth, 2003; Seth et al., 2004, 2007; Fernandez et al., 2006;
Rauscher et al., 2006, 2007; Rojas, 2006] but with a few
exceptions [Fuenzalida et al., 2007; Garreaud and Falvey,
2008; Cook and Vizy, 2008] they have not focused on future
climate change scenarios and to our knowledge, none so far
have focused specifically on the tropical Andes. This
mountain region provides a particular challenge for climate
modeling given the complex topography and the steep
climatic gradients ranging from tropical rain forest on the
eastern slopes to absolute desert along the Pacific coast.
Since GCMs are not capable of adequately resolving these
climatic gradients, some studies have tried to circumvent
this problem by instead analyzing projected temperature
changes in the free troposphere [Bradley et al., 2004, 2006],
but this is not a suitable approach for surface variables such
as precipitation. Regional climate models could yield the
most significant improvement as they are better suited to
resolve the geographic complexity of regional climate. Here
we use the Hadley Centre Regional Climate Modeling
System, PRECIS (Providing REgional Climate for Impact
Studies), nested in the Hadley Centre Atmospheric Model
version 3 (HadAM3) to assess how climate changes under
two different IPCC-SRES scenarios, A2 and B2 between
1961 and 1990 and 2071–2100. We limit our discussion to
variables known to affect glacier energy and mass balance,
such as temperature and precipitation [e.g., Francou et al.,
2003, 2004; Vuille et al., 2008b]. Our model domain
includes entire tropical South America, but we will focus
primarily on changes in the Andes as we are particularly
interested in seeing whether certain changes in climate are
elevation-dependent and whether this elevation dependence
(e.g., temperature lapse rate) is a robust feature of the
climate system or will change under varying greenhouse
gas scenarios. Several analyses are performed separately for
the eastern and western Andean slopes, as observational
studies indicate significant differences in current climate
trends [Vuille and Bradley, 2000]. A more detailed assess-
ment of changes in variables other than temperature and
precipitation, including the atmospheric circulation and of
changes in the lowlands to the east of the Andes will be
provided elsewhere.
[3] The next section provides a description of the RCM

and other data sets used in this study. Section 3 presents an
assessment of how realistically the model simulates current
climate as well as a detailed analysis of how temperature
and precipitation will change under future emission scenar-
ios. We end with a critical discussion of our results and their
implications in section 4, which also includes recommen-
dations for future research on this topic.

2. Data and Methods

[4] The model domain corresponds to South America
between approximately 10�N�27�S and 86�W�44�W
(Figure 1), but in our analysis we focused mainly on the
Andes region to detect and assess climatic changes at high
elevations.
[5] We use the Hadley Centre Regional Climate Model-

ing System, PRECIS, with a 0.44� latitude � 0.44� longi-

tude (�50 � 50 km) resolution, to assess changes in climate
between today and the end of the 21st century. PRECIS is
based on the third generation Hadley Centre Regional
Climate Model (HadRM3), nested in the Hadley Centre
Atmospheric Model version 3 (HadAM3). The regional
model includes 19 vertical levels from the surface to
approximately 30 km in the stratosphere and solves a
hydrostatic version of the full primitive equations on a
spherical-polar grid [Jones et al., 2004]. PRECIS has been
successfully applied in previous studies to assess future
changes in precipitation and cloud formation in Costa Rica
[Karmalkar et al., 2008], changes in coastal wind strength
off the west coast of South America [Garreaud and Falvey,
2008], extreme events in China [Zhang et al., 2006] and
climate in Bangladesh [Nazrul Islam et al., 2008].
[6] We performed three different simulations to analyze

future climate change in the tropical Andes. The first
simulation (RCM-20C) is a 30-year (1961–1990) control
run, which provides the baseline for comparison with
scenarios that include increased 21st century greenhouse
gas concentrations. The lateral boundary conditions are
provided by HadAM3, the global driving model, which
has an improved physical parameterization [Pope et al.,
2001] and a relatively high horizontal resolution (1.25�
latitude � 1.87� longitude). Sea surface temperature (SST)
and sea-ice extent are prescribed from observations
(HadISST1) [Rayner et al., 2003].
[7] Two 21st century simulations with increased green-

house gas concentrations (scenarios RCM-A2 and RCM-
B2) were equally laterally forced with HadAM3, but based
on results from IPCC-SRES scenarios A2 and B2. Changes
in future SST were derived by adding the estimated changes
and a linear trend during 2071 – 2100 from the
corresponding run (HadCM3) to the observed HadISST
values [Jones et al., 2004]. The interannual SST variability
between control and SRES runs therefore remains the same.
RCM-A2 is based on a medium-high emission and high
population-growth scenario (15 billion people and 850 ppm
of CO2 concentration by 2100) for the 2071–2100 period
[Giorgi and Bi, 2005]. RCM-B2 on the other hand, corre-
sponds to a lower-emission scenario with reduced popula-
tion growth (10.4 billion people and 550 ppm by 2100).
[8] Here we only report on model results for temperature

