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Abstract The goal of this study is to assess the ability of a
set of global climate models (GCMs) to represent the main
regional spatial patterns of austral summer moisture trans-
port in South America in order to evaluate if one of the
possible causes of GCMs misestimating summer precip-
itation in this region could be associated with an erro-
neous representation of these patterns. For this purpose,
NCEP/NCAR reanalysis and 20 GCMs from the WCRP/
CMIP3 multi-model dataset for the period 1960-1999
were considered. Extreme cases of moisture transport
patterns were selected to assess their association with
rainfall anomalies. Results obtained indicate that only
some aspects of water vapor transport and convergence
in South America as well as the associated precipitation
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anomalies can be reproduced adequately by GCMs.
Finally, a case study is presented showing that one of
the moisture transport patterns identified was observed
during December 2008—February 2009.

1 Introduction

Climate change is considered one of the severest problems
faced nowadays by humanity due to the magnitude of its
economical, social, and ecological impacts. In particular,
Southern South America has been identified as a region
subject to climate trends that could be related to the
increase of atmospheric concentration of greenhouse
gases. Examples of changes are increased precipitation
(Castaneda and Barros 1994; Giorgi 2002a; Berbery et
al. 2006; Haylock et al. 2006; Re et al. 2006; Re and
Barros 2009; Marengo et al. 2010) and river flows
(Barros 2006; Camilloni 2007; Doyle and Barros 2011)
as well as modifications of surface atmospheric circula-
tion (Di Luca et al. 2006) and extreme temperatures
(Rusticucci and Barrucand 2004; Marengo et al. 2010).
Therefore, considering the variety of impacts of the observed
trends, it is necessary to design adaptation measures in order
to reduce the vulnerability of human and natural systems and
to respond both to actual and possible future changes.
However, for an effective adaption, the reduction of uncer-
tainties of future scenarios is essential. Climate projections are
elaborated using the most advanced global climate models
(GCMs) since they are the most reliable tool available at
present for simulating the processes that will determine future
global or regional climate change. Nevertheless, GCMs are
still unable to represent appropriately all processes of the
climate system leading to projections with considerable
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uncertainties. Therefore, validation studies are a relevant tool
to estimate the reliability of future climate projections.

Precipitation occurrence depends essentially on the avail-
ability of atmospheric water vapor. The Amazon region, in
which the main source of moisture is the tropical Atlantic
Ocean, plays a fundamental role in its exchange between the
tropics and extra-tropics and for the summer precipitation in
South America (Marengo 1992; Herdies et al. 2002). The
transport of tropical air to higher latitudes is closely linked
to the Chaco low, through its impact on the South American
low level jet (SALLJ, Herdies et al. 2002) and to the circu-
lation associated with the semipermanent anticyclone over
the South Atlantic Ocean. Two atmospheric circulation pat-
terns which condition the distribution of South American
summer precipitation have been identified by several
authors, using different time periods and data (Nogués-
Paegle and Mo 1997; Doyle and Barros 2002; Herdies et
al. 2002; Grimm and Zilli 2009). The first pattern is char-
acterized by a low-level continental tropical current with a
zonal trajectory from the base of the Bolivian Andes to the
Atlantic Ocean, carrying moisture to the South Atlantic
Convergence Zone (SACZ). During this active phase of
the SACZ, precipitation increases in this area, and a net
moisture divergence is registered over southeastern South
America (SESA) dominated by an anticyclonic circulation.
As the flow exits the continent and enters the Atlantic
Ocean, it merges with the anticyclone. Further south, it
reenters the continent transporting water vapor inland as
far as the mountain ranges region of western Argentina.
The second pattern occurs when the SACZ is in its inactive
phase. Moisture is advected by an intense meridional com-
ponent from northwestern South America to SESA, associ-
ated with the SALLJ. On these occasions, the SACZ
receives less water vapor, while net convergence leading
to increased precipitation is registered in SESA. Moreover,
Doyle et al. (2011) show that this intense northern low-level
water vapor flow with two convergence cores, one over
eastern Argentina, southern Brazil, and Uruguay, and the
other over western Argentina, along with a weakened SACZ
is associated with the more extreme precipitation months
favoring the occurrence of mesoscale convective systems. In
most of SESA, precipitation is due to these systems (Zipser
et al. 2006), which act in daily scales and account for a great
part of the total monthly precipitation.

