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Abstract The South Atlantic Convergence Zone (SACZ) is
an intrinsic characteristic of the South American Summer
Monsoon. In a recent study, we verified that the main mode
of coupled variability over the South Atlantic (South Atlantic
Dipole (SAD)) plays a role in modulating the position of
extratropical cyclones that affect the SACZ precipitation. In
this study, we perform numerical experiments to further in-
vestigate the mechanisms between SAD and the SACZ. Nu-
merical experiments forced with prescribed SST anomalies
showed that, even though the Atlantic SSTaffects the position
of the cyclone associated with the SACZ, the atmospheric
response and precipitation patterns over land are opposed to
the observations. On the other hand, experiments forced with
prescribed anomalous driving fields showed that the atmo-
spheric component of SAD plays a significant role for the
right position and intensity of precipitation associated with the
SACZ. SAD negative anomalies provide the low-level and
upper-level atmospheric support for the intensification of the
cyclone at surface and for the increase in precipitation over the
land portion of the SACZ. Therefore, the numerical experi-
ments suggest that, during El Niño Southern Oscillation neu-
tral conditions, the SACZ precipitation variability associated
with SAD is largely dependent on the atmospheric variability
rather than the underlying SST.

1 Introduction

The South Atlantic Convergence Zone (SACZ) is a prominent
feature of the South American Monsoon (Zhou and Lau
1998), characterized by a quasistationary baroclinic zone

oriented in the northwest–southeast direction that extends
from the Amazon to the subtropical South Atlantic Ocean
(Carvalho LM et al. 2004; Carvalho LM et al. 2002b;
Kodama 1993; Kodama 1992; Liebmann et al. 2001). The
quasistationary baroclinic zone is supported by a low-level
convergence of moisture and by an upper-level subtropical jet.
There are two major moisture flows converging into the
SACZ: One is associated with the circulation of the South
Atlantic subtropical high and the other flows eastward from
the South American monsoon region along the SACZ
(Kodama 1992, 1993). The monsoon heat source plays two
roles in maintaining the SACZ. One is by inducing the sum-
mertime strengthening of the South Atlantic subtropical high
(Rodwell and Hoskins 2001) and consequently forming a low-
level flow along the eastern periphery of the thermal low
toward the subtropics. The other is by generating a strong
subtropical jet in the southern flank of the upper-level anticy-
clone (Kodama 1999).

Active SACZ periods are characterized by the presence of
anomalous low-level westerly flow over tropical Brazil, with
convergence of moisture over central and southeastern Brazil.
Likewise, inactive SACZ is associated with anomalous low-
level easterly flow over tropical Brazil (Carvalho et al. 2002a;
Herdies 2002; Jones and Carvalho 2002). The anomalous
westerly winds transport air with high moist static energy
from the Amazon into the SACZ region, favoring deep con-
vection (Chou and Neelin 2001). Most of the extreme events
of precipitation over southeastern Brazil, during the austral
summer, are associated with the intensification of the SACZ
(Carvalho et al. 2002b).

Previous studies (e.g., Bombardi et al. 2013; Robertson and
Mechoso 2000) have shown evidence that the dominant mode
of coupled variability over the South Atlantic Ocean, known
as the “South Atlantic Dipole” (henceforth SAD) plays an
important role for the variability of the SACZ on intraseasonal
to interannual time scales. SAD is characterized by a dipole in
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sea surface temperature anomalies (Fig. 1) with centers over
the tropical and the extratropical South Atlantic (Nnamchi
et al. 2011; Sterl and Hazeleger 2003; Venegas et al. 1997).
The dominant variability of SAD is observed on interdecadal
timescales (Venegas et al. 1997). However, SAD also shows
significant variability on intraseasonal timescales (Bombardi
et al. 2013; Bombardi and Carvalho 2011).

SAD mechanisms are related to the strengthening and
weakening of the South Atlantic subtropical anticyclone, with
the atmosphere leading the ocean by 1–2 months (Venegas
et al. 1997). During the strengthening of the subtropical anti-
cyclone, there is an intensification of the wind stress in the
tropical Atlantic that increases evaporation, enhances the
ocean’s surface loss of latent heat, and increases the depth of
the ocean’s mixed layer. A deeper mixed layer is less suscep-
tible to the heating by shortwave radiation leading to negative
SSTanomalies in the tropics (Morioka et al. 2011). During the
decay phase of SAD, the SST anomalies are damped by
entrainment and latent heat flux, suggesting that SST changes
do not feedback on the atmospheric circulation in a systematic
way between the onset and the demise of SAD (Morioka et al.
2011; Sterl and Hazeleger 2003). Although the dominant
variability is generated by internal atmospheric dynamics,
SAD is still significantly affected by SST variability
(Haarsma et al. 2005).

Observational studies have shown significant evidence of a
relationship between the SAD SST patterns and precipitation
over the SACZ region. Robertson and Mechoso (2000) veri-
fied that, on interannual timescales, intense SACZ events were
associated with cold SST anomalies in the tropical Atlantic
and warm SST anomalies in the extratropical South Atlantic.
Extreme wet events over southeastern Brazil are related to
negative SST anomalies over the tropical South Atlantic and

positive SST anomalies over the subtropical South Atlantic
(Muza et al. 2009). In addition, temperatures over southeast-
ern Brazil are also correlated with SAD (de O Cardoso and
Silva Dias 2004). Negative SST anomalies over the tropics
and positive SSTanomalies over the extratropics are related to
increased precipitation during the rainy season over eastern
Brazil (Bombardi and Carvalho 2011). Moreover, Bombardi
et al. (2013) observed that SAD events are associated with
changes in the position of generation and trajectories of
extratropical cyclones. As a consequence, changes in the
cyclones’ track affect convection over the SACZ region.

