INTERNATIONAL JOURNAL OF CLIMATOLOGY
Int. J. Climatol. (2010)

Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/joc.2254

Royal Meteorological Society

Review

Recent developments on the South American monsoon
system

A. Marengo,** B. Liebmann,” A. M. Grimm,® V. Misra,4 P. L. Silva Dias,® .
A. Cavalcanti,f L. M. V. Carvalho,® E. H. Berbery,h T. Ambrizzi,® C. S. Vera,'

A. C. Saulo,' J. Nogues-Paegle,] E. Zipser,; A. Seth® and L. M. Alves®
& CCST-INPE, Rodovia Dutra Km 40, 12630-000 Cachoeira Paulista, Sdo Paulo, Brazil
b CIRES NOAA, Boulder, Colorado, USA
¢ Federal University of Parand, Curitiba, Parand, Brazil
4 Florida State University, Tallahassee, Florida, USA
¢ University of Sao Paulo, Sao Paulo, Brazil
f CPTEC-INPE, Rodovia Dutra Km 40, 12630-000 Cachoeira Paulista, Sdo Paulo, Brazil
& University of California, Santa Barbara, California, USA
Y University of Maryland, College Park, Maryland, USA
U CIMA/FCEyN/University of Buenos Aires-CONICET, Buenos Aires, Argentina
3 University of Utah, Salt Lake City, Utah, USA
k University of Connecticut, Hartford, Connecticut, USA

J.
ILF

ABSTRACT: This paper reviews recent progress made in our understanding of the functioning and variability of the South
American Monsoon System (SAMS) on time scales varying from synoptic to long-term variability and climate change.
The SAMS contains one of the most prominent summertime climate patterns in South America, featuring a strong seasonal
variability in a region lying between the Amazon and the La Plata Basin. Much of the recent progress is derived from
complementary international programs, such as the Monsoon Experiment South America (MESA), as well as from ongoing
international programs such as the Large Scale Biosphere Atmosphere Experiment in the Amazon Basin (LBA) and the
La Plata Basin (LPB) Regional Hydroclimate Project, which includes the CLARIS LPB Europe-South America Network
for Climate Change Assessment and Impact Studies in La Plata Basin Project. The latter assesses atmosphere-land surface
interactions, the role of land use changes and aerosols from biomass burning considered as sources of variability and
change in the SAMS functioning, characteristics and behaviour.

The SAMS region is particularly susceptible to variations of climate due to the importance of hydroelectricity generation
and the agricultural base of local economies. Also addressed in this report are projections of climate change and extremes,
which are important for impact and vulnerability assessments. This discussion includes the need to identify and understand
important processes that control the monsoonal climate, how these processes may vary and change, and how they
may interact with key societal sectors, including water resource management, hydroelectric generation, agriculture, and
agribusiness.

This paper reports on the major contributions of MESA to the knowledge of characteristics, functioning and variability
of the SAMS, and is based on recent studies and publications, and can be considered as an update of a previous review
by C. S. Vera et al. (2006a). Copyright © 2010 Royal Meteorological Society
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variability in various time scales in the adjacent Pacific
and Atlantic Oceans, the Andean and central-east Brazil
topography, complex land surface processes and relations
with land use change, and interactions involving topog-
raphy and soil moisture.

Various comprehensive studies and earlier reviews on
the South American Monsoon System (Grimm et al.
2005; Vera et al. 2006a; Garcia and Kayano 2008;

1. Introduction

The South American Monsoon System (SAMS) encom-
passes most of South America, featuring strong seasonal
variability in a region lying between the Amazon and the
La Plata Basin. The life cycle and variations of SAMS
are significantly influenced by many factors, including
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Liebmann and Mechoso 2010; Gan et al. 2009; Grimm
and Silva Dias 2010; and references cited within) have
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indentified the major characteristics and functioning of
the SAMS on various time scales.

International programs such as the Monsoon Experi-
ment in South America (MESA; www.clivar.org/vamos)
from the World Climate Research Programme-Climate
Variability and Predictability (WCRP CLIVAR) panel on
the Variability of American Monsoon Systems (VAMOS)
have prompted many observational and modelling stud-
ies of climate and hydrology variability on various time
scales, from intra-seasonal to multi-decadal, including cli-
mate change. The main objectives of this article are to
present the progress made in studies of the South Amer-
ican Monsoon since Vera et al. (2006a) and to discuss
MESA’s contributions to the knowledge of climate in
the region.

Recent MESA advances in understanding SAMS
include new insights about: (1) the moisture transport
processes between the tropics and extra-tropics; (2) the
structure and variability of the low-level jet east of
the Andes; (3) the role of remote and local forcing in
the inter-annual and decadal variability of the monsoon;
(4) the diurnal cycle of precipitation and convection in
the core monsoon regions; (5) the onset of the monsoon
and its variability; (6) the mesoscale convective systems
and their associations with low-level jet and heavy pre-
cipitation; (7) the role of land use changes and aerosol
concentration on the onset and variability of the monsoon;
and (8) projections of long-term changes in the monsoon
characteristics and extremes. In addition, MESA is work-
ing to better predict SAMS variations on scales from daily
to seasonal and decadal, as well as to investigate the
potential impacts of climate change on the SAMS and
related extreme events through improved understanding
of this monsoon phenomenon.

This paper represents a comprehensive discussion of
these ‘grand issues’. Basing mostly on recent literature,
the discussion constitutes a review and update of the
current knowledge of the characteristics and functioning
of the SAMS.

As much of this study relies on observational data,
it is relevant to note that station precipitation data
are not well distributed over South America, being
particularly sparse in the central continent and more
abundant in the east. Besides, long time series of station
data are few. These drawbacks impose limitations on
the studies of climate variability impacts pertaining to
geographical coverage, and usually demand compromise
between spatial and temporal coverage. The irregular
distribution has sometimes been eased by gridding the
data, but even so, the variability in certain regions may
not be well represented. Furthermore, there are errors in
some of the station precipitation data (zeros in place of
missing data, periods of data copied from one station
to another one, unrealistic values, etc.) that must be
corrected before the data can be reliably used. Despite
these problems, the observed data are still more reliable
than proxies in characterising the climatology and the
climate variability in South America, and further work in
retrieving and correcting them should be carried out.

Copyright © 2010 Royal Meteorological Society

2. Main structure and life cycle of the SAMS

2.1. Main structure

The SAMS is part of the monsoon system of the Ameri-
cas. In the upper troposphere, the wet summer season is
characterised by an anticyclonic circulation over Bolivia
and a trough over the tropical and sub-tropical South
Atlantic, near the coast of Northeast Brazil (Figure 1A).
Prominent low-level features include: (1) surface high-
pressure systems and anticyclonic circulation over the
sub-tropical oceans (Pacific and Atlantic); (2) the Chaco
thermal low centred over northern Argentina; (3) the
South Atlantic Convergence Zone (SACZ); and (4) the
South American Low-Level jet east of the Andes
(SALLJ), a low-level northwesterly flow east of the
Andes that extends from the southwestern Amazon to
southeastern South America (SESA) (Figure 1B, D).

The Bolivian High has been explained as the response
of diabatic local heating in the Amazon region. The
establishment of the SACZ is a hallmark of the mature
monsoon across South America. Transient moisture flux
from the Amazon is important for maintenance of the
SACZ, and the location of the SACZ is influenced by
the topography in central-east Brazil while it has a strong
influence on the position and intensity of the Bolivian
High (Vera et al. 2006a). According to modelling studies,
an absence of this topography would cause a southward
shift of the SACZ (Grimm et al. 2007a).

Climate variability associated with the SACZ and the
SALLJ dipole-like pattern has been indentified in various
timescales, ranging from the intra-seasonal to the inter-
decadal (Nogués-Paegle and Mo 1997 on intra-seasonal
time scales; Grimm and Zilli 2009 and Grimm 2010
on inter-annual time scale). One phase of the dipole
is characterised by an enhanced SACZ and suppressed
convection to the south, whereas the other phase is char-
acterised by a suppressed SACZ and increased convection
in the sub-tropical plains. A strengthening of the SALLJ
and associated transports of massive amounts of moisture
from the Amazon Basin into the sub-tropics accompanies
the latter phase (Silva and Berbery, 2006, and references
cited within). Strong SALLJ events are linked to short-
term extreme precipitation events in the plains of central
Argentina (Liebmann et al. 2004; Salio et al. 2007). On
the other hand, a SACZ-enhanced phase induces extreme
heat waves over the sub-tropical regions (Cerne and Vera
2010). SALLJ events characterised by enhanced south-
ward low-level wind and by a strong impact on precip-
itation over northern Argentina have been identified as
Chaco jet events (CJEs).

