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Abstract

Significant changes in the tropical climate system appear to be underway, coincident with the
dramatic retreat of many tropical ice cap margins. Data from Sajama weather station, installed
on Bolivia's highest summit in 1996 are helping to develop a more comprehensive view of climatic
conditions at high altitudes in this remote part of the tropical Andes. Here we present first results
regarding the daily and annu al meteorological cycle at the summit of this ice cap, where an ice
core was recovered in 1997. In addition we present an analysis of atmospheric circu lation
patterns during snowfall events on Sajama during the summer months . In order to put our
studies in a longer-term perspective, we have analyzed the interannual variability of precipitation
and temperature on the Bolivian Altiplano over the last decades. Our results reveal the strong
influence of EI Nino-Southern Oscillation (ENSO) upon the climate variablity of the Bolivian
Altiplano . While precipitation fluctuations related to ENSO can not explain the observed glacier
retreat, temperature has been steadily rising over the last six decades. The rate of warming has
sign ificantly accelerated over the last 25 years, coincident with the observed glacier recession.

Key words : EI Nino-Southern Oscillation (ENSO), Altiplano, Climate change, Tropical glaciers,
Nevado Sajama .

Resumen

Se observan cambios significativos en el sistema clirnatico tropical, coincidente con el retroceso
crarnanco de muchos glaciares tropicales. Los datos clirnaticos de la estacion meteorolop tca del
Nevado Sajama, instalada en la cumbre mas alta de Bolivia en 1996, perm iten desa rrolla r una
vision mas comprensiva de las condiciones clirnatlcas en las montanas de los Andes trop icales .
Aqui presen tamos los primeros resultados con respecto al ciclo rneteoroloqico diario y anual en
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la cumbre de l Nevado Sajama, donde un ruicleo de hielo fue recuperado en 1997. Adernas
presentamos un analisis de la circulaci6n at rnosfe rtca durante perfodos de nevadas en el Volcan
Sajama durante los meses del verano. Para tener una perspectiva de mas largo plazo, hemos
analizado la variab ilidad interanual de la precipitaci6n y de la temperatura en el Altiplano
boliviano du rante las decades pasadas. Nuestros resultados indican una influencia fuerte del
fen6meno EI Nino -Oscilaci6n del Sur (ENOS) sobre la variabilidad dirnatica del Altiplano
boliviano. Mientras que las fluctuaciones de la precipitaci6n relacionadas con ENOS no pueden
explica r el retroceso observado de los glaciares, tarnblen se observa un incremento de la
tempera tura durante las seis decades pasadas. Este incremento de la temperatura ha sido
perceptiblemente mas elevado durante los 25 afios pasados, coincidentes con el receso de los
glaciares tropicales.

Palabras clave: EI Nifio-Oscilaclon del Sur (ENOS), Altiplano, Cambio clirnatico, glaciares
t ropicales, Nevado Sajama.

Introduction

Abundant evidence indicates that dramatic
changes in climate and in the hydrologica l
cycle are occurring in the Tropics. Diaz &
Graham (1996) have reported a rise in the
freezing level height of rv110 m from 1970 to
the late 1980s, probably linked to an increase
in sea surface temperature. A clear warming
trend can also be observed in surface
temperature in subtropical and tropica l South
America. Along the northern Chilean coast
(18° S- 35° S) temperatures increased between
1AOC and 2.0°C per century from 1933 to
1992. During the last three decades (1960­
1992) the warming trend was twice as large
(1.4° C to 3.8° C per century) (Rosenbluth et al.
1997). I n Venezuela and Colombia
tem perat ures have significantly increased
between 1918 and 1990, ma inly due to an
incr ease in the annual mean minimum
temperature. This trend has intensified since
the late 1960s, with minimum temperatures
increasing between 0.05°C and 0.86°C in
Venezuela and between 0.57°C and 1.60°C in
Colombia between 1966 and 1990 (Quintana­
Gomez 1999). A similar picture emerges from
th e ana lysis of surface temperature trends in
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t h e Amazon Basin, where temperatures
increased by 0.56° Cper century between 1913
and 1995, with the strongest warming again
occurring after the mid 1960s. I f data before
1937 is excluded, the temperature trend
increases to 0.83° C per century (Victoria et al.
1998). At the same time, glaciers are retreating
at an accelerating rate in most parts of the
tropical Andes (Kaser 1999). As shown by
Kaser & Georges (1999) tropical glaciers are
more sensitive to increasing temperatures than
alpine glaciers because larger parts of the
glaciers are exposed immediately to much
stronger ablation conditions . Negative glacier
mass balances have been reported from the
Cordillera Real in Bolivia by Francou et al.
(1995) and by Ribstein et al. (1995). In Peru
glacier retreat has been monitored on an outlet
glacier from the Quelccaya ice cap where the
rate of retreat was nearly three t imes as fast
between 1983 and 1991 as between 1963 and
1978. Volume loss of the glacier was seven
times higher during the more recent period
(Brecher & Thompson 1993). Hasten rath &
Ames (1995) and Ames & Hastenrath (1996)
have reported that about half of the annual
mass loss due to waterd ischarge on Yanamarey
and Uruashraju glaciers in the Cord illera Blanca,
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Peru, is supplied by ice thinning and not rene wed
by precipitati on. Under current conditions the
glacier might survive for lit tle more than half a
century. In th e Huascaran- Massif , Cordillera
Blanca, Peru, glaciers shrank by 13 km 2 between
1920 and 1970, and the Equilibrium Line Altitude
(ELA) rose 95 m in the corresponding period
(Kaser et al. 1996). On Nevado Sajarna in
Bolivia, the snowline altitude has also shown a
trend towards higher elevations during the dry
pe r iod over t he last decades, although
interannual variabil ity is high and closely related
to the Southern Oscillation Index (501) (Arnaud
et al. in revi ew) .

