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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 summertime rainfall variability and their impact upon intraseasonal episodes. A physical link between globalscale phenomena (including ENSO) and interannual
rainfall variability over the Altiplano emerges from this
analysis. A summary of our results is presented in section 5.
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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 characterized using the National Centers for Environmental
Center for Atmospheric
Research
CPrediction–National
LIMATE
VOLUME 14
(NCEP–NCAR) reanalysis fields (Kalnay et al. 1996)
on global 2.5! lat–long grids available since 1958. Because the enhanced amount of assimilated data (including satellite wind data since 1979) the reanalysis are
thought to realistically portray the atmospheric circulation 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
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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 precipitation 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 resolution and lack of direct relationship with the amount
of rain, interannual fluctuations of CI agree well with
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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

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 enhanced subtropical jet stream (westerly flow) during El
Niño years tends to suppress convection over the Altiplano it also favors the maintenance of persistent fron-

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
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Fig. 5. (a) Correlation ¢eld of PC1 with DJF SSTA (GISST 2.3a). Contour interval is 0.2, negative contours are dashed and the
zero line is omitted. (b) As in panel a, but for DJF 200 hPa geopotential height anomalies. Contour interval is 0.1, negative contours are dashed. (c) Regression ¢eld of PC1 with DJF 200 hPa wind anomalies between 1957 and 1996. Values signi¢cant at the
95% con¢dence level based on two-tailed Student’s t-test are shaded in gray in panels a and b. Wind vectors in panel c are
shown only if either zonal or meridional component is signi¢cant at 95%-con¢dence level. Scale for wind vectors in panel c is
given below. Reference period for the anomaly ¢elds is 1961^1990. Wind and geopotential height ¢elds from NCEP-NCAR reanalysis.
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Summer rainfall related to
direction of upper
tropospheric winds at
• intraseasonal
• annual cycle
• interannual
• interglacial?
timescales.

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 indicate 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).

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 experiences strong precipitation £uctuations, ranging 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 £uctuations are even more impressive, as indicated by

the station Coyacagua in northern Chile (20‡S,
68.8‡W ; 3990 m) where the minimum DJF precipitation sum recorded was 11 mm in 1982/83,
while in the next rainy season, 1983/84, the maximum 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 studies concluded that El Nin‹o years (warm phase of
ENSO) tend to be dry, while La Nin‹a years
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Precipitation trends are
minor and cannot explain
observed retreat of glaciers.

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 precipitation. 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.
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PERSP

ties to emphasize those measurements of our
local astrophysical laboratory that will best illuminate how these fundamental cosmic entities
operate. Moreover, observations to date already
indicate that the Saturn system is literally changing 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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FIG. 1. Climatological summertime mean winds at the 200-hPa level and outgoing longwave radiation (OLR). Wind vector reference at
the bottom is 30 m s !1 . Light and medium shading indicates OLR less than 235 and 215 W m !2 , respectively. Thin solid contours indicate
terrain elevation in excess of 2000 and 4000 m. Center of the Bolivian High is indicated by a letter H.

Consistent with its transitional character in time and
space, rainfall over the Altiplano is highly sensitive to
large-scale circulation anomalies. On the interannual

all El Niño/La Niña years are associated with extreme
rainfall anomalies (see also Aceituno and Garreaud
1995; Vuille 1999). The weakness of the relationship

R. Garreaud et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 194 (2003) 5^22

15

Altiplano Variability
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Fig. 5. (a) Correlation ¢eld of PC1 with DJF SSTA (GISST 2.3a). Contour interval is 0.2, negative contours are dashed and the
zero line is omitted. (b) As in panel a, but for DJF 200 hPa geopotential height anomalies. Contour interval is 0.1, negative contours are dashed. (c) Regression ¢eld of PC1 with DJF 200 hPa wind anomalies between 1957 and 1996. Values signi¢cant at the
95% con¢dence level based on two-tailed Student’s t-test are shaded in gray in panels a and b. Wind vectors in panel c are
shown only if either zonal or meridional component is signi¢cant at 95%-con¢dence level. Scale for wind vectors in panel c is
given below. Reference period for the anomaly ¢elds is 1961^1990. Wind and geopotential height ¢elds from NCEP-NCAR reanalysis.
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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 there a change in
the mechanism relating precipitation to
upper level zonal wind?