Several studies have investigated Mesoscale Convec-
tive Systems (MCSs) in sub-tropical South America
(Zipser et al., 2006; Salio et al., 2007; Durkee and Mote
2009, and references cited within). MCSs are com-
posed of individual thunderstorms organised as a larger-
scale weather system with a contiguous precipitation
area. Heavy rainfall from MCSs is often associated with
floods, which can be disastrous to livestock, crops, and
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Figure 1. Mean (1979-2008) 200-hPa wind vector and outgoing longwave radiation (OLR) (top) and 850—hPa wind vector and sea level pressure
(SLP) (bottom), for DJF and JJA. Units are W m-2 for OLR and hPa for SLP. Circulation data are derived from the NCEP/NCAR Reanalysis.
This figure is available in colour online at wileyonlinelibrary.com/journal/joc

humankind. However, the majority of those studies are
limited in temporal scope to a few years.

Recent studies (Durkee et al. 2009) have shown that
Mesoscale Convective Complexes MCCs (a type of
MCSs) in sub-tropical South America are larger and
longer lived than previous studies. Compared with the
MCCs in the United States, MCCs in southern South
America are significantly larger with longer durations
and do not exhibit much poleward migration throughout
the warm season. MCCs are more frequent east of the
Andes Mountains between 20 and 30°S over the La Plata
Basin; the greatest impacts on precipitation anomalies
from MCC rainfall were located near the centre of the
La Plata Basin. Ultimately, MCCs in sub-tropical South
America are large, long-lasting events with great potential
for contributing significantly to precipitation totals across
the region.

2.2. Life cycle

The annual cycle of upper tropospheric circulation fea-
tures over South America (Figure 2A-D) is strongly
linked to the seasonally varying horizontal SST and sur-
face temperature gradients, which arise from differential
heating due to the difference in thermal capacity between
land and water. A direct thermal circulation results
from this difference, with low-level (upper-level) conver-
gence (divergence), mid-tropospheric rising motion and
precipitation over the continent, and low-level (upper-
level) divergence (convergence), mid-tropospheric sink-
ing motion and dry conditions over the neighbouring
oceanic areas, varying in position during austral summer
(DJF) and winter (JJA).

Copyright © 2010 Royal Meteorological Society

The precipitation annual cycle features distinct wet and
dry seasons between the equator and 25°S. Many areas
within that region receive more (less) than 50% (5%) of
their total annual precipitation during the austral summer
(winter) (Figure 3). The peak of the rainy season in the
southern Amazonia SAMS region and in southeastern
Brazil occurs in December through February, although
in the northwestern and central Amazon the wet season
peaks somewhat later (March—May). Near the equator
in the western Amazon Basin, rainfall is plentiful year-
round, even though there is a near-doubling from the
driest (November) to the wettest (May) month (cf.
Figure 1 in Grimm 2010).

The largest contrasts between summer and winter
rainfall are observed in the central Amazon Basin at
about 10°S, with almost all rainfall occurring in the
summer season (Figure 3). The SACZ is considered a
southeastward extension of the wet season maximum
at 10°S. Satellite-derived estimates of rainfall in the
SACZ show that the mean precipitation can be as strong
over the ocean as it is over land at any given time
(Carvalho et al. 2004). Over southern Brazil, southeastern
Paraguay and northeastern Argentina, rainfall is nearly
evenly distributed throughout the year (cf. Figure 1 in
Grimm 2010).

3. Development of SAMS: onset

Onset of SAMS has been defined based on changes in
precipitation, OLR, cloudiness, synoptic-scale flow fields,
thermodynamic parameters, land surface conditions, or a

Int. J. Climatol. (2010)
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Figure 2. Vertical-longitude cross-section of the mean (1979-2008) divergent circulation (vectors) for the latitude band 10-20°S (top panels)
and for the longitude band 70-40 °W (lower panels). Units are 10~® s~! for divergence (contours and shading). a) and b) are for austral summer
DJF and c) and d) are for austral winter IIA. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

combination of them (Gan et al. 2006; Gonzales et al.
2007; Silva and Carvalho 2007; Raia and Cavalcanti
2008; Garcia and Kayano 2009; Nieto-Ferreira and Rick-
enbach 2010; Nieto-Ferreira et al. 2010, and references
cited therein).

Gonzalez et al. (2007) applied Kousky’s (1988) OLR
technique to the entire SAMS region, and found an earlier
onset (about 7 pentads earlier) than the onset derived from
ECMWEF reanalysis data (Li and Fu 2004), and about 3
pentads earlier than the onset derived from precipitation
data by Marengo et al. (2001).

Silva and Carvalho (2007) defined the Large-Scale
Index for South American Monsoon (LISAM) to establish
the onset and end of SAMS. LISAM is based on a
combined empirical orthogonal function (EOF) analysis
of precipitation and various thermodynamic and dynamic
low-level fields linked to the onset and end of the
monsoon rainy season. The zonal wind indicator of Gan
et al. (2006) suggests an earlier onset and end than does
LISAM. Onset from the index proposed by Raia and
Cavalcanti (2008) using moisture flux is similar to that
from LISAM, except the ending date is earlier.

Different indices may indicate slight differences in the
starting or ending time of the onset, but a general picture
emerges: The development of the SAMS during the
austral spring is characterised by a rapid southward shift
of the region of intense convection from the Caribbean
and northwestern South America to the southern Amazon
Basin and Brazilian highlands (Planalto) in October
and to southeast Brazil in November. At onset, the

Copyright © 2010 Royal Meteorological Society

South Atlantic High moves eastward, reflecting the
pressure reduction over the continent and the intensity
and direction of the zonal flow over the nearby tropics
and sub-tropics. The southward moisture flux east of
the Andes increases, bringing humidity to central and
southeast Brazil.

Gonzalez et al. (2007) suggested that transient activ-
ity, which occurs when the atmospheric mean conditions
become less stable as summer approaches, imprints a
rainfall-jump feature in the monsoon precipitation evo-
Iution. Cold fronts may play a similar role in the SAMS
onset. Li and Fu (2004) and Raia and Cavalcanti (2008)
proposed that cold fronts may help trigger monsoon
onset by enhancing forced ascent in a thermodynamically
primed atmosphere. Raia and Cavalcanti (2008) found
that a low-frequency (intra-seasonal timescale) upstream
blocking pattern in the upper-level atmosphere occurs
preferentially when the onset is later than normal. This
process may be related to MJO activity. Nieto-Ferreira
et al. (2010) addressed the possible role of western
SAMS rainfall forcing in producing the shift in dynami-
cal conditions that leads to monsoon onset in the SACZ
region as well as the role of cold fronts in SAMS mon-
soon onset.

Table I shows the mean onset and end of the rainy
season compiled from different studies. For, example,
the mean onset determined by Liebmann and Marengo
(2001) occurs during pentad 58 (13-17 October), two
pentads before the onset given by LISAM and moisture
flux criteria.

Int. J. Climatol. (2010)
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Figure 3. Mean (1979-2008) daily precipitation (mm) for central Brazil (12.5-17.5°S, 47.5-52.5°W; shaded in green), 850-hPa temperature
(degrees C; red curve). Source: V. Kousky. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Table I. Comparison between pentads of mean onset of the wet season in the SAMS. The following variables were used: PP:

rainfall (LM: Liebmann and Marengo 2001; G1: Gan et al. 2004; NR: Nieto-Ferreira and Rickenbach 2010); 850ZWI: 850 hPa

zonal wind index; ZWSI: zonal wind shear index; UVI: 850 hPa zonal and meridional wind index; MWSI: meridonal wind

shear (G2: Gan et al. 2006); MF: zonal atmospheric moisture flux (RC: Raia and Cavalcanti 2008); and LISAM (SC: Silva and
Carvalho 2007).