This dramatic glacier retreat in the tropical
Andes is threatening the water supply for
And-ea n socie t ies t hat re ly on meltwater for
electrici ty production, irrigation and as a
dr ink ing water resource. More knowledge about
current climatic conditions in the high altitude
tropi cs is t herefore crucial, in order to
understand how climate impacts glacier mass
balance . In particular we do not yet know what
portion of the observed glacier retreat can be
attributed to natura l climate variations such as
ENSO and what part is more likely related to
greenhouse gas induced climate change.
Furthermore, the significance of these recent
glacier changes can only be appreciated in the
context of fluctuations over a longer time
frame . Cur rently, th is 'paleo' perspective is not
yet ava ilab le forthe tropics. One way to establish
such a reco rd of past climate variability is to
ana lyze geochemica l variations within tropical
ice cores, whe re inform at ion from past
atmospheric cond it ions has been archived. Ice
core reco rds from Peru for example have
revealed hitherto undocumented periods of
tropical climatic anomalies, prolonged droughts
with severe im pact s on human societies
(Thompson et aI., 1988) evidence for climatic
disturbances such as EI Nino (Thompson et al.
1984 ) or t he Little I ce Age (Thompson et al.
198 6) . In June of 1997 such an ice core was
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recovered from thehlqh est summit in Boli via ,
Nevado Sajama (Thompson et al. 1998),
revealing information about the climate history
of the larger Bolivian Altiplano area during the
last 20,000 years. However, such ice core
information needs to be accompanied by studies
on current climatic conditions both near the
drill-site and in the larger surrounding ar~a.

Here we present such an overview, focusing on
both local climatic conditions at the summit of
Nevado Sajama as well as on larger scale
climatic variability and climatic trends over the
Bolivian Altiplano during the last decades..

In the next section, we present the daily
and annual meteorological cycle atop Nevado
Sajama based on the year 1996-1997. This
section also contains a short comparison of
precipitation and temperature as recorded on
the summit during the two very different years
1996/1997 (La Nina) and 1997/98 (EI Nino). In
section 3 we put this local record into a larger­
scale context by analyzing the atmospheric
circulation over tropical South America during
snowfall events recorded at the summit. Section
4 focuses on the interannual variability over
the Bolivian Altiplano and how wet/dry and
warm/cold years relate to the ENSO
phenomenon. In section 5 we investigate
whether any significant long-term trends, which
might impact glacier mass balance in the Andes
of Bolivia, are superimposed on this interannual
variability . Section 6 then summarizes this
article and ends with some concluding remarks.

Annual and daily meteorological cycle at
the summit of Nevado Sajama

In October 1996 we installed a satellite-linked,
automated weather station at the 'summ it of
Nevado Sajama (Hardy et al. 1998), an ice­
capped volcano (6542 m; 18°06' Sand 68° 53'
W) in the western Bolivian Andes (Figures 1­
3), where an ice core was extracted in June and
July of 1997 (Thompson et al. 1998). This
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Figure 1: Location of Sajama Volcano (6,542 mj 18° 06' Sand 68° 53' W) and mean monthly
precipitation at Sajama village (4220 mj 18.08'°Sand 68.59'W). The Andes and
Altiplano are shown as shaded areas, above 3000 m.

Figure 2: Picture of Volcano Sajama, seen f r om the west.
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Table 1: Sajama weather station sensors and measurements.

Variable Sensor Sampling Data transmitted
height interval
above
surface interval data (units)
(m)

Wind speed (upper) 3.7 60 s 1 hr Mean horizontal speed (m sol)
1 hr Resultant mean speed (m S·l)

24 hr Maximum 1-min speed (m s"),
Time of, and temperature at time

Wind speed (lower) 2.7 60 s 1 hr Mean horizontal speed (m 5.
1

)

1 hr Resultant mean speed (m sol)

Wind direction (upper) 3.7 60s 1 hr Resultant mean direction (deg.)
1 hr Std. dev. direction

Wind direction (lower) 2.7 60 s 1 hr Resultant mean direction (deg.)
1 hr Std. dev. direction

Barometric pressure 1 hr 1 hr Station pressure (hPa)
Air temperature
(aspirated shield) 3.7 10 min 1 hr

1hr Mean air temperature (0C)
Max air temperature (0C), time of,
and 3.7m-wind speed at time

Air temperature 3.7 10 min 1 hr
1 hr Mean air temperature (0C)

Max air temperature (0C), time of,
(naturally ventilated shield) and 3.7m-wind speed at time
Relative humidity 3.7 10 min 1 hr Mean relative humidity (%)
(aspirated shield)
Relative humidity
(naturally ventilated shield) 3.7 10 min 1 hr Mean relative humidity (%)
Vapor pressure 3.7 10 min 1 hr Mean vapor pressure (kPa)
Incoming solar radiation 4.5 60 s 1 hr Mean incoming irradiance (kW m

