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Regional variations in South America’s weather and cli-
mate reflect the atmospheric circulation over the continent
and adjacent oceans, involving mean climatic conditions
and regular cycles, as well as their variability on timescales
ranging from less than a few months to longer than a year.
Rather than surveying mean climatic conditions and vari-
ability over different parts of South America, as provided
by Schwerdtfeger and Landsberg (1976) and Hobbs et al.
(1998), this chapter presents a physical understanding of
the atmospheric phenomena and precipitation patterns that
explain the continent’s weather and climate.

These atmospheric phenomena are strongly affected by
the topographic features and vegetation patterns over the
continent, as well as by the slowly varying boundary con-
ditions provided by the adjacent oceans. The diverse pat-
terns of weather, climate, and climatic variability over
South America, including tropical, subtropical, and
midlatitude features, arise from the long meridional span
of the continent, from north of the equator south to 55°S.
The Andes cordillera, running continuously along the west
coast of the continent, reaches elevations in excess of 4 km
from the equator to about 40°S and, therefore, represents a
formidable obstacle for tropospheric flow. As shown later,
the Andes not only acts as a “climatic wall” with dry con-
ditions to the west and moist conditions to the east in the
subtropics (the pattern is reversed in midlatitudes), but it

also fosters tropical-extratropical interactions, especially
along its eastern side. The Brazilian plateau also tends to
block the low-level circulation over subtropical South
America. Another important feature is the large area of
continental landmass at low latitudes (10°N–20°S), condu-
cive to the development of intense convective activity that
supports the world’s largest rain forest in the Amazon
basin. The El Niño–Southern Oscillation phenomenon,
rooted in the ocean-atmosphere system of the tropical Pa-
cific, has a direct strong influence over most of tropical and
subtropical South America. Similarly, sea surface tempera-
ture anomalies over the Atlantic Ocean have a profound
impact on the climate and weather along the eastern coast
of the continent.

3.1 Mean Climatic Features
and Regular Cycles

In this section we describe the long-term annual and
monthly mean fields of several meteorological variables.
These climatological fields are obtained by averaging many
daily fields, each of them constructed on the basis of sur-
face, upper-air, and satellite meteorological observations.
The atmospheric circulation (winds, pressure, etc.) is char-
acterized by using the NCEP-NCAR reanalysis from 1979
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to 1995 (Kalnay et al., 1996). The precipitation fields are a
blend of station data (Legates and Willmott, 1990) and
precipitation estimates from the Microwave Sounding Unit
(MSU) covering the period 1979 to 1992 (Spencer, 1993).
While the averaging procedure does not have any physi-
cal a priori significance, the regional climate is defined by
the relevant features in the mean fields, which in turn are
forced by the fixed (or very slowly varying) boundary con-
ditions of the atmosphere: land-sea distribution, continen-
tal topography, and the time/space changes of the solar
radiation reaching the surface. Figure 3.1 shows the annual
mean precipitation, sea-level pressure, and low-level winds
[1,000–850 hecto-Pascal (hPa) average]. The maximum
precipitation occurs over the tropical oceans along a band
at approximately 8°N that coincides with a belt of low pres-
sure and low-level wind convergence. This band, the so-
called Intertropical Convergence Zone (ITCZ), is a major
feature of the global circulation, and its year-round posi-
tion to the north of the equator is ultimately related to the
land-sea distribution and orientation of the coastlines
(Mitchell and Wallace, 1992). The rainfall in the ITCZ
decreases slightly as it straddles northern South America,
in part due to the decrease in surface evaporation, but still
produces the highest continental precipitation over the
equatorial Andes, the western Amazon basin, and near the
mouth of the Amazon River. The rainfall in this part of the

continent is produced by deep, moist convection—the very
energetic ascent of buoyant air from near the surface to the
tropopause that sustains the largest rainforest of the world
(see chapter 9).

Two other bands of high annual mean rainfall are evi-
dent in figure 3.1. The western band has its origin in the
western equatorial Pacific (central Pacific during El Niño
years), reaching the continent between its tip and 40°S.
Precipitation in the South Pacific Convergence Zone
(SPCZ; Vincent, 1998) is largely produced by extratropi-
cal frontal systems. The annual mean rainfall is high in
southern Chile due to the enhanced uplift over the west-
ern slopes of the Andes (Lenters and Cook, 1995), but it
decreases sharply to the east, producing rather dry condi-
tions in Argentina’s Patagonia (see also chapters 13 and 14).
The eastern band has its root over the central part of the
continent, and extends southeastward forming the South
Atlantic Convergence Zone (SACZ; Kodoma, 1992;
Figueroa et al., 1995). Rainfall over the central part of the
continent is largely produced by deep convection, but as
one moves into the subtropics, Southern Hemisphere (SH)
frontal systems become more important in promoting deep
convection and eventually produce most of the precipita-
tion (Lenters and Cook, 1995). For instance, the uniformly
large amounts of rainfall observed year round on the coast
of southern Brazil and Uruguay are produced by deep con-
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Figure 3.1 Annual mean rainfall
(shading scale at bottom), sea level
pressure (contoured every 2.5 hPa),
and low-level winds (arrow scale at
bottom). Dashed white line indicates
mean position of the ITCZ. Letters H
and L indicate approximate center of
the subtropical anticyclones and
continental low, respectively.
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vection during the warm season (November to March) and
by frontal systems during the cold season (Montecinos
et al., 2000).