and precipitation, which are considered to be of highest
relevance to society, ecosystem integrity and glacier mass
balance in the tropical Andes. The model performance was
assessed by comparing results from RCM-20C with obser-
vational data for the same period. We extracted gridded
monthly precipitation and temperature data over the RCM
domain from the CRU TS 2.1. data set [Mitchell and Jones,
2005], available for the entire period 1961–1990 on a 0.5
latitude � 0.5 longitude grid. Since the CRU data are only
available over land it was merged with 2.5 longitude � 2.5
latitude monthly Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP) [Xie and Arkin, 1997]
data to get an estimate for the model performance over
nearby oceanic areas as well. However, unlike CRU, CMAP
data are only available since 1979, as it represents a blend of
observational in situ rain gauge measurements with satellite
data. Model results from PRECIS were resampled onto the
CRU grid for validation purposes. Where only model
simulations are compared (e.g., difference between 2071
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and 2100 and 1961–1990) the original model grid was
retained. Since temperature is highly dependent on the
underlying grid topography, we also included observational
in situ data from stations in the Andes. All station data were
quality-controlled on the basis of difference time series with
homogenized reference stations [Vuille and Bradley, 2000;
Vuille et al., 2003].
[9] Projections of future climate change are assessed by

analyzing both differences in the mean state of temperature
and precipitation (annual and seasonal means) between
RCM-20C and both RCM-A2 and RCM-B2, as well as
changes in their statistical distribution (probability density
functions, PDFs). The analysis of PDFs was performed to
assess changes in the width or amplitude of the distribution
between different scenarios. It was also used to assess
whether present conditions and future scenarios overlap in
their statistical distributions (e.g., if the warmest years in a
control run could provide a modern analog for the coldest
years in a future RCM-A2 or RCM-B2 scenario) and
whether there might be an increased likelihood for extreme
outliers in future climate scenarios (e.g., if the variability is
much larger in a future greenhouse climate than it is today).
[10] We also include estimates of elevation-dependent

changes in temperature and precipitation between 100 and
5000 m.a.s.l, separately for the eastern and western slope.
To perform this analysis, the highest grid cell was chosen at
each latitude along a N-S transect throughout the Andes

Cordillera, effectively dividing the Andes into an eastern
and a western side. The eastern and western slopes include
all grid cells to the east and west of the highest grid cell,
respectively, as long as they are located within �500 km
(10 grid cells) of the Andean divide and >100 m a.s.l. Along
the eastern slope the minimum threshold was set to an
altitude of 400 m to exclude lowland grids located too far
away from the Andes.
[11] Besides identifying changing conditions at the sur-

face, we also analyzed projected temperature changes in the
free troposphere for both RCM-A2 and RCM-B2 scenarios.
In each case tropospheric temperature changes along latitu-
dinal transects following the Andean crest were plotted. To
draw the panels in Figure 10 in section 3.5, only the highest
grid points along this transect and their immediate neigh-
bors to the east and to the west were considered. The
average value from these three grid cells was used to plot
the free-tropospheric temperature above that altitude. As
temperature is related to pressure rather than altitude in the
model, a polynomial function using geopotential height was
used to obtain the temperature at different elevation levels.
[12] Whenever modern conditions and future scenarios

were compared a two-tailed Students t test considering
unequal variances and 95% confidence levels was per-
formed to determine if mean values (annual or seasonal)
were significantly different between the two scenarios.

Figure 1. (a) Observed DJF precipitation (mm d�1) based on CRU (land, 1961–1990) and CMAP
(ocean, 1979–1990). (b) Same as in Figure 1a but for simulated precipitation (1961–1990) in RCM-20C.
(c) Difference between CRU/CMAP and RCM-20C. (d, e, and f) Same as in Figures 1a�1c but for JJA.
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Unless noted otherwise statistical significance always refers
to the 95% significance level.

3. Results

3.1. Comparison of RCM-20C With Observations

[13] The seasonal distribution and spatial variations of
precipitation are quite accurately simulated by the model
(Figure 1), but the total amounts are slightly underestimated
over eastern South America and significantly overestimated
along the eastern slope of the Andes in DJF. This excess
precipitation near the Andes is a common problem in many
RCMs [e.g., Roads et al., 2003; Fernandez et al., 2006] and
even in NCEP reanalysis data [e.g., Costa and Foley, 1998;
Liebmann et al., 1998]. During austral winter (JJA) precip-
itation amounts in the Andes are much closer to observations.
[14] The model also has a cold bias (Figure 2) exacer-

bated over higher terrain. The strong cooling over the Andes
may be related to the excess precipitation, which reduces
incoming solar radiation and lowers air temperature over the

