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Abstract Nine models from the Coupled Model Intercomparison Project version 3
dataset are employed to examine projected changes in the South American Monsoon
System annual cycle by comparing the 20th Century and SRES A2 scenarios. The
following hypotheses are examined: (1) the warm season climate responses in the
Southeast, Continental South Atlantic Convergence Zone (CSACZ) and Monsoon
regions are related by regional circulation and moisture transport changes which, in
turn, must be consistent with robust large-scale changes in the climate system, and
(2) an increased threshold for convection in a warmer world may affect the timing
of warm season rains. The present analysis reaffirms that the Southeast region is
likely to experience increased precipitation through the warm season. Additional
results exhibit more uncertainty due to large inter-model variance and disagreement
in the A2 scenarios. Nevertheless several statistically significant results are found. In
the Monsoon and to a lesser extent in the CSACZ region, the multi-model median
suggests reduced precipitation during spring (Sep–Nov). These continental precipita-
tion changes are accompanied by a southward shift of the maximum precipitation in
the South Atlantic Convergence Zone. Changes in circulation include a poleward
displaced South Atlantic Anticyclone (SAAC) and enhanced moisture transport
associated with a strengthened northerly low level flow east of the Andes during
spring. Moisture transport divergence calculations indicate unchanged divergence
in the Monsoon region during spring and increased convergence in the Southeast
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throughout the warm season. The circulation and moisture transport changes suggest
the increased precipitation in the Southeast during spring may be related to changes
in the SALLJ and SAAC, which both enhance moisture transport to the Southeast.
The seasonally dry Monsoon region is further affected by an increased threshold
for convection in the warmer, more humid and stable climate of the 21st century,
which combined with the circulation changes may weaken the onset of the rainy
season. Although there is substantial variability among the models, and the results
are represented by small changes compared with the multi-model variance, the
statistical significance and consistency with expected robust large scale changes
provide a measure of confidence in otherwise tentative results. Further testing of the
relationships presented here will be required to fully understand projected changes
in the South American Monsoon.

1 Introduction

Analysis of continental and regional scale responses to anthropogenic forcing of
greenhouse gases is currently underway using the Coupled Model Intercomparison
Project version 3 (CMIP3) datasets e.g., Meehl et al. (2007), which were employed by
the Intergovernmental Panel on Climate Change (IPCC) in the Fourth Assessment
Report (AR4) (Solomon and Qin 2007). The South American climate response
has been recently examined at the continental scale (Vera et al. 2006c) as well
as for the Amazon basin (Li et al. 2006). Li et al. (2006) emphasize a substantial
disagreement among the subset of models studied on the direction of change in
summer precipitation in the Amazon Basin. Even models that perform well in the
20th century disagree on future changes, and detailed analysis of two models suggests
the coupled model SST response is a major factor in the disagreement. In contrast to
the disparate results for the Amazon, Vera et al. (2006c) show agreement among a
subset of models in projecting increased summer precipitation over southeastern sub-
tropical South America (SESA, see Fig. 1). The results in this region are consistent
with observations, which have shown an increasing trend in precipitation during the
latter half of the 20th century (Liebmann et al. 2004).

In this research the CMIP3 dataset is further exploited to examine changes in the
South American Monsoon System (SAMS) annual cycle, with emphasis on the SESA
and the core and extended Monsoon regions which comprise important population
and economic centers for the continent. With a goal toward improved understanding
of the regional projections, this analysis examines multi-model ensemble statistics
related to circulation, moisture transport, and surface latent heat flux changes,
which describe potential outcomes while highlighting the uncertainties. Our purpose
is to discuss mechanisms associated with projected changes in precipitation and
temperature within the context of global circulation changes which have previously
been shown to be robust.

The present-day climate of subtropical South America experiences a distinct
annual cycle in rainfall associated with the SAMS, with most rainfall occurring during
the austral summer (Zhou and Lau 1998; Vera et al. 2006b); the SESA region also re-
ceives cold season precipitation from mid-latitude frontal systems (Vera et al. 2006b).
A major feature of the SAMS is the South Atlantic Convergence Zone (SACZ), a
region of enhanced convection that extends diagonally across central South America
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Fig. 1 Regions of analysis in
this study: Monsoon (50–60W,
10–20S), Continental SACZ
(CSACZ: 40–50◦W, 15–25◦S)
and Southeastern South
America (SESA: 50–60◦W,
22–35◦S)

from the northwest to the southeast into the South Atlantic Ocean (Kodama 1992,
1993; Carvalho et al. 2004). The moisture sources for warm season precipitation are
the tropical Atlantic and the Amazon basin.

