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Altiplano Climate
Fraction of annual precipitation: DJF, JJA
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Overview
• 20th Century Observations and Global 

Models

- Mean climate

- Present day variability

- Recent trends

• Projections for the 21st century

- Mean climate

-  Variability



Altiplano Climate
Features of South American Warm Season Rains
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Altiplano Climate
Precipitation & 200 hPa Wind - AR4 Models



Climate Models: 20th Century
Altiplano Mean Annual Cycle
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FIG. 2. (a) Summer rainfall anomalies on a 5! " 5! grid box centered at 17.5!S 67.5!W.
The year mark the Jan–Feb part of the respective austral summer. Monthly values obtained
from gridded rainfall data available from NASA Goddard Institute for Spatial Studies (Dai
et al. 1997). Gridded data was synthesized from original station records on this region compiled
at the Climate Research Unit, University of East Anglia, UK (Hulme 1992). (b) Variation of
the level of Lake Titicaca (northern Altiplano) measured at Puno (15.9!S, 70.0!W, 3800 m)
between 1 Dec and 28 Feb (summertime increment). In both panels cross (filled circle) indicates
El Niño (La Niña) conditions during the corresponding austral summer.

circulation, and convection anomalies related to sum-
mertime rainfall variability and their impact upon in-
traseasonal episodes. A physical link between global-
scale phenomena (including ENSO) and interannual
rainfall variability over the Altiplano emerges from this
analysis. A summary of our results is presented in sec-
tion 5.

2. Datasets and methodology

Daily and monthly outgoing longwave radiation
(OLR) on a 2.5! " 2.5! grid box centered at 17.5!S,
70!W was used as an index of the convective precipi-
tation over the Altiplano (CI). Original OLR fields on
a 2.5! lat–long grid are available from December 1974
[see Liebmann and Smith (1996) for further details on
this dataset] and they have been widely used as a proxy
of rainfall over tropical and subtropical regions (e.g.,
Meisner and Arkin 1987). Despite its coarse spatial res-
olution and lack of direct relationship with the amount
of rain, interannual fluctuations of CI agree well with

other rainfall estimates over the Altiplano (Fig. 3). In
interpreting subsequent results it is worth keeping in
mind that the linear dependence between summer mean
CI and summer rainfall (station data) is, roughly,
#(Rain)/#(-CI) $ 100 mm (10 W m%2)%1 (Fig. 3a).
The large-scale tropospheric circulation was charac-

terized using the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis fields (Kalnay et al. 1996)
on global 2.5! lat–long grids available since 1958. Be-
cause the enhanced amount of assimilated data (includ-
ing satellite wind data since 1979) the reanalysis are
thought to realistically portray the atmospheric circu-
lation on synoptic, seasonal, and interannual scales,
even in regions with sparse conventional observations.
Over the Altiplano, reanalysis data underestimate the
amplitude of the mean diurnal cycle of several variables
(Aceituno and Montecinos 2000) but they do capture
most of the intraseasonal variability in moisture and
midlevel winds (Garreaud 2000).
To display the large-scale patterns of convection and

Text

Garreaud & Aceituno, 2001

Summer Rainfall Anomalies
Gridded precipitation from 
CRU/Dai

El Nino - Dry?
La Nina - Wet?

Lake Titicaca summertime 
increment
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FIG. 7. Regression maps in the interannual range (see section 2 for details on calculation and statistical significance). (a) OLR (shaded,
scale in units of W m!2 per std dev) and 200-hPa wind regressed upon CI (OLR over the Altiplano). (b) 200-hPa height and winds regressed
upon CI. Contour interval is 30 m per std dev. Negative values in dashed line. The zero contour is omitted. Only values and wind vectors
statistically significant at the 95% confidence level are shown. Reference wind vector (in m s!1) at the bottom of the figure.

subtropical South America. For instance, while the en-
hanced subtropical jet stream (westerly flow) during El
Niño years tends to suppress convection over the Al-
tiplano it also favors the maintenance of persistent fron-
tal activity in southern Brazil (e.g., Kousky et al. 1984;
Lenters and Cook 1999). In between these coherent but
opposite signals, rainfall anomalies over the Bolivian
lowlands to the east of the Andes are largely indepen-
dent of ENSO (Ronchail 1998). ENSO-related warming
or cooling of the tropical troposphere also explains a
strong, direct relationship between ENSO phases and
the low-level temperature anomalies over the Altiplano,
as documented in Vuille (1999) and Vuille et al. (2000).
Given the marked similarity between circulation