eastern Andean slope. In some individual grid cells the
temperature difference can amount to several degrees Celsius.
A similar cold bias in the Andes was found in RegCM3 by
Fernandez et al. [2006]. Karmalkar et al. [2008] also found
a cool bias in the PRECIS model over Costa Rica, with
temperature differences between model and CRU data also
increasing over higher terrain. This comparison of temper-
ature between model and CRU data, however, should be
interpreted with caution, as the two data sets depend on the
underlying topography which is different in the two data
sets. Hence Figure 2 actually compares grid cells at the
same location but with different elevation. We therefore also
compare the CRU and RCM-20C data with observations
from the Andes (station data) by plotting mean annual
temperature versus elevation (Figure 3). The observations
were extracted from an Andean climate database which
includes 279 station records between the 1�N and 23�S
[Vuille and Bradley, 2000]. Hence the observational record
only covers the Andes south of the equator (mainly
Ecuador, Peru, Bolivia and northernmost Chile), but does

Figure 2. (a) Observed annual mean surface air temperature (SAT) in �C based on CRU (1961–1990).
(b) Same as in Figure 2a but for RCM-20C. (c) Difference between CRU and RCM-20C.

Figure 3. (a) Scatterplot of long-term mean (1961–1990) annual surface air temperature (in �C) versus
elevation based on station data. Open circles (low-elevation stations on the western slope) were excluded
from the lapse rate calculation. See text for details. (b) Same as in Figure 3a but for CRU data,
subsampled to match location of station data in Figure 3a. (c) Same as in Figure 3a but for data from
RCM-20C, subsampled to match location of station data in Figure 3a.

D02108 URRUTIA AND VUILLE: CLIMATE CHANGE IN THE TROPICAL ANDES

4 of 15

D02108



not include data from Colombia and Venezuela. Individual
records were gridded on to a 0.5 latitude � 0.5 longitude
grid by averaging all records located within each grid cell.
Since many grid cells did not have any temperature data and
were left blank, both CRU and RCM-20C data were
subsampled to match the location of the station data. The
results show that the model does indeed have a cold bias,
especially at the highest elevations, but they also indicate
that the CRU data is probably too warm over the Andes and
that the true lapse rate lies somewhere in the middle
between CRU and PRECIS. The open circles in Figure 3

are low-elevation stations to the west of the Andes, which
are influenced by the cold Humboldt Current and therefore
much colder than their counterparts to the east. These data
points were excluded from the regression calculation.
Figure 4 shows the interannual variability of annual mean
surface temperature as simulated by RCM-20C and as
recorded in the CRU data. Clearly the model is able to
closely track interannual variations in temperature, which
primarily reflect SSTA in the tropical Pacific [Vuille et al.,
2000a, 2000b] on both sides of the Andes. Correlation
coefficients between the observed and simulated time series

Figure 4. Time series of interannual variability in annual mean surface air temperature between
1961 and 1990 on the eastern and western slopes of the Andes based on observations (CRU) and model
(RCM-20C).

Figure 5. (a) Difference in mean annual surface temperature (in �C) between RCM-B2 and RCM-20C.
(b) Same as in Figure 5a but for RCM-A2. Differences are statistically significant at the 95% level
everywhere.
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displayed in Figure 4 are 0.90 for the western and 0.84 for
the eastern slope, both significant at p < 0.01.

3.2. Changes in Surface Temperature and Precipitation

[15] Keeping these model shortcomings in mind, we next
compare results from the control run, RCM-20C with the
21st century scenarios RCM-A2 and RCM-B2. Figure 5
shows the difference in simulated mean annual surface air
temperature between RCM-A2 and RCM-B2 when com-
pared with the control run, RCM-20C. The spatial pattern is
almost the same in both simulations, but the magnitude
varies considerably. In some areas the warming is up to 3�C
larger in RCM-A2 than in the RCM-B2 scenario. Extreme
warming is also more widespread in RCM-A2 than in
RCM-B2, in particular in northeastern South America.
Along the Andes, projected changes in temperature are also
up to 3�C larger in RCM-A2, when compared to the RCM-
B2 scenario. The largest high-elevation warming is pro-
jected for the Cordillera Blanca in Peru (�8.5�S�10�S), the
most extensively glaciated tropical mountain range in the
world. A t test reveals that temperature differences between
the future scenarios (RCM-A2 and RCM-B2) and RCM-
20C are all significant throughout the entire domain. Our
results are consistent with previous analyses of predicted
temperature changes based on GCMs, which also show that
different scenarios produce the same pattern of warming and
that the main difference between scenarios lies in their
amplitude rather than in their spatial expression of projected
changes [Boulanger et al., 2006].
[16] There is a close coupling between the Equilibrium