Rainfall is nearly absent over broad areas of the subtropi-
cal oceans owing to large-scale midtropospheric subsid-
ence (fig. 3.1). The rate of subsidence is mainly dictated
by the radiative cooling of the air parcels that have reached
the upper troposphere over the ITCZ (Rodwell and
Hoskins, 1996). The subtropical subsidence together with
the ascent over the ITCZ, the low-level trade winds, and
the upper-level poleward flow form the Hadley cell, a major
feature of the atmosphere’s general circulation. The sub-
siding air also maintains the very persistent cells of sur-
face high pressure and low-level anticyclonic circulation
over the southeast Pacific and Atlantic oceans, with only
minor seasonal variations. Over the continent, deep con-
vection (either moist or dry) offsets the large-scale subsid-
ence, so that mean upward motion prevails over the central
part of South America, enhancing the subsidence over the
southeast Pacific Ocean (Gandu and Silva Dias, 1998).

Consequently, sea-level pressure over the continent is
lower than the corresponding value over the adjacent
oceans throughout the year, thus forcing the trade winds
over the tropical Atlantic to penetrate into the continent
in a nearly east-west direction, until they become conver-
gent near the Andes cordillera. On the western side of the
tropical-subtropical Andes (which act as an effective bar-
rier to the flow), the equatorward low-level winds promote
coastal upwelling of cold waters, maintaining a coastal
tongue of low sea surface temperature (SST) that extends
westward at the equator, where it is enhanced by equato-
rial upwelling. The adiabatically warmed air aloft and the
cold SST result in a cool, moist marine boundary layer of
500–1,000 m thick capped by a strong temperature inver-
sion over the subtropical southeast Pacific (e.g. Garreaud
et al., 2002). A very extensive deck of shallow, non-
precipitating stratocumulus clouds is typically observed
at the top of the marine boundary layer (e.g., Klein and
Hartmann, 1993). This cloud layer plays an important role
in the regional and global climate by substantially reduc-
ing the amount of solar radiation reaching the ocean sur-
face (the so-called albedo effect; e.g., Hartmann et al., 1992)
and by cooling the lower troposphere due to the strong
upward emission of infrared radiation at the top of the
clouds (Nigam, 1997).

Two conspicuous dry regions occur over tropical-sub-
tropical South America (fig. 3.1; see also chapter 11). The
first region encompasses the western side of the continent,
a 100–300 km strip of land between the coastline and the
Andes cordillera from ~30°S as far north as 5°S. The coastal
desert of northern Chile and Perú is primarily explained
by the strong, large-scale subsidence over the subtropical
southeast Pacific Ocean, but its extreme aridity (places with
no precipitation for several years) seems related to regional
factors (Abreu and Bannon, 1993; Rutllant et al., 2000). At

these latitudes, the central Andes (including the Altiplano)
become a truly climatic border between the extremely arid
conditions to the west and the wet conditions to the east
(e.g., Garreaud 2000a; see also chapters 10 and 12). The
second region corresponds to the eastern tip of the conti-
nent, in northeast Brazil, where the annual mean precipi-
tation is less than half of the inland values at the same
latitude and the rainy season is restricted to March to May,
when the ITCZ reaches its southernmost position (e.g.,
Kousky and Ferreira, 1981; Hastenrath, 1982). The dryness
of this region appears to result from a local intensification
of the Hadley cell in connection with the strong convec-
tion over the equatorial Atlantic (Moura and Shukla, 1981;
Mitchell and Wallace, 1992).

The area affected by deep convection experiences sig-
nificant changes during the year, leading to a pronounced
mean annual cycle in rainfall over tropical and subtropi-
cal South America, as shown by seasonal maps of mean
precipitation (fig. 3.2). Such changes are controlled by the
annual north-south march of insolation, resulting in
changes in land surface temperatures, and also by complex
interactions with changes in low-level moisture transport
(Fu et al., 1999). During the austral winter (June–July–
August, JJA,), the heaviest precipitation and thunderstorms
are found over northern South America and southern Cen-
tral America, connected with the oceanic ITCZ (fig. 3.2a).
At this time of year, the central part of the continent (in-
cluding southern Amazonia) experiences its dry season,
interrupted occasionally by the passage of modified cold
fronts from the southern midlatitudes. By the end of Octo-
ber, there is a rapid shift of the area of intense convection
from the northern extreme of the continent into the cen-
tral Amazon basin (e.g., Horel et al., 1989), marking the
onset of the so-called South American summer monsoon
(fig. 3.2b, Zhou and Lau, 1998).

The area of convective precipitation reaches its south-
ernmost position during the austral summer (December–
January–February, DJF), encompassing the southern
Amazon basin, the Altiplano, and the subtropical plains
of the continent (southern Bolivia and Brazil, Uruguay,
Paraguay, and central Argentina), and extending over the
South Atlantic Convergence Zone (fig. 3.2c). In this sea-
son, a low pressure cell forms over the extremely hot and
dry Chaco region (Seluchi and Marengo, 2000), forcing the
southward flow of the trade winds and their subsequent
convergence over the subtropical plains. Observational and
modeling evidence has shown that the northerly flow be-
tween the Andes and the Brazilian highlands is often or-
ganized in a low-level jet with its core (wind speed often
in excess of 12 m/s) at about 1 km above the ground and
less than 100 km from the eastern slopes of the Andes (e.g.
Saulo et al., 2000). The poleward moisture transport by this
low-level jet feeds the convective rainfall over the subtropi-
cal plains, a major agricultural region and heavily popu-
lated area (Berbery and Collini, 2000; Saulo et al., 2000).
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During early fall, deep convection gradually diminishes
over the subtropics and begins to shift northward, thus
leading to the demise of the South American summer
monsoon by the end of April (fig. 3.2d).