anomalies associated with Altiplano rainfall variability
and the canonical ENSO signal, one may wonder why
the ENSO–Altiplano rainfall relationship is rather weak.
To understand this paradox we examine 200-hPa wind
and geopotential anomalies (full field minus climatol-
ogy) for 2 months when the relationship does not hold
(Fig. 8). Our first example is January 1973, during the
mature stage of a moderate El Niño (SOI " !0.5) and
Altiplano rainfall slightly above normal. Tropospheric
warming over the tropical eastern Pacific and South
America is evident during this month (positive 200-hPa
height anomalies, Fig. 8a). However, the anomalous
warming extended well into the subtropics so that the
increase in upper-level zonal wind take places between

Garreaud & Aceituno, 2001

Summer rainfall anomalies
upper tropospheric winds
and tropospheric 
temperatures

Dry - upper level westerlies
and warm troposphere

Wet - easterlies and cooler 
troposphere

Sensitive to latitude of 
enhanced westerlies



Altiplano Variability

Altiplano moisture are controlled by changes in
the moisture transport, rather than by moisture
changes in its source region.

3.3. Interannual variability

On the interannual timescale, the Altiplano ex-
periences strong precipitation £uctuations, rang-
ing from extremely dry to very wet austral
summer conditions. Between 1957 and 1996,
DJF precipitation recorded at Copacabana
(16.2‡S, 69.1‡W; 3815 m), located on the shore
of Lake Titicaca, for example, ranged from 203
mm in 1990/91 to 850 mm in 1983/84. In the more
arid southwestern part of the Altiplano the £uc-
tuations are even more impressive, as indicated by

the station Coyacagua in northern Chile (20‡S,
68.8‡W; 3990 m) where the minimum DJF pre-
cipitation sum recorded was 11 mm in 1982/83,
while in the next rainy season, 1983/84, the max-
imum record was set with 277 mm. This strong
interannual variability of summer precipitation
has been described in a number of studies and
there is a general agreement that a signi¢cant
fraction of this variability is related to the El
Nin‹o Southern Oscillation (ENSO) phenomenon
(e.g. Thompson et al., 1984; Aceituno, 1988;
Ronchail, 1995; Lenters and Cook, 1999; Vuille,
1999; Vuille et al., 2000a; Arnaud et al., 2001;
Garreaud and Aceituno, 2001). All of these stud-
ies concluded that El Nin‹o years (warm phase of
ENSO) tend to be dry, while La Nin‹a years

Fig. 3. Schematic representation of the circulation patterns and di¡erent air masses over and adjacent to the central Andes, in a
vertical-longitude section at the latitudes of the Altiplano, for (a) rainy episodes and (b) dry episodes. Large, open arrows indi-
cate the sense of the upper-level, large-scale £ow. Solid (dashed) curves represent the transport of moist (dry) air by the regional
circulation over the Andean slopes. Thin vertical arrows represent the large-scale subsidence over the subtropical SE Paci¢c that
maintains the strong trade inversion (solid line).

PALAEO 3054 16-4-03

R. Garreaud et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 194 (2003) 5^2212

Garreaud et al., 2003

Summer rainfall related to 
direction of upper 
tropospheric winds at
• intraseasonal
• annual cycle
• interannual
• interglacial?
timescales.



Altiplano Climate
Present Day Variability: Observations



Climate Models: 20th Century
Present Day Variability
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Figure 3. Trends in station precipitation (mm yr−1) between 1950 and 1994 for (a) annual sum,
(b) DJF, (c) JJA. Upward (downward) pointing triangles indicate an increase (decrease) in precipita-
tion. Note different scaling in (c). Filled (open) triangles indicate that the trend is (not) significant at
the 95%-confidence level. (d) As in (a) but trend in annual precipitation (in % yr−1) versus elevation.
(e) As in (d) but for DJF, (f) as in (d) but for JJA. Stations below ∼2500 m are represented by squares
(western slope) and diamonds (eastern slope); stations above 2500 are shown as circles. Trend shows
change (in % yr−1) compared to long-term mean (1950–1994) precipitation. Filled (open) symbols
indicate that the trend is (not) significant at the 95%-confidence level.

