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ABSTRACT

The impact of ocean–atmosphere interactions on summer rainfall over the South Atlantic Ocean is ex-

plored through the use of coupled ocean–atmosphere models. The Brazilian Center for Weather Forecast and

Climate Studies (CPTEC) coupled ocean–atmosphere general circulation model (CGCM) and its atmo-

spheric general circulation model (AGCM) are used to gauge the role of coupled modes of variability of the

climate system over the South Atlantic at seasonal time scales. Twenty-six years of summer [December–

February (DJF)] simulations were done with the CGCM in ensemble mode and the AGCM forced with

both observed sea surface temperature (SST) and SST generated by the CGCM forecasts to investigate the

dynamics/thermodynamics of the two major convergence zones in the tropical Atlantic: the intertropical

convergence zone (ITCZ) and the South Atlantic convergence zone (SACZ). The results present both nu-

merical model and observational evidence supporting the hypothesis that the ITCZ is a thermally direct, SST-

driven atmospheric circulation, while the SACZ is a thermally indirect atmospheric circulation controlling

SST variability underneath—a consequence of ocean–atmosphere interactions not captured by the atmo-

spheric model forced by prescribed ocean temperatures. Six CGCM model results of the Ensemble-based

Predictions of Climate Changes and their Impacts (ENSEMBLES) project, NCEP–NCAR reanalysis data,

and oceanic and atmospheric data from buoys of the Prediction and Research Moored Array in the Tropical

Atlantic (PIRATA) Project over the tropical Atlantic are used to validate CPTEC’s coupled and uncoupled

model simulations.

1. Introduction

Summer rainfall distribution over most of tropical

South America is strongly modulated by two atmo-

spheric convergence zones: the South Atlantic conver-

gence zone (SACZ) (Carvalho et al. 2004; Lenters and

Cook 1999; Liebmann et al. 1999; Nogués-Paegle and

Mo 1997) and the intertropical convergence zone

(ITCZ) (Chang et al. 2000; Hastenrath and Lamb 1977).

Notwithstanding the fact that both zones have a pro-

nounced maritime component, they present fundamen-

tal dynamical differences. The ITCZ lies over warmer

surface waters, its variability is modulated by the under-

neath meridional gradient of sea surface temperatures

(SSTs) (Chiang et al. 2002; Nobre et al. 2006), and it is

generally well simulated by global atmospheric general

circulation models (AGCMs) forced by prescribed SST

(Chang et al. 2000). Contrasting with the ITCZ, the

oceanic portion of the SACZ occurs predominantly over

cooler surface waters (Grimm 2003; Robertson and

Mechoso 2000) and is poorly simulated by AGCMs

(Marengo et al. 2003; Nobre et al. 2006). AGCM studies

of the behavior of the SACZ predict the formation of

enhanced rainfall over warmer waters (Barreiro et al.

2002, 2005; Robertson et al. 2003)—an essentially hy-

drostatic response of the model atmosphere to positive

SST anomalies. A comparison of results of 14 coupled

ocean–atmosphere general circulation models (CGCMs)

used for the Intergovernmental Panel on Climate Change

(IPCC) Fourth Assessment Report (AR4) (Lin et al.

2009) shows that most of the models underestimate sea-

sonal (November–April) mean precipitation over east-

central and northeastern Brazil. They also fail to properly

represent the SACZ and shift the ITCZ southward of

its observed position during the Southern Hemisphere

summer.

Several studies have demonstrated the importance of

ocean–atmosphere coupling in explaining SST principal

modes of variability over the tropical Atlantic (Chang
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et al. 2001; Huang et al. 2004; Nobre et al. 2003; Xie et al.

1999; Zebiak 1993), as well as the occurrence of SACZ

rainfall (Chaves and Nobre 2004; De Almeida et al.

2007) and Asian–Pacific summer monsoon rainfall (Wang

et al. 2005) over colder waters. Chaves and Nobre (2004)

suggested a causal relationship between SACZ and SST,

with the former conditioning the latter through solar

radiation–cloud–SST feedback; cold SST anomalies un-

der the SACZ are a consequence of the very formation

of the SACZ, rather than the forcing mechanism that

explains it. The use of a state-of-the-art AGCM to

simulate summer rainfall globally generates patterns of

rainfall distribution over southeastern South America

and the southwestern tropical Atlantic that are nega-

tively correlated to observed rainfall (Marengo et al.