Interestingly, experiments with global atmospheric models
perturbed with SAD spatial pattern of SST anomalies seem to
simulate variations in the SACZ that contradict observational
studies (e.g., Haarsma 2003; Robertson et al. 2003). Robert-
son et al. (2003) performed experiments with an atmospheric
global circulation model (UCLA-AGCM) with prescribed
SST anomalies in the boundary conditions. They verified that
the SST dipole pattern observed by Robertson and Mechoso
(2000) does not significantly influence the simulated SACZ
and associated circulation and precipitation anomalies.
Haarsma (2003) performed simulations with a general circu-
lation model (SPEEDY) forced with prescribed positive SST
anomalies in the tropics and negative SST anomalies in the
extratropics. They observed a southward shift of the Inter-
Tropical Convergence Zone with increased precipitation over
northeast Brazil, consistent with some observational results
(e.g., Bombardi and Carvalho 2011; Moura and Shukla 1981;
Uvo et al. 1998). However, they also verified an increase in
precipitation over the oceanic SACZ region, which contradicts
observational results (e.g., Bombardi and Carvalho 2011;
Robertson and Mechoso 2000). In addition, precipitation
anomalies in the experiments of Haarsma (2003) and Robert-
son et al. (2003) were largely confined to the ocean.

The goal of this study is to further investigate the mecha-
nisms relating SAD atmospheric and oceanic perturbations to
variations in the SACZ precipitation by performing regional
atmospheric simulations. The numerical experiments were
designed to investigate the relative importance of SST anom-
alies (surface boundary conditions) and atmospheric driving
fields (initial and lateral boundary conditions) during SAD
events and their impact on the SACZ precipitation. More
specifically, the objective of these simulations is to investigate
the SAD’s influence on the location and strength of the cy-
clone associated with the SACZ and, consequently, its influ-
ence on convection and circulation along the convergence
zone. Two sets of experiments were performed: (1) perturbed
SST conditions (experiments using perturbed surface bound-
ary conditions) and (2) perturbed driving fields (experiments
using perturbed initial and lateral boundary conditions). The
focus of this study is on a SACZ event that occurred between
December 11 and 16 of 2005. This event was particularly
interesting as the SACZ developed during neutral El Niño

Fig. 1 Topography (shaded) and correlation between the SAD index (as
defined in (Bombardi et al. 2013) and SST (contour). Solid lines present
positive correlation and dotted lines present negative correlation. The
dashed box shows the domain of the regional atmospheric simulations
and the solid line box represents the region of interest under the influence
of the SACZ (see text for details)
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Southern Oscillation (ENSO) and neutral SAD conditions.
This study is organized as follows: “Section 2” introduces
the regional model used in this study and the dataset used to
integrate and to validate the simulations. The control experi-
ment is discussed in “Section 3.” “Section 4” shows the results
from SST sensitivity experiments. “Section 5” shows the
results from experiments with perturbed atmospheric driving
fields. The conclusions are presented in “Section 6.”

2 Regional atmospheric model

The regional atmospheric simulations were performed using
the Brazilian developments on the Regional Atmospheric
Modeling System (RAMS; Pielke et al. 1992; Cotton et al.
2003). The purpose of this joint project (referred to as
BRAMS) is to develop a regional model tailored to tropical
conditions. BRAMS has been widely used for studies related
to atmospheric chemistry and transport in Brazil (e.g., Alonso
et al. 2010; Freitas et al. 2009; Longo et al. 2010). Recently,
Santos et al. (2013) evaluated the performance of the simula-
tion of daily precipitation by BRAMS during summer over
Brazil using simple and weighted ensemble simulations. They
found that a simple ensemble using different options of the
convective parameterization scheme represents well the pre-
cipitation over southeastern Brazil. We used the BRAMS
version 4.2, which is derived from the RAMS version 5.04.
BRAMS is a non-hydrostatic model with several components
to represent cloud microphysics processes, radiative transfer,
turbulence, and atmosphere–biophysics–hydrology interac-
tions. The atmosphere–biophysics–hydrology interactions
are represented by the LEAF-2 (Land Ecosystem-
Atmosphere Feedback) model (Walko et al. 2000). The
LEAF-2 model represents the exchange of energy and mois-
ture between the atmosphere and soil, vegetation, canopy air,
temporary surface water, and permanent water bodies. The
energy and moisture fluxes are divided into water transfer,
heat transfer (by turbulent exchange, conduction, or precipi-
tation), and long-wave radiative transfer. More information
about BRAMS can be found at http://brams.cptec.inpe.br/).

2.1 Configuration

The experiments were performed with a single domain with
32 km spatial grid resolution. The 32 km spatial resolution
was used by Tomaziello and Gandu (2013) with good results.
The area of interest is the region under the influence of the
SACZ shown by the northwest–southeast-oriented rectangle
extending from southeastern Brazil toward the western South
Atlantic Ocean (Fig. 1). This area encompasses the region
with maximum signal of SAD over the continent (Bombardi
et al. 2013) and also exhibits maximum variance in the out-
going long-wave radiation during summer in association with

the SACZ (e.g., Carvalho et al. 2002b). The model top was set
to about 22 km with top boundary nudging above 16 km.
Lateral boundary nudging was used to keep the simulation
evolving correctly in the context of observed large-scale flow
field. However, model interior nudging is a severe constraint
on the model simulation and significantly impacts the meso-
scale circulations (Weaver 2002). Therefore, no interior model
nudging was applied in this study. We used the Grell cumulus
parameterization (Grell 1993) with Arakawa-Schubert closure
(Arakawa and Schubert 1974) and the Chen-Cotton short-
wave and long-wave radiation models (Chen and Cotton
1983). Table 1 summarizes the main information about the
configuration of BRAMS.

2.2 BRAMS input data

Initial and lateral boundary conditions were obtained from the
Modern Era Retrospective-Analysis for Research and Appli-
cations (MERRA) reanalysis, at 1.25° latitude×1.25° longi-
tude grid spacing (Rienecker et al. 2011) and updated every
3 h. We used 37 vertical levels ranging from 1,000 to 0.1 hPa.