Peru/Bolivia border most stations indicate a precipitation decrease for the annual
total and during the main rainy season DJF (Figure 3b). In JJA most stations indi-
cate an increase in precipitation, in particular the lowland stations to the east of the
Andes and the Altiplano region of northern Bolivia and southern Peru (Figure 3c).
Even in the case of a coherent regional signal however, individual station trends
are mostly insignificant. Of the 42 stations analyzed only 5 (2) show a significant
increase (decrease) in the annual precipitation amount. Furthermore one needs to
take into account that several stations are located very close to one another and are
thus not truly independent records, because they capture the same local climatic
signal.

Vuille et al., 2003

Precipitation trends are 
minor and cannot  explain
observed retreat of glaciers.
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Figure 4. Temperature trend and annual departure from 1961–1990 average (± one standard devia-
tion) in the tropical Andes (∼1◦ N–23◦ S) between 1950 and 1994 based on (a) 277 station records
(modified from Vuille and Bradley, 2000), (b) CRU05 data and (c) ECHAM-4 T30 simulation. Trends
in (b) and (c) are based on sub-sampling of grid cells to match location of station records used in (a).

that is slightly decreasing with elevation above 3500 m in both data sets. This
vertical structure of the temperature trend is different from what is observed in
Tibet or the European Alps, where the warming is more pronounced at higher
elevations. However, the high altitude warming in those regions is probably related
to a decrease in spring snow cover, lower albedo values and a positive feedback
on temperature (i.e., Liu and Chen, 2000). This mechanism is not as important in
a tropical environment, where only a few mountain peaks reach above the 0 ◦C
isotherm at ∼5000 m, and, due to the lack of thermal seasons, there is no ‘winter’
and ‘spring’ snow cover, which could influence the thermal regime in a way similar
to that in the mid-latitudes (Kaser and Georges, 1999).

3.4. HUMIDITY

A significant increase in near-surface and tropospheric humidity over the last
decades has been reported from both the eastern and western tropical Pacific

Vuille et al., 2003

Temperature trends are 
substantial, and are a likely cause 
of glacial retreat.

Trend is larger on the western 
slope of the Andes.
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ties to emphasize those measurements of our
local astrophysical laboratory that will best illu-
minate how these fundamental cosmic entities
operate. Moreover, observations to date already
indicate that the Saturn system is literally chang-
ing before our eyes. We anticipate that even more
dramatic transformations in our neighborhood’s
astrophysical laboratory will be monitored by
Cassini’s instruments over the next several years.
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A
ccording to general circula-
tion models of future cli-
mate in a world with double

the preindustrial carbon dioxide
(CO

2
) concentrations, the rate of

warming in the lower troposphere
will increase with altitude. Thus,
temperatures will rise more in the
high mountains than at lower eleva-
tions (see the figure) (1). Maximum
temperature increases are predicted
to occur in the high mountains of
Ecuador, Peru, Bolivia, and north-
ern Chile. If the models are correct,
the changes will have important
consequences for mountain glaciers
and for communities that rely on
glacier-fed water supplies.

Is there evidence that tempera-
tures are changing more at higher
than at lower elevations? Although
surface temperatures may not be the
same as in the free air, in high moun-
tain regions the differences are small
(2), and changes in temperature should thus be
similar at the surface and in the adjacent free air.
Unfortunately, few instrumental observations are
available above ~4000 m. The magnitude of
recent temperature change in the highest moun-
tains is therefore poorly documented. An analysis
of 268 mountain station records between 1°N and

23°S along the tropical Andes indicates a temper-
ature increase of 0.11°C/decade (compared with
the global average of 0.06°C/decade) between
1939 and 1998; 8 of the 12 warmest years were
recorded in the last 16 years of this period (3).
Further insight can be obtained from glaciers and
ice caps in the very highest mountain regions,
which are strongly affected by rising tempera-
tures. In these high-altitude areas, ice masses are
declining rapidly (4–6). Indeed, glacier retreat is
under way in all Andean countries, from
Columbia and Venezuela to Chile (7).

A convergence of factors contribute to these
changes. Rising freezing levels (the level where
temperatures fall to 0°C in the atmosphere) (8, 9)

lead to increased melting and to increased expo-
sure of the glacier margins to rain rather than
snow (10). Higher near-surface humidity leads
to more of the available energy going into melt-
ing snow and ice, rather than sublimation, which
requires more energy to remove the same mass
of ice. Therefore, during humid, cloudy condi-
tions, there is often more ablation than during
drier, cloud-free periods (6). In some areas,
changes in the amount of cloud cover and the
timing of precipitation may have contributed to
glacier mass loss through their impact on albedo
(surface reflectivity) and the net radiation bal-
ance (11). As these processes continue and snow
is removed, more of the less reflective ice is
exposed and absorption of the intense high-ele-
vation radiation increases, thus accelerating the
changes under way through positive feedbacks.