Recently, several studies have evaluated the precipitation
simulated by GCMs over the South American continent
(Boulanger et al. 2007; Vera et al. 2009; Pesquero et al.
2010) or over subcontinental regions (Camilloni and
Bidegain 2005; Silvestri and Vera 2008; Seth et al.
2009). They found that models tend to underestimate
precipitation over central eastern Argentina and to over-
estimate it over the SACZ region. Seth et al. (2009)
analyzed nine World Climate Research Programme/
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Coupled Model Intercomparison Project phase 3 (WCRP/
CMIP3) GCMs to evaluate the future changes of the annual
cycle of precipitation over continental South America south of
10°S and east of 60°W. Their analysis included, among other
variables, the evaluation of the divergence of water vapor
flow, showing that most models tend to overestimate moisture
convergence during the austral summer months in the mon-
soon region (50°-60°W, 10°-20°S). They also found that
there is a high discrepancy among models in SESA region,
although convergence is captured by the ensemble. The lim-
itations of the GCMs in simulating some climatic features on
regional scale could have multiple causes, such as low spatial
resolution and parameterizations of subgrid processes (Giorgi
2002b). The goal of this study is to assess the ability of a set of
GCMs to represent the main regional spatial patterns of austral
summer moisture transport in South America in order to
evaluate if one of the possible causes of the deficiencies in
estimating summer precipitation in southern South America
could be associated with their erroneous representation. This
is done by comparing the austral summer vertically integrated
moisture transport patterns derived from the National Centers
for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis (Kalnay et al. 1996) and
those from a set of 20 GCMs for the period 1960-1999. The
comparison is made for one GCM individually and for the
ensemble since different authors (Phillips and Gleckler 2006;
Glecker et al. 2008; Vidal and Wade 2007, 2008; Pierce et al.
2009, Knutti et al. 2010; Weigel et al. 2010) suggest the multi-
model ensemble as the most useful tool to reduce uncertainties
associated with GCMs. As the present analysis explores the
relation between moisture transport and precipitation based on
monthly fields of all variables, some processes of smaller time
scales could not be completely represented. Nevertheless, as it
will be discussed in Section 3, the main features of the associ-
ation between both variables are still evident when considering
mean fields derived from daily or monthly data.

The paper is organized as follows: Section 2 describes the
WCRP/CMIP3 dataset and observations considered.
Section 3 presents the principal modes of vertically integrat-
ed moisture transport derived from NCEP/NCAR reanalysis
and their relation with precipitation anomalies, and
Section 4 evaluates the representation of the moisture trans-
port and convergence as well as the associated rainfall by
GCMs. Section 5 presents a case study, and Section 6 sum-
marizes the main conclusions.

2 Data

Vertically integrated moisture transport between surface and
700 hPa for 1960-1999 is calculated considering sea level
pressure, specific humidity (q), and horizontal winds (u,v)
on standard pressure levels from the monthly NCEP/NCAR
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reanalysis for the austral summer months (December,
January, and February). Even though the focus of the pres-
ent work is South America, moisture transport is calculated
for a larger domain (20°W—100°W, 12.5°N-57.5°S) in order
to include the adjacent oceanic regions. For the precipitation
analysis over the continental area between 30°W-85°W and
0°-60°S, two different monthly gridded datasets were con-
sidered: NCEP/NCAR reanalysis (2.5°latx2.5°lon) and the
University of Delaware dataset (UDel) (Willmott and
Matsura 2001) derived from rain gauge observations and with
0.5°lat>x0.5°lon resolution.

Model simulations from 20 GCMs (Table 1) of the
WCRP/CMIP3 multi-model dataset are analyzed. The
evaluated variables are monthly precipitation and verti-
cally integrated moisture transport and convergence,
computed between surface and 700 hPa considering
the same variables and months as in the reanalysis case.
The GCMs horizontal resolutions vary between 1.1°—4°
in latitude and 1.1°-5° in longitude and range between
18 and 56 atmospheric vertical levels. In order to facil-
itate the comparison between observations, NCEP/
NCAR reanalysis, and GCM simulations, all variables
were interpolated to a common 2.5°latx2.5°lon grid
using the Krigging method.

Table 1 CMIP3 GCMs employed in this analysis

Due to the low resolution of both reanalysis and GCMs,
some features of the regional circulation, such as the
SALLJ, cannot be detected with precision. Therefore, the
analysis in this work only makes reference to the northwest-
ern low-level flow as an indicator of the possible presence of
the SALLJ. Also, since information on a monthly basis is
used, daily variability is not captured, and thus, results could
show some differences from two South American atmo-
spheric circulation patterns previously identified by differ-
ent authors (Doyle and Barros 2002; Herdies et al. 2002).