There are two main pathways of moisture transport from the Amazon into
the subtropics (Nogués-Paegle and Mo 1997; Herdies et al. 2002): (1) a low-level
northerly flow located east of the Andes Mountains which is diurnally forced, can
be seen in reanalysis products, and is referred to as the South American Low
Level Jet (SALLJ) (Nogués-Paegle and Mo 1997) and (2) a northerly flow from
the continent into the SACZ that occurs to the east of the SALLJ and on the
western flank of the South Atlantic anticyclone (SAAC) (Herdies et al. 2002). These
two moisture transport pathways are associated with a dipole mode of variability
wherein enhanced precipitation in the SACZ is accompanied by reduced rainfall in
the subtropical plains of SESA (Nogués-Paegle and Mo 1997). The opposite phase
is associated with increased southward moisture transport from the Amazon basin
and more precipitation in SESA (Diaz and Aceituno 2003). As part of this dipole
structure, low-level westerly (easterly) winds are observed during active (inactive)
SACZ with net divergence (convergence) over the SESA, eastward (westward)
displacement of the SAAC, and a weak (strong) SALLJ (Herdies et al. 2002; Vera
et al. 2006b). It must be noted that the SALLJ includes observed diurnally varying
mesoscale features (Virji 1981; Paegle 1998; Berbery and Barros 2002; Marengo
et al. 2002, 2004; Vera et al. 2006a) which are not represented in the coarse scale
reanalysis and climate models. Since the analysis presented here employs monthly
mean atmospheric fields, which cannot describe episodic jet events, our use of SALLJ
refers simply to the mean low level northerly flow in the reanalysis and climate
models.

There is evidence linking SACZ variability to ENSO (Carvalho et al. 2004). In ad-
dition, intensification of the SALLJ is associated with warm ENSO events (Berbery
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and Barros 2002). However, the observed increasing trend in precipitation in SESA
appears to be correlated with higher SSTs and weaker winds in the western cir-
culation of the SAAC in the nearby subtropical South Atlantic Ocean (Liebmann
et al. 2004), and has yet to be linked to the large-scale warm ENSO-like changes
associated with greenhouse warming. Finally, evaluation of the CMIP3 models for
the present day climate shows that while the models adequately represent warm
season continental precipitation associated with the SAMS, they do not simulate its
oceanic extension into the SACZ well (Vera et al. 2006c).

Analysis of the CMIP3 dataset for the 21st century indicates an overall weakening
of the tropical circulation. This weakening is seen dominantly in the Walker circu-
lation (Vecchi and Soden 2007; Held and Soden 2006): the large-scale convective
overturning must slow to compensate for the fact that atmospheric water vapor
increases more than precipitation in a warmer world. Vecchi and Soden (2007) map
the change in vertical velocity per degree of global warming in their Figure 7b, which
shows enhanced upward motion in the eastern tropical Pacific and reduced upward
motion in the western tropical Pacific. This mean atmospheric response is similar to
the warm phase of ENSO, and consistent with this result, over the South American
continent enhanced subsidence is seen over the Amazon basin and enhanced vertical
motion in SESA. In addition, the increased subsidence in the Amazon extends into
the SACZ region, which appears to be associated with a poleward shift in the SAAC.
Enhanced subsidence poleward and reduced subsidence equatorward of present day
oceanic sub-tropical anticyclones indicates their poleward strengthening and shift.
These results are also consistent with the “upped ante” mechanism (Neelin et al.
2003; Lintner and Neelin 2006); because a warmer, more humid atmosphere is more
stable, it requires more moist static energy to initiate convection. Subtropical regions
along the margins of precipitation, such as the seasonally dry Monsoon region, are
especially disadvantaged according to this “upped ante” mechanism.

It is proposed that these robust large-scale dynamical responses can inform the
regional results from Vera et al. (2006c) and Li et al. (2006) in the following
ways. First, in the CMIP3 21st century projections, a warm ENSO-like atmospheric
response suggests that consistent changes over the South American continent include
subsidence in the Amazon and the increased precipitation over SESA, see Fig. 7
in Vecchi and Soden (2007). This result is indeed consistent with the present day
observed relationship between ENSO and South American climate (Kousky et al.
1984; Ropelewski and Halpert 1987; Marengo 1992). Second, an increased moist
static energy threshold for convection may affect the timing of the warm season rains.
In working toward improved understanding of the CMIP3 regional projections for
South America, this analysis explores the Monsoon, continental SACZ (hereafter,
CSACZ) and SESA regions’ annual cycles of temperature and precipitation, with
an emphasis on the mechanisms underlying changes in 21st century temperature and
precipitation.

