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Global climate models (GCMs) have, in general, problems representing precipita-
tion over southern southeastern South America (SSESA), namely southern Brazil,
Uruguay and eastern Argentina. In this study, 18 models were selected from the
Coupled Model Inter-comparison Project Phase 5 to evaluate rainfall of the warm
semester (October—March) when most of the rain takes place. Though GCMs
reproduce the main features of the two main low-level circulation variability modes
over southeastern South America, east of the Andes, particularly the two flow pat-
terns associated with the active and weak SACZ, most of them underestimate the
northern flow that brings water vapour into SSESA, as well as the mean precipita-
tion in this region. According to an index that stands for the northern flow towards
SSESA, all models, except one, have lower northern flow into SSESA than the
observed reanalysis field. In addition, this index has a significant correlation across
GCMs with mean SSESA precipitation, indicating that lower northern flow into
SSESA is generally associated with a greater underestimation in the model precipi-
tation. Hence, it is concluded that the weaker northern flow into SSESA simulated
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1 | INTRODUCTION

Understanding the water cycle and how it will be affected
under increased greenhouse gas scenarios is of great impor-
tance to society and is subject of numerous studies world-
wide. The Coupled Model Inter-comparison Projects, in
their different phases, have made available numerous simu-
lations for historical and future scenario conditions through
which great advances in the understanding of this process
have been obtained. The IPCC Fifth Assessment Report
(ARS5) (IPCC, 2013) however, states that, although large-
scale patterns of precipitation have improved in the last gen-
eration simulations, models continue to perform less well for
precipitation than for surface temperature. Studies by Ste-
phens et al. (2010), Tian et al. (2013) and Demory et al.
(2014) have concluded that global climate models (GCMs)

in comparison to observations produce higher total

by most GCMs is a cause of their simulated lower precipitation in this region.

CMIPS, precipitation, principal component analysis, SESA, stream function

precipitation amounts and a greater precipitation frequency
which leads to a more active water cycle than the observed.
There are numerous studies evaluating CMIP3 and
CMIPS historical simulations of precipitation at global and
local scales as well as the improvements obtained with the
newer generation models. The evaluation of CMIP3 simula-
tions showed that models are able to simulate large-scale
mean climate conditions, such as the high rainfalls in the
eastern and central tropical Pacific north of the equator, or
areas with low precipitations like Northern Africa or eastern
subtropical ocean basins (Dai, 2006). However, the represen-
tation of local features is quite limited (Boulanger et al.,
2007; Silvestri and Vera, 2008; Sakaguchi et al., 2012; Guli-
zia et al, 2013 among others). [PCC Fourth Assessment
Report (AR4) (IPCC, 2007) noted that the difficulty in
regional signals is due to the coarse model resolution and
inadequate model physics. The increase in resolution in
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some models (Delworth et al., 2012) as well as better repre-
sentations of sub-grid scale parameterizations of convection
(Neale et al., 2008), have shown substantial improvements
in precipitation patterns. Consequently, simulations of mean
precipitation in the CMIP5 ensemble present an overall
improvement respect to the CMIP3 ensemble (Flato
etal., 2013).

Mehran et al. (2014) used several statistical measures to
compare continental precipitation from 34 CMIP5 simula-
tions against the Global Precipitation Climatology Project
(GPCP) monthly mean observational estimates. They found
that total monthly precipitation from most model simulations
agree considerably well with observations, however deserts
and sub-continental regions like central Australia and north-
eastern Eurasia are problematical. They also identify overes-
timation of rainfall in regions with steep topography while
on the lee side of the mountains the bias is negative. The
tropical Atlantic has also been identified as region with pre-
cipitation biases in coupled and uncoupled GCMs. Some of
these biases are overestimation of rainfall in the Caribbean
and drier than normal conditions in Amazonia during the
boreal summer (Davey et al., 2002; Biasutti et al, 2006;
Stockdale et al., 2006; Yin et al., 2013). Other errors occur-
ring in several models include an overly zonal orientation of
the South-Pacific Convergence Zone (Brown et al., 2013) as
well as an overestimate of the frequency of occurrence of
light rain events (Stephens et al., 2010). Problems in the pre-
cipitation distribution have also been documented by several
authors. Models tend to precipitate more frequently in light

of Climatology

amounts (Dai, 2006; Sun et al., 2007; Stephens et al., 2010;
Sillmann et al., 2013) while there are few occasions when
precipitation is caused by intense downbursts. These intense
precipitations in extra-tropical regions are often caused by
frontal systems (Catto et al., 2012; Pfahl and Wernli, 2012),
and though models are able to simulate the interaction of
moisture and dynamics at grid scale (Catto et al., 2010,
2013) they still underestimate precipitation events in frontal
systems.