Line Altitude (ELA) and the 0�C isotherm in the inner
tropics [Greene et al., 2002]. It is therefore of interest to see
how large of an area might be affected by a future rise of
this freezing line. In our simulations, areas with an annual
mean temperature below freezing decrease by 95% and
85%, in the RCM-A2 and RCM-B2 scenarios, respectively.
During the austral summer months temperature even rises
above 0�C everywhere in the RCM-A2 scenario. However,
it should be kept in mind that the RCM grid resolution does
not sufficiently resolve the highest peaks in this region of
complex topography and that this estimate is therefore an
underestimation of the true area that resides above the
freezing line.
[17] Absolute and relative changes in precipitation be-

tween the RCM-A2 and control scenarios for annual and
seasonal periods are shown in Figure 6. Given that the
spatial pattern of precipitation change is similar for all
emission scenarios [Boulanger et al., 2007], but that
RCM-A2 shows the strongest response, we limit our dis-
cussion to this scenario. Owing to the significant seasonality
of precipitation in the tropics we show results separately for
austral summer, December–February (DJF), and winter,
June–August (JJA). The largest increase in annual precip-
itation (up to 2000 mm) occurs in the northern tropical
Pacific off the coast of Panama and Colombia, and in the

coastal areas of the latter. An increase of similar magnitude
is observed in the coastal region of Ecuador and in some
places along the eastern Andes south of the equator. The
largest relative increase occurs over the Pacific Ocean and
along the coast of Ecuador and northern Peru (between 0�
and 8�S approximately), but also along the coastline farther
to the south. The largest decrease both in absolute and
relative terms takes place in northeastern South America
and the adjacent Atlantic Ocean (a decrease of up to
1600 mm and more than 50%). Changes in the Andes and
their significance are not spatially coherent and include both
regions of increased and decreased precipitation.
[18] The difference in austral summer precipitation is

very similar to the annual difference, which is not surprising
since these months represent the major wet season for most
of tropical South America south of the equator. The largest
absolute and relative increase in austral summer precipita-
tion also takes place over the ocean and coastal area of
Ecuador and northern Peru (between approximately 0� and
8�S–9�S) and farther south along the west coast of South
America. The largest relative reduction in precipitation (up
to 80%) is projected for north-northeastern South America,
including parts of Venezuela and Colombia, and coincides
with the region of largest warming (see Figure 5). The
increase in precipitation south of �0�S suggests an en-
hanced monsoon by the end of the century. Differences in
JJA precipitation reflect a more uniform pattern of reduction
in precipitation throughout much of South America, with an
increase over the western and a decrease over the eastern
Amazon basin. A large and significant increase of more than
500 mm is simulated over the Pacific Ocean off the coast of
Ecuador, Colombia and Panama. The largest relative in-
crease in austral winter precipitation is displayed along the
coast south of 0�S, and over the ocean north of 0�, while the
largest decrease occurs in the eastern part of the study area,
and also in some areas of the Andes south of 20�S (up to
100%).

3.3. Changes in Surface Temperature and Precipitation
Versus Elevation Along the Andes

[19] Figure 7 shows the decrease of mean annual surface
temperature with altitude separately for the western and
eastern slope in both RCM-20C and RCM-A2. As above,
we limit our discussion to the results of the RCM-A2
scenario. The difference plots are helpful to highlight the
elevation zones which are projected to warm the most and
the least. On the western side of the Andes a rather abrupt
change in the temperature lapse rate occurs near 2500 m
a.s.l. (Figure 7a), with an extremely low lapse rate of only
�0.38�C per 100 m at low elevations. This break is equally
apparent in the RCM-A2 simulation (Table 1). The low
lapse rate is likely a reflection of the low-level subsidence
region over the SE Pacific, maintained by the cold Hum-
boldt Current and its associated upwelling effect which
tends to cool the overlying atmosphere and the lower

Figure 6. Absolute difference in (a) mean annual, (b) DJF, and (c) JJA precipitation totals (in millimeters) between RCM-
A2 and RCM-20C. Note different scale in Figures 6b and 6c. (d, e, and f) Same as in Figures 6a�6c but for relative
difference (in percent). (g, h, and i) Dark (light) brown areas indicate regions where the difference is statistically (not)
significant at the 95% level. Figure 6g refers to Figures 6a and 6d, Figure 6h refers to Figures 6b and 6e, and Figure 6i refers to
Figures 6c and 6f.
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Andean slopes (see also Figure 3). Hence temperatures are
warmer on the eastern than on the western slope at lower
altitudes (below 1000 m) in the RCM-20C and RCM-A2
scenario. Between 1000 and 3000 m, temperature is higher
on the western slope, but above this altitude temperature is
again higher on the eastern slope. As expected, there is a
general trend to lower lapse rate values in the RCM-A2
scenario except for the lower level on the eastern slope.
Especially noticeable is the significant decrease in lapse rate
at higher altitudes along the eastern slope of the Andes
(Table 1). Note that the lapse rates are calculated over the
entire Andean domain and therefore are not comparable
with the values calculated in Figure 3, which were sub-
sampled to match the location of the available station data.
As mentioned above, temperatures at the highest elevation