The vegetation type dataset was based on the MODIS
normalized difference vegetation index. This dataset was cre-
ated by the Terrestrial Biophysics and Remote Sensing Lab
(http://tbrs.arizona.edu/cdrom/Index.html) on monthly
temporal resolution and 30 s global spatial resolution. The
soil texture was set to constant sandy clay loam. We used the
constant sandy clay loam based on the experience of modelers
in Brazil and personal communication with Dr. Edmilson Dias
de Freitas. Dr. Freitas has performed several experiments with
BRAMS and found out that the model’s files for soil classes
were not very accurate, and the model would perform better if
the soil type was kept homogeneous and set to sandy clay
loam. According to Dr. Freitas, sandy clay loam is the soil
class available in BRAMS that best represents the dominant
soil type of the region of interest, eastern Brazil. The land use
and topography were provided by the United States
Geological Survey at 1 km global spatial resolution. Soil
moisture was initialized with the soil moisture data from the
BRAMS group (Gevaerd and Freitas 2006). The soil moisture
has eight soil layers, and it is estimated based on precipitation
estimates from satellite data. More information can be found
at http://brams.cptec.inpe.br/in_data_soil_moisture.shtml. All
the input files for vegetation type, soil texture, soil moisture,
land use, and topography are provided by the BRAMS group.

The SST data usedwere the NOAAOptimum Interpolation
0.25° daily Sea Surface Temperature Analysis (Reynolds et al.
2007). This dataset is based on satellite measurements (Ad-
vanced Very High Resolution Radiometer (AVHRR)) and in
situ data from ships and buoys. The dataset is available from
1982 to the present. Tomaziello and Gandu (2013) investigat-
ed two SACZ events and verified that the skill of BAMS
slightly improved when forced with the NOAA Optimum
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Interpolation 0.25° daily in comparison with the NOAA 1°
resolution SST (Reynolds et al. 2002).

2.3 Precipitation data

To validate the skill of BRAMS in simulating the SACZ, we
compared the precipitation simulated by BRAMS with the
following daily precipitation datasets: Tropical Rainfall Mea-
suring Mission (TRMM 3B42 V6); the Climate Prediction
Center morphing method (CMORPH); the National Oceanic
and Atmospheric Administration (NOAA) Climate Prediction
Center (CPC) unified gauge precipitation (CPC-uni); and
Brazilian National Agency of Waters (Agencia Nacional das
Aguas (ANA)) gauge precipitation.

The TRMMMultisatellite Precipitation Analysis (Huffman
et al. 2007) is based on precipitation estimates derived from
passive microwave data collected by a variety of low earth
orbit satellites and infrared data collected by the geosynchro-
nous earth orbit satellites. The TRMM_3B42 V6 gridded
rainfall algorithm uses an optimal combination of
TRMM2B31 and TRMM2A12 data products, Special Sensor
Microwave Imager (SSM/I), Advanced Microwave Scanning
Radiometer (AMSR), and Advanced Microwave Sounding
Units (AMSI) (Kummerow et al. 1998, 2000). This 3-hourly
dataset was processed at daily resolution and 0.25° grid spac-
ing and is described in Bookhagen and Strecker (2010).

The CMORPH precipitation analysis (Joyce et al. 2004) is
derived from a technique that estimates precipitation from low
orbiter passive microwave satellite scans and uses geostation-
ary satellite infrared data information to propagate the precip-
itation by motion vectors. The precipitation data are available
at high temporal and spatial resolutions from December 2002
to the present.

The CPC precipitation is based on an optimal interpolation
technique to create gridded precipitation from station records
(Chen et al. 2008; Higgins et al. 2000). The gridded precipi-
tation is created at 0.5×0.5° grid spacing. A thorough

discussion on the performance of CPC and TRMM_3B42
V6 in simulating the precipitation characteristics during the
wet season in South America is provided in Carvalho et al.
(2012).

The ANA precipitation dataset was interpolated into the
same grid spacing as the BRAMS simulations (32 km) using
ordinary kriging. Ordinary kriging is an interpolation tech-
nique that takes into account not only the values of the
available records but also their spatial distribution (Marsal
1987). The technique was applied to the daily station records
for the period of December 2005.

3 Control experiment

As discussed in the “Introduction,” the SACZ event investi-
gated here developed in December 2005 under atmospheric
conditions characterized as neutral ENSO and neutral SAD.
The SACZ exhibited a life cycle of about 6 days (December
11–16) which corresponds approximately to the 75th percen-
tile of persistence of strong SACZ events identified in
Carvalho LM et al. (2004)). The control experiment started
on December 6 (5 days prior to the beginning of the SACZ
event) and ended on December 20 (4 days after the end of the
SACZ event) of 2005. Therefore, we allowed 5 days of model
spin-up as recommended by Giorgi and Bi (2000). The atmo-
spheric driving fields from MERRA were updated every 3 h
and the soil moisture every 24 h. The SST used in the control
experiment was the climatology of December from 1982 to
2009.

To obtain an estimate for the uncertainty of the modeling
system, we performed ten-member ensemble simulations. The
differences among ensemble members arise from small ran-
dom perturbations in the boundary conditions. The perturba-
tions were defined as 5 % of the standard deviation of the
December climatology for each of the five variables that
comprise the driving fields of the model. The random

Table 1 Summary of BRAMS
configuration Horizontal spatial resolution 32 km

Number of grid points in longitude 300

Number of grid points in latitude 240

Number of vertical levels 34

Model top 22 km

Lateral boundary region nudging Yes (comprising five grid points on each lateral
boundary). The nudging is performed every 1,800 s.

Top region nudging Yes (all fields above 16 km; ∼150 hPa)

Model interior nudging No

Cumulus parameterization Grell (Grell 1993)

Closure type Arakawa-Schubert (Arakawa and Schubert 1974)

Shallow cumulus parameterization Not used

Shortwave and long-wave radiation models Chen-Cotton (Chen and Cotton 1983)
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perturbations were included in the boundary conditions for all
five variables at all times except in the initial conditions.
Hence, all ensemble members share the same initial condi-
tions. As mentioned before, the top boundary nudging was set
above 16 km to all fields (around 150 hPa). Therefore, in order
to avoid performing nudging of perturbed fields at the top of

the model, the anomalies were included in the vertical fields
from the surface up to 200 hPa.