Several factors, such as moisture distribution over the
continents, thermodynamics, and dynamical aspects, interact
to determine the precipitation fields (Silva et al, 2014).
Modelling studies like the one presented by Schmittner et al.
(2011) have demonstrated that alterations to global topogra-
phy affect the climate system, in particular, modify moisture
fluxes and ocean circulation (Levang and Schmitt, 2015).
For example, the Andes mountains in models used in this
study (Table 1) are represented with topography values
between 2,653 (NorESM1-M) and 4,629 m (MIROC4h),
while the highest peak actually reaches a height of 6,962 m.
Richter and Xie (2010) showed that such underestimations
may lead to excess moisture transport across mountains cre-
ating discrepancies in the precipitation fields. Besides the
Andes there are other features in South America that are still
not well represented in models which create rainfall biases.

In their analysis of historical CMIP5 simulations, Yin
et al. (2013) show that some models still underestimate rain-
fall over Amazonia in different seasons. The biases found in
precipitation are not the result of the misrepresentation of

TABLE 1 Description of 18 CMIPS5 historical simulations used in the study. Period 1960-2012
Highest topography
Resolution: in Southern

GCM MODEL Institution Country (lon, lat, levels) South America (m)
CCSM4 National Center for Atmospheric Research USA 288 x 200, L26 4,206
CMCC-CM Centro Euro-Mediterraneo sui Cambiamenti Climatici Italy 480 x 240, L31 4,568
CNRM-CM5 CNRM-GAME (Centre National de Recherches Meteorologiques— France 240 x 120, L31 4,388

Groupe d'etudes de 1'Atmosphere Meteorologique) and Cerfacs

(Centre Europeen de Recherche et de Formation Avancee)
CSIRO-Mk3-6 CSIRO Marine and Atmospheric Research and the Queensland Australia 192 x 96, L18 3,993

Climate Change Centre of Excellence
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory USA 144 x 90, L24 3,489
HadCM3 UK Met Office Hadley Centre UK 96 x 72,L19 3,843
HadGEM2-CC 192 x 144, L60 3,715
HadGEM2-ES 192 x 144,138 3,715
INMCM4 Russian Institute for Numerical Mathematics Russia 180 x 120, L21 3,588
IPSL-CM5A-LR Institut Pierre Simon Laplace France 96 x 95, L39 3,858
IPSL-CM5A-MR 144 x 143,139 4,213
MIROC4h University of Tokyo, National Institute for Environmental Studies, Japan 128 x 64, L80 4,629

and Japan Agency for Marine-Earth Science and Technology
MIROCS 128 x 64, L80 3,965
MIROC-ESM 640 x 320, L56 2,652
MPI-ESM-LR Max Planck Institute for Meteorology Germany 190 x 95, L47 4,147
MPI-ESM-MR 190 x 95, L95 4,147
MRI-CGCM3 Meteorological Research Institute Japan 320 x 160, L48 4,303
NorESM1-M Norwegian Climate Centre Norway 144 x 96, L26 2,653
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just one process. Most models underestimate convection and
large-scale precipitation during the dry season, however in
some models too much surface net radiation and a resultant
high Bowen ratio seems to be the cause of negative biases.
Models where moisture convergence and evapotranspiration
are more realistic generally have more realistic rainfall totals
in dry and transition periods. However, the authors conclude
that, factors such as low pre-seasonal latent heat, high sensi-
ble flux, and a weaker influence of cold air incursions when
200 hPa zonal winds are excessively strong over the south-
ern Amazon, contribute to the dry bias in transition seasons.

Precipitation in the historical model simulations has also
been analysed in other areas of South America. Simulations
tend to underestimate precipitation over Southeastern South
America (SESA), the South Atlantic Convergence Zone
(SACZ) (Vera et al., 2006a; Gulizia and Camilloni, 2015)
and more specifically over eastern Argentina (Vera et al.,
2006a, 2006b; Bombardi and Carvalho, 2011; Gulizia et al.,
2013). Though AR5 models have improved with respect to
previous versions, this underestimation still persists
(Blazquez and Nufiez, 2013; Jones and Carvalho, 2013;
Gulizia and Camilloni, 2015) and the processes leading to
this bias have not been clearly identified yet. Jones and Car-
valho (2013) studied the representation of the South Ameri-
can Monsoon System (SAMS) and concluded that models
coherently show positive increases in the amplitude, early
onset, late demise, and duration of the SAMS during
1951-2005. In their analysis of the North American mon-
soon system Geil et al. (2013) examined 21 models and
found an inaccurate representation of gradients in low-level
geopotential height which causes an unrealistic low-level
moisture topical flux affecting the retreat of the monsoon.

A dipole variability pattern (Nogués-Paegle and Mo,
1997), dominated by a strong SACZ at one phase and a
weaker SACZ at the opposite phase modulates summer pre-
cipitation in SESA. This circulation is strongly dependent on
atmospheric low-level moisture. Trade winds entering the
continent from the tropical Atlantic provide moisture to
the Amazon Basin (Zhou and Lau, 1998). After crossing the
Amazon Basin, the low-level winds are blocked by the
Andes Mountains and channelled southward into two possi-
ble circulations which characterize the dipole pattern. When
the flow has a strong southward component, it establishes
the South American Low-Level Jet, transporting large
amounts of moisture to Paraguay, north and eastern Argen-
tina, Uruguay and southern Brazil and consequently enhanc-
ing precipitation. In contrast, the SACZ region receives less
amount of moisture weakening the precipitation regime. The
second circulation observed as part of the dipole pattern is
dominated by pronounced eastward component which trans-
ports moisture to the SACZ where rainfall is enhanced
(Carvalho et al., 2004). During the active SACZ, southern
SESA (SSESA) is characterized by dry summer seasons as a

result of the compensatory subsidence over the region
(Gandu and Silva Dias, 1998).