The remainder of this paper is structured as follows. Section 2 describes the
CMIP3 datasets and observations, as well as the analysis methods, including statis-
tical representations of uncertainty, which are employed for the Monsoon, CSACZ
and SESA regions (Fig. 1). Section 3 presents the results, beginning with a discussion
of coupled climate model ensemble precipitation and temperature statistics com-
pared with observed estimates. Twenty-first century projections are then discussed
and followed by analysis of simulated and projected circulation (SACZ, SAAC,
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SALLJ) and moisture transport. Section 4 presents discussion of the mechanisms
underlying the projected changes and conclusions.

2 Methods and data

Model simulations from nine coupled climate models in the CMIP3 database are
analyzed. Each of the selected models is well established and has a substantial
record of published results (see Table 1, more information about the models
can be found at http://www-pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_
documentation.php and Meehl et al. 2007). Climate of the 20 Century experiments
(hereafter, 20C) and the IPCC Special Report on Emission Scenarios (SRES) A2
scenario (hereafter, A2) for future climate change were examined. The A2 scenario
describes a world of medium economic growth, but high population growth and
energy use with slow economic and technological development. This leads to CO2
concentrations increasing rapidly, reaching 850 ppm by the year 2100. Previous work
has shown that the patterns of regional precipitation change are relatively insensitive
to the scenario (Giorgi and Bi 2005). Indeed, the future changes in precipitation
noted in the SRES A1B simulations by Vera et al. (2006b) are consistent with the
A2 results presented here.

Model ensemble statistics for the period 1971–2000 are compared with observed
estimates of monthly mean values for temperature, precipitation, sea level pressure,
moisture flux divergence and surface latent heat flux. Analysis of future climate
is performed by computing the difference between the 2071–2100 and 1971–2000
periods. The ensemble coupled climate model statistics are represented using box
plots which show monthly values of median, upper and lower quartiles and outliers).
The median illustrates the central value and is less influenced by outliers than the
arithmetic mean. These statistics are similar to the those employed by Kharin et al.
(2007) and are described in detail in Wilks (2005). Although the ensemble of models
cannot span all possible climate system responses (Allen et al. 2000), the plots
show the spread in the model behavior, which can be used as a coarse measure of
uncertainty. In addition, significance tests (student t) have been performed on the
A2-20C differences between the means assuming unequal variances and α = 0.1.

The focus of the analysis is on three regions in South America: the core Mon-
soon region [50–60◦W, 10–20◦S] (Gan et al. 2004, 2006), the southeast extension

Table 1 CMIP3 coupled ocean-atmosphere models employed in this analysis

Model name Sponsor Atm res. lat × lon Ocean res. lat × lon

CCSM3, 2005 NCAR 1.4 × 1.4 .3–1 × 1
PCM, 1998 NCAR 2.8 × 2.8 0.5–0.7 × 1.1
ECHAM5/MPI-OM, 2005 Max Planck Institute 1.9 × 1.9 1.5 × 1.5
HadCM3, 1997 Hadley Centre 2.5 × 3.75 1.25 × 1.25
GFDL CM2.1, 2005 GFDL 2.0 × 2.5 0.3–1 × 1
IPSL CM4, 2005 IPSL 2.5 × 3.75 2 × 2
HadGEM1, 2004 HadGEM1 1.3 × 1.9 0.3–1 × 1
MIROC3.2, 2004 JAMSTEC 2.8 × 2.8 0.5–1.4 × 1.4
CSIRO Mk3, 2001 CSIRO 1.9 × 1.9 0.8 × 1.9

http://www-pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php
http://www-pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php
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of the monsoon or continental SACZ region [40–50◦W, 15–25◦S] (hereafter,
CSACZ) (Carvalho et al. 2004), and Southeastern South America (SESA) [50–60◦W,
23–35◦S] (Carvalho et al. 2002; Liebmann et al. 2004), all of which are shown in Fig. 1.
The 20C simulated precipitation is evaluated using the Climate Prediction Center
Merged Analysis of Precipitation (CMAP) (Xie and Arkin 1996), which is a blended
product of global satellite and gauge data on a 2.5◦ latitude-longitude grid with
monthly time resolution. Simulated surface air temperature, atmospheric circulation
and moisture variables are compared against estimates from the NCEP/NCAR
Reanalysis Project (NNRP) (Kalnay et al. 1996). Reanalysis data are employed for
the analysis of vertically integrated moisture transport using monthly mean fields of
horizontal winds (u,v) and specific humidity (q).