02
)

(global)
Reflected solar radiation 2.7 60s 1 hr Mean reflected irradiance (kW m

02
)

(global)
Snow accumulation / 2.47 1 hr 1 hr Distance to snow surface (m) SW
ablation (SW sensor) quadrant
Snow accumulation / 2.57 1 hr 1 hr Distance to snow surface (m) NE
ablation (NE sensor) quadrant
Snow surface temperature 2.3 10 min 1 hr Mean surface temperature (0C)
Air temperature gradient 0.03, 10 min 1 hr Mean temperature gradient

1.03, (OC between sensors)
2.03
&3.7

Snow/firn temperature 0.15, 10 min 1 hr Snow temperature (0C)
-1.85
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Figure 3: Automated weather station at the summit of Nevado Sajama (6,542 m), 1 July 199 7.

weather station is, together with another we
installed in 1997 on Nevado III imani in the
Cordillera Real, the highest altitude station in
all North and South America. Both stations
have now been operational for several years
and the data will allow us to provide insight into
climate variability at high elevation in the
Bolivian Andes. A summary of all parameters
that are currently being measured and
transmitted by our station is given in Table 1.
More deta iled information about station
equipment and operation can be found in
Hardy et al. (1998). In this section we analyze
diurnal patterns and the annual cycle through
the first year of observations on Sajama,
cove ring the ti me period 2. October 1996 - 1.
October 1997. Each cl imatic parameter is
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presented in a separate section and plotted as
an isopleth diagram in Figure 4.

a) Incoming solar radiation

Following the seasonal march of the sun, daily
solar irradiance maxima at Sajama summit
ranged between approximately 1200 W rn?
during the summer and 800 W rn? at the winter
solstice (Figure 4a). Measured clear-sky global
irradiance was typ ically 85% of calculated
direct irradiance on a horizontal surface at the
top of the atmosphere, reflecting the alt itude
of the station and the dry atmosphere above
the Altiplano. Tota l daily rad iation rece ipts on
Sajama were greatest during the spring months
of October and November, which is in agreement
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Figure 4: Isopleth diagrams (daily versus hourly values) for the period 0100 October 2 1996 to
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to bottom are: (a) incoming solar irradiance (kW m"), (b) aspirated air temperature
(0 C). (continue next page ).

23



c

M. Vuille, D. R. Hardy , C. Braun, F. Keimig & R. S. Bradley

Air humidity
(rate of mix) (g kg-I)

10/02/96 11/0 1/96 12/01 /96

d

- 23

- 2 1

- 19

- 17

I
- 15

.3.75-5

!: - 13 . 2.5-3.75

- 11 1.25-2 .5

0·1.25
- 9

'ti'
- 7'~<

u!__, L-,-. i ._ ,__L __~ __ __ _ -:

12/31196 01130/9 7 03 /01197 03/31197 04/30 /97 05/30 /97 06 /29 /97 07 /29/97 08128197 09 /27 /97

Wind speed (rn/s)

I
~ III 'ii

1 Ir;I
1' 1 L without

data I 15 .1 6-20

13
. 12-16

I

~ I
118· 12

I: ;
11 4-8

. / 0-4

I
.I

,I, :
[

' : "

: I 1
10' 02/96 11/01 /96 12/01 /96 12/3 1/96 01 /30/ 97 03/0 1/97 03 /3 1/97 04/30 /97 05 /3 0/97 06 /29 /97 07/29/97 08/28 /97 . 09 /2 7/97

Figure 4: (c) specific humidity (g kg-
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with data reported from the Chilean Altiplano
by Aceituno & Montecinos (1996). During the
summer months December to February, and
extending into March, moisture advection and
afternoo n conv ect ive cloud cover over the
Altiplano significantly reduced the daily receipt
of solar radiat ion. Cloud covertypically increases
rapidly between 1200 and 1700, reaching a
maximum around 1800, followed by a decrease
unti l m idn ight (Garreaud & Wallace 1997).
Cloud cover was reduced through the winter,
as indicated by the accordance of daily irradiance
maxima and the regularity of the daily cycle,
interrupted only by the passage of occasional
cold fronts .

b) Air temperature

Trop ical locations typically experience relatively
little temperature change through the course
of the yea r . Although the Sajama station can
still be considered tropical, it is located at the
very southern edge of the tropics, and is
strongly influenced by extra-tropical circulation
in the winter season . As a result, there is a
quite distinct change in air temperature
throughout the year (Figure 4b). Temperatures
generally followed the annuat cycle of solar
radiation, with monthly means ranging from ­
7.5 °C in January to -14.1 ° C in June. Due to
the low-latitude, high-elevation location of
Sajama, the mean daily amplitude of air
temperature in each month of the year was
greater than the annual range in mean monthly
temperature (6.6 °C). April was the month of
greatest variability, with a standard deviation
about the mean of 4.6 °C and a range between
the mean maximum and minimum
temperatures of 13.1 °C.

c) Humidity

The humidity of the atmosphere on Sajama
varies markedly through the course of the
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year, illustrated by relative humidity extremes
recorded in 1996-9 7 of 0.2 and 99.9% .Through
the summer months of December to February,
the median re lat ive humidity was greater than
90%, reflecting a mean specifichumidityof3 .6
g kg-1 (Figure 4c) . Typically, the humidity level
during summer months remains high due to
daily injections of water vapor into mid­
tropospheric levels (400-500 hPa) (Aceituno &
Montecinos 1996). Th is high humidity on
Sajama during the wet season is associated
with easterly winds, which deliver moisture
from the interior of the continent. The summer
of 1996-97 was unusually wet on the enti re
Altiplano, as discussed below, so the humidity
levels measured certainly represent conditions,
which were above the long-term average.