LISAM PP PP PP 850ZWI ZWSI UVI MWSI MF
(SC) (LM) (G1) (NR) (G2) (G2) (G2) (G2) (RC)
Onset 60 58 58 61 58 58 62 62 60

On the basis of LISAM, Figure 4 shows the mean
onset of the SAMS for the period 1979-2007. The mean
onset occurs in pentad 60 (23-27 October). The ear-
liest onset was in pentad 58 (13—17 October during
the summers of 1983-1984 and 2005-2006. The lat-
est onset was detected in pentad 63 (7-11 November)
during 1998-1999. The figure shows no apparent asso-
ciation between the occurrence of El Nifio or La Niifia
and early or late onsets, in agreement with other stud-
ies on the SAMS and southern Amazon regions (Gan
et al. 2004, and references cited therein). These years
were classified according to both SST and the Southern
Oscillation Index (SOI) following the NOAA classifica-
tion (http://www.esrl.noaa.gov/psd/enso/).

Nieto-Ferreira and Richenbach (2010) detected a mix
of early and late monsoon onset dates elsewhere in the
SAMS domain during El Nifio or La Nifia, in agreement
with Marengo et al. (2001). For the 5°N, 5°S portion
of the SAMS, the aforementioned studies confirm that
SAMS onset is influenced by ENSO, with late onset
during El Nifio episodes and a tendency for early mon-
soon onset during La Nifia episodes. The early or late
onsets are associated with the intensity of northwest-
erly/westward moisture flux to central/southeastern South
America, as discussed in Raia and Cavalcanti (2008). In
the late onset, the easterly flux is strong over the eastern
coast of South America and last longer over the con-
tinent, inhibiting the northeasterly flow to the monsoon

Copyright © 2010 Royal Meteorological Society

region. Strong northwesterly flux and weak easterly flux
occur in the early onset.

Bombardi and Carvalho (2010) showed the influence
of the South Atlantic Ocean SST on the SAMS variabil-
ity. On inter-annual timescales, positive (negative) SST
anomalies over the tropical South Atlantic are associated
with late (early) onsets of the wet season over western
and southeastern Brazil. A composite of wind nearby
the onset date did not reveal a well defined precursor,
suggesting the importance of local thermo-dynamical pro-
cesses in providing necessary conditions for the onset (Fu
et al. 1999).

4. Diurnal, mesoscale, and synoptic variability

The very wide and wet continental land mass over the
equatorial region sustains a diurnal regime of convection
that is quite distinct from that over drier land but
still very well defined and controlled by land surface
characteristics. The large magnitude of the Amazon
and the central Brazil heat sources during the Southern
Hemisphere summer drives significant responses in the
vertical circulation of the adjoining regions.

Diurnal variability is dominant over mesoscale phe-
nomena in the central Amazon, although westward-
moving squall lines initiated near the Atlantic coastline
are important as well. The lack of observations with

Int. J. Climatol. (2010)
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Figure 4. Mean onset of the SAMS based on LISAM, for the 1979-2007 period during austral summer. EN/LN shows the occurrence of El
Nifio/La Nifa, following NOAA classification. Source: A. E. Silva.

adequate temporal and spatial resolution is an important
limitation to the documentation of mesoscale circulations
that may exhibit a diurnal oscillation.

The Large-Scale Atmosphere Biosphere Experiment in
Amazonia (LBA) field campaign (LBA WET AMC; Silva
Dias et al. 2002) has been helpful in providing insight
into the diurnal cycle of rainfall and convection over the
Amazon region. Rainfall episodes are characterised by
regimes, the ‘low-level easterly’ and ‘westerly’ tropical
winds in the context of the large-scale circulation. The
westerly regime is related to an enhanced SACZ, but
this condition generally corresponds to weaker precipita-
tion in southeast South America and weaker SALLJ. The
easterly regime is related to westward propagating sys-
tems (e.g. squall-lines), and would be associated with a
suppressed SACZ and more precipitation in southeastern
South America and stronger SALLJ. Diurnal variability
of rainfall during the westerly surface wind regime shows
a characteristic maximum in the late afternoon followed
by a relatively weaker second maximum in the early
evening (21:00 Local Standard Time LST). The east-
erly regime composite shows an early morning maximum
followed by an even stronger maximum in the afternoon
(Marengo et al. 2004a).

A nighttime peak of precipitation is observed in
northern Argentina, northwestern South America, along
the Atlantic ITCZ, and off the coast of southeastern
Brazil along the SACZ (Berbery and Collini 2000). The
nocturnal peak seems to be controlled by the very strong
late afternoon and early evening peak of convective
activity over the tropical sector of the continent and
modified by the nocturnal peak in the SALLJ (Nicolini
and Saulo 2006).

The SALLJEX field experiment (Vera et al. 2006b) has
provided a unique opportunity to illustrate the character-
istics of the diurnal cycle of the SALLJ. Using pibals and
radisonde data at various SALLJEX sites, Nicolini et al.

Copyright © 2010 Royal Meteorological Society

(2004) showed that the winds exhibit oscillations consis-
tent with PBL-related processes (i.e. the diurnal cycle of
friction and differential heating over sloping terrain), but
such oscillations do not show a regular cycle. A night-
time maximum of wind speeds has also been verified at
those sites.

Large MCSs occur mostly at night in all the regions
studied (Laing and Fritsch 2000; Nesbitt and Zipser
2003), and are consistent with a nocturnal maximum
of inflow of warm moist air from low-level jets (Salio
et al. 2007; Durkee and Mote 2009, and references cited
therein). TRMM data show that the MCS nocturnal/early
morning maximum (0130 UTC-1030 UTC (Figure 5),
as derived from TRMM data), are often co-located with
the exit region of strong SALLJ. Abrupt changes in
the diurnal cycle of convection also occur in the west-
east direction and at relatively small distances. Durkee
and Mote (2009) used infrared images of GOES-8 and
12 infrared images to show that the MCCs reached
maximum size between 20:45 and 11:45 UTC.

An example of significant changes in the diurnal cycle
of convection over the Altiplano was shown by Falvey
and Garreaud (2004). A distinctive climatic feature of the
Altiplano is the vigourous afternoon convection between
December and March, which contributes more than 90%
of the annual precipitation. An analysis from GOES data
during the SALLJEX period suggested that this maxi-
mum convective activity may not be related to the same
synoptic regime at different areas over the Altiplano. The
behaviour documented in a large area, including the west-
ern and southern Altiplano (Garreaud 1999), seems to be
different than the behaviour in the convection regime that
appears to operate in the northeastern Altiplano (Lake
Titicaca basin and mountains to the north).

In a more recent study, Misra (2009) showed that
ENSO influence on precipitation over the equatorial
Amazon is manifested to a large degree as variations

Int. J. Climatol. (2010)
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Figure 5. Frequency distributions in percent of MCSs for SALLJ (dark grey) and NOSALLJ (light grey). Samples of (left) initiation, (middle)
maximum extent, and (right) dissipation time in UTC. (From Salio ef al. 2007).

of the diurnal precipitation range at inter-annual time
scales (Figure 6). Misra (2009) attributed this feature to
inter-annual variability of the diurnal variation of the
moisture flux convergence. The land feedback is found to
play a more passive role in maintaining the inter-annual
precipitation anomalies over the equatorial Amazon.
The aforementioned issues clearly indicate the rele-
vance of the diurnal cycle to a better understanding of
the SAMS. Such interactions need to be observed, and
for such, there is a need for sustained monitoring and
assessment of the diurnal cycle, which will require high
spatial and temporal resolution of observing platforms.

5. Intra-seasonal variability

Intra-seasonal variability (ISV), defined here as variabil-
ity on roughly 10—90 days, is relatively large over eastern
South America (Carvalho et al. 2002; Grimm et al. 2005)
and northeast Brazil (Jones and Carvalho 2002; Souza
and Ambrizzi 2006). Active and break periods of the
monsoon occur on intra-seasonal time scales (Jones and
Carvalho 2002), and affect convection on a broad range
of spatiotemporal scales (Carvalho et al. 2002; Ciffeli
et al. 2002). Sub-seasonal variations in SAMS may result
from the propagation of midlatitude disturbances into the
region and also from the amplification of wave activity
in the Northern Hemisphere with subsequent enhance-
ment of northwesterly cross-equatorial moisture transport
over tropical continental South America (Carvalho et al.
2010).