pass from below freezing in RCM-20C to well above
freezing along the western slope in the RCM-A2 scenario.
Given the lack of vertical resolution in our RCM the exact
implications of this rise in freezing levels for Andean
glaciers remains unclear. It is obvious however, that the
higher temperatures will lead to a significant rise in the rain-
snowline, and the increased exposure of glaciers to rain as
opposed to snow is known to have negative impacts for
tropical glacier mass balance, even on interannual time-
scales [Francou et al., 2004]. Standard deviations are
higher in all cases for the RCM-A2 scenario on both slopes.
Figure 7c shows that there is an increase in projected
warming with elevation on the western slope ranging from
3.5�C at 500 m to approximately 4.8�C above 4000 m a.s.l,
significant at all altitude levels. Along the eastern slope

Figure 7. (a) Mean annual surface air temperature at different altitude levels for RCM-20C (black) and
RCM-A2 (gray) along the western slope of the Andes. Horizontal bars correspond to the standard
deviation of mean annual air temperature at different altitude levels. (b) Same as in Figure 7a but along
the eastern slope of the Andes. Note different scale. (c) Difference in temperature between RCM-A2 and
RCM-20C for the western slope of the Andes. Horizontal bars correspond to the standard deviation of the
difference in temperature at different altitude levels. Black circles indicate that annual mean temperature
values between both scenarios are significantly different at the 95% level. (d) Same as in Figure 7c but for
the eastern slope of the Andes.
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(Figure 7d) there is also an increased warming signal at
highest elevations (more than 4.5�C above 3500 m a.s.l.). In
addition, there is also a large warming (approximately
4.4�C) projected at the lowest level (below 500 m a.s.l).
Again temperature changes are significant at all elevations.

[20] These projected changes do not entirely agree with
the general pattern of warming found for observations
between 1�N and 23�S by Vuille and Bradley [2000] and
Vuille et al. [2003]. The observed 20th century warming is
larger in the western than in the eastern Cordillera at lower
elevations, especially below 1000 m. Between 2000 m and
3500 m observations and projections both suggest stronger
warming over the western slope. At higher elevations,
however, Vuille and Bradley [2000] and Vuille et al.
[2003] observed a decrease in warming with elevation,
while in this study warming is more pronounced at higher
altitudes on both slopes of the Andes. This discrepancy
between observed and projected warming may have various
reasons. For one, observed temperature trends in the 20th
century are not solely due to increasing greenhouse gas
concentrations but also reflect natural climate variability. In
addition the domain of the present study is enlarged and also
includes regions to the north of 1�N,which was not sampled in

Table 1. Lapse Rates for the Western and Eastern Slope of the

Andes in the RCM-20C and RCM-A2 Scenarios and for Three

Altitude Rangesa

Altitude Ranges (m)

Lapse Rates Western
Slope (�C/100 m)

Lapse Rates Eastern
Slope (�C/100 m)

RCM-20C RCM-A2 RCM-20C RCM-A2

100/400–2500 �0.38 �0.36 �0.51 �0.54
2500–5000 �0.58 �0.56 �0.57 �0.49

100/400–5000 �0.54 �0.51 �0.50 �0.49
aValues below 100 m and 400 m for the western and the eastern slope,

respectively, were ignored.

Figure 8. (a) Precipitation at different altitude levels for RCM-20C (black) and RCM-A2 (gray) along
the western slope of the Andes. Horizontal bars correspond to the standard deviation of mean annual
precipitation at different altitude levels. (b) Same as in Figure 8a but for the eastern slope of the Andes.
Note different scale. (c) Difference in precipitation between RCM-A2 and RCM-20C for the western
slope. Horizontal bars correspond to the standard deviation of the difference in precipitation at different
altitude levels. Black circles indicate that annual mean precipitation values between both scenarios are
significantly different at the 95% level. (d) Same as in Figure 8c but for the eastern slope of the Andes.
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the mentioned observational studies. In any case our simula-
tions suggest that the observed warming trend in the Andes
and its elevation dependence may be altered in the future as a
result of increased greenhouse gas concentrations.
[21] Figure 8 shows the variation of mean annual surface