The winter season is cha racterized by very
dry conditions and it is not uncommon for
relative humidity to remain below 20% for
several consecutive days. Indeed, the median
specific humidity through these three months
was less than 0.9 g kg-1• These dry conditions
are commonly interrupted by short periods of
high humidity, when moist air episodes related
to outbreaks of polar air masses reach the
Altiplano (Vuille & Ammann 1997). These
occurrences .are also associated with higher
wind speeds, lower pressure and · air
temperature, and sometimes snowfall as far
north as Sajama. Examples recorded at the
station include two events during August and
another in mid-September (Figure 4).

d) Wind speed and direction

Wind data are missing from the 1996-97 record
between the end of February and mid-April,
when both sensors were affected by the
unusually heavy summer snowfall. Nonetheless,
the most significant change in the wind speed
occurred in mid-May, when winds suddenly
accelerated and remained high for most of the
winter season (Figure 4d). This increase in
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wind speed reflects the northward movem ent
of the west-wind zon e and th e subt rop ica l jet,
which is typicall y located at around 25° S in
June . Th rough the winter, the wind was steadily
from the N-NW (not shown) and the Sajama
region experienced several months of high
wind speeds, associated with rather dry
conditions. The highest mean hourly wind speed
recorded was 27 m s:' on 10 June, and mean
hourly wind speeds rose above 20 m s' only
between May and October. During the summer
months (December to February) wind speeds
were much lower, averaging a surprisingly low
2.6 m S-l for the period (Figure 4d). Also
through the summer, and extending into March
on Sajama, the predominance of winds from
the east provides part of the explanation for
the above average precipitation as easterly
winds are necessary to sustain high humidity
levels in the atmosphere above the Altiplano .
By April winds had switched back towards the
NW, which remained the prevailing wind
direction until August (not shown).

The daily cycle of wind speed is not very
pronounced, however the lowest wind speeds
are usually recorded in the afternoon hours
during the maximum expansion of the
t roposphere (Figure 4d), an effect'also found
by Aceituno & Montecinos (1996). Frequently,
this da ily cycle is suppressed by the inf luence
of the larger scale synoptic circulation .

e) Comparison of snowfall and temperature
for two consecutive years

One year of data may be sufficient to highlight
some climatic features, such as the
characteristics of the diurnal cycle on Nevado
Sajama. However, to account for interannual
variability and to put the presented record of
1996/97 into a wider context we here compare
th is record with the following year, 1997/98.
Th is is of particu lar interest since the first year
1996/97 was partially infl uenced by a weak La
Nina event, while the year 1997/98 featured
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one of the st ron gest EI Nino events of th is
century. Here we only present some preliminary
results showing th e influence of EI Nino on air
temperatu re and the snow accumu lat ion as
recorded at the summit. A more t horough
ana lys is of the influence of EI Nino on Nevado
Sajama and the Bolivian Altiplano can be found
in Vuille et al. (1998b) and in Vuille (1999) .

Figure 5 shows the daily mean austral
summer temperatures between October and
May fo r 1996/97 and 1997/98. It is obv ious,
t hat temperatures where significantly higher
for most of the time during the EI Nino summer
97/98. Starting in mid Octoberthe temperatures
were about 1°C higher until mid February in
the latter year, t hen the discrepancy rose to
more t han 2 °C for most of March, April and
May. The two records most likely both represent
extreme years, and can thus serve to bracket
average conditions which must lie somewhere
in between these two curves.

The same is true with regard to Figure 6
showing the snow accumulation history for
both austral summers between November and
March. While the snow accumulation reached
more than 2 m already by the end of January
1997, thereby burying the snow depth sensors,
the total snow amount was only 1.01 m at the
end of January 1998. The exact total snow
accumulation is unknown for the 1996/1997
period, but on February 22, 1997 the snow
accumulation must have reached 3.15 m,
because the upper wind sensors at th is level
was affected by the snow. I n the following
year, total snow accumulation did not rise
above 1.5 m . Aga in the snow accumulation in
1996/97 was probably unusually high, as all
surround ing Altiplano stations including La Paz
recorded above average precipitation amounts
(Hardy et al. 1998). As will be shown in section
4, the impacts of EI Nino as recorded by our
AWS on Nevado Sajama (warm and dry), are
consistent with other observations made over
the entire Boliv ian Altiplano .
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Figure 5: Air t em perat u res (Oe) recorded on Sajama summit between October and May for 1996/
9 7 (black line) and 1997/98 (gray line). Thin line shows daily mean, thick line is a 30­
day running mean.