The Madden-Julian Oscillation (MJO) is presently the
best understood source of intra-seasonal variability affect-
ing South America. Further, it is the only source of
intra-seasonal variability for which potential predictabil-
ity has been demonstrated (Jones et al. 2004). The MJO
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influence seems to be related to a combination of its
forcing tropical circulation changes and from its effect
on midlatitude Rossby wave trains that propagate into
South America. Teleconnection studies have indicated
that 30—60 day variability over the SACZ region can be
forced by Rossby wave propagation linked to MJO events
in the Pacific Ocean, and directly along the Equator as
well (Grimm and Ambrizzi 2009).

Cunningham and Cavalcanti (2006) identified two
modes of intra-seasonal variability associated with the
SACZ position: a tropical zonal mode, associated with
the MJO when the SACZ is displaced northward of
its climatological position, and a tropical-extra-tropical
mode, associated with the Pacific South America (PSA)
teleconnection when the SACZ is displaced southward
or in the climatological position. Carvalho et al. (2004)
quantified that an intense SACZ most often persists
during the end of the MJO life cycle, which is consistent
with the anomalies described by Nogués-Paegle and Mo
(1997). Liebmann et al. (2004) obtained similar results
and argued that the MJO influenced the phase of the
midlatitude synoptic disturbances that affect the SACZ.

6. Inter-annual and interdecadal variability

Most of the explained inter-annual variability of monsoon
system precipitation comes from ENSO (Paegle and Mo
2002; Grimm 2010 and references cited therein). During
its warm (cold) phase, precipitation is below (above)
average in northern South America during the summer
wet season and is enhanced (reduced) in SESA, as
shown in Figure 9, right panel, due to a combination of
Walker and Hadley circulation anomalies, and anomalous
Rossby wave activity (Figures 9(a), (b)) (Grimm 2003,
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Figure 6. The contemporaneous regression of the December-January-February seasonal mean: a) precipitation from TRMM on the normalised

Nifio3 SST index from HADISST; and b) precipitation from the coupled model simulation on the normalised Nifio3 SST index from the

same coupled model simulation. Similarly, the contemporaneous regression of the December-January-February seasonal mean: c) diurnal

precipitation range from TRRM on the normalised Nifio3 SST index from HADISST; and d) diurnal precipitation range from the coupled

model simulation on the normalised Nifio3 SST index from the same coupled model simulation. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

2004; Vera et al., 2004; Grimm and Ambrizzi 2009; and
references cited therein).

Except for these long established mechanisms, how-
ever, little has been known until recently about the vari-
ability of those impacts throughout the monsoon season.
Grimm (2003, 2004) found in central-east South Amer-
ica consistent wet (dry) anomalies in January (+4) of El
Nifio (La Nifia), while in November (0) the anomalies
tend to be opposite (Figures 9(c), (d)). Furthermore, the
ENSO-related modes in spring and summer (Figure 9,
left and right panels) are associated with fairly simi-
lar SST anomalies, but present opposite rainfall anoma-
lies in this region, whereas the anomalies in SESA are
shifted southwestward in summer with respect to spring
(Grimm and Zilli 2009; Grimm 2010). Ropelewski and
Bell (2008) showed that in this region there is a robust
shift in histograms of daily gridded precipitation toward
an increase in larger events during the summer season of
an El Nifio year (DJF), whereas in spring (SON) there are
fewer large events. The tendency for precipitation anoma-
lies to reverse between spring and summer, especially in
central-eastern South America, suggests that regional sur-
face—atmosphere interactions compete with remote influ-
ences during at least part of the season (Grimm ef al.
2007a). In spring of an El Nifio year, remote influences
dominate, since this is the most favourable season for
teleconnections between SESA and the tropical Pacific
Ocean (Grimm 2003; Cazes-Boezio et al. 2003) while in
summer, land surface processes prevail.
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The reversal of anomalies from spring to summer in
central-east South America can also occur in non-EI Nifio
years, provided that spring anomalies are large. The first
modes of continental precipitation in spring and summer
(Figure 8) are positively correlated and associated with
an anomalous vortex over southeast Brazil that conveys
moisture from the Atlantic, northwestern South Amer-
ica and Amazon Basin into central-east South America,
decreasing its transport into SESA (if it is cyclonic),
or increasing its transport into SESA and northwestern
South America (if it is anticyclonic) (Grimm and Zilli
2009; Grimm 2010). Koster (2004) showed that sum-
mer precipitation over monsoon regions is sensitive to
soil moisture variation. However, in central-east South
America, the relationship between summer precipitation
and the soil moisture anomalies resulting from spring
precipitation seems to be more indirect than the positive
feedback between soil moisture and precipitation through
evaporation anomalies.

The hypothesis proposed to explain the reversal of
precipitation patterns between spring and summer is
that the precipitation anomalies remotely forced in the
spring produce soil moisture and near-surface tempera-
ture anomalies, which alter the surface pressure and wind
divergence. This, in conjunction with the effect of the
mountains in southeast Brazil, reverses the anomalous
vortex over southeast Brazil and the rainfall anomalies in
summer. The SST anomalies off the southeast coast of
Brazil in spring enhance this effect (Grimm et al. 2007a).
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Figure 7. 30—40 days filtered OLR variance for January-February-March 1998 from: a) RSM forced with NCEP reanalysis (D-NCEP); b) RSM
forced with COLA AGCM (D-AGCM); ¢) RSM anomaly nested into COLA AGCM (ANOM Nesting); and d) NOAA OLR. This figure is
available in colour online at wileyonlinelibrary.com/journal/joc

Besides those associated with ENSO, other connec-
tions between precipitation and SST anomalies have been
described, but their causes and effects are difficult to
identify. For instance, enhanced (suppressed) precipita-
tion in the SACZ has been related to colder (warmer)
SSTs in the southwestern sub-tropical Atlantic near the
SACZ (Robertson and Mechoso 2000; Doyle and Bar-
ros 2002), indicating atmospheric control over the ocean
in this region. On the other hand, in connection with
the tendency toward spring-summer reversal of precipi-
tation anomalies described above, Grimm (2003) showed
that January rainfall in central-east Brazil is positively
correlated with previous November SSTs in the oceanic
SACZ, off the southeast coast of Brazil, and negatively
correlated with January SST in the same region, sug-
gesting that warmer SSTs in November help trigger the
regional circulation anomalies that lead to enhanced pre-
cipitation in January. This hypothesis is consistent with
the results from the observational study of Almeida et al.
(2007) and with some modelling studies (Robertson et al.
2003; Chaves and Nobre 2004; Drumond and Ambrizzi
2005; Grimm et al. 2007a; Misra 2008a), since there
are possible feedback mechanisms between SST and the
atmosphere in the SACZ.

The importance of this two-way interaction between
atmosphere and ocean, which seems to be more signifi-
cant in the Atlantic than in the Pacific Ocean, is stressed
by the analysis of integrations of atmospheric general cir-
culation models (AGCMs) with coupled models (Siqueira
and Nobre 2006; Misra 2008a, b). Misra (2008a) con-
trasted the SAMS response in forced AGCM integrations
(wherein observed SST is prescribed) with simulations
from the same AGCM, but coupled to an ocean general
circulation model (OGCM), and found that the SAMS

Copyright © 2010 Royal Meteorological Society

inter-annual variability of precipitation is best modelled
in the latter. The atmosphere forcing of the SST anoma-
lies over the oceanic portion of the SACZ, which is
an important feature of the SAMS, is not captured in
the forced AGCM runs, implying atmospheric feedback
onto SST.

The influence of the Atlantic SST anomalies on the
inter-annual variability of the SAMS has been studied,
although not as extensively as the influence of the Pacific
SST anomalies. Besides the local influence in the SACZ
region, the Atlantic SST anomalies are also important
to the variability of the southern Amazon Basin. For
instance, the 2005 drought of southern Amazonia was not
related to ENSO but to the tropical Atlantic variability
(Marengo et al. 2008; Cox et al. 2008; Zeng et al. 2008).
Atlantic variability also plays a role in inter-annual
variations of extreme precipitation over southeastern
Brazil (Muza et al. 2009).