precipitation at different altitude levels for the western and
eastern slope in RCM-20C and RCM-A2, as well as their
difference. In both simulations precipitation increases along
the western slope up to 1000 m a.s.l and decreases thereafter
until approximately 3000 m a.s.l (Figure 8a). Above that
point precipitation increases, but does not reach values as
high as at lower elevation. However, it is important to keep
in mind that this analysis averages precipitation over very a
large latitudinal area with an extreme precipitation gradient,
ranging from superhumid (Colombian coast) to extremely
arid (Atacama Desert). Hence these absolute values and
their vertical distribution should be interpreted with caution.
For example the major increase in precipitation along the
western slope at lower elevations is by and large a reflection
of the large increase in precipitation projected for coastal
areas of Ecuador and northern Peru (Figure 6). In general
the projected changes in precipitation are not as pronounced
as for temperature. Largest absolute changes are present at
the lowest altitude level. In general, precipitation is slightly
higher in the RCM-A2 scenario below 4000 m a.s.l. and
slightly less beyond that elevation (Figure 8a).
[22] Along the eastern slope precipitation increases with

altitude up to 2000 m a.s.l, above which point it mostly
decreases (Figure 8b). Significant increases are projected
for areas below 2500 m a.s.l. in the RCM-A2 scenario.
Above this altitude differences are small and insignificant
(Figure 8d). In general standard deviations are higher for the
RCM-A2 scenario on both slopes.
[23] In summary a general increase in precipitation might

be expected, at least up to 2000 m a.s.l., for both slopes of
the Andes. Above that altitude no significant changes
(eastern slope) or even a decrease in precipitation (western
slope, above 4000 m) is projected by our simulations. This
would suggest that a more negative glacier mass balance,
caused by larger warming at higher altitudes, may not be
offset by increased precipitation.

3.4. Probability Density Functions for Surface
Temperature Along the Andes

[24] Figure 9 shows the PDFs for RCM-20C, RCM-A2
and RCM-B2 scenarios for both western and eastern slopes.
Vertical bars indicate the actual years in each distribution.
The mean annual temperature along the western slope
increases from 15.35�C (RCM-20C), to 18.25�C (RCM-
B2) and 19.25�C (RCM-A2), respectively (Figure 9a),
indicating a shift in the mean annual temperature of 2.9�C
(RCM-B2) and 3.9�C (RCM-A2). The standard deviation
also increases by 78% from 0.41�C (RCM-20C) to 0.73�C
(RCM-A2), but remains almost unchanged (0.43�C) in
RCM-B2 (Table 2).
[25] Temperature along the eastern slope of the Andes is

roughly 3�C colder than on the western side (Figure 9b).
However, since the lower-elevation threshold of grid cells
included in this study is 400 m on the eastern side, but 100 m
on the western side, these values are not directly compara-
ble. The temperature increase on the eastern slope corre-
sponds to 3.1�C (4.2�C) in RCM-B2 (RCM-A2), slightly

more than the increase projected for the western slope. The
change in the standard deviation is also much larger,
corresponding to approximately 118% in RCM-A2. This
larger increase reflects the much lower standard deviation
on the eastern slope in the control run when compared to the
west. Indeed the RCM-A2 standard deviations only differ
by 0.01�C between both slopes (Table 2). Changes in mean
temperature are significant in all cases (both slopes and both
scenarios), but changes in standard deviation are only
significant in the RCM-A2 scenario (both slopes). In
addition, it is noteworthy that on both slopes the tempera-
ture of the warmest year in the control run is well below the
temperature of the coldest year in future predictions, even
for the lower-emission B2 scenario. This suggests a com-
plete lack of a modern analog in the observational record
and is indicative of the drastic change in the overall mean
conditions in the future. The most obvious difference
between RCM-A2 and RCM-B2 scenarios on both slopes
appears to be the less pronounced change in standard
deviation in the RCM-B2 run. This suggests that a future
RCM-B2 climate might be warmer, but with an interannual
variability similar to today, very much unlike what is
projected for the RCM-A2 scenario.

3.5. Changes in Free Tropospheric Temperature

[26] Figure 10 shows the difference in annual, DJF and
JJA mean free-tropospheric temperature between RCM-A2,
RCM-B2 and the control scenarios, RCM-20C. Tempera-
ture trends were assessed on ten different pressure levels
(1000, 925, 850, 700, 600, 500, 400, 300, 250 and 200 hPa)
and then converted to elevations a.s.l. using geopotential
height. In all scenarios and seasons projected warming
increases with altitude and decreases with increasing lati-
tude, consistent with previous studies [Bradley et al., 2004,
2006]. The warming rate varies between 2.5�C (3.5�C) at
approximately 2000 m and 5.5�C (7.5�C) at approximately
12,000 m in RCM-B2 (RCM-A2). The larger difference
between low- and high-altitude temperature change in the
RCM-A2 scenario implies a larger reduction in the free-
tropospheric lapse rate. The tropospheric warming shows
some seasonal bias with slightly (�1�C) stronger warming
in JJA than in DJF. This suggests a smaller future amplitude
of the seasonal cycle especially in the outer tropics, a
condition also observed for surface temperature (not
shown). In all cases (annual, DJF and JJA), changes are
significant for both the RCM-A2 and RCM-B2 scenarios.