The seasonal maps in figure 3.2 show the upper-level
atmospheric circulation in terms of the mean 200–hPa
winds superimposed on the precipitation field. During the
austral winter (JJA), strong Southern Hemisphere (SH)
westerly flows prevail over South America as far north
as 5°S, consistent with the equatorward displacement of
the maximum tropical-extratropical thermal gradient (fig.
3.2a). During the course of the austral spring (SON), the
subtropical jet stream moves southward, while a weak
anticyclonic circulation develops over the tropical part

of the continent (fig. 3.2b). During the austral summer
(DJF), the SH westerlies over the continent are restricted
to the south of 22°S, while the Northern Hemisphere (NH)
westerlies reach the northern extreme of the continent. In
this season, an upper-level anticyclonic circulation, re-
ferred as the Bolivian High, becomes firmly established
over the central part of the continent (with its center lo-
cated at 15°S and 65°W). This High is accompanied by a
cyclonic circulation downstream over the northeast coast
of Brazil, and a convergence region along the coast of Perú
and Ecuador (fig. 3.2c; Virji 1981; Lenters and Cook, 1997).

It was originally proposed that the Bolivian High had a
thermal origin, maintained by the strong sensible heating
over the central Andes and the release of latent heat in the
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Figure 3.2 Seasonal mean rainfall (shading scale as figure 1) and 200 hPa winds (shown as streamlines) for (a) austral winter, (b)
spring, (c)summer, and (d) fall. Maximum wind speed in midlatitudes is 60 m/s. Letter H indicates the approximate center of
upper level anticyclones. Letter L in (c) indicates the center of the upper level trough over northeast Brazil.
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summertime convection over the Altiplano (Schwerdtfeger,
1961; Gutman and Schwerdtfeger, 1965). Modeling stud-
ies (reviewed in Lenters and Cook, 1997), however, indi-
cate that the Bolivian High is instead a dynamical response
to the warming of the upper troposphere generated by the
cumulus convection over the Amazon basin. Diabatic heat-
ing over the Altiplano does not appear essential for the
existence of the Bolivian High, although the Andes play
an indirect role by organizing the low-level flow and con-
vection over the central part of the continent. On the other
hand, the presence of the Bolivian High is instrumental for
the occurrence of summertime precipitation over the Alti-
plano, since the easterly flow aloft favors the transport of
moist air from the lowlands toward the central Andes
(Garreaud, 1999b). Furthermore, the Bolivian High contrib-
utes to the intensification of the SACZ during summer,
owing to vorticity advection aloft (Figueroa et al., 1995).
During the austral fall (MAM), the SH westerlies return to
the subtropics, and a pair of anticyclones is found over
tropical South America, consistent with the convection
centered on the equator (fig. 3.2d).

During the rainy season, there is a well-known prefer-
ence for an afternoon / evening maximum of deep convec-
tion over continental areas, since land-surface heating
tends to destabilize the lower troposphere (e.g. Meisner and
Arkin, 1987). Nevertheless, detailed analyses of the mean
diurnal cycle of rainfall (Negri et al., 1994) and convective
clouds (Garreaud and Wallace, 1997) demonstrate that the
timing of the maximum convection is location-dependent,
and closely linked to regional topographic features such
as mountain ranges and concave coastlines. To illustrate
this point, figure 3.3 shows the evening and early morn-
ing frequencies of cold cloudiness, a proxy for convective
rainfall, during the austral summer (DJF). Maximum con-
vection during the evening is very pronounced over the
central Andes, along the northeast coast of the continent,
and in two parallel bands over central Amazonia (fig. 3.3a).
The first two bands arise from the concurrent timing of the
thermodynamic destabilization and the maximum strength
of dynamical forcing: plain-to-mountain wind convergence
over the Andes, and land-sea breeze convergence along the
coast. The intervening parallel bands are interpreted as the
afternoon reactivation of recurrent Amazon coastal squall
lines (ACSL; e.g., Cohen et al., 1995). ACSLs are forced at
the coast by sea breezes and move inland, maintaining their
identity for 12–36 hours, most notably in early autumn. On
the other hand, convection tends to peak during night-time
and early morning along the eastern slopes of the central
Andes, over the subtropical plains, and off the northeast
coast of the continent, highlighting the dynamical forcing
in these areas (fig. 3.3b; Berbery and Collini, 2000).

The mean annual and diurnal cycles of the precipitation
to the south of 40°S are generally less pronounced than those
at lower latitudes, because of the dynamical forcing (in con-
trast with thermodynamic forcing) of frontal rainfall. A no-

a. Late afternoon - evening

b. Late night - early morning
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Figure 3.3 (a) Late afternoon and evening (1,800–2,100 UTC
average; UTC: Universal Time Coordinated = Greenwich Time)
frequency of cold clouds (cloud-top temperature less than
235°K) during the austral summer (DJF). Solid lines within the
continent indicate terrain elevation at 2,000 and 4,000 m
above mean sea level. (b) As (a) but for late night and early
morning (0900–1,200 UTC average; modified from Garreaud
and Wallace, 1997).

table feature of the SH midlatitudes is the circumpolar ring
of strong westerly flow throughout the depth of the tropo-
sphere; this intersects the southern tip of South America
between 50°S and 40°S. As described later, the zonal sym-
metry observed in figure 3.2 is the result of averaging many
daily maps, each of them containing significant departures
from zonal symmetry and strong meridional flow. The
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position of the jet axis coincides with zone of maximum
meridional temperature gradient, and therefore is a proxy
for the preferred path, or storm track, of synoptic-scale dis-
turbances (Trenberth, 1991). Although subtle, there is an
intensification and equatorward shift of the storm track and
similar changes in the strength and position of the subtropi-
cal anticyclones during the austral winter (JJA; Physick,
1981), thus leading to the rainy season in central Chile and
Argentina (30–40°S) (fig. 3.2; see also chapter 11).