In average rainfall in SESA between October and March,
from now on warm season, accounts for two thirds of the
annual precipitation and has a double peak in late spring and
late summer. However, the interannual variability of the
dipole pattern associated with the SACZ (Doyle and Barros,
2002; Barros et al., 2008) may modify the annual pattern
(Grimm et al., 2000; Penalba and Vargas, 2008; Solman
et al., 2008). Gulizia et al. (2013) analysed water vapour
transport, convergence and precipitation in CMIP3 historical
simulations and concluded that GCMs capture only some
aspects of the observed patterns in southeastern South Amer-
ica, leaving the question of why precipitation is underesti-
mated in SESA still unanswered.

In this study 18 CMIP5 models are analysed in an
attempt to understand why models misrepresent warm sea-
son rainfall in SSESA. Considering the discussion presented
on the different processes related to precipitation which
models are still not able to solve adequately, and given that
low level circulation driving moisture flux is a key factor to
determine which phase of the oscillation will dominate in
SESA, this process is evaluated in the historical model simu-
lations to determine if its misrepresentation is one of the fac-
tors leading to precipitation underestimation.

The paper is structured as follows. Section 2 describes
data sources and lists the GCMs analysed. As a necessary
background, the observed low-level variability circulation of
the warm season and its relation with the precipitation are
reviewed in Sections 3 and 4, updating previous work
(Barros et al., 2008), until 2012. GCMs low level circulation
variability is discussed in Section 5, while the relation
between this low level circulation representation and precipi-
tation underestimation is done in Section 6. Section 7 wraps
up the main conclusions.

2 | DATA AND METHODOLOGY

Monthly precipitation series covering the period 1960-2012
were obtained from the Argentine National Weather Service,
the Brazilian National Electric Energy Agency (ANEEL)
and the Global Historical Climatology Network (GHCN),
(Lawrimore et al., 2011). Only those series with the smallest
percentage of missing data (less than 10%) were retained.
The selected 175 stations, Figure 1, are not homogenously
distributed in space, thus, precipitation observations were re-
projected to a 3° x 3° mesh using the Kriging interpolation
method (Cressie, 1991) to get results independent of the sta-
tion density distribution. The analysis is restricted to austral
warm season months (October—March) when the SACZ
shows strongest activity and most of the precipitation is
observed. Monthly zonal and meridional wind fields at
925 hPa are taken from National Center for Atmospheric
Research—National Centers for Environmental Research
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FIGURE 1 Precipitation stations included in the analysis

(NCEP-NCAR) reanalysis archive, with resolution of 2.5°
latitude—longitude (Kalnay et al., 1996; Kistler et al., 2001).

The Coupled Model Intercomparison Project Phase
5 (CMIP5) coordinated major international research institu-
tions and groups to conduct climate projection experiments
using state-of-the-art models with higher resolution repre-
senting physical, chemical, hydrological, and oceanic pro-
cesses, with a same set of prescribed greenhouse gases
(GHG) emission scenarios (Taylor et al., 2012). Monthly
data of simulations from 18 GCM experiments were selected
for the present study based on a previous study for the region
(Gulizia and Camilloni, 2015). Table 1 shows a short
description of the CMIP5 models analysed, indicating hori-
zontal resolution (number of grid points over the global
atmosphere), vertical levels, the maximum altitude and the
institution where they were run. The analysed simulations
include natural and anthropogenic forcing and are part of the
historical experiment starting in 1850 and ending in 2005.
The time period was extended from 2006 to 2012 to match
the observation period, using wind data from the simulations
representing the likely future change with RCP4.5 scenario.
In this study, only r/ilpl runs for each model were consid-
ered. Given the different horizontal resolution of the differ-
ent models, ¥ and v wind components were re-gridded to the
NCEP Reanalysis grid (2.5° X 2.5°) applying linear
interpolation.

To include moisture advection from the Atlantic Oceans
and tropical South America, associated with the rainfall over
the SESA, the area from 70°-20°W and 45°-10°S is consid-
ered in the low level atmospheric characteristic analysis. Cir-
culation features are represented through the stream function
derived applying psi function from GrADS fish library
(Da Silva, 2007) to reanalysis and model wind data.

The main patterns of variability, in decreasing order of
the associated variance, of the low level flow are identified
performing a T mode principal component analysis (PCA) to
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the 925 hPa stream function field correlation matrix
(Rencher, 1998). The first 6 PCAs, which in each case
cumulatively explain more than 95% of the total variance in
the stream function field, and met the Kaiser criterion (PCs
with eigenvalues greater than 1) were rotated using orthogo-
nal varimax. With this rotation method the spatial extent of
regions with strong correlations is minimized, the PCs have
more localized structures, and thus may be more amenable
to physical interpretation (Richman, 1986).