3 Results

The simulated 20C ensemble statistics are compared with observed estimates before
examining projections of temperature and precipitation from the A2 scenario. These
results are followed by analysis of changes in 21st century circulation and moisture
transport variables projected in the A2 scenario simulations. In the results presented,
area-averaged quantities employ the boundaries for the Monsoon, CSACZ and
SESA regions given in Fig. 1.

3.1 Model verification

We begin with an ensemble mean view of precipitation for the early rainy season
(Sep–Nov, SON) and the main rainy season (Dec–Feb, DJF). The observed estimates
from CMAP (top) and ensemble mean 20C precipitation computed from the coupled
models (middle) are shown in Fig. 2. During the early rainy season the ensemble
mean captures the southeast extension of rainfall, although the simulated Atlantic
ITCZ is weaker than the observed amplitude and appears to be shifted southward of
the equator. In DJF the fully formed monsoon is well captured in all three continental
regions (Monsoon, CSACZ and SESA) despite a lack of extension of the SACZ into
the subtropical Atlantic and problems with the ITCZ in both ocean basins. There
is also an overestimation of precipitation over the Andes which is not seen in the
observed estimate. Still, the mean simulated precipitation patterns from the models
appear to adequately represent observations for this analysis.

Figure 3a, b, c shows the climatological annual cycles of area-averaged precipita-
tion from the 20C simulations (box plots) and NNRP (black) for the three analyzed
regions. The box plots represent the monthly values of median (red) and inter-
quartile range (blue). Whiskers represent 1.5 times the interquartile range and plus
symbols (red) depict outlier values. In the Monsoon region, the models capture
the large annual cycle, but the model median shows a delay in both the onset and
demise of rainfall by approximately one month. In the CSACZ region precipitation
is underestimated during the dry season and weaker than observed during SON.
In SESA, the models simulate warm season rains well, but underestimate winter
precipitation which is associated with frontal passages (Vera et al. 2006b). In all three
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Fig. 2 Seasonal mean precipitation (mm/day) SON (left) and DJF (right) for CMAP (a, b), and for
multi-model mean 20C (c, d), and difference A2-20C (e, f)
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Fig. 3 20C monthly mean observed and simulated precipitation statistics in a Monsoon, b CSACZ
and c SESA regions, and surface air temperature (d, e, f), with multi-model median (red), inter-
quartile range (blue) and outlier (red plus) statistics shown as boxplots. Observed estimates (black)
for precipitation are from CMAP and for temperature are from NNRP

regions the inter model variability is larger during the rainy season, while outlier
values from the HadGEM1 occur primarily during the cold season.

The simulated and observed annual cycles of surface air temperature are given
in Fig. 3d, e, f. The Monsoon region exhibits a relatively small annual cycle, with
fairly constant temperatures around a mean of 24◦C and a maximum in September
of about 26◦C. The models capture reduced temperatures during winter, and the
highest temperatures which occur in spring, but amplify the amplitude of the annual
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cycle (colder winter, warmer spring), and both minimum and maximum lag a month
behind the observations. The models also show a small warm bias during the rainy
season. In the CSACZ region the models do show a larger amplitude in the annual
cycle than in the Monsoon region, similar to observations, but again the amplitude is
larger and lags by a month the observations. SESA exhibits the largest annual cycle
in temperature, which is captured by the median of the models in both phase and
amplitude, except for a small warm bias during the late warm season. Extreme warm
value outliers occur in the CSIRO3.5 model during the rainy season in the Monsoon
and SACZ regions. The SESA region exhibits no outliers in temperature and smaller
inter-quartile range, especially in winter when dynamical influences dominate over
sub-grid scale physics in determining the temperature field.

In summary. the multi-model ensemble statistics are able to represent the main
features related to the observed annual cycle of precipitation and temperature.
Biases include a lag in simulated precipitation and underestimation of winter pre-
cipitation in SESA, and a warm bias during summer.

3.2 21st century projections

The multi-model ensemble precipitation differences (A2-20C) are shown in Fig. 4a,
b, c which demonstrates changes in the median, and Table 2 presents the difference
between the means with those significant at the 90% level of confidence in bold
text. In the Monsoon region, the models hint at a small increase in precipitation
during the late rainy season (Feb–Apr), as the median model response is above the
zero line, but there is clear disagreement among the models, with MIROC3.2 as a
negative outlier and ECHAM5 a positive outlier. During the dry season (May–Aug)
changes are projected to be very small and the models are in agreement. The mean
changes (Table 2) are small and negative, but significant. In the SAMS onset period
(SON), the model statistics indicate a possible decrease in precipitation and the mean
differences (Table 2) are larger and negative, and significant during the early rainy
season (SON). For example, there is a significant 15% decrease in precipitation
projection for the Monsoon region in October. Changes in the CSACZ region are
in many ways similar to those seen in the Monsoon region: a small potential increase
during the later rainy season (Feb–Mar) and a small drying during the early rainy
season. In this region too, the early season drying is significant (Sep: −14%, Oct:
−8%, Nov: −5% from Table 2). In contrast, changes in SESA precipitation indicate
increases during much of the year, with the largest increases during the warm season
rains (Oct–Feb); significant increases are found in the mean during the first half of
the season (Oct: 11%, Nov: 17%, Dec: 9%, Jan: 6%).