Figure 2 shows the evolution of the low-level winds and
precipitation in the control experiments. On December 11
(Fig. 2a), a narrow band with significant precipitation and
low-level wind convergence was simulated over eastern

Fig. 2 Daily evolution of the
control ensemble mean wind at
850 hPa (vectors) and the
ensemble mean precipitation
(shaded)
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tropical South America and western Subtropical Atlantic,
which characterized the presence of the SACZ. In addition,
the 850 hPa circulation indicated the presence of a high
pressure system in the southern flank of the SACZ over
subtropical South America. Anticyclonic circulation and sup-
pressed convective activity over southern Brazil, Uruguay,
and Northeastern Argentina were realistic features and char-
acterized the well-documented seesaw in convection and pre-
cipitation during SACZ events (e.g., Carvalho et al. 2004;
Liebmann et al. 1999; Vera et al. 2006). Moreover, enhanced
precipitation in the SACZ was simulated along with westerly
winds associated with moisture transport from the Amazon,
consistent with previous observational studies (Carvalho et al.
2004; Jones and Carvalho 2002; Rickenbach 2002). A low-
level trough associated with the SACZ is simulated over
Subtropical Atlantic east of 35°W. In the following days the
simulated precipitation in the SACZ intensified over coastal
areas as the high pressure system weakened and moved east-
ward (Fig. 2b–c). On December 14 (Fig. 2d), the simulations
generate a well-defined cyclone system near the southeast
coast of Brazil. In the next days (Fig. 2e–h), that cyclone
migrated southeastward and the westerly winds intensified
along a well-organized SACZ.

To evaluate the representation of precipitation in the control
experiment, we focused our analyses on the region represent-
ed by the solid box in Fig. 1. The land and the ocean portions
of that region were considered separately. Figure 3 shows the
daily median precipitation from observations and simulations
over land and over the ocean. Over the ocean, the model
overestimated precipitation, especially on day 18 after the
end of the SACZ event. However, the intensity of the simu-
lated precipitation seems to be, to some extent, systematically
higher than the intensity of the observed precipitation from
TRMM and CMORPH (Fig. 3b). It is worth mentioning that
TRMM precipitation estimates over the ocean are less reliable
than estimates over land due to fewer in situ observations
(Huffman et al. 2007). Nonetheless, Tomaziello and Gandu
(2013) verified that BRAMS 4.2 has higher skill in
representing the SACZ precipitation over land than over the
ocean. In addition, we recall that the control experiment was
performed with climatological SST, which could have played
a role for the model’s performance in simulating precipitation
over the ocean. The following analyses focus on days 11 to 17
when the simulations showed the best performances.

4 SST sensitivity experiments

The SST sensitivity experiments were designed such that we
use the same configuration as the control experiments but with
modified SST conditions. In these experiments, the SST was
the climatology from December plus prescribed anomalies.
The spatial pattern and magnitude of the SST anomalies were

based on composite analyses of the SAD index discussed in
Bombardi et al. (2013) (see their Fig. 4a, b). Anomalies are
included only over the Atlantic Ocean. We defined SAD-
negative phase as the configuration characterized by negative
SST anomalies in the tropics and positive SST anomalies in
the extratropics. It is worth mentioning that what we call SAD
negative phase is equivalent to the Positive South Atlantic
Subtropical Dipole (Positive SASD) defined byMorioka et al.
(2011).

In addition, instead of performing ensembles by adding
random perturbations to the boundary conditions, we per-
formed many simulations with different intensity of SST
anomalies. The simulations were performed with 0.5, 1.0,
2.0, and 3.0 times the magnitude of the SST anomaly com-
posites for both phases of SAD. For SAD negative phase, the
experiments were called 0.5NEG, NEG, 2NEG, and 3NEG,

Fig. 3 Box plot of daily median ensemble precipitation (square symbol)
for the control simulations (December 11–18) and daily precipitation
from observations over a land and b the ocean. Precipitation from CPC
and ANA are not available over the ocean. The box plot is built on the
daily median precipitation of each ensemble member. The whiskers are
defined as 1.5 times the interquartile range
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respectively. Likewise, for SAD positive phase, the experi-
ments were called 0.5POS, POS, 2POS, and 3POS, respec-
tively. Since we did not create ensembles for each SST simu-
lation, we compared the results of the SST sensitivity exper-
iment to a single member of the control experiment, the
member that was not forced with random perturbations in
lateral boundary conditions. Thus, the only differences among

these simulations are the SST anomalies. The complete range
of the ensemble CTRL runs will be explored in “Section 5.”

The SST sensitivity experiments resulted in a change in the
position of the SACZ (Fig. 4). Simulations with the negative
SAD SST patterns shifted the position of the SACZ to the
south of the domain, while simulations with the positive SAD
SST patterns shifted the position of the SACZ to the north,

Fig. 4 Accumulated
precipitation differences
[millimeters] between each SST
sensitivity simulation and the
control simulation
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with displacements depending on the intensity of the anomaly.
This is particularly evident over the ocean and in the simula-
tions with more extreme perturbations, which are two or three
times the magnitude of the SST composites (Fig. 4e–h).

These results are consistent with numerical studies of the
impact of the Atlantic Ocean SSTon the SACZ on seasonal to
interdecadal timescales (Barreiro et al. 2002; Chaves and
Nobre 2004). Chaves and Nobre (2004) used atmospheric
(CPTEC/COLA) and oceanic (GFDL MOM2) general circu-
lation models to study the relationship between the tropical
South Atlantic SST anomalies and the seasonal variability of
the SACZ during the austral summer (November through
February). They verified that warm SST anomalies over the
tropical South Atlantic intensify and move the SACZ north-
ward, while cold SSTanomalies weaken this system over land
and sea. Barreiro et al. (2002) performed simulations with the
Community Climate Model (CCM3) forced with global ob-
served SST. The authors found that the South Atlantic SST
interannual-to-interdecadal variability impacts the SACZ pre-
cipitation over the ocean. They verified positive SST anoma-
lies in the tropics and negative SST anomalies in the
extratropics were associated with increased precipitation to
the north of the oceanic position of the SACZ.