The patterns of the two principal warm semester circula-
tion modes obtained through PCA for reanalysis and models
were evaluated through Taylor diagrams (Taylor, 2001).
These diagrams graphically summarize the fit between
models and observations quantified through three parame-
ters: correlation, root mean square difference and the ampli-
tude of the SDs. The performance of model precipitation
with respect to observation during the warm semester is also
evaluated through Taylor diagrams and estimating the rela-
tive error and coefficient of variation of the mean fields. The
relative error was calculated considering the percentages of
the warm season observed rainfall that are represented by
each model and for each 3 X 3°grid point using the follow-
ing expression:

RE:M*]OO.

(1)

Finally, to estimate if the interannual variability of the
warm semester precipitation in models is similar to the

Precgps

observed the coefficient of variation defined as

std(precpoq)

PEC o
slprecos) [ (2)
obs

Cv=

is calculated allowing to detect a change in SD that is not
simply related to a variation in mean precipitation.

3 | WARM SEASONLOW-LEVEL
VARIABILITY CIRCULATION

The study of the low-level circulation variability was done
on the October—-March semester, when the precipitation
dipole pattern is observed (Nogués-Paegle and Mo, 1997;
Marengo et al., 2012; Boers et al., 2014). The domain for
the analysis of the low-level flow includes the western part
of the South Atlantic High over the nearby Atlantic Ocean
and extends west up to 70°W, Figure 2. It captures the main
moist flows over SESA that come from the ocean and from
the tropical forests as discussed in Doyle and Barros (2002).

The first and second principal components (PC1 and
PC2) explain 48.3 and 44.2% of the variance accounting
together for more than 90% of the total variance. The next
component, PC3 only explains 1.3%. Therefore the analysis
can be focused on the first two modes, without losing signif-
icant information.
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FIGURE 2  Rotated mode T principal components of the streamflow at
925 hPa for October—March period during 1960-2012. (a) PCI1 and (b) PC2

The main atmospheric circulation features synthesized
by the first two principal components are shown in Figure 2.
Mode 1 depicts a pattern with a strong flow from the South
American tropical forests over Eastern Argentina, Uruguay
and southernmost Brazil until the Plata River mouth. The
south Atlantic high pressure system is centred between 20°
and 25°S highly influencing the circulation in the Brazilian
coast. This pattern is representing the characteristic features
of the circulation during the case of a weak SACZ (Doyle
and Barros, 2002 their figure 15). Mode 2 shows a pro-
nounced southward shift of the South Atlantic High circula-
tion, which corresponds to the strong phase of the SACZ,
although the eastward flow transporting moisture from the
Amazon towards the SACZ is not represented because the
domain chosen privileges the circulation over eastern Argen-
tina. Though the branch from the west flow over the SACZ is
lacking, however the descending compensatory movement can
be inferred from the anticyclonic circulation to the south of this
system. These two main 925 hPa stream flow patterns are con-
sistent with the main features of the patterns obtained by Bar-
ros et al. (2008) when analysing precipitation trends in the
region and their relation with sea level pressure variability.

The variability of these first two components with time
is shown by the respective factor loadings, Figure 3a. The
complementary variability between these factor loadings
suggests that the circulation in the warm semester alternate

between two main patterns; hence, this alternate dominance
of the first and second factor loadings is taken as a second
element to link the two first modes to the flows which give
place to the dipole rainfall pattern between SESA and
SACZ. More evidence leading to this affirmation will be
shown in the Section 4.

Linear trends of factor loadings 1 and 2 were calculated,
and though not highly statistically significant (15% level)
they are consistent with circulation changes observed by
other authors. The trend in the first factor loading between
1960 and 2012 indicates a decrease in the importance of the
first mode, which is compensated by the increasing trend in
the second factor loading, as well as in their squared values
(representing the explained variance). Moreover, at the end
of the 20th Century these modes changed their order of
importance. Since the second mode represents the anticy-
clonic circulation centred at higher latitudes, this change is
consistent with a southern shift of the western part of the
South Atlantic High (Camilloni et al., 2004; Barros et al.,
2008; Polvani et al., 2011; Yongyun et al., 2011), associated
with the systematic southward expansion of the southern
branch of the Hadley during summer and autumn (Hu and
Fu, 2007). In Figure 3b the squared values of each factor
loading are presented representing the explained variance
time series of these two components. Though the two vari-
ables explain approximately the same variance, as discussed
above, however the distribution of the variance with time
changes as indicated by the linear trends of each of the
squared FL, in a similar way to the change in FL. These
trends in the two first factor loadings of the main 925 hPa
streamflow modes are also consistent with the trends found
by Barros et al. (2008) when they analysed the main sea
level pressure modes during the warm semester.