3.2 High-Frequency
Climatic Variability

Temporal changes in atmospheric conditions, such as tem-
perature, rainfall, and wind, over a given region exhibit
nonregular fluctuations across a broad range of scales su-
perimposed on the mean diurnal and annual cycles. These
fluctuations include synoptic-scale variability, broadly
associated with weather, as well as intraseasonal, inter-
annual, interdecadal, and longer-scale variations, that arise
from the internal variability of the atmosphere and its cou-
pling with other components of the Earth system such as
the oceans, land vegetation, and sea-ice. In this section, we
describe fluctuations in the atmospheric circulation and
rainfall that occur on timescales ranging from a few days
to a few months, usually termed high-frequency variabil-
ity. These fluctuations are important in themselves because
they influence weather patterns, while changes in their
frequency and intensity constitute the building blocks of
longer-scale variability.

3.2.1 Synoptic-Scale Variability

Synoptic variability refers to changes in atmospheric con-
ditions over periods ranging from 2 to 10 days. These
changes are caused by synoptic-scale disturbances, that is,
troposphere-deep phenomena with horizontal dimensions
of thousands of kilometers in at least one direction that
maintain their identity for several days. The prime source
of synoptic disturbances are the baroclinic waves that grow,
reach maturity, and decay while embedded in the
midlatitude westerly flows. Details on the dynamics, struc-
ture, and evolution of baroclinic waves can be found in
most textbooks of meteorology (e.g. Wallace and Hobbs,
1977; Holton, 1992). In addition to midlatitude waves,
synoptic variability can also be produced by phenomena
of pure tropical origin, such as tropical depressions. Ex-
cept for the influence of easterly waves along the north-
east coast, these kinds of synoptic phenomena are seldom
observed in South America, a fact attributed to the rela-
tively cold sea surface temperature in the adjoining oceans
(Satyamurti et al., 1998).

As mentioned earlier, the circumpolar SH storm track
intersects the continent to the south of 40°S, with only

minor seasonal changes. More detailed analysis by Berbery
and Vera (1996) indicates the existence of two preferred
west-to-east paths of baroclinic waves in the South Ameri-
can region: one along the subpolar jet, about 60°S, and the
other along the subtropical jet that crosses the Andes be-
tween 30°S and 45°S. The baroclinic waves in the former
path are little affected by continental topography, and they
evolve smoothly as they move to east-southeast over the
southern oceans (Vigliarolo et al., 2000). In contrast, waves
evolving along the subtropical path are blocked by the
Andes cordillera and experience substantial distortion in
their structure. The effect of the Andes on baroclinic waves
has been addressed in statistical analysis by Gan and Rao
(1994b), Berbery and Vera (1996) and Seluchi et al. (1998),
among others. At upper levels, the waves tend to move to
the northeast, slightly departing from the general zonality.
The equatorward dispersion of the wave activity is consis-
tent with the conservation of potential vorticity of the air
columns crossing the Andes cordillera (Seluchi et al.,
1998). Upper level mid-latitude waves can also spawn
closed cyclonic vortices (cutoff lows) that subsequently
move irregularly in the subtropics, as discussed later. At
lower levels, midlatitude disturbances experience major
distortion due to mechanical blocking. To the west of the
subtropical Andes, pressure anomalies tend to be out of
phase with respect to the incoming disturbance farther
south, especially in the anticyclonic case (Garreaud et al.,
2001). To the east of the Andes, both low- and high-pressure
cells are markedly deflected to lower latitudes. Near the
east coast of the continent, cyclones usually deepen dra-
matically (Taljaard, 1972; Sinclair, 1994), in part because
of the diabatic effect of the warm waters of the subtropical
Atlantic (Seluchi and Saulo, 1998).

Low-Level Effects To describe further the effects of topog-
raphy on weather systems, the life cycle of low-level low-
and high-pressure cells (steered by a trough-ridge wave in
the middle troposphere) moving across South America is
schematized in figure 3.4. Over the southeast Pacific Ocean,
the persistent subtropical anticyclone limits the equator-
ward extent of the low cell to about 35°S (fig. 3.4a), while
the blocking effect of the Andes upon the northwesterly
flow (ahead of the surface low) tends to delay the arrival
of the cold fronts to the west coast of the continent (Rutllant
and Garreaud, 1995). Eventually, the low-pressure cell
moves into the southern tip of the continent and the cold
front is able to reach the coast, producing rainfall in south-
ern and central Chile and snowfall over the high subtropi-
cal Andes (fig. 3.4b).