4. Discussion and Conclusions

[27] Our simulations with a nested RCM suggest signif-
icant changes in tropical Andean climate toward the end of
the 21st century. The model displays a cold and wet bias in
its mean state, in particular along the eastern Andean slopes,
but the seasonal cycle and interannual variability are sim-
ulated fairly accurately. Climate in tropical South America
at the end of the 21st century is dominated by a significant
warming over the entire model domain, with temperature
increasing between 2� and 7�C depending on location and
scenario considered. In general, enhanced warming is pro-
jected for JJA (not shown), suggesting a smaller amplitude
of the seasonal cycle. Differences between the RCM-A2 and
RCM-B2 scenarios are mainly in magnitude (up to 3�C
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warmer in the A2 scenario), while the spatial pattern of
warming is essentially unchanged, consistent with previous
studies [Boulanger et al., 2006]. Inspection of the temper-
ature PDF on both slopes of the Andes further reveals that
there is no overlap between mean annual temperatures of
the control run (RCM-20C) and either of the two future sce-
narios (RCM-A2 and RCM-B2). Clearly the warmest tem-
perature in the control run are much lower than the coldest
temperatures projected for the years 2071–2100. In addition

significant changes in variability (a wider distribution) are
expected for the RCM-A2 scenario but not for RCM-B2.
[28] In the free troposphere the largest warming is

expected to occur in the upper troposphere during JJA,
thereby decreasing the seasonal amplitude in the outer
tropics (as in the case of surface temperature). The projected
changes are very similar to the results obtained by averaging
eight different GCMs used in the IPCC AR4, also based on
the A2 scenario [Bradley et al., 2006]. In both projections

Figure 9. (a) PDFs for mean annual temperature for RCM-20C (blue), RCM-B2 (green), and RCM-A2
(red), along the western slope of the Andes (>100 m). Thin vertical lines represent the individual years for
each simulation. (b) Same as in Figure 9a but for the eastern slope of the Andes (>400 m).
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the rate of warming increases with altitude, but the largest
temperature change (>7�C in both studies) is reached at a
lower altitude in the projection using the GCMs. This may
to some extent be an artifact of the different time periods
used to calculate the tropospheric warming trend (Bradley et

al. [2006] used the time period 2090–2099 minus 1990–
1999) or the differences in both vertical and horizontal
resolution between GCMs and our RCM. However, looking
at the temperature change surrounding the highest mountain
peaks in the area depicted by Bradley et al. [2006] and in an
update provided by Vuille et al. [2008a], temperature
changes are quite similar and at most 0.5�C higher in the
GCM-based study. More importantly, the midtropospheric
warming in our study is internally consistent with the
simulated high-elevation near-surface trends, confirming
that midtropospheric temperature trends derived from
GCMs may indeed be a suitable way to assess high-
elevation climate change in mountain regions.

Table 2. Average Temperature and Standard Deviation in Each

PDF for Each Scenario and Slope of the Andesa

RCM-20C RCM-A2 RCM-B2

m s m s m s

Western slope 15.35 0.41 19.25 0.73 18.25 0.43
Eastern slope 12.35 0.33 16.55 0.72 15.45 0.44

aAverage temperature, m; standard deviation, s. Temperature and
standard deviation given in �C.

Figure 10. (a) Difference in annual mean free-tropospheric temperature between RCM-A2 and RCM-
20C along a N-S transect following the Andean ridge. (b) Same as in Figure 10a but for RCM-B2.
(c) Same as in Figure 10a but for DJF. (d) Same as in Figure 10c but for RCM-B2. (e) Same as in
Figure 10a but for JJA. (f) Same as in Figure 10e but for RCM-B2.
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[29] The projected precipitation changes at the end of the
21st century suggest enhanced monsoon (DJF) precipitation
in southern tropical South America, and a general decrease
in JJA precipitation, consistent with most IPCC AR4
models [Vera et al., 2006; Christensen et al., 2007]. Along
the Pacific coast and the lower western slopes of the Andes
enhanced precipitation might be related to a projected
weaker and southward displaced SE Pacific subtropical
anticyclone, which would allow more humid conditions to
develop along the tropical west coast of South America
[Urrutia, 2008; Christensen et al., 2007]. At higher eleva-
tions in the Andes projected changes in precipitation present
a mixed pattern with both regions of increase (mostly north
of �12�S) and decrease (mostly south of �12�S). Precip-
itation amounts in the southern part of the tropical Andes
are strongly modulated by the strength of the upper-level
easterly flow during the wet season, which through down-
ward mixing of easterly momentum over the Andean ridge,
facilitates moisture influx from the lowlands to the east
[Vuille, 1999; Garreaud, 1999; Garreaud et al., 2003; Vuille
and Keimig, 2004]. Analysis of the changes in the upper
tropospheric zonal wind field across the tropical Andes
shows a weakening of the wet season easterlies in the
middle and upper troposphere (Urrutia [2008], not shown).
The weakening of this upper-level easterly flow might
explain why much of the Andes south of �12�S do not
show increased precipitation in RCM-A2, while the con-
ditions in the adjacent lowlands to the east, where the upper
tropospheric zonal flow is of less relevance, become more
humid.
[30] It is interesting to note that the projected changes in