Interestingly, although the SST sensitivity experiments
showed a change in the position of the SACZ, there was
no clear change in the amount of accumulated precipita-
tion over the continental SACZ region (Fig. 5a). This
result is also in agreement with other numerical studies
that verified a small influence of the South Atlantic SST
on precipitation over South America (Barreiro 2009;
Barreiro et al. 2002; Cuadra and Da Rocha 2007;
Haarsma 2003; Robertson et al. 2003). Cuadra and Da
Rocha (2007) examined the seasonal predictability of the
Regional Climate Model version 3 (RegCM3; 50 km
spatial resolution) by assuming persisted SST anomalies
during the wet season. They verified that the interannual
variability of the simulated seasonal rainfall and air tem-
perature over South America were practically unaffected
by prescribed SST. Barreiro (2009) used an atmospheric
global circulation model coupled to a slab ocean in
which the SST anomalies were generated only through
changes in the fluxes of heat to the atmosphere. The
author found that the South Atlantic did not directly
influence the precipitation over subtropical South Amer-
ica on interannual timescales.

In addition, there was no systematic change in the amount
of accumulated precipitation over the oceanic SACZ region in
the SST sensitivity simulations (Fig. 5b). However, other
numerical studies verified that the South Atlantic SST has a
strong impact on precipitation over the oceanic portion of the
SACZ (Barreiro 2009; Barreiro et al. 2002, 2005; Chaves and
Nobre 2004; Cuadra and Da Rocha 2007; Haarsma 2003;
Jorgetti 2008; Robertson et al. 2003; Taschetto and Wainer

2008). This discrepancy could be related to some extent to
BRAMS 4.2 relatively poorer skill in simulating the SACZ
over the ocean than over land (Tomaziello and Gandu 2013).

The observational analyses of Bombardi et al. (2013) indi-
cated a relationship between SAD and the position and inten-
sity of extratropical cyclones in the subtropical South Atlantic
associated with the development of the SACZ. Here we ex-
amine these issues by investigating differences in SLP be-
tween the SST sensitivity and the control simulations. In the
control simulation (i.e., with climatological SST), a cyclone
forms near southeast Brazil between December 14 and 15
(Fig 6d, e) and then propagates southeastward (Fig. 6f–h).
To evaluate the changes in the cyclone location among the
SST sensitivity experiments, we tracked the position of the

Fig. 5 Box plot of accumulated precipitation from December 11 to 17
over a land and b the ocean. The box plot is built on the spatial
distribution of accumulated precipitation. The whiskers are defined as
1.5 times the interquartile range. Observations are shown in black ; the
control experiment is shown in black thick lines; SAD-negative simula-
tions are shown in blue , and SAD-positive experiments are shown in red
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cyclone from its formation (15Z December 14) until the
cyclone approaches the boundary of the area of interest in
our domain (21Z December 16). We stopped tracking the
cyclone beyond that point to avoid analyzing results that
might be influenced by lateral boundary conditions. The re-
sults clearly show that the warmer the tropical SST, the larger
the northeastward displacement of the cyclone (Fig. 7). Like-
wise, the colder the tropical SST the larger the southwestward
displacement of the cyclone (Fig. 7). However, the northeast–
southwest displacement of the cyclone in SST sensitivity
experiments is contrary to the observational studies
(Bombardi et al. 2013), and this reversal occurs independently
of the intensity of the SST anomalies.

We evaluated changes among SST sensitivity simulations
by calculating the BIAS and the Root Mean Square Error
(RMSE) between each member of the SST sensitivity exper-
iment and the control run, based on the methodology used by
Giorgi and Bi (2000). Although both quantities are measures
of deviation, the RMSE measures the overall magnitude of
deviations regardless of their individual signs, while the BIAS
measures systematic or predominant deviations in given di-
rections. The RMSE is calculated according to Eq. 1, where
Xi
S is the “i th” variable of interest (SST sensitivity experi-

ments), Xi
O the “i th” variable of reference (control experi-

ment), and N is the number of points. The BIAS is calculated
according to Eq. 2.

RMSE ¼
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Figure 8 shows the BIAS in latent (Fig. 8a) and sensible
(Fig. 8b) heat fluxes following the cyclone. For each cyclone
track of each SST sensitivity simulation, we calculated the
BIAS spatially between that simulation and the control run, in
a circular area of 1,000 km diameter. The objective of this
analysis is to verify whether the surface fluxes resulting from
the SST sensitivity runs play a role in the location of the
cyclone. Notice that the circular area around the tracks of the
cyclones simulated in each SST sensitivity run does not nec-
essarily coincide with the area around the tracks of the cyclone
simulated by the control run. We observe that positive SST
anomalies in the tropics increase the latent and sensible heat
fluxes to the atmosphere modifying the position of formation
and the trajectory of the cyclone, which is displaced northward
(Fig. 8). On the other hand, colder SST anomalies in the

tropics and warm anomalies in the subtropics decrease the
flux of latent and sensible heat to the atmosphere in the
tropical South Atlantic favoring the formation and displace-
ment of the cyclone further south.

Therefore, these experiments revealed that the position and
trajectory (northeast–southwest displacement) of the cyclones
and the SACZ in an atmosphere observed in ENSO neutral
and SAD neutral conditions seem to depend essentially on
where the warming is occurring over the ocean. That is, the
sensible and heat fluxes to the atmosphere seem to be the main
forcing for the SACZ and the associated cyclone. In the
southern hemisphere, cold and dry air is advected to the west
of the cyclone whereas warm moist air is advected to the east
of the cyclone. The cold and dry air favors the intensification
of heat fluxes from the ocean to the atmosphere whereas the
warm and moist air reduces the heat fluxes (e.g., Reboita
2008). Hence, when the extratropics are colder than normal
(POS), the colder and drier air moving into the cyclone region
increases the heat fluxes behind the system. On the other hand,
when the extratropics are warmer than normal (NEG), there is
a reduction of the heat fluxes behind the system.

Although the SST sensitivity experiment shows that SAD
SST pattern influences the location of cyclogenesis and the
SACZ, the response in the numerical simulations contradicts
the observational results from Bombardi et al. (2013). These
results are consistent with Barreiro et al. (2002) and Robertson
et al. (2003) and suggest that the SACZ precipitation variabil-
ity associated with SAD is largely dependent on the atmo-
spheric variability rather than the underlying SST. However,
Barreiro (2009) indicates that wind stress and oceanic pro-
cesses might also be important in determining the SST anom-
alies in the South Atlantic and consequently modifying the
impact of the ocean in the atmosphere, which are exactly the
mechanisms of SAD proposed by Morioka et al. (2011).