At the same time, strong westerly winds over the Andes
produce lee-side subsidence in western-central Argentina,
leading to the formation of a thermal-orographic depres-
sion. This later effect, acting in concert with cyclonic vor-
ticity advection aloft, produces the advance of the surface
low toward lower latitudes (fig. 3.4b). During the warm

                                 UNCORRECTED PROOFS



Atmospheric Circulation and Climatic Variability 51

season, the lee-side subsidence deepens the climatologi-
cal Chaco low, which in turn intensifies the transport of
moist, warm air from the Amazon basin toward the subtropi-
cal plains, fueling severe storms in the form of prefrontal
squall lines or other mesoscale convective complexes
(Velasco and Fritsch, 1987; Garreaud and Wallace, 1998;
Seluchi and Marengo, 2000). The latent heat release in these
storms further deepens the surface low as it moves eastward,
thus triggering a positive feedback mechanism (Seluchi and
Saulo, 1998). The increasing availability of moist air toward
the east coast also contributes to storm intensification. Con-
sistently, explosive cyclogenesis (or cyclone redevelopment)
is observed near the east coast of the continent between 25–
35°S, especially in the spring and fall, when the synoptic
forcing at these latitudes is still strong and the troposphere
is unstable (Gan and Rao 1994a;Sinclair, 1994). During the
austral winter, thermodynamic conditions over the subtropi-
cal plains are less conducive to moist convection but the

formation of the lee-trough can, under some conditions,
forces severe damaging downslope wind storms along the
eastern foothills of the Andes, locally known as Zonda
events (Norte and Silva, 1995).

To return to the synoptic sequence of figure 3.4, as the
surface low moves eastward into the Atlantic, a migratory
cold-core anticyclone approaches the west coast of the
continent and merges with the subtropical anticyclone over
the southeast Pacific (fig. 3.4c). Off the coast of central
Chile, the easterly geostrophic winds in the lower tropo-
sphere force downslope flow over the Andean slope, so that
cool marine air is replaced by warm, continental air. Con-
sequently, the surface pressure drops along the subtropi-
cal west coast of the continent, leading to the formation of
a coastal low and broad clearing of the stratocumulus
clouds over the subtropical Pacific (Garreaud et al., 2001),
with significant impacts on regional weather. To the east
of the subtropical Andes, the easterly flow along the north-
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Figure 3.4 Conceptual model of a midlatitude wave moving across South America (for clarity, only surface and low-level
features are shown). Solid lines represent isobars at the surface. Recall the clockwise (counter-clockwise) circulation of
geostrophic winds around a low (high) pressure cell in the Southern Hemisphere. Hs = subtropical anticyclone; Hm =
migratory (cold) anticyclone; L = migratory low pressure cell; LT = lee trough; CL = coastal low. Also shown are surface cold
fronts (solid lines with filled triangles), warm fronts (solid lines with filled semicircles), the approximate position of the low-
level jet (LLJ, shaded arrow), and the path of the cold air surge (shaded arrow pointing northward). The whole sequence takes
about 4 days.
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ern flank of the migratory high is dammed by the moun-
tains, breaking down the geostrophic balance and leading
to southerly wind over a band of country about 1,000 km
wide beyond the Andean foothills. The cold, dry air surges
equatorward between the Andes and the Brazilian plateau,
displacing relatively warm, moist air (fig.3.4d). This latter
effect results in a hydrostatic rise in surface pressure, ex-
plaining the expansion of the surface anticyclone into sub-
tropical and tropical latitudes (Garreaud, 1999a).

Cold surges are a year-round feature of the synoptic cli-
matology of the South American continent (e.g., Kousky
and Cavalcanti, 1997; Garreaud, 2000b; Vera and Vigli-
arolo, 1999; Seluchi and Marengo, 2000), with a near-
weekly periodicity but a large range in their intensity and
meridional extent. Extreme wintertime episodes (one ev-
ery few years) produce freezing conditions and severe ag-
ricultural damage from central Argentina to southern
Bolivia and Brazil (locally known as friagems or geadas),
and have motivated case studies by Hamilton and Tarifa
(1978), Fortune and Kousky (1983), and Marengo et al.
(1997), among others. Summertime episodes produce less
dramatic fluctuations in temperature and pressure, owing
to the smaller seasonal temperature gradient between mid-
and low latitudes, but they are accompanied by synoptic-
scale bands of deep convection at the leading edge of the
cool air (Ratisbona, 1976; Kousky, 1979; Garreaud and
Wallace, 1998; Liebmann et al., 1999). The banded cloud
pattern extends from the eastern slopes of the Andes south-
eastward into the South Atlantic Ocean, where it intensi-
fies the SACZ. These bands account for up to 40% of the
summertime precipitation over subtropical South America
(Garreaud and Wallace, 1998) and can reach as far as the
northeast coast of Brazil (Kousky, 1979) and across the
equator (Parmenter, 1976; Kiladis and Weickmann, 1997).

Cutoff Lows Cutoff lows are isolated cyclonic vortices in
the upper troposphere at subtropical and higher latitudes,
which develop from preexisting cold troughs (Carlson,
1998). Over South America, cutoff lows are observed over
the northeast coast of Brazil and to the west of the subtropi-
cal Andes. In the former location, they are a frequent sum-
mertime phenomenon (Kousky and Gan, 1981) that dra-
matically intensifies the climatological trough in this
region (fig. 3.2c). Kousky and Gan documented that cutoff
lows tend to form near the axis of a SH trough crossing the
eastern side of the continent, and they exhibit a direct ther-
mal circulation, with colder air subsiding in their core (in-
hibiting convection) and warmer air ascending on their
periphery (fostering deep convection). Once formed, the
vortex may persist for several days, with an irregular hori-
zontal movement, and is associated with excessively dry
or wet conditions over northeast Brazil (Kousky and Gan,
1981, Satyamurty et al., 1998).