3 Principal modes of vertically integrated moisture
transport derived from NCEP/NCAR reanalysis
and their relation with precipitation

To identify the principal patterns of vertically integrated
moisture transport, a T-mode principal component analysis
(PCA) method is applied to austral summer (December,
January, and February) monthly fields over the study region
for the 1960-1999 period. By definition, the first compo-
nents of the PCA reflect the most frequent patterns, while
those of higher order could correspond to sporadic meteo-
rological situations. Since this work searches for the most

Model ID, vintage Sponsor(s), country

Atmosphere resolution Ocean resolution

CCSM3, 2005
CGCM3.1(T47), 2005
CGCM3.1(T63), 2005
CNRM-CM3, 2004

Canada

Météorologiques, France
CSIRO-MK3.0, 2001

National Center of Atmospheric Research, USA
Canadian Centre for Climate Modelling and Analysis,

Metéo-France/Centre National de Recherches

Commonwealth Scientific and Industrial Research

1.4°x1.4° L26

~2.8°x2.8° L31
~1.9°x1.9° L31
~1.9°x1.9° L45

0.3°x1° L40
1.9°x1.9° L29
0.9°x1.4° L29
0.5°-2°x2° 131

~1.9°x1.9° L18 0.8°x1.9° L31

Organization (CSIRO) Atmospheric Research, Australia

ECHAMS/MPI-OM, 2005
GFDL-CM2.0, 2005
GFDL-CM2.1, 2005

GISS-AOM, 2004
GISS-EH, 2004
GISS-ER, 2004
INGV-SXG

INM-CM3.0, 2004

IPSL-CM4, 2005

MIROCS3.2(hires), 2004
MIROC3.2(medres), 2004

MRI-CGCM2.3.2, 2003

PCM, 1998

UKMO-HadCM3, 1997
UKMO-HadGEM1, 2004

Max Planck Institute for Meteorology, Germany

U.S. Department of Commerce/National Oceanic and
Atmospheric Administration (NOAA)/Geophysical
Fluid Dynamics Laboratory (GFDL), USA

National Aeronautics and Space Administration
(NASA)/Goddard Institute for Space Studies (GISS), USA

NASA/GISS, USA

Instituto Nazionale di Geofisica e Vulcanologia, Italy
Institute for Numerical Mathematics, Russia

Institut Pierre Simon Laplace, France

Center for Climate System Research (University of Tokyo),
National Institute for Enviromental Studies, and Frontier
Research Center for Global Change (JAMSTEC), Japan

Meteorological Research Institute, Japan

National Center for Atmospheric Research, USA

Hadley Centre for Climate Prediction and Research/Met Office, UK

~1.9°x1.9° L31
2.0°x2.5° L24
2.0°x2.5° L24

3°x4° 112
4°x5°L20
4°x5°L20
~1.1°x1.1° L19
4°x5° L21
2.5°%3.75° L19
~1.1°x1.1° L56
~2.8°x2.8° L20

~2.8°x2.8° L30
~2.8°x2.8° L26
2.5°x3.75° L19
~1.3°x1.9° L38

1.5°x1.5° L40
0.3°-1.0°x1.0°
0.3°-1.0°x1.0°

3°x4° L16

2°x2° L16

4°x5° L13
1°-2°%2°

2°x2.5° 133

2°x2° 131
0.2°x0.3° L47
0.5°-1.4°x1.4° L43

0.5°-2.0°x2.5° L23
0.5°-0.7°x1.1° L40
1.25°x1.25° L20

0.3°-1.0°x1.0° L40

Sponsoring institutions as well as the horizontal and vertical resolution of the atmosphere and ocean models are listed. Horizontal resolution is

expressed as degrees latitude by longitude. Vertical resolution (L) is the number of vertical levels
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frequently observed moisture transport conditions, and not
for infrequent cases, inclusion of the latter ones would not
add relevant information and are not discussed.

There are several methods to determine the number of
significant components that should be considered when
applying the PCA method. Among those the following are
used:

* The Kaiser method: The principal components with
eigenvalues greater than 1 are retained. This means that
the relation between the new variable and some of the
original variables is significantly different from zero
(Kaiser 1960).

» Explained variance: The components that altogether ex-
plain more than 80 % of the total variance are retained
(Wilks 2006).