Significant ENSO-related changes in the frequency
of extreme rainfall events are much more extensive
than changes in monthly rainfall. The grey areas in
Figure 9 show the significant monthly anomalies, and
the coloured areas in Figure 10 show the significant
differences in the frequency of extreme events. ENSO
influence seems to be stronger in the more intense daily
precipitation categories (Grimm and Tedeschi 2009).
This is an important aspect, since the most dramatic
consequences of climate variability are related to its
influence on extreme events.

Some case studies have shown a link between El Nifio
and SALLJ. Berbery and Barros (2002) suggested that
during the austral summers of three of the largest El Nifio
events from 1980 to 2000, the large-scale patterns showed
an increased southward component of moisture flux over
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Figure 8. Spatial pattern of the first variability mode of spring precipitation (left panel), and the first and second modes of summer (centre and
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La Plata Basin. Similarly, Misra et al. (2002) showed
in their regional modelling studies that the SALLJ is
stronger during warm ENSO events than during cold
events.

Basing on limited upper-air observations, Nieto-
Ferreira et al. (2003) and Marengo et al. (2004b) found
that the SALLJ in JFM was much stronger and trans-
ported more moisture poleward during El Nifio in 1998
than during La Nifia in 1999. Silva and Ambrizzi
(2006) and Silva et al. (2009) analysed cases of the
SALLJ during El Nifio and La Nifia episodes and con-
cluded that, during El Nifio years, the increase in the
SALLJ is linked to the intensification of the northeast-
erly trade winds over the northern continent, there, later,
are channelled by the Andes into the La Plata Basin
region. Anticyclonic anomalies over central South Amer-
ica and cyclonic anomalies southwest of South America
(Figure 9) result in an enhancement of the SALLJ during
El Nifio episodes. On the other hand, enhanced southward
moisture influx from tropical to sub-tropical regions has
been associated with positive SST anomalies over the
southwestern tropical Atlantic Ocean by Doyle and Bar-
ros (2002).

The impact of ENSO-related variability on the fre-
quency of extreme precipitation events also changes by
month. Figure 10 shows the impact for November (0) and
January (+) (Grimm and Tedeschi 2009). One of the
most affected regions is La Plata Basin, more specifically
SESA, especially in November (0), due to the enhance-
ment of meridional moisture flux through the SALLIJ.
In January (+), the SESA region most affected shifts
southwestward. However, there are also areas in central-
east South America, including the SACZ region, with
enhanced frequencies of extreme events. These trends are
in agreement with studies by Liebmann et al. (2001) and
Carvalho et al. (2002, 2004).

Land-surface processes also have impacts on inter-
annual variations in SAMS. Through sensitivity mod-
elling experiments, Collini et al. (2008) explored possible
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feedbacks between soil moisture and precipitation during
early stages of the monsoon, when the surface is not sat-
urated. They identified two mechanisms by which soil
moisture has a positive feedback on precipitation. The
two mechanisms — reduced convective instability and
reduced moisture flux convergence — act concurrently to
diminish the core monsoon precipitation. Similar results
were obtained in Saulo et al. (2010) for a particular case
study, where they show that reduced soil moisture also
causes a southward displacement of the rain field. Anal-
yses of South America precipitation and river stream
flow have also shown modes of interdecadal variability
in connection with regional or global non-ENSO SST
and atmospheric variations, such as the PDO and NAO
(Robertson and Mechoso 2000; Zhou and Lau 2001; Pae-
gle and Mo 2002). The activity of the Southern Annular
Mode (SAM), mostly associated with intensification and
weakening of the Southern Hemisphere westerlies, has
been related to inter-annual changes of seasonal precipita-
tion over southeastern South America (Silvestri and Vera
2003). Interdecadal changes of such influence onto South
American climate have been recently identified (Silvestri
and Vera 2009).

Chiessi et al. (2009) investigated the impact of the
Atlantic Multidecadal Oscillation AMO on the SAMS
using ~4500-year-long records of the La Plata River
Drainage Basin, estimated by stable oxygen composition
of shallow-dwelling planktic foraminifera (controlled by
the extension of the river plume). The results suggest
a periodic oscillation of about 64 years in both the
extension of the river plume and the source of the
terrigenous sediments. The results also suggest that this
observed oscillation reflects variability in the SAMS
activity associated with the AMO.

The interdecadal variability of annual precipitation
totals shows a change of phase in the mid-1970s,
corresponding to a change of phase in the NAO and PDO.
Garcia and Kayano (2008) found that the Hadley and
monsoon circulations show small differences between the
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Figure 9. (a) Anomalies of the Walker and Hadley circulation (from Ambrizzi et al. 2004); and (b) stream-function anomalies at 200—hPa in

November of El Niflo years (from Grimm and Ambrizzi 2009). Expected precipitation percentiles for El Nifio events in (c) November (0), and

(d) January (+4), with schematic moisture flux or low-level circulation anomalies (extended from Grimm 2003). This figure is available in colour
online at wileyonlinelibrary.com/journal/joc

periods 1958—1976 and 1977-1995, whereas the Walker
circulation shows weaker action centres during the second
period, centred farther west in the western Pacific.

Carvalho et al. (2010) have identified significant
changes in the mean circulation and moisture trans-
port patterns in the SAMS region in the early 1970s
that resulted in early onsets before and late demises
after 1972. They also identified increases in the verti-
cally integrated moisture flux over South America after
1971-1972. Even the spatial patterns of intra-seasonal
variability of rainfall undergo interdecadal modulation
(Ferraz and Grimm 2004), as does the ENSO impact
on precipitation (Grimm and Ferraz 2002) and the fre-
quency of extreme precipitation events (Pscheidt and
Grimm 2009).

Studies conducted with limited data (Marengo 2004,
Satyamurty et al. 2009) have identified interdecadal rain-
fall variations in the Amazon region, with ‘breaks’ in
the mid-1940s and 1970s approximately when the Pacific
Decadal Oscillation PDO changed patterns. After 1970,
Li et al. (2008) observed a significant negative trend in
the standardised precipitation index over southern Ama-
zonia for the period 1970-1999.

7. Long-term variability and climate change

Few studies have focused on changes in the large-scale
circulation and in the regional monsoon circulations in
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the context of a global warming scenario. The American
monsoon regions are vulnerable to long-term climate
variability and change and especially to extreme climate
events such as intense droughts and floods (Kunkel et al.
2008; Soares and Marengo 2008; Marengo et al. 2009b;
Rusticucci et al. 2009).

7.1.

Chase et al. (2003) and Wang and Ding (2006) exam-
ined changes in several indices of four major tropical
monsoonal circulations outside the SAMS for the period
1950-2003 and found a consistent picture of significantly
diminished monsoonal circulation. However, identifica-
tion of a comprehensive pattern of long-term trend pre-
cipitation and extremes in the monsoon region is nearly
impossible because of a lack of stations with continuous
and homogeneous data.

Observed trends in rainfall extremes have been identi-
fied in the SAMS region, where data coverage is better
(Marengo et al., 2009c; Rusticucci et al. 2009; Alexan-
der et al. 2006; Haylock et al. 2006, and references cited
therein). They suggested a pattern of increasing frequency
and intensity of heavy rainfall events in the last 50 or
60 years. Penalba and Robledo (2010) observed increases
in the annual frequencies in spatially coherent areas
over the La Plata Basin for both heavy (>75th) and all
(>0.1 mm) precipitation events during summer, autumn

Observed changes
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and spring for the period 1950—2000. Winter is the excep-
tion, with negative trends, some of which are significant
in the lower and middle Uruguay and Parand Rivers.

7.2. Projected changes

As global warming will lead to faster warming over
land than oceans, the continental-scale land-sea thermal
contrast will become larger in summer and smaller in
winter. As a consequence, the monsoon could become
stronger in summer and weaker in winter. However,
model projections show a weakening of these tropical
monsoon circulations by the late 21st Century compared
to the late 20th Century (Tanaka et al. 2005).