Cutoff lows to the west of the subtropical Andes also
form from a SH trough approaching this region. The segre-

gation of the cold vortex occurs when the zonal flow far-
ther south is very strong (Pizarro and Montecinos, 2000).
Once formed, the cutoff low moves rather irregularly along
the west side of the Andes, causing strong windstorms and
heavy precipitation on the Andean slopes. In contrast with
cold fronts that rarely affect latitudes to the north of 30°S,
wintertime cutoff lows can produce significant snowfall at
higher elevations in northern Chile and Argentina (Pizarro
and Montecinos, 2000) and the southern Altiplano (Vuille
and Ammann, 1997) a few times a year.

3.2.2 Intraseasonal Variability

Atmospheric fluctuations with periods ranging from 10 to
90 days are generally termed intraseasonal (IS) variability.
IS variability in the tropics has been the subject of substan-
tial research since a planetary-scale tropical oscillation with
a 40- to 50-day period was discovered in the early 1970s
(Madden and Julian, 1971, 1972). It is believed that the
Madden-Julian Oscillation (MJO) is primarily forced by
anomalies in tropical SST and their feedback in circulation
and convection (Madden and Julian, 1994). The MJO-related
convection does not directly affect South America, since the
associated tropical region of active convection normally
moves from the eastern Indian Ocean to the western Pacific
and then decays over the eastern Pacific (Salby and Hendon,
1994). In contrast, the MJO-related circulation anomalies at
low-latitudes are circumglobal, causing a reversal in the
upper level zonal wind over tropical (10°S to 10°N) South
America over an ~30-day period. Whether these circulation
fluctuations could produce IS variability in the convection
over the equatorial Andes and western Amazonia needs to
be addressed. IS variability in the subtropics and higher
latitudes, although generally less pronounced than the fluc-
tuations associated with individual disturbances, can modu-
late the regional weather over extended periods of time. IS
variability in the extratropics can result from internal non-
linear atmospheric dynamics, or be remotely forced from the
tropics by so-called atmospheric teleconnections (see details
in Kiladis and Mo, 1998).

Over tropical and subtropical South America, the most
notable IS fluctuation is a seesaw of dry and wet condi-
tions with periods ranging between 2 and 3 weeks during
the austral summer (Nogués-Paegle and Mo, 1997;
Liebmann et al., 1999, Aceituno and Montecinos, 1997).
Convection and precipitation over the Altiplano is also
organized in rainy episodes of about 1 to 3 weeks, inter-
rupted by similar dry episodes (Aceituno and Montecinos,
1997, Garreaud, 1999b, Lenters and Cook, 1999), and tend
to be out-of-phase with convection over the eastern side
of the continent (Garreaud, 1999b). The IS variability of the
convective rainfall is associated with continental-scale
anomalies of the tropospheric circulation, illustrated in
figure 3.5 by the 200-hPa height difference and 850-hPa
wind difference between positive and negative events (each
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of them lasting a week or longer) of the rainfall seesaw
identified by Nogués-Paegle and Mo (1997). This difference
is associated with rainy conditions over the subtropical
plains and dry conditions over the SACZ (wet-continent
phase of the seesaw). The anticyclonic anomalies at lower-
levels enhance the northerly flow and moisture transport
to the east of the Andes that in turn feeds convection over
the subtropical plains. At upper level, the anticyclonic
anomalies intensify and extend southward the region of
easterly flow over the Andes associated with the Bolivian
High. Easterly flow aloft is typically connected with rainy
conditions over the Altiplano, since it fosters the transport
of moist air from the Bolivian lowlands to higher elevations
(Garreaud, 1999b). Finally, the dry conditions over the
SACZ are explained by subsidence downstream of the
upper-level anticyclone. Roughly opposite mechanisms act
during the dry-continent phase of the seesaw.

It has been proposed that the summertime circulation
anomalies over South America (fig. 3.5) are part of large-
scale wave train emerging from the South Pacific, referred
to as the Pacific South American (PSA) modes. During
wintertime, the PSA modes dominate the intraseasonal
variability in the SH (Ghil and Mo, 1991; Mo and Higgins,
1997). Mo and Higgins (1997) suggest that tropical convec-
tion over the western Pacific serves as a catalyst in the

development of standing PSA modes, therefore connect-
ing intraseasonal variability in the remote tropics with
intraseasonal variability in subtropical South America.

The PSA modes have also been associated with the onset
of blocking anticyclones in the south Pacific to the west of
the Antarctic Peninsula (Renwick and Revell, 1999), and
whose subsequent maintenance arises from a complex in-
teraction between the mean flow and the transient distur-
bances (Marques and Rao, 1999). The tropospheric-deep
anticyclonic anomalies (barotropic structure) tend to split
the mid-latitude zonal flow into equatorward and poleward
branches. As the blocks in the southeast Pacific remain
stationary for 5 to 15 days (Sinclair, 1996; Renwick, 1998),
the mid-latitude storm track shifts equatorward, produc-
ing stormy conditions in central Chile and dry, cold con-
ditions at the southern tip of the continent (Rutllant and
Fuenzalida, 1991).

3.3 Low-Frequency Climatic Variability

Low-frequency climate variability includes changes occur-
ring between consecutive years, usually identified as inter-
annual variability (IA), and slower changes at timescales of
decades (interdecadal variability) or longer periods (trends).