Figure 4d, e, f show the difference in surface air temperature between the A2
and 20C simulations for our three regions. All models simulate warming for the A2
scenario and the differences between the means are statistically significant for every
month in all three regions (not shown). In the Monsoon region the model median
warming ranges from 3–5◦C, with the largest increases during spring (OND) and
smallest during the late rainy season (Feb–Apr). The CSACZ region is moderated
by its coastal location and shows slightly smaller temperature changes as well as inter-
model variability, with negative outliers from the NCAR/PCM1. Here too the largest
median change is in Nov and smallest in Feb. In SESA the largest median increases
in temperature occur during the winter months (May–Jul), notably when there is
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Fig. 4 Multi-model ensemble statistics for monthly mean differences, A2-20C, in precipitation for a
Monsoon, b CSACZ and c SESA regions and similarly for surface temperature (c, d, e), with multi-
model median (red), inter-quartile range (blue) and outlier (red plus) statistics shown as boxplots

little projected change in precipitation. The larger median temperature increases in
the Monsoon and CSACZ regions in spring are consistent with decreases in early
season precipitation (Fig. 4a, b), and suggests a possible weakening of rains during
the onset period. In contrast, SESA shows an increase in median precipitation during
the onset period and through January, while little change is projected during the rest
of the year. Thus, in all regions a larger amplitude is projected in the median annual
cycle, due to increased precipitation during peak rains. However, the Monsoon and
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CSACZ regions suggest the possibility of a drier onset period while SESA exhibits
enhanced rainfall during this period.

This drier onset period in the Monsoon region can be seen in Fig. 5c, which
shows standardized precipitation differences (A2-20C, shading) and the multi-model
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mean climatology (lines, also 5b shading) averaged from 50◦W–60◦W and viewed
in latitude versus month coordinates. The dry season intensifies and the drying
extends into the early rainy season (Oct–Dec) between 10◦S–20◦S. Once the rains
are established the peak rainy season is wetter. This implies a shift toward later
and more intense warm season rains in the Monsoon region. Between 20◦–30◦S,
the models indicate an increase in precipitation through most of the warm season,
especially in Nov–Jan, which is consistent with the observed trends in SESA. The
upper panels of Fig. 5 show the present day latitude-time annual cycle of precipitation
from CMAP and the multi-model mean. The models simulated well the warm season
rains, though onset is later in the models by one month. The subtropical/midlatitude
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frontal precipitation is also generally weak during winter compared with the CMAP
estimates and seen also by Vera et al. (2006c).

During spring (Sep–Nov) and summer (Dec–Feb), the Monsoon precipitation
over the continent extends into the Atlantic ocean forming the SACZ. Figure 6
shows the simulation of the SACZ by plotting the latitude of maximum precipitation
against longitude for SON 20C (a), and DJF 20C (b) and A2 minus 20C (bottom
panels). In spring, the models place the SACZ too far south. Although the models
do not correctly simulate the amount of precipitation over the subtropical Atlantic
(as shown in Fig. 2), the position of the SACZ in DJF is well-simulated. The
model ensemble statistics suggest a southward shift of the SACZ during both spring
and summer in the A2 simulations compared to the 20C simulations. Statistical
significance tests on the difference between the mean latitude show the results are
significant above the 90% level at all longitudes (not shown). Vera et al. (2006b)
diagnosed increased precipitation in the SESA region in the CMIP3 models; here this
increase is confirmed with an added potential of a southward shift of the region of
maximum precipitation in the SACZ. This southward shift might be associated with
a more prevalent inactive phase of the SACZ dipole in the future or a southward
shift of the SAMS and the SACZ. These ideas are further explored by examining
circulation changes.

3.3 Circulation changes

In order to explain the projected changes in precipitation in the Monsoon, CSACZ
and SESA regions during spring and summer, warm season circulation features
associated with moisture transport into the regions are investigated. These include
changes in the SAAC whose western flank forms part of the convergence in the
SACZ, and SALLJ which transports moisture from the Amazon Basin to SESA.