Atmospheric circulation over the
Bo livian Altip lano

a) Genera l remarks on atmospheric
circu lation over the Altiplano

Figure 1 shows the monthly mean precipitation
values for Sajama village (18° 08' S, 68° 59' W,
4220 m) at th e base of the mountain. It reveals
a clear summer precipitation regime, with
more tha n 80% of the annual amount fa lling
between December and March, consistent with
the annual cycles of specific humidity and snow
accumulation measured on Sajama summ it

(see sections 2c and 2e). This precipitation is
the result of heating of the Altiplano surface by
strong solar radiation, inducing convection and
moist air advection from the eastern interi or of
the continent (Amazon and Chaco Basins)
(Vu ille et al. 1998a, Garreaud 1999).
Accordingly, precipitation shows a clear diurnal
cycle, being most frequent between 18.00h
and 22.00h (Aceituno & Montecinos 1993,
Garreaud & Wallace 1997). Moisture advection
is most pronounced near the 500 hPa leve l,
about 1000 m below Sajama summit and is
normally accompanied by easterly winds in the
surface and mid -tropospheric layers (Aceituno
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Figure 6 : Snow accumulation (13 hour running mean from two snow depth sensors) on Sajama
summit between November and March for periods 1996/97 (top) and 1997/98
(bottom). For better comparison snow accumulation was set to 0.0 m on 1.Nov . of both
years. Sensors were buried by snow after January 28, 1997. \ indicates February 22,
1997 when 3 .15 m were reached (wind sensor located at 3.15 m above ground was
buried by snow).

& Montecinos 1996). However, this mo isture
input becomes limited with increasing distance
from the water vapor source, which lies in the
tropica l lowlands to the east. As a result,
precipitation amounts decrease from E to W
across the Altip lano.

Despite high dai ly solar radiation receipt s
throughout the summer months, precipitation
over the Altiplano occurs in discrete episodes
rather than as a constant process (Ace ituno &
Montecinos 1993). This change from rainy to
dry periods and vice versa is re lated to the

upper-air circu lation, which plays a key role in
sustaining or suppressing precipitation events
over the Altip lano. Jacobeit (1992), analyzing
200 hPa wind fields during dry and wet sum me r
months in a principal component analysis,
emphasized the importance of strong easterly
disturbances or upper-air divergence over th e
Altiplano in order to susta in convection and
precipitation. Th is upper-ai r divergence is often
related to an anticyclonic vortex, named th e
Bolivian High, due to its climatological position
over Bolivia during the summer months .
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Aceituno & Montecinos (1993) and Vuille et al.
(1998a) were able to show that precip itation
amounts on the Altiplano were significantly
higher when the Bolivian High was intensified
and displaced south of its climatological position.
Onthe other hand, dry periods overthe Altiplano
are normally related to either upper-air
convergence or strong westerly flow.

b) Atmospheric circulation associated with
96/97 precipitation events

To learn more about weather patterns
associated with snowfall on Sajama, individual
snowfall episodes were identified by analyzing
the change in snow accumulation and ablation,
as--r-ecorded by the hourly measurements of
two snow depth sensors at the weather station
(Vuille et al. 1998a). Here, only events resulting
in a net increase of the snow surface of 5 cm or
more are considered. Analysis of the
atmospheric circulation before and during these
precipitation events was carried out using
National Centers for Environmental Prediction
/ National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data (Kalnay et al.
1996). The mean annual barometric pressure
on Sajama summit is '" 460 hPa, with only
minor variations throughout the year (Hardy et
al. 1998). Therefore, the emphasis of this
study is on mid-tropospheric circulation patterns
(400 hPa) and on austral summer Nov. 1996 ­
March 1997 when more than 80% of the
annualprecipitation accumulates at the summit.
Amore detailed description of this analysis can
be found in Vuille et al. (1998a).

The classification of summersnow fall events
on Sajama resulted in four groups (coded A­
D). Because of the limited number of events
(n=17), this classification was done
SUbjectively, trying to minimize in-group
variability and maximizing variability between
groups. A larger number of events would be
necessary to use an objective classification
Procedure, such as cluster analysis. In the

29

follo win g section- the mid- t ro posphe r ic
circu lation is presented for each group, based
on a typical event that shares most of the group
characteristics (Figures 7a-h). The figures
represent the geopotential height and the wind
pattern at the 400 hPa level averaged over the
period of snowfall (left column) and as a
deviation (anomaly) from the long-term mean
(right column) for each event.

Figure 7a shows the weather pattern for 23­
28. December 1996, an f event which is
characteristic of group A, being the most
frequent synoptic situation overall (8 events).
The mid-atmospheric circulation is dominated
by the Bolivian High, centered overtheAltiplano.
The wind and pressure situation is very typical
for this time of the year, so pressure and wind
anomalies are small over the Altiplano (Figure
7b). Wind speeds are very low overtheAltiplano,
with anticyclonic rotation about the high, but
westerly winds rapidly increase towards the
south. Accordingly, the geopotential height is
maximal overthe Altiplano, but features positive
anomalies over most of subtropical South
America (Figure 7b). In the 700 hPa level there
is a tendency for enhanced easterlies over the
Amazon basin and a stronger jet to the east of
the Andes (not shown). Relative humidity is
significantly higher than normal over the
Altiplano, while most of tropical South America
exhibits a rathex»dry mid-troposphere (not
shown). The exact position of the maximum
geopotential height in the 400 hPa level varies
slightly between the events assigned to this
group, but always remains over the broader
Altiplano region . However, all events within
this category accounted for considerable
amounts of snow on Sajama.