When applying the PCA to the NCEP/NCAR reanalysis
moisture transport fields, it was found that the three first
components fulfilled both the Kaiser and the explained
variance method criteria. Figure 1 shows the spatial patterns
represented by the first three principal components (PC) that
altogether explain 93.7 % of the total variance. The first one
(-PC1, Fig. 1a) explains the largest part of the overall
variance (91.2 %) as it describes the mean field of the
moisture transport. This pattern shows the south Atlantic
and Pacific anticyclones centered on 30°S and the westerlies
located south of 40°S. Furthermore, the branch of the trop-
ical low-level water vapor flux has a southeasterly direction
that converges in the vicinity of the SACZ, at about 20°S,
with the southwestward transport carried by the winds of the
South Atlantic high. PC2 (Fig. 1b) explains 1.6 % of the
variance and is characterized by a flow from northwestern
(NW) South America that turns zonal over central Brazil
between 10°S and 15°S. Two opposed circulations over the
Atlantic Ocean are also identified at approximately (40°S,
30°W) and (15°S, 30°W) that—accompanied by the flow
from NW South America—generate important convergence
over southeastern (SE) Brazil. On the other hand, moisture
transport over Argentina is mainly from the south as water
vapor comes from the Atlantic Ocean and enters the South
American continent in central eastern Argentina favored by
the cyclonic circulation over the Southern Atlantic Ocean.
This flow moves northward across the continent with a SE—
NW direction until it reaches Bolivia, where it converges
with a tropical continental flow and returns to the ocean
after passing almost zonally over central-western and SE
Brazil.

The third component (-PC3, Fig. 1c), which explains
0.9 % of the variance, presents a closed anticyclonic circu-
lation at around 20°S that incorporates moisture from the
Atlantic Ocean along the coastline between 10°S and 25°S,
and then penetrates the continent up to (15°S, 55°W) where
it divides in two branches. One is directed to the south—
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southeast until it returns to the ocean, while the northern
branch is opposed to the low-level tropical continental flow.

As discussed previously, the first principal component
represents the mean field of vertically integrated moisture
transport, while the higher order ones correspond to differ-
ent disturbances of the mean circulation that highlight the
main features of the spatial patterns of moisture transport.
Consequently, to explore the relations between monthly
precipitation anomalies and the principal modes of moisture
transport, only PC2 and —PC3 are considered. For this
purpose, extreme events are selected on the basis of their
corresponding factor loadings (FL2 and FL3, respectively).
The criteria used are:

+ FL2 >0.15
« FL3<-0.10

These threshold values are set to include approximately
15 % of the total cases. For the selected events, the compo-
sites of the moisture transport and convergence fields as
well as the associated precipitation anomalies are presented
in Figs. 2 and 3, respectively. Rainfall anomalies related to
the complete period are taken and tested using a mean
difference test. Shaded areas in Fig. 3 indicate significant
anomalies at the 90 % confidence level.

As this analysis is based on monthly fields of all varia-
bles, some processes of smaller scale could not be complete-
ly represented imposing a limitation on the unique
correspondence between net convergence (divergence) and
positive (negative) precipitation anomalies. Consequently,
the consistency between the composites of the mean fields
of vertically integrated moisture transport and convergence
for the extreme cases of FL2 and FL3 derived from daily
and monthly data is analyzed. The main feature that distin-
guishes them is that in some limited areas, the mean fields
computed with monthly data exhibit a more intense conver-
gence than the ones calculated with daily values (Figure not
shown). Additionally, as it will be discussed below, in most
cases, extreme precipitation anomalies can be reasonably
explained by the transport and convergence of water vapor
fields.

For the circulation pattern and associated moisture con-
vergence corresponding to the composite of extreme events
of FL2 (14 cases; Fig. 2a), a moisture input from the tropical
Atlantic Ocean and its subsequent counterclockwise rotation
showing a NW-SE direction towards central Brazil is iden-
tified. It then turns towards the Atlantic Ocean where it
reaches the South Atlantic anticyclonic circulation produc-
ing stronger convergence than the one observed in the
vicinity. In the corresponding NCEP/NCAR precipitation
anomaly field (Fig. 3a), positive values are maxima at
approximately 20°S (marked with full red circle in
Fig. 3a), somewhat further north of the SACZ mean position
but which might be explained by net moisture convergence
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Fig. 1 First three principal components a —PC1, b PC2, ¢ —PC3 of vertically integrated moisture transport for the austral summer months derived

from the NCEP/NCAR reanalysis

in the SACZ area. Another region with positive precipitation
anomalies is found south of 35°S. The zoom of Fig. 2a details
the moisture entrance north of Uruguay through an anticy-
clonic circulation that reaches the Andes and finally joins the
westerlies south of 35°S towards the Atlantic Ocean. In both
cases, the positive precipitation anomalies are also captured by
the UDel dataset (Fig. 3b). In the first region (full red circle in
Fig. 3a), observations depict stronger anomalies than the
reanalysis with the maximum values centered slightly north-
wards and hence extending over a larger statistically signifi-
cant area. Over central and southern Argentina, the sign of
observed rainfall anomalies is once again consistent with
reanalysis though covering a larger area.