3.3.1 Sea level pressure

The poleward expansion of the summer hemisphere subtropical anticyclones is a
robust circulation response seen in the climate models globally, e.g., Vecchi and
Soden (2007) and Christensen et al. (2007). The sea level pressure (SLP) changes in
the A2 scenario simulations compared to the 20C simulations for the South Atlantic
are consistent with this expectation. Figure 7 shows the model ensemble seasonal
mean SLP differences (A2-20C). In all seasons SLP increases in a zonal region
between 30◦S–55◦S. In winter, this represents the poleward shift of the South Atlantic
storm track (Yin 2005). The contours in the figure indicate the 1020 hPa isoline
for the 20C (black solid) and for the A2 (black dashed) integrations. The models
simulate a poleward expansion of the SAAC in the 21st century. Together with these
changes, a small but consistent SLP decrease over the center of the continent is also
simulated. The multi-model mean SLP change is representative of all models, with
the exception of HadCM3 which simulates almost no change in the SLP pattern over
the South Atlantic Ocean throughout the year.

Figure 8 shows the annual evolution of the latitude of the maximum SLP in the
South Atlantic Ocean, as well as the value of this maximum (Fig. 8a, b) for NNRP
(black) and the multi-model statistics (box plots). These two parameters are used as
indicators of the temporal evolution of the SAAC and show its location is furthest
south during late summer (Feb–Apr: 32◦S) and centered at 28◦S during winter (May–
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Fig. 7 Multi-model mean SLP A2-20C difference (colors) for DJF (a) MAM (b) JJA (c) and SON
(d). 1020 hPa isobar for 20C (solid black) and for A2 (dashed black)

Sep). The NNRP shows that SLP in the SAAC has highest values in winter (July:
1025 hPa) and lowest in summer (March: 1020 hPa). The models capture the seasonal
evolution of the SAAC in its latitudinal position though with a southern bias seen in
the median during summer. The ensemble median maximum SLP is overestimated
by about 1 hPa much of the year and models exhibit more spread in this measure.

There is agreement among the models that the position of the maximum SLP
will be located further south (Fig. 8c, about 1 degree) during summer as seen in
the median change in the A2 scenario. The difference in the means are statistically
significant at the 90% level in every month except Oct. The southward displacement
is accompanied by a small increase (≈0.5–1 hPa) through much the year (Fig. 8d).
There is less agreement among the models regarding the increase in intensity yet
positive differences in the means are significant Jan–Apr (not shown). The poleward
shift, however, in the SAAC is well documented (Vecchi and Soden 2007; Solomon
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and Qin 2007) and is important because it displaces the region of the SACZ
poleward, as we have seen in Fig. 6. Therefore, it would appear that the SACZ is
shifting southward with the large-scale circulation, rather than as a response to a
preferred mode of the SACZ dipole.
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Fig. 9 November mean
meridional wind (shaded) and
total wind (vectors) at 850 hPa
for Reanalysis (a) and for the
model ensemble mean 20C
(b), and A2-20C (c)
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3.3.2 SALLJ

Changes in the large scale SLP and sub-tropical anticyclones are also likely to affect
the low level northerly flow associated with the SALLJ (see previous discussion
in Section 1 for the usage of SALLJ), which transports moisture from the wet
Amazon basin towards the extratropics into the SESA region. Inspection of the
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Fig. 11 Monthly mean vertically integrated moisture flux divergence (Qdiv, kg/ms) from NNRP
(black) and the multi-model statistics (box plots) for the a, d Monsoon, b, e CSACZ and c, f
SESA regions, for 20C (a, b, c) and A2-20C differences (d, e, f). Negative (positive) values indicate
convergence (divergence) of Q

low-level circulation in the models indicates that HadGEM1 and ECHAM5, which
employ higher horizontal resolutions, reproduce this feature comparably with the
NNRP (not shown). Figure 9a, b shows meridional winds (shading) at 850 hPa during
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November from NNRP and for the multi-model ensemble. The model ensemble
mean represents a broader than observed region of northerly flow, with higher wind
speeds along the Andes. Note, the models also simulate the northerly flow associated
with the SAAC. The low level circulation changes are given in Fig. 9c and show a
strengthening of the northerly flow associated with SALLJ. This result is consistent
with an increase in the number of SALLJ events reported by Vera et al. (2006b)
(their Figure 12a).

Figure 10a, b, c shows the annual evolution of the mean meridional wind profile
near the center of the maximum low level flow (20◦S and 60◦W) in the NNRP,
the multi-model ensemble and A2-20C difference. The NNRP shows a low level
northerly flow present through the year, with a maximum during late winter. The
model ensemble mean low level northerly flow is weaker than that seen in NNRP
and shows an increase in wind speed during spring and early summer (Sep–Jan). The
intensification of the low level northerly flow is consistent with an increased pressure
gradient resulting from the decreased SLP over the interior of the continent and the
expansion of the SAAC (see Fig. 7). The projected increase in low level northerly
flow associated with SALLJ may be related to the increased precipitation in SESA
as a vehicle for enhanced moisture transport, which is examined next.