In reality, during a SAD event, the atmosphere and the
ocean would evolve together. Therefore, the differences be-
tween observational and atmospheric modeling studies might
be partially related to ocean–atmospheric feedbacks that can-
not be represented in atmospheric models. Chaves and Nobre
(2004) verified the occurrence of a negative ocean–atmo-
sphere feedback in the SACZ region. Warm SST anomalies
over the tropical South Atlantic tend to intensify and move the
SACZ northward. As a consequence, the cloudiness associat-
ed with the SACZ blocks incoming solar radiation leading to a
cooling of the region under the influence of the SACZ. On the
other hand, cold SST anomalies tend to weaken the SACZ
over land and sea, leading to a warming of the surface due to
incoming solar radiation (Almeida et al. 2007; Chaves and
Nobre 2004). Jorgetti (2008) performed case studies during
active and inactive SACZ periods with BRAMS coupled and
uncoupled to an oceanic mixed layer model and obtained
results consistent with Chaves and Nobre (2004). The author
suggests that the SST plays an important role in the correct
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representation of moisture transport responsible for the gen-
eration and the maintenance of the SACZ. For active SACZ
periods, the coupled experiments tend to reduce the SST
underneath the SACZ cloud coverage in comparison to the
uncoupled experiments, due to a reduction in the incoming
solar radiation. As a consequence, there is a reduction in the
convergence of moisture flux, leading to a reduction in the
precipitation associated with the SACZ in the coupled exper-
iment. Although much insight can be gained from coupling
regional models, the relative importance of the atmospheric

anomalous conditions during SAD in driving the observed
variability of the SACZ has yet to be demonstrated. The next
section investigates the relative importance of the atmospheric
forcing during SAD events.

5 Driving field experiments

A new set of experiments was designed to investigate the
importance of the atmospheric conditions during SAD events

Fig. 6 Evolution of daily SLP in
the control simulation
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for the position of the cyclone and organization of precipita-
tion in the SACZ. In these experiments, BRAMS configura-
tion was the same as the control experiments (Table 1). The
model was forced with December climatological SST but with
prescribed anomalies in the initial and boundary conditions of
the atmospheric driving fields, which are zonal andmeridional
wind, temperature, geopotential height, and relative humidity.
To maintain the balance between the atmospheric fields in the
model, we included prescribed anomalies in all five driving
fields. The methodology to select the spatial pattern and
magnitude of the atmospheric perturbations was similar to
the methodology used in Bombardi et al. (2013) to define
SAD events. Taking the SAD time index obtained in
Bombardi et al. (2013) (see their Fig. 3), we selected cases
when the SAD phase was positive (above 75th percentile) or
negative (below 25th percentile) during the month of Decem-
ber and during neutral ENSO periods. We recall that the SST
spatial pattern of positive SAD phase as defined in this work is
similar to Fig. 1 and is equivalent to the negative SASD
convention used by Morioka et al. (2011). For each SAD
phase, we performed composites of the following anomalous
fields (annual cycle removed): horizontal wind, temperature,
geopotential height, and relative humidity (BRAMS driving
fields from MERRA Reanalysis) at all vertical levels. The
prescribed atmospheric anomalies were then included in the
initial condition fields and in the boundary conditions at all
times for all five variables. The anomalies were included in the
vertical fields from the surface up to 200 hPa. We also per-
formed ensemble simulations using the same methodology
applied to the control experiment (see “Section 3”). We per-
formed a ten-member ensemble for each phase of SAD. We
will refer to the SAD-negative phase simulations as “NEG”
and to the SAD-positive phase simulations as “POS.”

Figure 9 shows the difference in the ensemble median
accumulated precipitation between the perturbed and the con-
trol experiments. The NEG experiments simulated increased
precipitation over eastern South America and adjacent ocean
(Fig. 9a). These simulations indicated that atmospheric con-
ditions during the negative phase of SAD (i.e., negative SST
anomalies over tropical South Atlantic), intensify and shift the
SACZ position northward. On the other hand, the POS exper-
iments (positive SST anomalies over tropical South Atlantic)
simulated a weakening of the SACZ with decreased precipi-
tation over eastern South America (Fig. 9b). These results are
consistent with the observational analyses of Bombardi et al.
(2013).

Figure 10 and Table 2 indicate changes in the distribution
of the accumulated precipitation (millimeters per day) simu-
lated in the control, POS, and NEG experiments over land and
ocean (from December 11 to 17). The box plot of the accu-
mulated precipitation was calculated taking into account all
the members of each experiment (Fig. 10). Over land, the
spatial distribution of the accumulated precipitation simulated

Fig. 7 Cyclone tracks for a member of the control experiment and the
members of the SST sensitivity experiment. The symbol “x” represents
the position of the cyclone for every 12 h starting at 00Z on December 15

Fig. 8 a Latent heat BIAS and b sensible heat BIAS following the
cyclone tracks of the simulations with three times the magnitude of
SAD (3NEG and 3POS). The BIAS was calculated spatially for 3-hourly
averages from 15Z December 14 to 21Z December 16. Solid lines
indicate 3NEG and dashed lines 3POS experiments
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by the NEG experiments showed an increase in the 25th
percentile and in the median (Fig. 10a, Table 2). On the other
hand, POS experiments showed a decrease in the median and
in the 25th and 75th percentiles (Fig. 10a, Table 2). In addi-
tion, the overall range of the spatial variability of the accumu-
lated precipitation showed a small reduction in the NEG
experiments and a considerable reduction in the POS experi-
ments (Fig. 10a). These results are in agreement with the
observational analyses, which showed that SAD-negative
phase is associated with increased precipitation over eastern
South America and SAD-positive phase is related to de-
creased precipitation in that region (Bombardi et al. 2013).