In most regions, there is physical consistency between
NCEP/NCAR precipitation and water vapor transport and
convergence data. However, it should be noted that in some
cases, as in northern Brazil and on the east coast around 25°
S, negative precipitation anomalies are not explained by the
moisture transport since in these areas convergence is dom-
inant (Fig. 2a). This could be in part due to the methodology
employed in this study and some limitations that must be
taken into account to analyze the results properly. For ex-
ample, there is not necessarily a direct relationship between
the occurrence of convergence and positive precipitation
anomalies since rainfall can also be affected by evaporation,
which is not studied here due to lack of observational data
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convergence (millimeters per second) (shaded) from the NCEP/NCAR reanalysis for a FL2 >0.15 and b FL3 <-0.10

on a continental scale. Also, due to the monthly time scale
used, weak monthly convergence may not fully represent
the daily events of the month. A number of days with
divergence and others with convergence can occur during
a month, and these could, on average, be compensated.

However, the comparison of the mean austral summer
precipitation fields of both data sets sheds new light.
Although anomalies follow similar patterns in both cases,
there are some marked differences between the mean fields
(Fig. 4). A minimum precipitation band appears east of the
Andes in tropical latitudes in the reanalysis case which is
consistent with divergence in the area and generated by
modeled topography, but does not represent the observed
precipitation field. During this season, the Amazon basin is
characterized by maximum rainfall located in central Brazil
(Fig. 4b); however, the highest values in the reanalysis
rainfall field (Fig. 4a) are displaced northeastward. Hence,
convergence values (Fig. 2a) are still high in this region
because although precipitation anomalies are negative in
this composite, the precipitation represented by reanalysis
is still quite high compared to observations.

The composite of the moisture transport and convergence
fields corresponding to extreme cases of FL3 (15 cases;
Fig. 2b) shows that the continental zonal flow rotates at
approximately 10°S and unlike in the previous case, crosses
Bolivia and Paraguay with a more meridional orientation.
The entrance of this flow over Argentina is accompanied by
an anticyclonic rotation that runs along the Andes before
leaving the continent between 35°S and 40°S. The moisture
convergence, derived from the intersection of this flow and
the South Atlantic anticyclone, occurs approximately in the
same region as in the former case, approximately 25°S on
the Brazilian eastern coast. It is also observed that the
convergence regions on the Brazilian coast and in
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southwestern Argentina are in agreement with the maxima
of NCEP/NCAR positive precipitation anomalies (full red
circles in Fig. 3c), while the divergence over the eastern
South American coast approximately between 30°S and 40°
S (dashed red circle) concurs with negative precipitation
anomalies. This same pattern is found in the composites of
UDel precipitation (Fig. 3d); however, as in the previous
case, there are some anomalies which cannot be explained
by moisture transport and convergence fields. The relation
between convergence and precipitation in northern South
America as well as over the eastern coast south of 40°S is
not straightforward. In the latter region, when analyzing the
observed precipitation anomalies this could be attributed to
the limited number of rainfall stations, thus making results
difficult to assess. However, the NCEP/NCAR rainfall
anomalies, independent of observed precipitation, present
the same pattern. Therefore, monthly moisture transport and
convergence do not seem to be the key mechanism respon-
sible for the monthly rainfall anomalies in this case.

The area of positive anomalies in the UDel precipitation
field (Fig. 3d) which encompasses the Atlantic coast in
central Brazil, NE Argentina, central Paraguay, and the
Atlantic coast of Argentina up to 40°S is not statistically
significant given the high variability of rainfall in this re-
gion. However, despite the low statistical significance, the
pattern is characteristic of SESA and is discussed in the case
study presented in Section 5.

4 Representation of the vertically integrated moisture
transport and associated precipitation by GCMs

This section presents a validation of the ability of the en-
semble of 20 GCMs, and in particular of the model MRI-
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panel) and FL3 < —0.10 (lower panel). Shaded areas mark significant anomalies at the 90 % confidence level

CGCM2.3.2, to represent the structures found in the
previous section. The selection of the MRI-CGCM?2.3.2
model is based on a previous work by Gulizia et al.
(2009), which shows that this model has an adequate
representation of the summer precipitation field over
South America on the basis of a statistically significant
spatial correlation (R=0.76) between the observed and
simulated fields. In this case, the explained variance by
the first three principal components is 99.5 % (98.4,
1.0, and 0.1 %) for the ensemble and 95.4 % (93,
1.5, and 0.9 %) for MRI-CGCM2.3.2 model.

In the present case, the thresholds of the factor loadings
considered for the selection of extreme cases differ from the
ones selected for the reanalysis, and also between the dif-
ferent models. This is because both reanalysis and models
have different correlation coefficients between their respec-
tive structures and the original variables.