In the Amazon, temperature rise is expected to lead
to rainfall reduction and dryness, with greater loss of
soil moisture, causing potential alterations of the Ama-
zonian biome. Vegetation and land cover are thought to
play a significant role in modulating monsoon variabil-
ity through changes in land surface fluxes and moisture
recycling to the atmosphere. Changes in regional mon-
soons are highly influenced by changes in the states of
dominant patterns of climate variability such as ENSO
and PDO. However, it is not always clear how those
modes may have changed in response to external forcing.
Although PDO variations could possibly be explained by
natural climate variability, yet it is less known whether
its variability is also forced by anthropogenic human
change (e.g. land use change and deforestation). Few
attribution studies have linked the PDO variability to the
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increase in concentration of greenhouse gases (Shiogama
et al. 2005), but simulations suggest that the observed
variability includes an unusually large trend relative to
the natural variation, and that anthropogenic forcing may
be causing this trend.

Current climate models are able to reproduce the main
features of the seasonal cycle of precipitation during
the 20th Century. However, they fail in reproducing the
observed amounts of mean seasonal precipitation over
both tropical and sub-tropical regions of South America
(Vera et al. 2006c; Boulanger et al. 2007; Cavalcanti
et al. 2006; Bombardi and Carvalho 2009).

Climate change projections for the A1B scenario in
South America show a substantial agreement among
IPCC AR4 models in precipitation changes for the period
2070-2099 relative to the period 1970-1999, mainly
characterised by an increase of summer precipitation over
the northern Andes and SESA, with mixed results over
the Amazon-SACZ (Vera et al. 2006c¢). Seth et al. (2010)
analysing a multi-model IPCC AR4 ensemble suggest
reduced precipitation along the continental SACZ region
during austral spring for the A2 scenario, accompanied
by a southward shift of the maximum precipitation in the
convergence zone. This is mainly due to a strengthened
SALLJ and South Atlantic High by the late 21st Century,
which enhances moisture transport to the Southeast. This
change is consistent with the alterations on the behaviour
of the SALLJ for the period 2071-2100 identified by
Soares and Marengo (2008) using the HadRM3P.
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Grimm and Natori (2006) analysed the summer mon-
soon rainy season in South America and its relationship to
SST as projected by the ECHAMS5-OM model for the A2
scenario, concluding that the relationship between ENSO
events and precipitation variability in SESA weakens
especially in spring. However, Vera and Silvestri (2009),
analysing the output of seven models, found that models
exhibit considerable dispersion in their response of both
Southern Hemisphere circulation and South America pre-
cipitation to ENSO changes.

Moreover, models do not agree in the sign of the
trend of large-scale changes in the monsoon circulation or
rainfall, and models of finer resolution do not provide bet-
ter representations of tropical monsoon circulation trend
(Kim et al. 2008). Although most IPCC AR4 models
reproduce the main modes of variability of the Atlantic
they do not succeed in representing the correct relation-
ships with SAMS’s variability (Bombardi and Carvalho
2010).

Downscaling experiments on climate change scenarios
in South America, based on both SRES A2 and B2
emission scenarios for the end of the 21st Century,
suggest a reduction in Amazonia rainfall and a small
increase in SESA rainfall, as well as an increase in dry
spells and intense rainfall events in the SAMS/SESA
region (Marengo et al. 2009a, b; Nufez et al. 2008;
Soares and Marengo 2008). The projected increase in
total and heavy rainfall in SESA, particularly after 2050,
is consistent with a projected increase in the frequency
of SALLJ events, and with an increase in dry spells. This
suggests that future rainfall would be more concentrated
on short periods of time followed by longer dry spells,
which is in agreement with the findings of Tebaldi et al.
(2006). All these projections suggest potential changes in
rainfall extremes in the SESA and SAMS regions.

8. Land-surface processes and the role of aerosols
from biomass burning

The historical influence of land use and land use changes
on monsoons has been difficult to quantify, due to both
the poor documentation of land use and difficulties in
simulating monsoon at fine scales. Moreover, there are
still large uncertainties and a strong model dependency in
the representation of the relevant land surface processes
and resulting interactions that still need to be improved
in climate models (Pitman et al., 2009).

Broad regions in southeastern South America and
southern Amazonia have been experiencing significant
changes in land surface characteristics over the last
30 years due to intensive deforestation and land-use
changes associated with agriculture expansion. Model
experiments performed since the 1990s have suggested
that land surface processes and land use changes in the
form of deforestation could in some instances signifi-
cantly impact climate in the Amazon and SAMS regions
(Sampaio et al. 2007 and referenced cited within).
More recent experiments by Nobre ef al. (2009) sug-
gested significant rainfall reductions (up to 60%) due
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to deforestation in Amazonia, and significant remote
atmospheric responses to Amazon deforestation scenar-
ios, suggesting enhanced El Nifio Southern Oscillation
(ENSO) activity over the Pacific, and a positive feed-
back contributing to the extra rainfall reduction over the
Amazon on the coupled simulations.

Some model projections (Betts et al. 2004; Cox et al.
2004; Salazar et al. 2007; Sampaio et al. 2007; and Sitch
et al. 2008) exhibit over the next several decades a risk
of an abrupt and irreversible replacement of Amazon
forests by savanna-like vegetation, with possible large-
scale impacts on climate, biodiversity, and people in the
region. This process is referred to as the ‘die-back’ of the
Amazon, and is simulated by few climate models. After
reaching a ‘tipping point’ in climate (CO, concentration,
air temperature) the forest stops behaving as a carbon sink
and becomes a carbon source. After that, the forest enters
a state of collapse and is then replaced by savanna-type
vegetation in a process that has been referred to as the
‘savannisation’ of the Amazon region. The resilience of
the forest to the combined pressures of deforestation and
climate change is therefore of great concern, especially
since some major climate models predict a severe drying
of Amazonia in the 21Ist Century (Betts ef al. 2008;
Malhi et al. 2008, 2009; Nobre and Borma 2009). The
likelihood of this die-back scenario occurring, however,
is still an open issue.

With regard to changes in the hydrology of large
rivers in SAMS due to change in vegetation, Coe et al.
(2009) observed a discharge increase between 5 and 7.5%
at the Madeira, Tapajdés, and Xingu Rivers based on
numerical models. However, observations do not show
those projected trends, mainly because of the non-linear
nature of the aggregation of hydrological processes across
spatial scales, particularly in heterogeneous landscapes.
One of the distinctive features between the hydrological
behaviour at small and large scales is related to vegetation
atmospheric feedbacks. Although feedback mechanisms
are present in all scales, the atmosphere influence is more
significant at large scales.

Increased aerosol loading in the atmosphere may also
have strong impacts on monsoon evolution (Menon et al.
2002; Liu et al. 2005). Monitoring of biomass burning
over tropical South America shows that smoke parti-
cles from fires in Southern Amazonia—SAMS region are
transported southward by the mean flow and can affect
areas of southeastern South America. Ensemble simu-
lations from regional climate models forced by aerosol
radiative forcing suggest that biomass-burning aerosols
can work against the seasonal monsoon circulation tran-
sition, thus reinforcing the dry season rainfall pattern for
southern Amazonia. Strong absorption of smoke aerosols
warms and stabilises the lower troposphere within the
smoke centre in southern Amazonia (Freitas et al. 2004,
2009). However, the uncertain role of aerosols in gen-
eral, and carbon aerosols in particular (Liu et al. 2005),
complicates the nature of future projections of monsoon
precipitation, particularly in Asia and the SAMS. The
precipitation change due to the direct radiative impact
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of biomass burning is generally negative (i.e. there is
a decrease in precipitation). However, recent modelling
experiences suggest a positive impact that has been
associated with the dynamic impact of the low-level hori-
zontal pressure gradients produced by the aerosol plumes
(Vendrasco et al. 2009).

9. Modelling, prediction and predictability

The most prominent climatological signatures of the
SAMS are simulations reasonably well simulated by
AGCMs. The models simulation of the Bolivian High,
Atlantic trough, South Atlantic Convergence Zone
(SACZ), sub-tropical Atlantic high, and the ITCZ are all
located near their observed positions, and with the correct
magnitude. These features are also evident in regional
simulations (Seth et al. 2006; Vera et al. 2006a).

Although the large-scale features of the SAMS region
are reasonably well simulated, precipitation tends to
be underestimated in the Amazon region (Vera and
Silvestri 2009 and references cited therein). In addition,
some models overestimate precipitation in the southern
part of the SACZ. Other systematic errors over South
America include excessive precipitation over the Andes
Mountains in summer and a deficit of precipitation
over southern/southeastern South America, errors that
are related to model limitations in representing the right
amplitude of the seasonal cycle (Cavalcanti et al. 2002a).
Some improvement in the representation of precipitation
and circulation patterns when a downscaling approach is
adopted has been reported by da Rocha et al. (2009) and
Marengo et al. (2009a).