Many factors determine interannual climate variability
in South America. As elsewhere in the world, those asso-
ciated with the occurrences of El Niño (EN) and La Niña
phenomena in the tropical Pacific, during the extreme
phases of the Southern Oscillation (SO), have received
much more attention, particularly concerning their impacts
on rainfall. The worldwide signatures of ENSO in surface
pressure and rainfall were first recognized by Walker and
Bliss (1932), and the link between the atmospheric anoma-
lies and tropical Pacific SST anomalies was discovered in
the late 1950s and 1960s (e.g. Bjerknes, 1966). Because of
its impact and complex dynamics, research literature on
ENSO is extensive, and the reader is referred to the vol-
umes of Philander (1990), Diaz and Markgraf (2000), and
Glantz et al. (1991) for in-depth treatments of this phenom-
enon (see also chapter 19).

The sign and strength of the ENSO-related anomalies are
geographically and seasonally dependent, rendering a com-
plex picture of the functioning of this phenomenon in the
South American region (Aceituno, 1988; Kiladis and Diaz,
1989; Ropelewski and Halpert, 1987, 1989). The negative
phase of the SO is typically accompanied by positive SST
anomalies in the tropical Pacific, while relatively cold con-
ditions prevail during the positive phase of the SO. When
these SST anomalies are relatively intense and last for sev-
eral months, an episode of El Niño (warm conditions) or La
Niña (cold conditions) is defined (Trenberth, 1997).

Studies of ENSO-related rainfall anomalies at a global
scale indicate that El Niño episodes are typically associ-
ated with below-normal rainfall in the northern part of

Dry

Wet
H

Figure 3.5 200 hPa height difference (con-
toured every 20 m) and 850 hPa winds (scale in
m/s at bottom) difference between the wet-
continent and dry-continent phases of the
subtropical rainfall seesaw during summer
(from Nogués-Paegle and Mo, 1997).
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South America and anomalously wet conditions in the
southeastern portion of the continent, including south-
ern Brazil, Uruguay, southern Paraguay, and northeast Ar-
gentina (fig. 3.6; Ropelewski and Halpert, 1987). Opposite
rainfall anomalies are typically observed in both regions
during La Niña events (Ropelewski and Halpert, 1989).
This large picture of the ENSO impacts on rainfall in South
America exhibits considerable variation when analyzed
at a regional scale.

Hydrological records for the two largest rivers in the
northern Andes, the Magdalena and Cauca, show a distinct
ENSO signal, indicating a tendency for drought during El
Niño episodes and flooding conditions during La Niña
events (Aceituno and Garreaud, 1995). The strength of this
signal reaches a maximum during the boreal winter (Janu-
ary–February) that coincides with one minimum in the
rainfall semi-annual cycle that characterizes this region
(Aceituno, 1988; Hastenrath, 1990). Mechanisms involved
in this ENSO-related anomaly in the rainfall regime are not
well understood. The weakening of the temperature con-
trast between the continent and adjacent oceans (Pacific
and the Caribbean) and the enhanced convection over the
eastern tropical Pacific during an El Niño episode are two
factors favoring a weakening of convection over the Colom-
bian Andes.

Flood conditions along the semi-arid coastal areas in
southern Ecuador and northern Peru during El Niño epi-
sodes are one of the trademarks of the climatic impacts of
this phenomenon in South America (see Chapter 19). In fact,
many decades before coherent global-scale climate anoma-
lies were linked to ENSO, the damaging floods during epi-
sodes of anomalously warm waters along the coast of
northern Peru had been well documented (e.g., Murphy,
1926). As in most regions having a significant ENSO signal

on climate variability, rainfall anomalies here are phase-
locked with the annual rainfall cycle. Thus, flood conditions
during El Niño events develop from around December to
May, and there is evidence that strong convection-produc-
ing rainfall is triggered by anomalously high values of SST
in the adjacent ocean (Horel and Cornejo-Garrido, 1986).
Although enhanced convection and rainfall are confined to
lowland areas near the coast, the impact on river discharges
is extremely large. As an example, at the peak of the major
1982–1983 El Niño episode, in May 1983 when SST sur-
passed 28.0°C along the coast of northern Perú, the discharge
of the Piura River neared 1,200 m3/s, well above its average
flow of about 40 m3/s for that month!

Over the central Andes, especially along the western
side of the Altiplano, a relatively weak tendency for drier-
than-average conditions during the wet season (December–
March), when positive SST anomalies prevail in the
tropical Pacific, has been documented in several studies
(Francou and Pizarro, 1985; Ronchail, 1995; Vuille, 1999).
This anomalous behavior in the rainfall regime produces
a significant mark on hydrological and glaciological
records. Specifically, El Niño episodes are associated with
a relatively low seasonal increment in the level of Lake
Titicaca (Kessler, 1974; Aceituno and Garreaud, 1995)) and
below-average snow accumulation on glaciers (Thompson
et al., 1984; Wagnon et al., 2001). Negative rainfall anoma-
lies during El Niño are consistent with stronger-than-av-
erage subtropical westerlies over the Altiplano, conditions
that inhibit the advection of moisture from the warm and
humid environment of the Bolivian lowlands (). Opposite
upper-level circulation anomalies tend to occur during wet
seasons coinciding with La Niña episodes, thus enhanc-
ing the moisture transport toward the Altiplano and favor-
ing wetter-than-average conditions.