4 | PRECIPITATION AND LOW LEVEL
CIRCULATION VARIABILITY

Precipitation trends in southeastern South America have had
a positive sign since the 1960s as documented by several
authors (Liebmann et al., 2004; Barros et al., 2008; Seager
et al., 2010; Mo and Berbery, 2011). Barros et al. (2008)
showed that this in precipitation is mainly
accounted for by the increase of the warm season rainfall
which in turn is related to the southward shift of the south
Atlantic high. Following their methodology Figure 4a shows
the interannual correlation pattern between the warm season
precipitation at each grid point and the factor loading of the
first mode of the 925 hPa streamflow for the period
1960-2012. Statistically significant positive correlations
over eastern Paraguay and Argentina, extreme southern Bra-
zil and Uruguay are indicative of favoured precipitation in
this area during the warm semester when the first mode pre-
vails over the second. This is consistent with the northwest-
southeast low level flow associated with this mode, which
transports water vapour from the tropical forest enhancing

increase
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FIGURE 3
modes and their linear trend

the likelihood of convective developments and rainfall.
Hence, in this phase of the dipole the transport towards the
continental SACZ from the tropical forest is not present inhi-
biting the possibility of precipitation, as represented by the
negative correlations over the continental part of the SACZ.

To ensure that there is a true association between both
variables (Kantelhardt et al., 2001), the correlation was also
calculated with the detrended series of both variables
(Figure 4b). Nonetheless, in this last case the main features
of the correlation pattern are conserved, indicating that in
fact there is a real association between the low level Mode
1 and precipitation over SSESA.

In the case of Mode 2 (Figure 5a), the correlation pattern
with precipitation is in general inverse to the one with Mode
1, with a negative correlation south of 23°S, significant at
the core correlation area, and a positive correlation at the

1994 |
1996
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2002

1986 |
1988

1990

1992 |
1998 |
2004 |
2006 |
2008 |
2010 |
2012 |

Warm season (a) factor loadings and (b) squared factor loadings indicative of the explained variance, for the first (black) and second (grey)

continental SACZ region, confirming the association of this
mode with the active phase of the SACZ, which inhibits pre-
cipitation to the south of it with compensatory subsidence.
Once again, the correlations of the detrended variables
(Figure 5b) highlight the same areas of positive and negative
association between rainfall and circulation, which dismisses a
spurious correlation arising from the trends in both variables.

S | GCMS MONTHLY VARIABILITY
OF THE LOW LEVEL WARM SEASON
CIRCULATION

We have seen that the two main modes of the low level cir-
culation in the warm season are related to precipitation in the
southern part of SESA. In addition, many GCMs fail to
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FIGURE 4 (a): Interannual correlation between factor loading 1 and
precipitation. October—March, 1960-2012. Dark and light shadows indicate
significant correlation at 95 and 90%. (b) Interannual correlation, but with
detrended data, both in the factor loading and in precipitation series

represent adequately the precipitation field. Therefore, it
makes sense to explore if part of this misrepresentation of
the precipitation has to do with an inaccurate representation
of the low level circulation variability. Figure 6 shows the
two principal components of 18 GCMs, calculated over the
same domain as in Figure 2 and for the same period,
1960-2012 of the warm season. The order of the two main
modes of the Reanalysis is not always the same in the model
PCA. For example, PC1 pattern in reanalysis is described by
PC2 in models CCSM4, CSIRO-Mk3-6 and NorESM1-M,
while PC1 of these models best matches the circulation of
PC2 in the Reanalysis. The method for calculating PCs
assigns their order according to the decreasing variance
explained by each component. In the case of CCSM4 the vari-
ance explained by the two first components (Table 2) could
be considered the same, hence any of these patterns could be
considered the first principal component. In the case of the

-20
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T T T T
-70 -65 -60 -55 -50 —-45 -40

—a0 s "

T T T T T
=70 -65 -60 -55 -50 -45 -40

FIGURE 5  As in Figure 4, but for factor loading 2
other two models the difference is not negligible, though still
small. In this study we name PCs according to their variance
and will use the term mode hence forth to group the two main
patterns identified in the Reanalysis PCA.

In general, the two main modes in the models account
for less variance percentage than in the observed case indi-
cating that more variance is distributed in lower order
modes. PC 1 and PC2 of 13 out of 19 models explain above
85% of the variance (Table 2) while the rest explain above
75%. This shows that the main two patterns resulting from
the models PCA are similar to those resulting from the Rea-
nalysis. These results are presented in Figure 6 as follows:
Figure 6a groups those PC which resemble Reanalysis PC1
and which we will refer to henceforth as Mode 1, while
Figure 6b depicts Mode 2 in the same manner.