Figure 5 shows the first three principal components for
the ensemble of GCMs (EPCs). Pattern —EPC1 (Fig. 5a)
adequately represents the mean moisture transport field
during the austral summer months as well as the location
of the southern Atlantic and Pacific anticyclones and the
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Fig. 4 Mean austral summer precipitation fields (millimeters): a NCEP/NCAR reanalysis and b UDel dataset

westerlies. Moreover, the incoming flow over Paraguay and
Argentina has a similar position as in the mean flow derived
from reanalysis (Fig. 1a).

Some of the aspects of the PC2 (Fig. 1b) are present in
EPC2 (Fig. 5b). The gyres centered at 40°S over the Pacific
and South Atlantic oceans in Fig. 1b are found in the spatial
pattern of the ensemble although with less intensity. The
flow confluence over the Atlantic Ocean observed in PC2 is
slightly weaker in EPC2 while, on the contrary, the north-
western flow penetrating South America at 10°S and later
passing through the north of Bolivia and Paraguay has a
more intense meridional component. Likewise, EPC2 does
not represent the incoming current in SE-NW direction over
Paraguay and Bolivia present in PC2.

—PC3 (Fig. 1c) and —EPC3 (Fig. 5¢) have some features
in common. —EPC3 represents the zonal flux over Brazil
that turns towards the NW of South America. However, the
anticyclonic center located at 20°S observed in —PC3 is not
clearly distinguishable in —EPC3.

Since EPC2 and to a lesser extent —-EPC3 have certain
features in common with PC2 and —PC3, respectively, the
moisture transport and convergence as well as precipitation
extreme cases composites obtained for reanalysis (Figs. 2
and 3) are compared with the ones of the ensemble of 20
GCMs (Figs. 6 and 7). However, given that the correlation
coefficients between the original variables and the PCs
differ in each of the analysis performed, new factor
loading thresholds are used to select extreme cases, that
is EFL2 >0.13 and EFL3 < —0.013.

The composite of selected EPC2 events (Fig. 6a) shows
that the semi-permanent subtropical anticyclones as well as
the westerlies are adequately represented. However, the
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zonal component of the tropical current associated with the
SALLJ is weaker in the ensemble. Moreover, the moisture
flow branch running through the Brazilian territory has a
less clear zonal component resulting not only in a slower
flow over Paraguay but also over central—eastern Brazil and
especially along the coast. The convergence over the coast
of Brazil at 25°S in the ensemble is not as clear as in the
reanalysis case appearing slightly displaced towards the
interior of the continent.

In the composites of ~EPC3 extreme events (Fig. 6b), the
South Atlantic anticyclone enters the continent, while in the
reanalysis case, it is located farther out over the ocean. The
intersection of this anticyclonic circulation with the NW
South American flow diverts the latter westward reducing
its speed and leading to a weaker flow over north—central
Argentina, thus creating a discrepancy between the ensem-
ble and reanalysis patterns. Additionally, the flow over the
eastern coast of Brazil is more intense for the ensemble of
the 20 GCMs.

Figure 7 shows the composite of monthly precipitation
anomaly fields from the ensemble of the 20 GCMs associ-
ated with extreme moisture transport and convergence pre-
sented in Fig. 6. The main feature of extreme events of
EFL2 (Fig. 7a) is that rainfall anomalies in the SACZ region
are much lower than in the pattern derived from NCEP/
NCAR reanalysis (Fig. 3a), probably given the less intense
zonal component in the low-level continental current.
Likewise, positive precipitation anomalies appear over
northern Argentina, Paraguay, and part of Bolivia covering
a greater extension than in the reanalysis composite
(Fig. 3a). This discrepancy in the coverage of the core of
positive precipitation could be explained by a more
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Fig. 5 First three principal components a —EPC1, b EPC2, and ¢ —EPC3 of vertically integrated moisture transport for the austral summer months

derived from the ensemble of 20 GCMs

meridional flux and stronger moisture convergence in the
ensemble of GCMs than in the reanalysis field. In the case
of —EPC3 extreme cases, the spatial distribution of precip-
itation anomalies is quite different from the composites
derived from the observations probably due to the differ-
ences between the moisture transport fields described above.