3.4 Changes in moisture transport

To evaluate how the above described precipitation and circulation changes relate
to the broader moisture transport changes in the region, we have computed the
vertically integrated moisture transport (Q) using the following expression:

Q = 1

g

∫
qVdp (1)

where g is the acceleration of gravity, q the specific humidity and V the horizontal
wind. For the present day simulation, the model-simulated Q has been compared
with the one computed from the NCEP/NCAR Reanalysis.

Figure 11 shows the regional mean evolution of the divergence of Q (hereafter,
Qdiv) for the NNRP estimate (black) and the mulit-model ensemble statistics (box
plots). Negative (positive) values indicate convergence (divergence).

Figure 11a shows that the phase of the annual cycle of Qdiv in the Monsoon
region is well simulated by the ensemble median, but most models overestimate the
amplitude of the annual cycle (i.e., more divergence in winter and more convergence
in summer). There is also greater spread among the models during summer. The
CSACZ region exhibits a larger annual cycle than the Monsoon region and here
the model tends to overestimate divergence except in spring. In SESA (Fig. 11b)

�Fig. 12 Vertically integrated moisture flux (vectors, kg/ms) and its divergence (shading) for SON
(a, c, e) and DJF (b, d, f) from NNRP (a, b), the multi-model mean for 20C (c, d) and A2-
20C difference (e, f). Shading positive indicates divergence, negative convergence. Boxes represent
Monsoon, CSACZ and SESA regions
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the spread among the models is large, as is the case with the precipitation, but the me-
dian convergence is captured by the model ensemble which simulates convergence
throughout the year.
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The differences in the moisture divergence for the A2 scenario with respect to the
20C simulations are shown in Fig. 11d, e, f. In the Monsoon region, the multi-model
ensemble indicates generally unchanged moisture convergence, with a hint towards
increased divergence during spring, that are significant (Mar–Dec). The CSACZ
region shows a slightly increased divergence during the dry season and slightly
increased convergence during the wet season, amplifying the annual cycle. These
are also significant except in Feb–Mar. In SESA the multi-model ensemble suggests
increased moisture convergence throughout the year, with the largest increases
during spring and early summer. Changes are significant for all months except Feb.

In order to qualitatively asses the origin of moisture, we examined the spatial
patterns of vertically integrated moisture flux (vectors) and its divergences (shading)
in Fig. 12, where positive values indicate divergence and negative values conver-
gence. Figure 12a, b show the NNRP estimates for spring (SON) and summer (DJF),
respectively. During summer, the models capture well the convergence of moisture
in all three regions seen in NNRP, with easterly moisture flux from the subtropical
Atlantic into both CSACZ and Monsoon regions, and northerly flux into SESA from
the Monsoon region (Fig. 12c, d). In the A2 projections, while the net convergence
appears unchanged during spring in the Monsoon and CSACZ regions, there is
a substantial increase in SESA convergence during this season, with much of the
moisture flux from the north and northwest. During the main rainy season, all three
regions show increased moisture convergence, with the Monsoon and SESA regions
seeing moisture flux from the north and northwest.

This increased moisture flux from the northwest in SESA is consistent with an
expanded SAAC that is found in the differences of the A2 and 20C runs (see
Fig. 7). The expanded and poleward displaced SAAC creates an increased east-
west pressure gradient which appears to increase the strength of the low level
northerly flow and its associated moisture transport from tropical South America to
subtropical South America (Virji 1981; Paegle 1998). As shown in Fig. 10, the models
indicate a stronger northerly low level flow in the A2 scenarios compared to the 20C
simulations. Given the quality and spread of the model results, these linkages are
tentative at best, and need to be further explored.