2003; Nobre et al. 2006). This is a result commonly found

in other two-tier AGCM approaches (i.e., first, a global

SST forecast field is generated, and then the SST fore-

cast is prescribed as a surface boundary condition of the

AGCM), which generate thermally direct circulation

cells with increased precipitation over warmer SSTs

(Barreiro et al. 2005; Robertson et al. 2003). An alter-

native to the two-tier approach is the CGCMs’ one-tier

approach, which accounts for nonlinear effects of surface

fluxes of momentum, water, and heat in determining SST

and salinity variations.

A regionally coupled ocean–atmosphere experiment

with the Center for Ocean–Land–Atmosphere Studies’

(COLA) CGCM over the tropical Atlantic (Huang et al.

2002, 2004) demonstrated that the SST patterns that

explain the largest variance of SST anomalies over the

tropical Atlantic can be simulated by the coupled model

without the need for external forcing, such as those

emerging from the tropical Pacific Ocean during the

occurrence of El Niño–Southern Oscillation (ENSO)

episodes. These results suggest that the most recurrent

patterns of SST anomalies over the tropical Atlantic can

be explained by air–sea interactions within the Atlantic

Ocean region or by the oceanic responses to atmo-

spheric internal forcing. In fact, there are indications

that Atlantic SST interhemispheric variations influence

not only the Atlantic ITCZ variability, but also the

North Atlantic Oscillation (NAO) and ENSO phenom-

ena (Wu et al. 2007). Conversely, other studies indicate

that both the interhemispheric SST gradient and the

ENSO-related east–west Walker circulation modulate

the variability of the Atlantic ITCZ (Chiang et al. 2002).

The importance of local ocean–atmosphere coupling in

explaining recurrent modes of sea surface temperature

anomaly (SSTA) variability over the tropical Atlantic

was also suggested by other studies (Chang et al. 1998;

Kitoh et al. 1999; Nobre et al. 2003; Xie et al. 1999;

Zebiak 1993), which used coupled ocean–atmosphere

models of intermediary complexity to study modes of

coupled variability of the tropical Atlantic and Pacific

SST. Kitoh et al. (1999) showed that both latent heat

flux and shortwave radiation (SWR) have their roles

in producing SST anomalies in the equatorial Pacific

Ocean.

Carvalho et al. (2004) presented observational evi-

dence that SACZ variability over the southwestern

Atlantic is related to midlatitude wave train activity.

Other studies have indicated that the coupling between

the atmosphere and ocean in the midlatitudes enhances

the variance in both media, while it decreases the energy

flux between the atmosphere and the ocean (Barsugli

and Battisti 1998). The basic question of whether or not

a coupled model is mandatory for simulating climate

patterns like the NAO is addressed in the work of

Bretherton and Battisti (2000), who showed that SST-

forced AGCM simulations reproduce observed low-

frequency variability of the NAO, despite the simulated

air–sea fluxes being of reverse sign to those observed.

The misrepresentation of the local relationship between

SST and precipitation by SST-prescribed AGCM sim-

ulations has also been shown to occur over parts of the

Indian Ocean (Kumar and Hoerling 1998; Kumar et al.

2005). Other studies have suggested the role of conti-

nental surface–atmosphere feedbacks in explaining South

American summer rainfall variations (e.g., Grimm 2003;

Grimm et al. 2007).

Yet, the dynamics of the SACZ, whose preferred

mode of variability shows enhanced precipitation over

colder waters, persists as an outstanding question re-

garding seasonal climate variability and predictability

over the southern tropical Atlantic Ocean. This paper

explores the topic of coupled ocean–atmosphere pro-

cesses from a fully coupled ocean–atmosphere global

model point of view, with a focus on the dynamics of

rainfall–SST relationships over the tropical Atlantic

Ocean.