Figure 8 shows the three main patterns resulting from a
PCA on the MRI-CGCM2.3.2 monthly fields of vertically
integrated moisture transport (—-MPC1, MPC2, and —
MPC3). Comparing Figs. la and 8a, it is clear that the —
PC1 structure (Fig. 1a) is well represented by the -MPCl1
one (Fig. 8a). Furthermore, MPC2 (Fig. 8b) reproduces the

main features of PC2 (Fig. 1b), i.e., the two circulations in
the Atlantic Ocean observed in PC2 are present in MPC2,
although slightly shifted to the north. The low-level current
flowing from NW South America towards the Atlantic
Ocean is found in both structures; nonetheless, there is a
difference in both patterns since in MPC2, the flow moves
zonally out over the ocean, while in the reanalysis case, the
entrance of the anticyclonic circulation over the continent
shifts the zonal flow to a SE direction, hence exiting the
continent farther south. The absence of the closed center in
MPC?2 contributes to a weaker flow over central-northern
Argentina. Over the Pacific Ocean, the model exhibits a
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Fig. 6 Composites of the monthly extreme events of vertically inte-
grated moisture transport (millimeters per meter per second) (vectors)
and convergence (millimeters per second) (shaded) of vertically

cyclonic circulation shifted northward with respect to
the reanalysis, and an anticyclonic system appears south
of 40°S.

The MPC3 pattern (Fig. 8c) represents adequately the
structure —PC3 (Fig. 1c) since the most outstanding feature,
the counterclockwise gyre present over the continent in the
reanalysis field, is located at approximately the same lati-
tude, 20°S, though slightly shifted to the east. However,
there is a difference over the Pacific Ocean given the
intense closed circulation the model presents and which
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integrated moisture from the ensemble of 20 GCMs for a EFL2
>0.13 and b EFL3 <—0.013

is noticeably weaker and displaced westward in the
reanalysis pattern.

The thresholds established for selecting the extreme cases
of the second and third principal components are MFL2 >0.15
and MFL3 >0.12. Figure 9 shows the moisture transport and
convergence composites of MPC2 and MPC3 extreme events.
In the first case (Fig. 9a), the anticyclonic circulations of the
Pacific and Atlantic oceans are properly represented, even
though the Pacific one is slightly weaker. This figure also
indicates that the intensity and position of the moisture
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Fig. 7 Composites of the monthly precipitation anomalies (millimeters) of the GCMs ensemble for a EFL2 >0.13 y b EFL3 < —0.013. Shaded

areas mark significant anomalies at the 90 % confidence level
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Fig. 8 Same as Fig. 5, but for MRI-CGCM2.3.2 a -MPC1, b MPC2, and ¢ MPC3

transport carried out by the westerlies in the model are similar ~ rainfall data (Fig. 3b). However, the precipitation distribu-
to the reanalysis, while the direction of the tropical current is  tion is very different from the observed pattern in the rest of
less zonal (Fig. 2a). Nonetheless, the circulation over  the continent. Figure 10b shows that the sign of precipitation
Argentina is well represented. Comparison between reanalysis ~ anomalies for MFL3 extreme cases is completely reversed
and model composites for FL3 (Fig. 9b) reveals that the  between the model and observations (Fig. 3d), except south
subtropical anticyclones, and the low level flux that crosses  of 40°S where the anomalies of both composites are posi-

northern Bolivia towards Argentina, are adequately repre-  tive. These differences could be associated with the model
sented, while the flow along the SE coast of Brazil is slightly =~ moisture transport and convergence spatial pattern where
more intense in the model. the anticyclonic circulation enters the continent as far as

The composite of precipitation anomalies for MFL2 ex- ~ 65°W accompanied by a significant southern transport that

treme events (Fig. 10a) is positive and of similar intensity =~ resembles the inactive SACZ phase with positive precipita-
over the SACZ region to those calculated from the UDel  tion anomalies south of 25°S and negative to the north. The
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Fig. 9 Same as Fig. 6, but for MRI-CGCM2.3.2, a MFL2 >0.15 and b MFL3 >0.12

moisture transport field derived from the reanalysis does not
show this anticyclonic circulation, while the meridional
transport presents a curvature to the west like in the active
SACZ phase.

5 Case study: December 2008—February 2009

Between November 2008 and February 2009, the monthly
precipitation anomalies in southern South America were
characterized by large dry regions in central—eastern
Argentina which extended and deepened particularly
throughout the Parana basin during December 2008
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(Fig. 11). On the other hand, in central-western Argentina,
rainfall anomalies were positive during November and
December 2008 and, at the same time, the SACZ region
over the Brazilian coast north of 25°S was wetter than
average (Fig. 11). The spatial distribution of rainfall anoma-
lies that occurred during this period is of particular interest
since it was accompanied by major social and economic
impacts, primarily associated with water shortages with
extended drought conditions that had begun months earlier
in vast regions of Argentina.