precipitation over tropical South America in many ways
resemble the pattern seen during the ENSO warm phase in
South America. Since the interannual variability in SSTs is
the same in all our simulations, the changes in precipitation
are likely a reflection of a change in the mean state of the
tropical Pacific, which in HadCM3 tends to show a more El
Niño�like pattern [Li et al., 2006]. There is however, little
agreement between models about the impacts of increased
greenhouse gas forcing on ENSO activity in the tropical
Pacific [e.g., Cane, 2005; Collins and the CMIP Modelling
Groups, 2005] and these results should therefore be inter-
preted with caution.
[31] In summary even the more optimistic RCM-B2

scenario projects significant changes in Andean climate by
the end of the 21st century, which will likely lead to severe
impacts on socioeconomic activity, Andean ecosystems and
maintenance of their biodiversity. The tropical Andes also
play a critical role for downstream water supply by retaining
much of the precipitation falling at high elevation as ice in
mountain glaciers or as water in tropical wetlands (pára-
mos), before gradually releasing it over time [Kaser et al.,
2003; Buytaert et al., 2006; Juen et al., 2007]. Glaciers and
wetlands therefore act as critical buffers against highly
seasonal precipitation and provide water for domestic,
agricultural or industrial use during the dry season, when
rainfall is low or absent. This environmental service is often
taken for granted, yet our projections indicate that it is being
threatened by future climate change. A more detailed
assessment of how climate change, as simulated in our
study, would affect tropical glacier or wetland distribution

in the tropical Andes, is beyond the scope of this study. It is
however, a question of utmost importance and will be
addressed by correcting our RCM results for the observed
wet and cold bias [e.g., Salzmann et al., 2007] and linking it
to impact models such as a tropical glacier-climate model
[Juen et al., 2007] and models of tropical Andean hydrol-
ogy [Buytaert et al., 2006].
[32] Finally it is important to keep in mind a few caveats

which were not addressed in this study. Deforestation and
land cover changes over the Amazon basin are of great
importance for Andean climate as the Amazon basin is the
major moisture source for Andean precipitation but also
affects the large-scale atmospheric circulation through latent
heat release [e.g., Lenters and Cook, 1997]. Land cover
changes will also impact the carbon cycle, with uncertain
feedbacks on climate [Cox et al., 2004; Li et al., 2006].
Such changes are hard to predict and were not included in
our study. In addition, the complex interactions between
regional and remote factors that contribute to the climate of
South America [Garreaud et al., 2008] make it difficult to
account for all the changes that might occur in the future
and could affect climate. An earth system model, capable of
simulating changes in vegetation associated with climate
and its feedbacks, changes in vegetation caused by human
activity, and chemical processes, plus CO2 feedbacks, is
needed to provide the necessary information to address
future changes with more confidence (especially owing to
the large area covered by the Amazon forests). Moreover, it
is vitally important to develop more and better predictions
including regional climate models, so that changes at a more
local scale can be assessed with a higher degree of certainty.
In the case of the Andes our results demonstrate that the use
of a higher-resolution model can significantly improve
estimates of future climate. Additional and complementary
analyses could also contribute to better understand probable
future changes in climate along the Andes. These include
the analysis of daily or pentad precipitation to analyze
changes in extreme events such as droughts or floods or
changes in the onset and demise of the monsoon system.
Such an analysis would be key to better predict impacts of
climate change on Andean glaciation as the delayed onset of
precipitation (snowfall) and the associated prolonged expo-
sure of dirty ice has been identified as one of the main
culprits of enhanced ice wastage due to enhanced absorption
of solar radiation through ice-albedo feedbacks [Francou et
al., 2003].
[33] This study constitutes a first attempt to simulate

future climate change by means of a regional climate model
for the tropical Andes and it is one of only a few assessing
21st century climatic conditions in tropical South America
using an RCM [e.g., Cook and Vizy, 2008]. We are aware
that our estimates are based on only one model with only
one realization for each scenario. Clearly ensemble simu-
lations using different perturbed initial states and compar-
isons across a range of RCMs will be needed to put our
results into a more robust multimodel perspective. The
largest uncertainty introduced into future estimates of re-
gional climate change, however, is not related to internal
model variability or intramodel differences, but instead
result from unknown future trends in greenhouse gas
emissions. By analyzing results from both high- and low-
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emission scenarios we have tried to at least partially address
this uncertainty.
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