2. Experiment design

The Brazilian Center for Weather Forecast and Cli-

mate Studies’ (CPTEC) coupled ocean–atmosphere

general circulation model uses the Geophysical Fluid

Dynamics Laboratory’s (GFDL’s) Flexible Modular

System (FMS) coupler to couple CPTEC’s AGCM to

GFDL’s Modular Ocean Model (MOM4p1) (Griffies

2010). CPTEC’s AGCM is a spectral model with tri-

angular truncation at wavenumber 62, equivalent to

approximately 1.8758 3 1.8758 latitude–longitude hori-

zontal resolution, and 28 sigma levels unevenly distributed

in the troposphere between the surface and the lower

stratosphere. The AGCM’s physical parameterizations
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include solar (Davies 1982; Lacis and Hansen 1974) and

terrestrial (Harshvardhan et al. 1987) radiation schemes.

Deep convection is parameterized by Grell’s (1993)

scheme, while shallow convection is parameterized by

the scheme of Tiedtke (1984). Mellor and Yamada’s

(1982) level-2.0 closure scheme is used for the turbulent

transport of moisture, momentum, and heat in the at-

mospheric planetary boundary layer. The continental

surface scheme is the Simplified Simple Biosphere

(SSIB) model (Xue et al. 1991). The National Oceanic

and Atmospheric Administration (NOAA)/GFDL’s

MOM4p1 is a primitive equation model configured over

the globe, with a constant 18 spacing in longitude and 1/48

spacing in the latitudinal direction in the deep tropics

(108S–108N), decreasing uniformly to 18 at 458 and to 28

at 908 of both hemispheres. For the vertical axis, 50

levels are adopted, with a 10-m resolution in the upper

220 m. The model uses an explicit free-surface for-

mulation (Griffies 2010) and is fully coupled without

flux correction each 2-hourly coupled time steps. The

AGCM component sends to the coupler the freshwater,

specific humidity, heat and momentum fluxes, surface

pressure, and cosine of the zenith angle; the AGCM

receives SST and ocean albedo from the CGCM flux

coupler.

Ten-member ensembles for both CGCM and AGCM

are done starting each model run from initial conditions

(ICs) taken one day apart during 1–10 November for each

year in the period 1981–2007, with December–February

(DJF) as the target forecast period. Atmospheric ICs are

taken from the National Centers for Environmental

Prediction–National Center for Atmospheric Research

(NCEP–NCAR) reanalysis (Kalnay et al. 1996), while

oceanic ICs are taken from a 30-yr-long MOM4p1

spinup run forced by atmospheric fluxes of momentum

and heat [Coupled Ocean–Ice Coordinated Ocean

Research Experiments (CORE) version 2 from Large

and Yeager (2009)]. Two sets of SST fields are used

to generate the AGCM hindcasts: one is the optimum

interpolation SST (OISST) from NCEP (Reynolds et al.

2002), which is used for each of the 10 members of the

AGCM runs. The other set is the CGCM SST forecasts

(CMSST) computed for this work. For this case, each

member of the AGCM runs is forced by the SST forecast

of the respective CGCM run (i.e., started from the

same atmospheric IC). Both the OISST and CMSST

used as boundary conditions for the AGCM hindcasts

are monthly means, which are linearly interpolated to

the day of integration by the AGCM. Model-output

climatological fields are computed as the 1981–2007

long-term mean for each forecast month. Monthly anom-

alies are obtained by removing the monthly mean of each

member for DJF.

Annual integrations from the Ensemble-based

Predictions of Climate Changes and their Impacts

(ENSEMBLES) Stream 2 project (Van der Linden and

Mitchell 2009) are used to validate the CGCM model

output, consisting of nine-member ensemble hindcasts

integrated using six coupled models: (i) the Integrated

Forecast System/Hamburg Ocean Primitive Equation

(IFS/HOPE), used for seasonal forecasts at the Euro-

pean Centre for Medium-Range Weather Forecasts

(ECMWF); (ii) the decadal prediction system (DePreSys)

of the Met Office; (iii) Action de Recherche Petite

Echelle Grande Echelle/Océan Parallélisé (ARPEGE4/

OPA), used for seasonal forecasts at Meteo-France;