From a visual inspection of the modes corresponding to
the simulated fields by GCMs it can be concluded that they
represent the main features of the observed interannual vari-
ability. In fact, all of them represent the northern flow over
the south of SESA as well as a western flow at high latitudes
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FIGURE 6 First two principal components of the interannual variability at low level circulation (streamflow at 925 hPa) of the warm season, 1960-2012 in
18 models as indicated in the figure. (a) Modes similar to the PC1 of the reanalysis and (b) those similar to PC2 of the reanalysis. Modes surrounded by a
black box indicate models where the mode is represented by a different PC order than Reanalysis

in Mode 1 and the shift to the south of the south Atlantic
High in Mode 2. This visual inspection however, also distin-
guishes differences between models and with the reanalysis.
In Mode 1, the shape and intensity of the Atlantic Anticy-
clone presents differences, in 13 models the circulation
enters the continent over Uruguay (box region in Figure 6a)

while the clear exceptions are GFDL-ESM2M,
HadGEM2-CC, INMCM4, MIROC-ESM where the west-
erlies dominate this region. The flow direction from equato-
rial latitudes over the continent towards SESA also presents

differences at first sight. It varies from a marked northwestern
flow in Reanalysis, HadGEM2-CC, INMCM4, IPSL-CM5A-
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TABLE 2  Explained variance of GCMs first two modes and their
accumulated value; correlation between observed modes 1 and 2 and the
model PCs representing these modes

Correlation between
model and observed

Variance (%) modes
GCM MODEL Model Mode2 SUM  Model Mode 2
CCSM4 44.6 44.7 89.3 0.90 0.86
CMCC-CM 48.7 35.0 83.7 0.98 0.98
CNRM-CM5 534 36.4 89.8 0.93 0.86
CSIRO-MKk3-6 42.8 44.9 87.7 0.98 0.89
GFDL-ESM2M 47.0 38.5 85.5 0.98 0.97
HadCM3 40.4 36.4 76.8 0.95 0.84
HadGEM2-CC 422 39.7 81.9 0.99 0.94
HadGEM2-ES 46.0 438 89.8 0.99 0.96
INMCM4 47.5 41.8 89.3 0.98 0.97
IPSL-CM5A-LR 459 42.8 88.7 0.97 0.92
IPSL-CM5A-MR 474 46.0 934 0.97 0.94
MIROC4h 49.5 46.9 96.4 0.99 0.98
MIROCS 47.6 46.5 94.1 0.99 0.98
MIROC-ESM 45.6 34.1 79.7 0.99 0.97
MPI-ESM-LR 46.4 30.3 76.7 0.96 0.91
MPI-ESM-MR 51.9 384 90.3 0.97 0.94
MRI-CGCM3 43.6 36.1 79.7 0.95 0.92
NorESM1-M 429 44.9 87.8 0.92 0.79
Average 46.08 40.62 86.7 0.97 0.92

LR, to a NNE flow in CCSM4, CNRM-CM5, HadCM3,
MPI-ESM-LR and NorESM1-M, covering a variety of direc-
tions in between. Hence, this flow is not always from the
Amazon region, in consequence the humid air advection
towards SSESA may be reduced and lead to less precipita-
tion. In the case of Mode 2, the changes in the shape, exten-
sion and position of the Atlantic Anticyclone are more
evident. In CNRM-CMS5 and MPI-ESM-MR a low pressure
system over the ocean at 15°S restricts the position the anti-
cyclone to higher latitudes. The position and intensity of the
cyclonic circulation over the continent also is consistent with
the position and shape of the anticyclone over the ocean. This
is clear in the Hadley and MIROC models, GFDL and MPI-
ESM-LR. The position of these two systems highly influ-
ences the circulation towards SESA and its convective and
subsidence movements during the strong SACZ events, an
indication of the misrepresentation of the SACZ dipole.

A method of evaluating the modes obtained by the models
as compared to the Reanalysis is through Taylor diagrams
(Taylor, 2001), where the fit of a model to observations is
summarized graphically. Three parameters, correlation, their
root-mean square difference and the amplitude of their varia-
tions are used to quantify the similarity between two patterns.
Figure 7 presents the Taylor diagrams where statistics of the
18 models were computed for modes 1 (Figure 7a) and 2 (Fig-
ure 7b). Each model is assigned a coloured point and observa-
tions are identified by an empty circle. The position of each
point appearing on the plot quantifies how closely the model's
simulated results match the observations, in this case the
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FIGURE 7 Taylor diagram for reanalysis and model: (a) Mode 1 and

(b) Mode 2. The horizontal and vertical axes represent the SDs of the
observation and model mode. The radial axis indicates the spatial
correlation between the observation and model mode. The distance between
the origin and any point is proportional to the RMSE

reanalysis modes. It can be seen that the pattern correlations
are generally high (see also Table 2), above 0.9 in the case of
Mode 1 with RMSE below 0.5 and mostly correlations above
0.8 in Mode 2 where the models with lowest correlation also
present highest RMSE. The SD is 1 in all cases and modes on
account of the standardization in the mathematical procedure
used in PC analysis. According to this technique the models
which best represents Mode 1 are HadGEM2-CC,
HadGEM2-ES, MIROC4-h, MIROC-ESM, MIROCS and the
ones which may considered those that less adjust to the pat-
tern are CCSM4 and NorESM1-M. The second mode of cir-
culation is also best represented by the MIROC family of
models together with CMCC-CM, GFDL-ESM2M and
INMCM4 while NorESM1-M is the model which fails most
in representing the circulation field.
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FIGURE 9 Precipitation coefficient of variation for 18 GCMs relative to the respective observed field period of 1960-2012