The processes involved in mass-balance
changes at any one location are complex, but
temperature is a good proxy (12) for all these
processes, and most of the observed changes are
linked to the rise in temperature over recent
decades (5). Further warming of the magnitude
shown in the figure will thus have a strong nega-
tive impact on glaciers throughout the Cordillera
of North and South America. Many glaciers may
completely disappear in the next few decades,
with important consequences for people living
in the region (7).

Although an increase in glacier melting ini-
tially increases runoff, the disappearance of gla-
ciers will cause very abrupt changes in stream-
flow, because of the lack of a glacial buffer dur-
ing the dry season. This will affect the availabil-
ity of drinking water, and of water for agriculture
and hydropower production. 

In the High Andes, the potential impact of
such changes on water supplies for human con-

Climate models predict that greenhouse

warming will cause temperatures to rise faster at

higher than at lower altitudes. In the tropical

Andes, glaciers may soon disappear, with poten-

tially grave consequences for water supplies.
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Global warming in the American Cordillera. Projected changes
in mean annual free-air temperatures between (1990 to 1999) and
(2090 to 2099) along a transect from Alaska (68°N) to southern
Chile (50°S), following the axis of the American Cordillera moun-
tain chain. Results are the mean of eight different general circula-
tion models used in the 4th assessment of the Intergovernmental
Panel on Climate Change (IPCC) (15), using CO2 levels from sce-
nario A2 in (16). Black triangles denote the highest mountains at
each latitude; areas blocked in white have no data (surface or
below in the models). Data from (15).
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ties to emphasize those measurements of our
local astrophysical laboratory that will best illu-
minate how these fundamental cosmic entities
operate. Moreover, observations to date already
indicate that the Saturn system is literally chang-
ing before our eyes. We anticipate that even more
dramatic transformations in our neighborhood’s
astrophysical laboratory will be monitored by
Cassini’s instruments over the next several years.
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completely disappear in the next few decades,
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tially increases runoff, the disappearance of gla-
ciers will cause very abrupt changes in stream-
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ing the dry season. This will affect the availabil-
ity of drinking water, and of water for agriculture
and hydropower production. 

In the High Andes, the potential impact of
such changes on water supplies for human con-
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Global warming in the American Cordillera. Projected changes
in mean annual free-air temperatures between (1990 to 1999) and
(2090 to 2099) along a transect from Alaska (68°N) to southern
Chile (50°S), following the axis of the American Cordillera moun-
tain chain. Results are the mean of eight different general circula-
tion models used in the 4th assessment of the Intergovernmental
Panel on Climate Change (IPCC) (15), using CO2 levels from sce-
nario A2 in (16). Black triangles denote the highest mountains at
each latitude; areas blocked in white have no data (surface or
below in the models). Data from (15).

www.sciencemag.org SCIENCE VOL 312 23 JUNE 2006

PERSPECTIVES

Published by AAAS



IPCC AR4 Projections

894

Regional Climate Projections Chapter 11

Figure 11.14. Temperature anomalies with respect to 1901 to 1950 for three 
 Central and South American land regions for 1906 to 2005 (black line) and as simu-
lated (red envelope) by MMD models incorporating known forcings; and as projected 
for 2001 to 2100 by MMD models for the A1B scenario (orange envelope). The bars 
at the end of the orange envelope represent the range of projected changes for 2091 
to 2100 for the B1 scenario (blue), the A1B scenario (orange) and the A2 scenario 
(red). The black line is dashed where observations are present for less than 50% of 
the area in the decade concerned. More details on the construction of these figures 
are given in Box 11.1 and Section 11.1.2.

the neighbouring ocean basins from the AGCMs. Menéndez et 

al. (2001) used a RCM driven by a stretched-grid AGCM with 

higher resolution over the southern mid-latitudes to simulate the 

winter climatology of SSA. They find that both the AGCM and 

the regional model have similar systematic errors but the biases 

are reduced in the RCM. Analogously, other RCM simulations 

for SSA give too little precipitation over the subtropical plains 

and too much over elevated terrain (e.g., Nicolini et al., 2002; 

Menéndez et al., 2004). 