In addition to moisture flux divergence, and important source of moisture to the
atmosphere is evapotranspiration, which is related to latent heat flux by the latent
heat of vaporization. We examine latent heat flux (W/m2) in Fig. 13, which shows
NNRP (black) and multi- model statistics (box plots). The Reanalysis latent heat
flux indicates that the annual cycle has a smaller amplitude in SESA than in the
Monsoon and CSACZ regions, as expected. The minimum latent heat flux occurs
at the end of the dry season (Sep) in the Monsoon region and during the coldest
months in SESA (Jul–Aug). The models reproduce the phase of the annual cycle in
the regions, although they underestimate the latent heat flux during the warm season
in the Monsoon and CSACZ regions and through out the year in SESA. A2-20C
changes in latent heat flux (Fig. 13c, d) indicate a small decrease in median latent
heat flux in spring (OND) in the Monsoon and CSACZ regions, which coincides with
the period of largest warming in the region (see Fig. 4). The statistical significance is
achieved for negative differences between the means from Apr–Oct in the Monsoon
region and Jun–Nov in CSACZ. This result further supports the possibility that the
dry season in the Monsoon region is both intensified and lengthened to weaken the
onset of rains in the A2 scenario (Fig. 5c). In SESA a slight increase in ensemble
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median latent heat flux through much of the year with significant positive differences
between the means in Dec, Feb and Apr–Sep.

4 Discussion and conclusions

In this research, nine models from the Coupled Model Intercomparison Project
version 3 dataset are employed to examine projected changes in the SAMS annual
cycle by comparing the 20th Century and SRES A2 scenarios. The analysis has
focused on the Monsoon, CSACZ and SESA regions which comprise important
population and economic centers for the continent and have related variability
in present day climate. The following hypotheses are examined: (1) the climate
responses in the Southeast and Monsoon regions are related by regional circulation
and moisture transport changes which, in turn, must be consistent with robust large-
scale changes in the climate system, and (2) whether or not these climate responses
are consistent with an increased threshold for convection in a warmer world, as
indicated by changes in the timing of warm season rains.

The present analysis reaffirms that the Southeast region is likely to experience
increased precipitation through the warm season, as reported by Vera et al. (2006b).
While the Monsoon and CSACZ region results show larger spread among the
models, the multi-model median suggests drying during spring (Sep–Nov), with
statistically significant changes in the mean. These continental precipitation changes
are accompanied by a statistically significant southward shift of the maximum pre-
cipitation in the SACZ. Changes in circulation include a poleward displaced SAAC,
which is well documented in the literature (Vecchi and Soden 2007; Christensen
et al. 2007). Southward moisture transport also appears to be enhanced, associated
with a strengthened northerly low level flow east of the Andes during spring. These
changes are consistent with recent observed changes in the SALLJ and SESA
precipitation (Vera et al. 2006b; Liebmann et al. 2004). Similar changes are also
seen in 21st century projections of the North American Great Plains low-level jet
and related to an expansion of the North Atlantic Anti-Cyclone (Cook et al. 2008;
Rauscher et al. 2008).

Liebmann et al. (2004), however, suggest this increase in precipitation is associ-
ated, though not causally, with weakened winds in the western circulation of the
SAAC and increased SST in the sub-tropical South Atlantic near the coast of SESA.
While the SAAC intensifies and expands poleward, it also reduces in amplitude
toward the equator in the process of shifting towards higher latitudes. The Liebmann
et al. (2004) study period was 1976–1999, which they acknowledged was a short
period for a robust analysis of mechanisms, and they did speculate that a southward
shift in the SACZ was in progress.

Moisture flux divergence calculations indicate unchanged divergence in the Mon-
soon region during spring and significant increased convergence in the Southeast
throughout the warm season. The circulation and moisture transport changes suggest
the increased precipitation in the Southeast during spring may be related to changes
in the SALLJ and SAAC, which both enhance moisture transport to the Southeast.
The onset of the SAMS in the core monsoon region appears to be weakened in the
A2 scenario. The changes in the timing of the rainy season may be attributable to
robust changes in circulation in the region and globally (Vecchi and Soden 2007),
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and are consistent with an increased threshold for convection in the warmer, more
humid and stable climate of the 21st century (Neelin et al. 2003; Lintner and Neelin
2006).

The results here suggest a statistically significant possibility that the Monsoon and
CSACZ regions will experience a warmer and drier spring. The projected temper-
ature increases would likely lead to increased surface latent heat flux which would
require more precipitation simply to maintain present-day moisture conditions. If
precipitation were to decrease in the early rainy season, as indicated by the model
median, the drying tendency would be further exacerbated, raising implications for
water resources management in these population and agricultural centers of the
continent.

This study has examined the annual cycle projected multi-model statistics with an
emphasis on warm season precipitation. There is substantial variability and disagree-
ment among the models, and the results presented suggest relatively small changes
compared with the multi-model variance. Nevertheless, the statistically significant
changes and the consistency of these results with expected robust large scale changes
provides a measure of confidence in otherwise tentative results. Further testing of
these relationships will be required, particularly because these regions of South
America experience important modes of variability on intra-seasonal, interannual,
and inter-decadal timescales, to understand projected changes in the South American
Monsoon.
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