6 | GCMS MONTHLY VARIABILITY OF regions where models have problems in representing precipi-
THE LOW LEVEL CIRCULATION AND tation. Mean precipitation in the Andes region is overesti-
MEAN PRECIPITATION mated by several models resulting in highly positive relative

errors in the western longitudes in models such as CCSM4,
A relevant question that follows is how well each of the CNRM-CM5, GFDL-ESM2M, HadGEM2-CC and ES,
18 GCMs represents the precipitation during the warm sea- MIROC5, MPI-ESM-LR and MR, MRI-CGCM3 and
son. The relative error (Figure 8) and the interannual coeffi- NorESM1-M. Moving eastward, the pattern changes and
cient of variation (Figure 9) maps for each model show  mean precipitation is in general underestimated by the
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GCMs, Figure 8, while the relative interannual variability is
overestimated, with values above 1, particularly in south-
eastern Brazil, Uruguay and central and eastern Argentina
(Figure 9).

Figure 10 shows the Taylor diagram to assess the relative
skill of the 18 GCMs in simulating the spatial pattern of the
warm semester precipitation over the whole domain. The
simulated patterns that agree well with observations lie near-
est to the observations marked on the x-axis. This is the case
of MIROC4h, MIROC-ESM and INMCM4, CMCC_CM
models, which have high correlation and low RMSE.

Though MIROC4h has the highest correlation, it also
presents higher spatial variability with respect to observa-
tions, the SD being 450 mm compared to the observed
350 mm. MIROC-ESM has a slightly higher correlation
with observations than INMCM4 and it also presents a
somewhat larger spatial variability, whereas INMCM4 SD is
below the observed. Of the poorer performing models,
NorESM1-M has a low pattern correlation, while MIROCS
has variations that are much larger than the observed; conse-
quently both models have a large RMS error in the precipita-
tion fields.

Table 3 ranks the adjustment to observations of the
18 GCMs according to the Taylor diagram, both for precipi-
tation and for the two main low-level circulation modes; it
also shows the Spearman's rank correlation coefficient (Zar,
2005) between their precipitation and circulation modes. The
low values of the Spearman rank correlation. (0.05 and 0.22)
indicates that not necessarily the best (worst) models repre-
senting the low-level circulation field are the best (worst)
adjusting to the mean observed precipitation field. Precipita-
tion is related to the low level circulation which provides the
advection of water vapour, but it also depends on other
dynamic and thermodynamic features that may not be well
represented by the GCMs (Silva et al., 2014). For example
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FIGURE 10  As Figure 7 but for precipitation

TABLE 3 Ranking of the MCGs according to their distance with observed
values in the Taylor's diagrams (Figures 7a,b and 10)

MCG Precipitation CP1 CP2
MIROC_ESM 1 4 6
INMCM4 2 6 4
CMCC_CM 3 8 2
MIROC4h 4 3 1
CNRM_CM5 5 16 15
IPSL_CM5A_MR 6 11 12
CSIRO_MK3_6 7 7 14
CCSM4 8 18 16
MPI_ESM_LR 9 13 10
MRI_CGCM3 10 14 11
GFDL_ESM2m 11 9 5
HadCM3 12 15 17
MPI_ESM_MR 13 12 13
IPSL_CMS5A_LR 14 10 9
HadGEM2_ES 15 2 7
HadGEM2_CC 16 1 8
NorESM1_M 17 17 18
MIROCS 18 5 3
Spearman rank correlation between precipitation and CPs 0.05 0.22

Saurral et al. (2015) conclude that the altitude of the Andes
Cordillera and the horizontal resolution in GCMs determine
moisture fluxes and precipitation over regions of South
America, such as SESA.

The region inside the square, east of 61°W and west of
48°W between 25° and 35°S, first panel of Figure 6, from
now on the box region, deserves additional attention, not
only because it has a clear signal of a relationship between
the low-level circulation modes, Figures 4 and 5, but also
because it is one of more developed and populated areas of
South America. Therefore it is important to understand what
features of the GCMs are necessary to improve future cli-
mate scenarios. In spite of the significant correlation
between the main low-level circulation modes and mean pre-
cipitation in SSESA (Figures 4 and 5), most GCMs underes-
timate this precipitation (Table 4) with the exception of
HadGEM2-CC and ES, and CCSM4, and in general present
higher coefficient of variation than the observed, except
CCSM4 and NorESM1-M with a coefficient of variation
equal to and below 1, respectively. The average underesti-
mation of mean precipitation across models was 16%. In
addition, more than half of them underestimate the warm
season precipitation by more than 20%, Table 4. This error
level compromises the use of these models to assess future
precipitation because most GCMs, with different greenhouse
gas concentrations for either near future or for the end of the
century, project future precipitation changes, close to or less
than 20% of the recent average precipitation in this region
(Jones and Carvalho, 2013; Chou et al., 2014; Lee and
Wang, 2014).
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TABLE 4 Precipitation error and coefficient of variation in the box region
and fluxes from the north towards this region