In mid-January 1997 a slightly different
situation prevailed, leading to two major
snowfall events, clustered in group B. Figure 7c
shows the situation for one of these episodes
during 13-15 January 1997. The high pressure
system is centered off the South American
coast over the subtropical Pacific, to the
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southwest of its climato log ical posit ion. On its
eastern side an anomalous southerly and
southeasterly flow prevails over the Altiplano
(Figure 7d), and strong upper-air divergence
dominates over the entire Central Andes. This
area of divergence is associated with positive
humidity anomalies at the 400 hPa level over
the Central Andes (not shown). Again
divergence, atmospheric thickness,
geopotential height and wind patterns indicate
strong vertical motion overtheAltiplano, to the
NE of the high pressure system. However, in
comparison with group A, stronger winds at
both levels suggest more horizontal moisture
influx. Southeasterly flow, as shown by the 400
hPa level wind pattern, was indeed predominant
at the summit during this period (Hardy et aI.,
1998). The low-level wind pattern (not shown)

suggests moisture influx from the north, and
wind convergence (not shown) to the east of
the Andes . It is noteworthy thatJacobeit (1992)
found a very similar pattern, with an anticyclonic
vortex off the Pacific coast and divergence to
the NE of it, to be the first principle component
in his analysis of atmospheric circulation during
wet periods over the Altiplano in the 200 hPa
level.

The third group C is represented in Figure
7e-f by the event 23 February - 1,March 1997,
typical for the prevailing conditions during
most of Febru ary and March. Aga in the syn optic
situation can best be characterized by the
positioning of the Bolivian High. The location of
the maximum in geopotential height at the 400
hPa level is clearly anomalous, far to the south
over the subtropical part of the continent. The

-55-60-65-70-75-80-85-55-60-65-75-80-85
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~! \, 't \
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Figure 8: 200 hPa NCEP/NCAR reanalysis composites for wind field (m s") and geopotential
height (gpm) in austral summer (DJF) during a) EI Nino b) La Nina periods.
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meridional pressure grad ient between tropica l
and subt ropical South Am erica is comp letely
reversed, leading to unusua lly strong easterly

winds ove r t he Altiplano. It is important to note
th at this general enhancement in the easterly
flow occu rs in all pressure levels, alt hough to a

-13

-15

-17

-19

-74 -72 -70 -68 -66

-77 -75 -73 -71 -69 -67 -65

Fig re 9: a) Altiplano temperature difference composite between EI Nino and La Nina periods. Contt
interval is 0.1; filled (semi-filled) squares indicate significant station temperature differet
at 99°/0- (950/0-) level based on one-sided Students t-test. b) as in a) but for DJF Altipl.
precipitation (precipitation excess (in 0/0) during La Nina as compared to EI Nino). Cont
interval is 250/0, values above 50°/0 are indicated by gray shading. Please note that b) cov
a larger area than a).
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lesser deg ree in the lower atmosphere,
indicating enhanced moisture advection from
the east. It is unclear how much snow fe ll on
Sajama dur ing th ese events because the snow
depth sensors were both buried below the
snow surface, but in total the months of February
and March must have accounted for "'2 m of
snow accumulation (Hardy et al. 1998) .

Group D consists of a single event that does
not fit with in .anv of the described groups and
t herefore fo rms its own category (Figure 7g ­
h). It is the first event that lead to snowfall on
Sajama during the 1996/97 ra iny season from
7. -13 . November 1996, and rather resembles
a winter snowfall situation as described by
Vuille &Ammann (1997). A cold upper-air low
forming a t rough off the west coast of Peru and
a high pressure system over t he interior of the
continent form a steep zonal pressure and
temperatu re gradient, which enhanced
nort herly flow over the Central Andes.
Associated with this strong meridiona l
circulation is increased relat ive humidity over
the Altiplano (not shown), and 18 cm of snow
accumulation on Sajama. The cold character of
the event is obvious from the atmospheric
th ickness pattern and the temperature anomaly
distribution (not shown).

Interannua l cl im ate variability
(ENSO) on the Bolivian Altiplano

After t he discussion of the annual and daily
me teorological cycle on Nevado Sajama and
the synoptic ana lys is of indiv idual events that
lead to snowfall on the summit during austra l
summer, we now wish to put those observations
into a larger spatia l and tem poral context . In
pa rti cul ar we invest igate whether climate
vari abil ity such as the difference in temperature
and snow accu mulation recorded during the
two contrasting years 1996/97 and 1997/98
on Nevado Sajama (section 2e) form part of a
larger scale pat te rn and how such a pattern can
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be explained. To understand the im pacts of
ENSO on climate in th e Bolivian Alti plano
requ ires a t horough analysis of the atmospheric
circu lat ion ano ma lies which are induced by
warm equatorial Pacific SSTs and the associated
shift in tropica l convection . Such an ana lys is
has been presented in Vui lle ( 1999) and Vuille
et al. (2000a), so here we on ly review the most
pertinent results as fa r as they are of im portance
forthe austra l summer (DJF) climate of Bolivia.