Figure 3.6 Main areas with ENSO-related
changes in rainfall. The affected regions
are approximately outlined by dashed
lines. The correlation between rainfall
anomalies and tropical Pacific SST (an
index of ENSO) is indicated by plus and
minus signs, the thickness of which
indicates the relative strength of the
correlation. The strongest rainfall
anomalies tend to occur during the corres
ponding climatological wet season.
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Long recognized is the tendency for drought to occur
in semiarid northeast Brazil (the Brazilian Nordeste) when
El Niño conditions prevail in the tropical Pacific (e.g.,
Caviedes, 1973). Nevertheless, the interannual rainfall
variability in this part of the continent has stronger links
to anomalous SST, surface wind, and convection patterns
in the tropical Atlantic, conditions that are partially modu-
lated by ENSO (Hastenrath and Heller, 1977; Moura and
Shukla, 1981). A dipole of SST anomalies over the Atlan-
tic on both sides of the equator sometime persists for sev-
eral months. Warm SST anomalies to the north of the
equator lead to enhanced convection in the ITCZ and stron-
ger-than-normal subsidence and drought over the Nordeste
(Moura and Shukla, 1981). When SST warm anomalies
occur to the south of the equator, the ITCZ encompasses
the Nordeste, causing wetter than normal conditions there.

Changes in the global atmospheric circulation induced
by anomalies in the ocean-atmosphere system in the tropi-
cal Pacific are at the origin of many ENSO-related climate
anomalies in subtropical and extratropical areas around the
globe (that is, teleconnection patterns). In South America,
these signals are significant along the subtropical western
border (central Chile) and over the southeast portion of the
continent. Regarding the links between SST anomalies in
the tropical Pacific and rainfall, a warm-wet / cold-dry
relationship over central Chile and the subtropical Andes
during the wet season (May–September) has been docu-
mented in several studies (Quinn and Neal, 1983; Kiladis
and Diaz, 1989; Aceituno and Garreaud, 1995). A detailed
analysis of this ENSO signal revealed that the tendency for
positive (negative) rainfall anomalies during El Niño (La
Niña) is significant in the 33°S to 36°S latitudinal band
during the austral winter, while from 36°S to 39°S the same
signal is best defined during the spring (Montecinos et al.,
2000). The tendency to above average wintertime rainfall
during El Niño years is consistent with a relatively higher
frequency of blocking anticyclones to the west of the Ant-
arctic Peninsula, and the subsequent northward displace-
ment of the South Pacific storm track (Rutllant and
Fuenzalida, 1991).

Over southeastern South America, anomalously wet
conditions typically occur during El Niño that generate
extensive flooding in the lowlands of southern Brazil,
southern Paraguay, Uruguay, and northeast Argentina.
Several studies have described this ENSO-related signal
based on the analysis or rainfall and streamflow records
(Kousky et al., 1984; Aceituno, 1988; Pisciottano et al.,
1994; Diaz et al., 1998; Grimm et al., 1998). This relation-
ship between ENSO and rainfall has been linked to the
intensification of the subtropical jet and its associated
baroclinic activity (Kousky et al., 1984; Lenters and Cook,
1999). Its strength is greatest during the austral spring and
early summer (Montecinos et al., 2000).

It has been recognized that central Pacific SST anoma-
lies during warm and cold episodes are accompanied by

temperature anomalies of the same sign in the tropical tro-
posphere throughout the globe. Over South America, there
is a clear tendency for above (below) normal air tempera-
ture during warm (cold) ENSO years, from the northern
margins of the continent south to about 30°S (Aceituno,
1988, 1989). The opposite relationship (that is, cold air
anomalies during El Niño years) is observed in mid-
latitudes year-round and along the subtropics during the
early summer, probably because ENSO-related increased
precipitation over these regions is also associated with a
reduction of solar radiation (Aceituno, 1988).

One must keep in mind that the relationships between
ENSO and regional rainfall and temperature, as described
above, are typically obtained from data records during the
last 30 to -40 years. The strength of these relationships
might vary significantly when viewed on longer timescales
(Aceituno and Montecinos, 1993). It is also important to
remember that ENSO is only one of the significant factors
modulating interannual climatic variability in South Amer-
ica. In fact, many studies have demonstrated the significant
influence that changes in the tropical Atlantic ocean-atmo-
spheric system have on rainfall variability over many areas
of tropical South America (Hastenrath and Heller, 1977;
Marengo, 1992; Nobre and Shukla, 1996; Diaz et al., 1998)

Recent work has focused on interdecadal variability of
the ocean-atmosphere system that may explain slow or
abrupt changes in climate. The broadly known “regime
shift” of 1976 appears to be an outstanding example (e.g.,
Graham, 1994). Yet our capacity to identify, describe, and
explain this interdecadal climate variability is hampered
by the relatively short length of the instrumental records
relative to the timescale to be addressed (Garreaud and
Battisti, 1999). At even longer timescales, slow changes in
the climate are present as trends in almost all climatic
records. Slowly evolving boundary conditions of the atmo-
sphere (mostly SST) seem to be the most important factors
influencing this type of variability. In subtropical South
America, a marked contrast is apparent in the long-term
evolution of rainfall on both sides of the continent. On the
western margin (central Chile), a negative trend character-
ized most of the rainfall records during the twentieth cen-
tury (Aceituno et al., 1992), while on the eastern side a
remarkable upward trend has been observed on rainfall and
streamflow records, especially after 1950 (Krepper et al.,
1989; Castañeda and Barros, 1994; Minetti and Vargas,
1997; Robertson and Mechoso, 1998).
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