Over the ocean, the POS experiments also indicated a
reduction in the median, 75th, and 95th percentiles of the
accumulated precipitation distribution (Fig. 10b; Table 2).
The observational analysis also revealed a decrease in precip-
itation over the oceanic portion of the SACZ near the coast
during the positive SAD phase. However, regarding the spatial

distribution of accumulated precipitation, the NEG experi-
ments did not show statistically significant differences in the
median for the oceanic SACZ. Although no clear change is
verified for the median accumulated precipitation in the NEG
experiments, there was a decrease in the 75th percentile and an
increase in the 25th and 95th percentiles of the precipitation
distribution (Fig. 10b; Table 2).

The daily precipitation RMSE and BIAS between the
perturbed and the control experiments were calculated spatial-
ly over land and the oceanic portion of the SACZ (Fig. 11).
Daily precipitation ensemble means were calculated for each
experiment prior to the calculation of RMSE and BIAS. Daily

Fig. 9 Difference in the ensemble median accumulated precipitation
from December 11 to 17 between a NEG and control experiments; b
POS and control experiments. In the figure are displayed only ensemble
median differences that are statistically significant at 5 % level according
to the sign test

Fig. 10 Box plot of accumulated precipitation from December 11 to 17
over a land and b the ocean. The box plot is built on the spatial
distribution of accumulated precipitation taking all ensemble members
into account. The whiskers are defined as 1.5 times the interquartile
range. The control ensemble is shown in black , NEG ensemble is shown
in blue, and POS ensemble is shown in red. The dashed line represents
the median for the control ensemble as a baseline comparison. The
statistical significance for the difference in the median, upper, and lower
quartiles are shown in Table 2
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variance was larger in the NEG experiment than in the POS
experiment over both land (Fig. 11a) and the ocean (Fig. 11b).
In addition, the largest deviations in the NEG experiment over
land occurred just before the formation and during the first
days of the active period of the cyclone, between December
13 and 16 (Fig. 11a). Over the ocean, the largest deviations in
the NEG experiment occurred during the active period of the
cyclone, between December 14 and 17 (Fig. 11b). The NEG
experiments simulated more precipitation than the control
experiment for most of the days over both land (Fig. 11c)

and the ocean (Fig. 11d). On the other hand, the POS exper-
iments simulated less precipitation than the control experi-
ments for most of the days over both land (Fig. 11c) and the
ocean (Fig. 11d). However, the NEG experiments showed an
inversion in the BIAS sign on December 16 and 17 over the
ocean (Fig. 11d) that could partially explain the low statistical
significance in the calculations of the differences in the accu-
mulated precipitation distribution (Fig. 10b; Table 2).

Figure 12 shows the differences between NEG and the
control experiments and between POS and the control exper-
iments. On day 11, the NEG experiments showed an anoma-
lous cyclonic circulation over central South America
(Fig. 12a). This anomalous circulation indicates the weaken-
ing of the low level jet east of the Andes, which is consistent
with the intensification of convection in the SACZ (Liebmann
et al. 2004). In contrast, the POS experiment showed an
anomalous anticyclonic circulation over western Brazil,
which in turn was associated with the intensification of the
northerly winds east of the Andes (Fig. 12b). In addition, it is
noticeable that the cyclonic (anticyclonic) anomalous circula-
tions over tropical South America in the NEG (POS) experi-
ments caused the westerly wind anomalies to shift equator-
ward (poleward) comparatively to the control. These features
were also consistent with the equatorward shift of convection
in the NEG experiments and the suppression of convection in
the POS experiment relative to the control (see Fig. 9).

On December 12, the NEG experiment indicated an in-
crease in the westerly flow in a narrow band extending from

Table 2 Differences in the percentiles of the distributions of accumulated
precipitation associated with the SACZ over land and ocean (see Fig. 10)
between the perturbed experiments and the control experiment

LAND percentile NEG-CTRL (mm) POS-CTRL (mm)

25 % 23.9a 1.0

50 % 13.6 a -9.3 a

75 % 3.8 -17.1 a

95 % −9.1 −44.9 a

OCEAN percentile

25 % 13.1 a −4.2
50 % −1.4 −10.9 a

75 % −4.1 a −14.8 a

95 % 7.6 −18.0 a

a Differences that are statistically significant at 5 % level according to the
sign test for difference in locations (Anderson and Finn 1996)

Fig. 11 Daily precipitation
RMSE between the ensembles
mean of the perturbed
experiments and the control
experiment for a land and b the
ocean. Daily precipitation BIAS
between the ensemble mean of
the perturbed experiments and the
control experiments over c land
and d the ocean. Solid lines refer
to NEG and dashed lines to POS
experiments
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the Amazon toward the subtropical South Atlantic, which
characterized the warm conveyor belt (Browning 1986;
Hallak and Silva Dias 2000) and enhanced convection com-
monly associated with the SACZ (Carvalho LM et al. 2004;
Jones and Carvalho 2002; Jorgetti et al. 2013; Rickenbach
2002) (Fig. 12c). Furthermore, the westerly wind anomalies
were important for the transport of moist static energy from
the Amazonwith implications for the intensified convection in
the SACZ (Chou and Neelin 2001; Neelin and Held 1987).
These features were not evident for the POS experiment,
which is consistent with the suppressed convection in the
SACZ region.

On December 13 and 14, the anomalous westerly flow
persisted and moved equatorward in the NEG experiment as
the cyclone over subtropical Atlantic propagates eastward

(Fig. 12e, g). In contrast, on December 13 and 14 the POS
experiment showed easterly wind anomalies collocated with
the modeled SACZ. The easterlies anomalies implied in a
relatively more stable air (Neelin and Held 1987) and weaker
SACZ relative to the control (Fig. 12f, h).

The cyclone over the Subtropical Western Atlantic that was
well developed on December 14 in the NEG experiment
intensified and moved southeastward from December 15–17
(Fig. 12g, i, k, m). In contrast, the easterly anomalies over the
Subtropical South Atlantic persisted on December 15–18 in
the POS experiment, clearly indicating the persistence of
relatively unfavorable dynamic and thermodynamic condi-
tions for enhanced SACZ over the continent and the ocean
(Fig. 12h, j, l, n). The warm conveyor belt supporting convec-
tion in the SACZ in the NEG experiment weakened on

Fig. 12 Daily evolution of the difference in the ensemble mean wind at
850 hPa between perturbed experiments and the control experiment.
Differences for the NEG experiment are in the left and for the POS
experiment are in the right . Vectors are displayed only where the

differences are greater than 1.0 m s−1 and statistically significant at 5 %
level (for the zonal or the meridional component of the wind) according to
a z-test with 9° of freedom (Anderson and Finn 1996) (continues)
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December 17, which characterized the end of the cycle of
intense precipitation associated with the system (Fig. 12n).