The composites of precipitation anomalies for —PC3 ex-
treme events (Fig. 3d) discussed in Section 3 show a spatial
pattern similar to that observed between December 2008
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Fig. 10 Same as Fig. 7, but for MRI-CGCM2.3.2, a MFL2 >0.15 and b MFL3 >0.12
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Fig. 12 Monthly mean fields of vertically integrated moisture reanalysis for a December 2008, b January 2009, ¢ February
transport (millimeters per meter per second) (vectors) and conver- 2009, and d the seasonal mean for the period December 2008—
gence (millimeters per second) (shaded) from the NCEP/NCAR February 2009
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and February 2009. Therefore, it is of interest to assess
whether the moisture transport conditions that occurred
during this period have some resemblance with the circula-
tion features associated with this component.

Figure 12 shows the NCEP/NCAR reanalysis vertically
integrated moisture transport and convergence monthly
mean fields for the period December 2008—February 2009,
for each individual month and for the three months average.
It is found that the main features of the circulation in this
period are similar to the spatial pattern —PC3 identified by
the PCA method, both on the monthly and the seasonal
scale. The two key features are:

* Moisture flows anticyclonically from the Atlantic Ocean
through the eastern coast of South America at around
30°S, reaches the Andes, and completes the gyre exiting
the continent south of 37.5°S. This flow could be asso-
ciated with heavy rainfall in the west and scarce rains in
eastern Argentina.

*  Moisture flows through the South American continent
from the NE towards the east of Brazil feeding the
SACZ area and causing positive precipitation anomalies
in that region.

6 Summary and conclusions

In this work, three austral summer patterns of vertically
integrated moisture transport over South America derived
from NCEP/NCAR reanalysis were identified using the
PCA method for the period 1960-1999. The first principal
component represents the mean field, whereas the second
and third ones highlight some of the main features of the
spatial patterns of moisture transport. This study focused on
the analysis of these two latter components and the assess-
ment of the ability of one GCM as well as an ensemble of 20
GCMs from the WRCP/CMIP3 database to represent them.
Also, the rainfall anomaly fields derived from rain gauge
data associated with the extreme cases of these modes were
discussed in order to evaluate if one of the possible causes of
GCMs misestimating summer precipitation in this region
could be associated with an erroneous representation of
these modes.

One of the patterns identified in the reanalysis data (PC2)
is similar to the so-called intense or active SACZ (Nogués-
Paegle and Mo 1997; Doyle and Barros 2002; Herdies et al.
2002; Grimm and Zilli 2009) that it is characterized by a
tropical continental flow that deviates towards the SACZ
and by a weakening of the Chaco Low (Fig. 1b). In the
composite of extreme cases of this mode (Fig. 2a), the moist
air coming from the Atlantic Ocean is accompanied by
mostly negative rainfall anomalies in northeastern
Argentina, southern Brazil, and Uruguay as over these
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regions the downward compensatory motion induced by
the strong rise in the SACZ region prevails. However,
when reaching the western mountains and foothills,
these winds are forced to ascend and produce rainfall
in central Argentina (Fig. 3b).

The other pattern (—PC3) shows the input of moisture into
the continent from the Atlantic Ocean along the coastline
between 10°S and 25°S through an anticyclonic circulation
that divides into two branches at (15°S, 55°W), one of them
with a south—southeastern direction and the other one op-
posed to the low-level tropical continental flow (Fig. 1c).
The composite of extreme cases of this pattern (Fig. 2b)
shows that these circulations are linked to heavy rainfall in
the SACZ region and to a lesser extent in western Argentina
and to dry conditions in southern Brazil, northern Uruguay,
and eastern Argentina (Fig. 3d). Also, a similar pattern was
registered during December 2008—February 2009, which
deepened the drought conditions of previous months in large
areas of central-eastern Argentina.

Only some of the aspects of vertically integrated austral
summer moisture transport as well as the associated precip-
itation and water vapor convergence over South America are
adequately reproduced by the ensemble of 20 GCMs and by
the model MRI-CGCM2.3.2 individually. As moisture
transport from tropics to extratropics is a key climate feature
in South America and strongly determines both the spatial
pattern and the sign of rainfall anomalies, its relatively
erroneous representation explains at least partially the defi-
ciencies of GCMs to estimate regional precipitation accu-
rately. The analysis undertaken in this study does not
systematically diagnose the physical explanation of model
errors, but it suggests a possible pathway to improve model
rainfall representation in South America. Meanwhile, in line
with different authors (i.e., Pierce et al. 2009; Knutti et al.
2010; Weigel et al. 2010), we found that the multi-model
ensemble results are more robust in the representation of
observed fields strengthening the assumption that this is the
most appropriate methodology to reduce uncertainties and
to increase confidence in future climate projections.
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