The SAMS’s onset and demise identified in obser-
vational studies are reasonably reproduced in a climate
simulation with the CPTEC/COLA AGCM, using the cri-
terion based on atmospheric humidity flux, as in Raia and
Cavalcanti (2008). The model exhibits the main atmo-
spheric characteristics associated with the SAMS life
cycle. However, the intensity and location of some atmo-
spheric features, which are important to the transition
phases of the SAMS, are not properly represented by the
model.

Intra-seasonal oscillations have been analysed in atmo-
spheric and coupled ocean—atmosphere models. Jones
and Schemm (2000) analysed 5-year results of 50-day
integrations from a medium-range forecast model over
South America and found more skill over SACZ dur-
ing periods of strong convective activity associated with
MJO than during periods of weak activity. The model
skill was low when the convection was associated with
10—30-day band variation. This result shows the increase
of extended range predictability when the intra-seasonal
variability is considered.

The influence of ISV has been identified in the skills
of medium-range weather forecasts in the Pan American
sector (Nogués-Paegle et al. 1998; Jones and Schemm
2000) and in the occurrence of extreme events of precip-
itation (Carvalho et al. 2004; Liebmann et al. 2004; Jones
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et al. 2004) and temperature (Cerne and Vera 2010).
Misra (2005) showed a diurnal rectification of ISV over
the SAMS region. A control experiment in which a
regional climate model was nested into a GCM showed
minimal intra-seasonal variance over the SAMS. The
results from this regional model integration amplified the
biases of the GCM, one of which is weak ISV variabil-
ity. Anomaly nested integrations showed an appreciable
improvement in the intra-seasonal variance (Figure 7).
The CPTEC/COLA AGCM reproduced observed intra-
seasonal variability of the summer season over South
America, including the north—south OLR dipole, which
is related to the SACZ convection variability and the PSA
pattern depicting the tropics/extra-tropics teleconnection
mode (Cunningham and Cavalcanti 2006). However, the
model did not show the propagation of the OLR anoma-
lies from Indonesia and the western Pacific eastward in
the tropical region, typical of MJO.

The simulated inter-annual variability demonstrates
good predictability in most models in eastern Amazonia
and northern South America, as well as in the northeast
region, which shows high positive anomaly correlations
and convergence among ensemble members. However,
model skill tends to be very low for the central and south-
eastern areas of the monsoon system. In these areas, there
is large dispersion among ensemble members, which
reduces confidence in the results. In fact, several two-tier
AGCM experiments (Cavalcanti et al. 2002a) show nega-
tive correlations between observed and simulated summer
rainfall anomalies over the SACZ area at inter-annual
time scales.

Grimm et al. (2007b) examined the modes of inter-
annual precipitation variability for spring and summer
obtained from the CPTEC/COLA AGCM seasonal sim-
ulations for 23 years with observed SST as a boundary
condition. Although the first modes for spring and sum-
mer are dipole-like, as observed, the northern part of the
dipole in spring is displaced too far north. The relation-
ship observed between these first modes in spring and
summer, previously described in Section 6 (Grimm and
Zilli 2009), is not reproduced by the model. This model
failure might be due to the inability of the model to repro-
duce surface—atmosphere interactions.

One aspect of particular interest in this regard is
the importance of ocean—atmosphere feedbacks in SST-
cloud-solar radiation, as suggested by Chaves and Nobre
(2004). The importance of ocean—atmosphere feedbacks
over the SW tropical Atlantic for the SACZ dynamics was
also highlighted in coupled ocean—atmosphere modelling
studies by Misra (2008a).

The main atmospheric characteristics related to the
SALLIJ have been simulated by both global and regional
models (Berbery and Collini 2000; Saulo et al. 2000;
Cavalcanti et al. 2002b; Rozante and Cavalcanti 2008).
The interaction between tropical and extra-tropical re-
gions over South America through the SALLJ has been
identified in climatological simulations (Rodriguez and
Cavalcanti 2006). The variety of mechanisms forcing
the low-level wind current from tropical to extra-tropical

Int. J. Climatol. (2010)



RECENT DEVELOPMENTS ON THE SOUTH AMERICAN MONSOON SYSTEM

KF — 12Z18Jan2003

10 20 30 40 50 60 70 80 90 100 120

72W68W6E4W60WS

6W52W48 72W68W64WE0WS6WS2W48W

10 20 30 40 50 60 70 80 90 100 120

Figure 11. The MCS on 18 Jan 2003 which occurred during SALLJEX, was well simulated by the Eta model with KF convection

scheme. (a) Infrared satellite image; (b) observed precipitation and reanalyses 850—hPa wind vector; and (c) simulated precipitation and wind

vector from Eta regional model at 10 km resolution. (Source: Rozante and Cavalcanti 2008). This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

latitudes are represented by a regional model (Saulo
et al. 2004), which also provide a useful depiction of
the diurnal cycle of precipitation associated with strong
SALLJ events (Nicolini and Saulo 2006).

The impact of changes in soil moisture in sub-tropical
Argentina on rainfall distribution and low-level circula-
tion were studied with a state-of-the-art regional model
in a downscaling mode by Saulo et al. (2010). They
used different scenarios of soil moisture for a case study
with a well defined northwestern Argentinean low and a
strong CJE event. It was found that land—surface interac-
tions are stronger when soil moisture is decreased, with
a consequent reduction of precipitation over southern
South America. Changes in soil moisture and vegeta-
tion in modelling experiments can indicate changes in
precipitation, temperature, and atmospheric circulation.
The impact on South America precipitation in a regional
model soil moisture initialisation was discussed by de
Gongalves et al. (2006a, b) using the South American
Land Date Assimilation System (SALDAS). Other imple-
mentations of estimated soil moisture initialisation have
been conducted at CPTEC with both regional and global
models (Gevaerd and Freitas 2006).

MCS over northern Argentina and Paraguay associated
with the SALLJ were also simulated by the regional Eta
model at high resolution (Rozante and Cavalcanti 2008).
It was found that the model at 10 km resolution with the
Kain-Fritsch convection scheme, estimated soil moisture,
and a non-hydrostatic version of the Eta model was
the best in simulating the characteristics associated with
the development of convection, such as the upper level
jet, the SALLJ, humidity, and associated mechanisms
for ascending motion, with 72 h in advance. One of
these episodes of intense MCS during SALLJEX, which
occurred on 18 January 2003, is illustrated in Figure 11.
Features of the high-level jet, which forces a secondary
circulation, and the convergence of humidity flux in
the exit region of SALLJ, associated with the MCS
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development, discussed in Salio et al. (2007), were also
well reproduced by the model.

Land use/cover change and aerosols from biomass
burning are important forcings that are inherently regional
in scope, and still some uncertainty is present in
the responses and feedbacks of the climate system to
emissions as represented in climate models. These uncer-
tainties are related to the model representation of the
conversion of emissions into concentrations of radiatively
active species (via atmospheric chemistry and carbon-
cycle models) and the subsequent response of the physi-
cal climate system. In turn, the latter uncertainties result
from the representation of resolved processes (e.g. mois-
ture advection), the parameterisations of sub-grid-scale
processes (e.g. clouds, precipitation), and feedback mech-
anisms on the global and regional scale (e.g. changes
in land-use/cover affecting the atmosphere, and the role
of aerosols in the rainy season in Amazonia). A sum-
mary of these issues can be found in Cavazos et al.
(2008). The long-term variations of the models’ skills
represent an additional source of uncertainty and indicate
that the regional reliability of long climate model runs
may depend on the time slice in which the output of the
model is analysed (Grimm et al. 2006).

Obtaining accurate observational estimates of surface
quantities such as soil moisture and evapotranspiration
which can be used to validate model simulations, is a cru-
cial aspect of improving the understanding of the South
American climate. The low predictability of monsoon
rainfall anomalies in central-east Brazil during the aus-
tral summer might be partially ascribed to the model’s
inability to reproduce well the topographical features and
land—atmosphere interactions that are important for vari-
ability in the region (Grimm et al. 2007a).