Figure 13 shows the evolution of the daily mean ensemble
SLP and wind divergence at 200 hPa during the period when
the cyclone was active over the Atlantic Ocean. The low
pressure system was much stronger in NEG simulations

(Fig. 13a, c, e, g) than in POS simulations (Fig. 13b, d, f, h).
In addition, the upper level wind divergence giving support to
the cyclone was stronger in the NEG simulations than in the
POS simulations (Figs. 13 and 14). These results indicated
that, during SAD-negative events, the upper-level divergence
strengthened the low pressure system at the surface. The

Fig. 13 Evolution of daily SLP
(contour) and 200 hPa wind
divergence (shaded) from
December 14 to 17 for the mean
NEG ensemble (left) and the
mean POS ensemble (right).
Contour interval equal 3 hPa.
Wind divergence unit equal 10-
5 s−1. Only positive wind
divergence is displayed
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strengthening of the low pressure system increased the low
level westerly winds and transport of moist static energy from
the Amazon along the southwestern periphery of the subtrop-
ical high. These dynamical conditions intensified convection
and precipitation in the SACZ.

In conclusion, these experiments demonstrated that the
realistic simulations of the position of the SACZ and the
patterns of precipitation over coastal areas in South America
are to a large extent determined by the anomalous atmospheric
driving fields associated with SAD events. The position of the
low and high level jets and the upper level divergence, the
evolution and displacement of cyclones and anticyclones ul-
timately determine the support for convection in the SACZ
region. More importantly, even though it is expected that
realistic atmospheric forcing results in realistic simulations
of convective activity, we showed that the idealized sensitivity
experiments with SST resulted in patters of precipitation that
are contrary to observations. In other words, the moisture and
heat fluxes (sensible and latent heat fluxes) resulting from the
observed pattern of SST anomalies during SAD somewhat
opposes to the forcing caused by the atmosphere.

Nevertheless, both driving fields and SST sensitivity
experiments showed that the main impact of SAD is asso-
ciated with changes in the location and strength of the
cyclone at the surface over subtropical South Atlantic. It
is important to keep in mind that this study did not address
ocean–atmosphere coupling. In reality, ocean–atmosphere
feedbacks would play an important role for the coupled

mechanisms linking the South Atlantic Ocean to the South
American climate. Moreover, experiments forced with pre-
scribed SST cannot fully represent the ocean-atmosphere
interactions and therefore do not correctly represent the
lower boundary conditions (Bretherton and Battisti 2000;
Sutton and Mathieu 2002). For example, Sutton and
Mathieu (2002) showed that the influence of the
extratropical ocean on climate is not manifested primarily
in an SST signature. A better approach would be to couple
the atmospheric model to an ocean mixed layer model with
a prescribed ocean heat convergence (e.g., Sutton and
Mathieu 2002). Such approach would give a better under-
standing on the role of the ocean and the development of the
pattern of SST due to a more realistic representation of
ocean heat convergence and surface fluxes.

6 Conclusions

The present study explored numerical simulations of a SACZ
event that occurred under neutral ENSO and neutral SAD
conditions. We performed experiments forced with SAD
SSTconditions and experiments forced with SAD atmospher-
ic conditions. Our results confirm previous observational
studies and show that SAD plays a significant role in organiz-
ing the SACZ by influencing the position and movement of
extratropical cyclones. However, the numerical experiments
suggest that, during ENSO neutral conditions, the SACZ

Fig. 14 Difference in the
ensemble median of 200 hPa
wind divergence (shaded) and
SLP (contour) between NEG and
POS from December 14 to 17.
Only positive values of
divergence were taken into
account. Shading indicates
ensemble median differences that
are statistically significant at 5 %
level according to the sign test.
Contours indicate ensemble
median differences that are
statistically significant at 5 %
level according to the sign test
and with absolute value greater or
equal to 3 hPa. Contour interval
equals 3 hPa. Dashed lines
represent negative values
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precipitation variability associated with SAD is largely depen-
dent on the atmospheric variability rather than the underlying
SST.

The BRAMS 4.2 model was able to represent the spatial
pattern of precipitation and circulation during the SACZ event
of December 2005. However, the model underestimates the
daily total precipitation over the oceanic portion of the SACZ.
Experiments forced with prescribed SST anomalies showed
that the SACZ precipitation is not significantly influenced by
the Atlantic SST. Nonetheless, the SST sensitivity experi-
ments showed that the Atlantic SST is related to the position
of the cyclone associated to the SACZ. Positive SAD SST
anomaly forcing (warm tropical SST anomalies) shifts the
cyclone and the SACZ northward. On the other hand, negative
SAD SST anomaly forcing (cold tropical SST anomalies)
moves the cyclone and the SACZ southward. However, the
atmospheric response and precipitation patterns obtained with
the SST forcing experiments opposed to the observational
results.

On the other hand, experiments forced with prescribed
driving fields anomalies showed that the atmospheric
component of SAD also impacts the characteristics of
the cyclone over the South Atlantic Ocean and plays a
key role for the positioning of the SACZ. SAD-negative
anomalies favor the intensification of the westerly low-
level wind anomalies on the equatorward flank of the
SACZ as well as the intensification of the upper-level jet
stream. Therefore, the atmosphere provides the low-level
and upper-level support for the intensification of the
cyclone at surface and for the increase in precipitation
over the coastal areas in association with the SACZ. In
contrast, SAD-positive anomalies generate an opposite
response in the atmosphere.

It is worth noting that the SACZ is a transient system
strongly influenced by intraseasonal variability (Carvalho
LM et al. 2004; Liebmann et al. 1999). Although SAD
temporal variability is dominated by decadal timescales,
there is also significant variability on intraseasonal time-
scales, and we showed evidence that these variations
play a significant role for the characteristics of the SACZ
(Bombardi et al. 2013).
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