Figure 8 shows the DJF200 hPa geopotential
height and wind pattern during high (La Nina)
and low (EI Nino) index phases of the Sou thern
Oscillation, based on NCEP/NCAR reana lysis
data. There is a clear difference in both the
strength and the positioning of the upper-air
anticyclone (the so-called Bol ivian High) and
the associated wind pattern. Although
geopotential height values are significantly
higher over the entire Altiplano during EI Nino
(Figure 8a) and significantly lower during La
Nina summers (Figure 8b) the increased
geopotential he ight clearly is not associated
with a strengthened Bolivian High. On the
contrary, the meridional pressure gradient to
the north of the Bolivian High is much more
pronounced during La Nina when the Bolivian
High is intensified and located further to the
south (Figure 8b). This pressure gradient leads
to enhanced upper-air easterlies, entrainment
of easterly momentum over the Andean ridge,
increased eastward upslope flow and moisture
transport from the interior of the continent
towards the western Altiplano (Garreaud 1999).
As shown by Vuille (1999) La Nina summers
are indeed associated with negative zonal wind
anomalies over major parts of the Altiplano,
although significant only at the 200 hPa level.
The opposite pattern emerges during EI Nino
periods when the zonal wind component is
significantly higher than normal (westerly
anomalies) at the 200 hPa level over the
Altiplano, the adjacent Pacific and the tropical
lowlands to the northeast. These westerly wind
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anoma lies inhibit signif icant m oisture infl ux
from t he east and thu s are responsib le for the
dry cond itions, which usually prevail on the
Bolivian Altiplano du ring EI Nino. To see how
these atmospheric circulation anoma lies,
induced by ENSO, affect precipitation amounts
and surface temperature across the Altiplano,
we next performed . a composite analysis of
temperature and precipitation during the two
extreme phases of ENSO. Figure 9a shows the
result for surface temperature across the
Altiplano . Temperature on the Altiplano is
app roximatelyO.7°-1.3°Chigherduring EINino
as compared to la Nina events. Filled (semi ­
filled) squares indicate stations with a significant
temperature difference at the 99%- (95%-)

level based on a one-sided Students t-test .
Clearly the statistical significance and the
temperature difference are higher over the
northern part of the Altiplano and decrease
towards the south. These results are in
accordance with findings by Aceituno (1988,
1989) and RosenblUth etal. (1997), who showed
that significant positive (negative) temperature
departures occur at the surface and in the
middle troposphere over the Altiplano and
northernmost Chile during EI NH5g (La Nina)
events.

In Figure 9b we present a similar analysis
but for precip itation and based on the austra l
summer months DJF only. Whi le precipitation
over the eastern and northern part of the
Alt iplano is less than 25% higher during La
Nina as compared to EI Nino events, the
difference is much larger towards the west,
reaching more than 100% along the western
margin oftheAltiplano. Clearly, the dry western
Altiplano is much more sensitive to such ENSO­
induced precipitation anomalies than the east.
The reason for this east-west difference is
relat ed to the upper-air circulation anomalies
shown in Figu re 8 . As mentioned earlier, during
aus t ra l summer, La Nina (EI Nino) events are
largely cha racterized by easterly (westerly)
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wind anom alies ove r th e Altiplano at the 200
hPa level. Althou gh no m oisture is advected
towards t he Alt iplano at this level, upper-air
easterly winds are respon sible for a turbu lent
ent rainment of lower level winds ov er the
eastern Andean r idge, which in turn lead to an
upslope flow of moist air f rom t he east t owards
the Altiplano (Garreaud 1999) . While the
prevailing easter ly wind anoma lies du ring La
Nina conditions are very favo rab le for
precipitation over the western part of the
Altip lano, westerly wind anomalies inhi bit
moisture advection from the east during EI
Nino periods. Thus convection can sti ll Occur
over the eastern Altiplano slopes under such
circumstances, but the western part of the
Altip lano rema ins dry. That precip itation over
the western Altiplano is indeed closely correlated
with ENSO has recently been shown by Arnaud
et al. ( in review), who analyzed the snowline
elevation on Nevado Sajama over the past 30
years based on Landsat satellite data and
correlated the detected height with t he sal.
Their results indicate that the snowline elevation
is largely a function of the precipitation amount
of the previous rainy season and indeed is
located significantly higher (lower) after an
aus tra l summer wi th a negative (positive) Sal.

Long-terln climate trends

After focusing on diurnal to annual cycles and
interannual variability it is worthwh ile to also
take a look at longer- t erm trends ofprecipitation
and temperature over the Bol iv ian Alt iplano, to
see whetherthere is a sign ificant r ise ordecrease
in one of those parameters, superimposed on
the interannual variability. Since glaciers in the
tropics have been steadily retreating over the
last decades, it is reasonable to assume that
either one or both of the two parameters
temperature and precipitation show t rends
which might have a negative influence on
glacier mass ba lance.
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Figure 1 0a - b show th e i n t er ann ual
precipita t ion va r iab il ity du ring DJF over th e
Bolivian Altiplano between 1961 and 1990. The
two t im e- series represent the standardized
scores from the firsts t wo Princ ipa l Components
(PCs), based on 30 stations from southe rn
Peru, Bolivia and northernmost Chile (Vuille et
al. 2000a). The f irst PC(Figure lOa) represents
DJF precip itat ion vari abil ity over the more
humid easte rn part of t he Bolivian Altiplano as
documented by is st ro ng correlation with
precipitation in Sucre (r=0 .84), Patacamayo
(r=0.82), Central La Paz (r=0.82) and Oruro
(r=0.81). The t ime series in Figure lOb on the
other hand, is the do minant DJF precipitation
mode ove rthe arid western part of the Altiplano,
alolig the border of Boliv ia with Chile (Pum ire:
r=0 .82) and Peru (A requ ipa : r= 0. 76), but also
in t he reg ion of Nevado Sajama (Parinacota:
r= 0 .8 1; Gua llati re : r= 0.74). The main EI Nino
and La Niila yea rs are indicat ed in both time
series with E and L respecti vely . I ndeed most
EI Nino events (E) feature negative scores,
while m ost La Nina even ts (L) are associated
with positive scores . However, th is relationsh ip
is not perfect and severa l m ismatches 'with
hum id EI Nino or dry La Nina summers indicate
that other factors bes ides ENSO influence the
interannual variability of DJF precipitation on
the Alt iplano . More important however, neither
one of t he two t im e series reveals any significant
change towards more humid ordriercond itions
betwe en 1961 and 1990. The score time series
of DJF-VPC2 exhib its a strong decadal-scale
oscillat ion with above ave rage precipitation
from th e late 60's to the mid 70's followed by
a decade of dry cond it ions in the late 70 's and
80's (Figure lOb). Rathe rtha n being a significant
trend, this decada l-scale precipita tion variability
more likely is related to the contemporaneous
climatic shift in the t ropical Pacif ic (warm
phase of t he Pacifi c Decada l Oscillation, PDO)
(see Vuille et al. 2000a ). Thus it seems as if no
significant decrease in precipi ta t ion took place
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over t he last 3 decades and t hus precipitat ion
did not sig nif icant ly contribute to the obs erved
glacier retreat in the Bol iv ian Andes .