Interannual

Precipitation precipitation INDEX flux at

relative error coefficient of 15° directed

in the box variation in towards
GCM MODEL region (%) the box region the box region
Reanalysis 1 0.8
CCSM4 34 1 0.7
CMCC-CM -2.5 1.1 0.8
CNRM-CM5 —-19.0 1.5 0.6
CSIRO-Mk3-6 -23.0 1.4 0.5
GFDL-ESM2M -24.0 1.3 0.5
HadCM3 -24.0 1.2 0.3
HadGEM2-CC 6.0 1.1 0.3
HadGEM2-ES 6.0 1.2 0.6
INMCM4 —-26.0 1.1 0.3
IPSL-CM5A-LR -38.0 2.1 0.1
IPSL-CM5A-MR -23.0 1.6 0.6
MIROC4h -9.0 1.3 0.7
MIROC5 -20.0 1.6 0.6
MIROC-ESM -28.0 1.2 0.5
MPI-ESM-LR -23.0 1.3 0.5
MPI-ESM-MR -23.0 1.2 0.6
MRI-CGCM3 -16.0 1.1 0.5
NorESM1-M -1.0 0.92 0.6
Average —15.8 1.22 0.5

Water vapour sources for southeastern South America
rainfall only comes either from the tropical humid continent
or from the Atlantic Ocean (Labraga et al., 2002; Barros
et al., 2003; Saurral et al., 2015). Moist air from the Pacific
Ocean cannot reach this region because of the Andes barrier
that from 40°S to the north is higher than the 700 hPa level.
Thus the following discussion focuses only on the flows
from the north and the Atlantic Ocean.

Although, the spatial patterns of the first two modes are
in general well represented by all models, Table 2, there are
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of Climatology

key features that deserve further analysis. In the case of
Mode 1, one of these features is the flow which advects
warm and humid air into SSESA from the tropical humid
continent. The flow into the box region depicted by Mode
2 also brings moist air, in this case from the coastal areas of
the Atlantic Ocean, but it has an anticyclonic circulation that
averts rainfall; thus this flow is not expected to be related
with rainfall over the box region. Therefore, only the first
mode of the low level circulation was used to represent
the intensity of the northern flow from the tropical conti-
nent in the box region. Since this flow is proportional to
the zonal stream function PC gradient, the difference
between the two longitude extremes of the square box at
25°S can stand for this gradient and it is used here as a
proxy index for the northern flow entering the box region.
For example the northern flow index (NFI) of the reanaly-
sis is 0.8 resulting from the difference of the stream func-
tion PC1 at the two extremes of the square box at 25°S,
Figure 6a, first panel.

In the reanalysis and in all GCMs the northern flow so
calculated crosses 15°S from
Figure 6a. Hence the NFI stands from the flow coming only

the tropical continent,
from the tropical continent. The value of the NFI for each
model is presented in the last column of Table 4.

All models except CCSM4 have a NFI below 0.8, the
reanalysis reference value, Table 4, indicating that the flow
from the tropical continent into SSESA is underestimated by
most models. In addition, correlation across the 18 models
between their relative precipitation error and the mentioned
NFI is 0.5, significant at 95% level. Figure 11 depicts graphi-
cally values shown in Table 4 and helps to visualize the
dependence of precipitation error on the northern flow from
the tropical continent in the GCMs. This result indicates that
misrepresentation of the northern humid and warm flow
from the tropical continent is a cause of the underestimation
of precipitation in the SSESA region by GCMs.
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FIGURE 11

GCMs precipitation relative error in the SSESA region as a function of their northern flux index into it as explained in the text
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The analysis of 18 CMIP5 GCM simulations from 1960 to
2012 indicates that models represent well the large features
of the low level circulation variability of the warm season
(October to March) over SSESA (southeastern Brazil, Uru-
guay and central and eastern Argentina) and particularly the
relevant regional feature of the switch between the two flow
patterns associated with the active and weak SACZ,
Figure 6.

However, the best (worst) models in representing the
low circulation modes, not necessarily are the best (worst) in
doing so with the mean precipitation over the whole domain
that includes South East South America, east of the Andes,
Table 3.

In the case of the SSESA, interannual warm season pre-
cipitation was correlated during 1960-2012 with the two
main modes of the two low level circulation that represent
the flow from the tropical continent to either this region or to
the SACZ, Figures 3 and 4. However, spite of the good rep-
resentation of these modes by the GCMs, most of them
underestimate the mean warm season precipitation and over-
estimate the interannual variability in SSESA, Figures 8
and 9.

A closer look at the low level circulation modes of the
GCMs showed that the northern flow, which carries hot and
humid air to SSESA, was underestimated by most of the
models, Table 4. The significant correlation (0.5) found
across GCMs between the mean precipitation and a low
level northern flow index over this region indicates that
underestimation of this northern flow is one cause for the
precipitation deficit. Of course, they may be other sources of
error, like a not well fitted cloud and precipitation parameter-
izations or other misrepresented circulation features. The
models with best Northern flow index were CMCC-CM,
CCSM4 and MIROC-4h; the first two were also second and
third in the rank of adjustment to the mean precipitation over
SSESA.
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