11.6.3 Climate Projections

11.6.3.1 Temperature

The warming as simulated by the MMD-A1B projections 

increases approximately linearly with time during this century, 

but the magnitude of the change and the inter-model range are 

greater over CAM and AMZ than over SSA (Figure 11.14). The 

annual mean warming under the A1B scenario between 1980 to 

1999 and 2080 to 2099 varies in the CAM region from 1.8°C 

to 5.0°C, with half of the models within 2.6°C to 3.6°C and 

a median of 3.2°C. The corresponding numbers for AMZ are 

1.8°C to 5.1°C, 2.6°C to 3.7°C and 3.3°C, and those for SSA 

1.7°C to 3.9°C, 2.3°C to 3.1°C and 2.5°C (Table 11.1). The 

median warming is close to the global ensemble mean in SSA 

but about 30% above the global mean in the other two regions. 

As in the rest of the tropics, the signal-to-noise ratio is large for 

temperature, and it requires only 10 years for a 20-year mean 

temperature, growing at the rate of the median A1B response, to 

be clearly discernible above the models’ internal variability. 

The simulated warming is generally largest in the most 

continental regions, such as inner Amazonia and northern 

Mexico (Figure 11.15). Seasonal variation in the regional area 

mean warming is relatively modest, except in CAM where there 

is a difference of 1°C in median values between DJF and MAM 

(Table 11.1). The warming in central Amazonia tends to be larger 

in JJA than in DJF, while the reverse is true over the Altiplano 

where, in other words, the seasonal cycle of temperature is 

projected to increase (Figure 11.15). Similar results were found 

by Boulanger et al. (2006), who studied the regional thermal 

response over South America by applying a statistical method 

based on neural networks and Bayesian statistics to find optimal 

weights for a linear combination of MMD models.

For the variation of seasonal warming between the individual 

models, see Table 11.1. As an alternative approach to estimating 

uncertainty in the magnitude of the warming, the 5th and 

95th percentiles for temperature change at the end of the 21st 

century, assessed using the method of Tebaldi et al. (2004a), are 

typically within ±1°C of the median value in all three of these 

regions (Supplementary Material Table S11.2).

11.6.3.2 Precipitation

The MMD models suggest a general decrease in precipitation 

over most of Central America, consistent with Neelin et al. 

(2006), where the median annual change by the end of the 21st 

Temperature Changes
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does not change, Knutson and Tuleya (2004) estimate nearly a 

20% increase in average precipitation rate within 100 km of the 

storm centre at the time of atmospheric carbon dioxide (CO2) 

doubling. 

For South America, the multi-model mean precipitation 

response (Figure 11.15) indicates marked regional variations. 

The annual mean precipitation is projected to decrease over 

northern South America near the Caribbean coasts, as well as 

over large parts of northern Brazil, Chile and Patagonia, while 

it is projected to increase in Colombia, Ecuador and Peru, 

around the equator and in south-eastern South America. The 

seasonal cycle modulates this mean change, especially over 

the Amazon Basin where monsoon precipitation increases in 

DJF and decreases in JJA. In other regions (e.g., Pacific coasts 

of northern South America, a region centered over Uruguay, 

Patagonia) the sign of the response is preserved throughout the 

seasonal cycle. 

century is –9% under the A1B scenario, and half of the models 

project area mean changes from –16 to –5%, although the 

full range of the projections extends from –48 to 9%. Median 

changes in area mean precipitation in Amazonia and southern 

South America are small and the variation between the models 

is also more modest than in Central America, but the area means 

hide marked regional differences (Table 11.1, Figure 11.15). 

Area mean precipitation in Central America decreases in 

most models in all seasons. It is only in some parts of north-

eastern Mexico and over the eastern Pacific, where the ITCZ 

forms during JJA, that increases in summer precipitation are 

projected (Figure 11.15). However, since tropical storms can 

contribute a significant fraction of the rainfall in the hurricane 

season in this region, these conclusions might be modified by 

the possibility of increased rainfall in storms not well captured 

by these global models. In particular, if the number of storms 

Figure 11.15. Temperature and precipitation changes over Central and South America from the MMD-A1B simulations. Top row: Annual mean, DJF and JJA temperature 
change between 1980 to 1999 and 2080 to 2099, averaged over 21 models. Middle row: same as top, but for fractional change in precipitation. Bottom row: number of models 
out of 21 that project increases in precipitation.

(2080-2099) - (1980-1999)
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Discussion

• The upper tropospheric zonal wind 
hypothesis... 

• The models appear to simulate this 
mechanism in the present

• The models respond quite differently in  
21st Century climate - is this related to 
differences in the evolution of ocean 
temperatures in the coupled ocean 
atmosphere models?
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