The negative glacier mass balance may also
be the resul t of ris ing air temperatures . I n
Figu re 10c we th erefore present the annua l
mean tem perature anomaly in the tropica l
Andes, int egrated from 1° N to 23° 5 , based on
266 stations for the t ime period 1939-1998
(Vuille &Bradley 2000). Clearly the interannua l
variability is closely t ied to ENSO. All major
warm anoma lies (1941, 1944, 1953, 1957,
1969,1972,1983,1987,1991 and 1997/98)
are related to EI Nino events and all major cold
years (1950,1955/56,1964,1971, 1974/75,
1984/85, 1989 and 1996) coincide with La
Nina events. This is consistent with recent
observations by Vuille et al. (2000a,b), who
showed that temperature anomalies in the
tropica l Andes lag behind trop ical Pacif ic SSTA
by 1-2 months and with our results in section
4 showing that the temperatu re difference in
the Andes between EI Nino and La Nina events
averages 0.7° -1. 3° C. Despite this close
relationship with tropica l Pacific SSTA it seems
however, as if the background temperature
has reached a generally higher level with EI
Nino years being more pronounced and La Nina
years barely reaching negative values after
1976. Of the last 13 years only one (1996) was
below average, and the last two years of the
series, associated with the 1997/98 EI Nino,
were, despite the large standard error of
estimate, most likely the warmest of the last
six decades, even surpassing the record
breaking temperatures of 1983. The
temperature has increased significantly over
the last 60 years. Overall temperature rose by
0.11 ° C/decade during the last 60 years.
However, th is increase was far from steady but
rather slow unti l the m id 1970's when the
warming started to accelerate . As a matter of
fact the 1940s, 50s and 60s were rather cold
but since 1974 (last 25 yea rs) temperatures
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have increased by 0.34°C/decade . Th is is
consistent with the observed glacier retreat,
which also accelerated over the last 2 decades
(e.g. Brecher & Thompson 1993, Kaser 1999).
Thus it seems as if temperature change has
contributed much more to the observed glacier
retreat in the Bolivian Cordilleras than changes
in DJF precipitation. Another important factor,
which we did not account for in this study, but
might also have contributed substantially to
this retreat, is an increase in specific humidity,
associated with a general rise in temperature
(Wagnon et al. 1999, Kaser 1999).

Summary and Conclusions

Significant changes in the tropical climate
system appear to be underway, coincident
with dramatic retreat of many tropical ice cap
margins. Although the causal mechanisms
behind these changes are uncertain, potential
impacts for the future are suggested. Tropical
ice core records indicate that even relatively
small climatic anomalies have had significant
impacts on human societies in the past, for
example, as a result of prolonged droughts,
and other climate-related -disru p tio ns
(Thompson et al. 1988). While climatic proxy
records from ice cores are helping to place the
current climatic changes in perspective, the
changes are already degrading potential proxy
records at some sites in the Tropics (cf.
Thompson et al. 1993). This dramatic glacier
retreat in the tropical Andes is threatening the
water supply for Andean societies that rely on
meltwater for electricity production, irrigation
and as a drinking water resource. More
knowledge about current climatic conditions in
the high altitude tropics is therefore crucial, in
orderto understand how climate impacts glacier
mass balance, and to decipher what portion of
the observed glacier retreat can be attributed
to natural climate variations such as ENSO and
what part is more likely related to greenhouse
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gas indu ced climate change .
Data from Sajama weather station are.

helping to develop a more comprehensive view
of climatic conditions at high altitudes in this
remote part of the tropical Andes. These high
altitude observations are complemented by
studies of interannual variability of precipitation
and temperature, revealing a significant impact
of ENSO on the climate of the Bolivian Altiplano.
Analysis of precipitation time series over the
last decades indicate, that precipitation
fluctuations related to ENSO and the PDO OCcur
on the Bolivian Altiplano, but that they can not
explain the observed glacier retreat.
Temperature however has been steadily rising
overthe last six decades, with a rate of warming
that has significantly accelerated over the last
25 years, coincident with the observed glacier
recession.
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