Another important modelling issue is related to the
model’s ability in reproducing the influence of aerosols
released by biomass burning in tropical South America.
Aerosols can affect the radiation and energy budget
and should be considered in modelling simulations.
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Monitoring of biomass burning over tropical South
America using a regional model shows that the pollu-
tants are transported southward by the mean flow and
can affect areas of SESA (Freitas et al. 2004).

There are several modelling/data assimilation issues
that arise not only from the above mentioned research,
but also from other scientific questions introduced in the
MESA Science and Implementation Plan (www.clivar.
org/vamos). The inability of global models to cap-
ture important details of regional circulation patterns in
the SAMS, as well as rainfall and convection simula-
tion, has prompted regional-scale field experiments in
the Amazon-SAMS regions, including the LBA WET
AMC in 1999-2000 (Silva Dias et al. 2002) and SALL-
JEX during 2002-2003 (Vera et al. 2006a). They have
provided a new set of field data that has been used
for model inter-comparisons of some specific weather
events during SALLJEX (Rozante and Cavalcanti 2008),
or for data assimilation in the simulation of some
selected SALLJ episodes during SALLJEX (Cavalcanti
and Herdies 2004). Herdies et al. (2007) showed that the
vertical structure of the meridional wind in the analyses
was much closer to observed rawinsonde profiles in the
experiments that included SALLJEX data than in the con-
trol experiments. The results show that, although there are
more pilot balloon observations than rawinsonde observa-
tions in the SALLJEX dataset, most of the improvements
in the analyses are obtained by inclusion of rawinsonde
observations. The results of this study can serve as a
benchmark for similar data impact studies using higher-
resolution data assimilation systems.

An important area of research is the design of metrics
to test the ability of models to simulate well observed
features of the current climates. The addition of such
metrics provides guidance about the overall strengths and
weaknesses of individual models, as well as of the general
state of modelling.

10. Societal applications

In a globalised economy, improving our understanding
of regional climate predictions and projections becomes
very relevant, especially when a large area such as
South America is involved. A slump in the production
of soybean, corn, or sugarcane production in South
America as a result of climate anomalies would have
huge implications on the global market.

The SAMS region hosts the upper basins of many
important rivers in South America such as the Parana-
La Plata and the Sao Francisco, and rainfall anomalies in
the region translate into hydrological extremes. Drought
and floods have devastating economic impacts on insured
or underinsured individuals and corporates as well as
on the insurance companies themselves. Floods take
human lives and drought may cut off entire cities from
their water sources, causing major economic damage.
Alteration of water resources may lead to societal unrest
and population relocation. A poor, or extremely wet
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rainy season or droughts, have a devastating effect on
crops and hydroelectric generation. With the persistent
reduction of precipitation in certain areas, lakes dry
up, river flow decreases, and the fresh water supply is
reduced, overwhelming available conservation options
and depleting fresh water reserves.

The Sao Francisco, the Parana-La Plata, and some of
the major tributaries of the Amazon River are essential
to hydroelectric generation in major cities such as Sao
Paulo, Rio de Janeiro, and Brasilia. Thus, delays in the
onset of the rainy season and rainfall deficiency during
the peak season may be extremely costly for the region’s
economy.

As an example, rainfall deficits during summer and
fall 2001 resulted in a significant reduction in river flow
throughout northeast, central-west and southeast Brazil,
including the SAMS region, thereby reducing the capac-
ity to produce hydroelectric power in these areas. Ninety
percent of Brazil’s energy is provided by hydroelectric
systems. The large-scale nature of the deficits, which
affected nearly the entire country, resulted in an energy
crisis that forced the government to impose energy con-
servation measures in order to avoid total loss of power
(blackouts) during parts of 2001 and 2002 (Cavalcanti
and Kousky 2004; Drumond and Ambrizzi 2005).

In 2005, large sections of southwestern Amazonia
experienced one of the most intense droughts of the last
100 years. The drought severely affected human popula-
tions along the main channel of the Amazon River and its
western and southwestern tributaries. The Solimdes River
levels fell to historic lows. Navigation was suspended,
isolating small villages and affecting tourism along the
Solimdes and Madeira Rivers (Marengo et al. 2008; Zeng
et al. 2008; Cox et al. 2008). In 2009, intense floods
affected the same region; Rio Negro in Manaus reached
the highest level during 106 years of record. Estimates
of the cost of these events are still under analysis.

The sensitivity of the SAMS region to weather and
climate anomalies suggest that climate variability and
change will have strong social repercussions in this
region. A relatively small number of studies deal with
climate-change impacts on natural ecosystems, agribusi-
ness, renewable energies, water resources, megacities,
and human health in the SAMS region. Events like the
droughts of 2001 and 2005 may become more frequent or
intense. Shorter soil moisture residence times, increases
in the frequency and intensity of droughts, and rainy peri-
ods with more concentrated and intense rainfall events are
likely to diminish soil water availability in this region.
This would lead to a scenario of accelerating desertifi-
cation and will further marginalise dryland agriculture,
which is the current way of subsistence for many inhab-
itants of this region.

International initiatives such as the La Plata Basin
Program (LPB, Berbery et al. 2005) and the Europe-
South America Network for Climate Change Assessment
and Impact Studies-CLARIS LPB project (www.claris-
eu.org) are directed to identify and describe the main
climate and hydrological features of the La Plata Basin.
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CLARIS-LPB aims at predicting the regional climate-
change impacts on La Plata Basin and at designing
adaptation strategies for land use, agriculture, rural
development, hydropower production, river transporta-
tion, water resources, and ecological systems in wetlands.
The hydroclimate system of the La Plata Basin presents
several challenges that have become apparent along the
years; from vulnerability to floods and droughts to effi-
ciency of hydropower production.

These international programs on LPB, in addition to
other ongoing large-scale projects such as LBA and
VAMOS-related programs, will allow for a better knowl-
edge of the climatological and hydrological factors deter-
mining the frequency of occurrence and spatial extent of
floods and droughts; the predictability of regional weather
and climate variability and its impact on hydrological,
agricultural and social systems of the basin; and the
impacts of global climate change and land use change
on regional weather, climate, hydrology, and agriculture.

11. Future challenges and research needs

Along with the significant progress already made particu-
larly during the last years, some obstacles have been iden-
tified in the development of research related to MESA.
Obstacles that may affect the progress of a research
agenda in the SAMS region include: (1) the decay of the
observational network; (2) the current profile of model
and parameterisation development; and (3) lack of ade-
quate computer facilities for the sensitivity testing to
understand complex processes and their feedbacks. Test-
ing the spatial resolution and temporal resolution and
physics dependencies should be considered a grand chal-
lenge to the modelling community in terms of scientific
effort and computing.

In the context of achievements of MESA and VAMOS
as WCRP CLIVAR panels, and based on the review of
published literature on various aspects of the SAMS char-
acteristics and functioning during recent years, we have
identified the following aspects that have emerged in
recent studies as relevant to 3-dimensional description of
the low circulation east of the Andes: (1) mesoscale con-
vective processes; (2) role of aerosols from biomass burn-
ing due to land use change in the SAMS; (3) dynamics
of the South American see-saw pattern; (4) ITCZ-SACZ
interaction; (5) summertime convection and circulation
over the Altiplano (Central Andes); (6) influence of MJO
on the SAMS; (7) relative roles of remote and local forc-
ing (SST, land surface, topography); and (8) land surface
forcing — impacts of land use change.

Grand questions on SAMS that need to be explored
in greater detail include the following: (1) what is the
interaction between the SAMS and the stratocumulus
cloud deck over the SE Pacific? (2) what are the relative
roles of internal versus forced low-frequency variabil-
ity? (3) what is the global response to SAMS forcing?
(4) what are the sources and limits of predictability in
the SAMS region? (5) is there predictability at decadal
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time scales? (6) what will be the functioning of SAMS in
the future? Will it be more or less predictable? (7) what
will be the impacts of aerosols and changes of atmo-
spheric composition on SAMS’s circulation and rainfall
patterns? And (8) what are the uncertainties in SAMS’s
future climate change projections?

The answers to these questions will be revealed by
combining intensive observational monitoring data with
a modelling strategy directed towards a more realistic
simulation on depiction and characteristics and variability
of SAMS in various time scales. This will also lead to
better projections of future climate change scenarios with
uncertainty quantifications.
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