(iv) ECHAM5/OM1, used for seasonal forecasts at

the Leibniz-Institut für Meereswissenschaften (IFM-

GEOMAR) at Kiel; (v) ECHAM5/OPA8.2, the sea-

sonal forecast model used at the Istituto Nazionale di

Geofisica e Vulcanologia (INGV) in Bologna; and (vi)

the Hadley Centre Global Environmental Model version

2 (HadGEM2) from the Met Office. The integrations are

14-month hindcasts starting on 1 November of each year

from 1960 to 2005. NCEP–NCAR reanalysis atmo-

spheric vertical velocity–omega at 500 hPa and short-

wave solar radiation at the surface are used to validate

the models’ outputs. Rainfall data used for precipi-

tation forecast skill evaluation are from the Global

Precipitation Climatology Project (GPCP) for the pe-

riod 1979–2007. The GPCP rainfall data are the result

of a merged analysis that incorporates precipitation

estimates from low-orbit satellite microwave data,

geosynchronous-orbit satellite infrared data, and sur-

face rain gauge observations (Adler et al. 2003; Huffman

et al. 2009). The Prediction and Research Moored Array

in the Tropical Atlantic (PIRATA; Bourlès et al. 2008)

Project’s daily buoy data of surface air temperature

(SAT), SST, downwelling shortwave radiation, and rain-

fall are used to independently validate the model results.

The PIRATA buoys of the southwestern extension were

first moored in September 2005 (Bourlès et al. 2008),

therefore the buoy time series consisted of 90 daily data

points per DJF season for the years 2005–10, totaling 450

data points. Anomalies were computed as departures

from the daily climatological values normalized by the

local standard deviation. Both climatological time series

were smoothed by a 30-day running mean to remove

higher-frequency variability.

A Monte Carlo analysis was conducted on the anomaly

cross-correlation (ACC) maps in order to estimate their

statistical significance, accounting for the increased num-

ber of degrees of freedom due to the ensemble members.

For each variable, 100 random datasets were created

by shuffling triplets of DJF of each of the 10 ensem-

ble members, resulting in 100 random ensembles with
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10 members each. Inside each year the order of DJF

triplets was maintained to ensure that the test accounted

for month-to-month persistence of the data. The cross

correlation was then repeated on the random datasets

and averaged through each Monte Carlo ensemble.

Statistical significance was assessed by comparing the

absolute values of the averaged cross correlations from

the original data with the correlations from the shuffled

Monte Carlo members.

3. Results

a. Simulating SACZ thermally indirect circulation

Figure 1 shows DJF ACC maps between rainfall and

SST for observations and both CGCM and AGCM

simulations. The ACC was calculated separately for

each of the 10 members for each model and was later

averaged. Two main aspects are noteworthy in Fig. 1: (i)

the statistically significant negative correlation patterns

over the oceanic areas for both observations (Fig. 1a)

and the coupled model forecasts (Fig. 1c) over the

southwestern Atlantic, under the region of formation of

the SACZ; and (ii) that both AGCM hindcasts forced

with either OISST (Fig. 1b) or CMSST (Fig. 1d) show

predominantly positive, statistically significant, rainfall–

SST ACC over the ocean. This result suggests that the

AGCM two-tier approach cannot correctly represent

SACZ rainfall over cooler SSTs. The enhanced rainfall

over warmer waters, regardless of whether the forcing

SST field originates from observations or the coupled

model forecast itself, is an inherent characteristic of the

forced problem, a common behavior found in other

AGCM model studies (Marengo et al. 2003; Robertson

et al. 2003).

To verify whether the enhanced ability of CPTEC’s

CGCM to simulate precipitation over cold waters as

shown in Fig. 1 is an inherent capability also present in

other coupled models, the correlation analysis between

DJF rainfall and SST was repeated using hindcasts from

the ENSEMBLES Stream 2 project (Van der Linden

and Mitchell 2009) multimodel ensemble. The cross

correlation was calculated separately for each of the 6 3

9 members. The cross correlation was later averaged for

each model in order to assess its ability to reproduce the

observed negative correlation between SST and rainfall

in the SACZ region shown in Fig. 1. While all six cou-

pled models are able to generate enhanced precipitation

over anomalously cold water, the strength and location

of the negative precipitation–SST correlations varies

between models (Fig. 2). In particular, the HadGEM2

and ECHAM5/OPA8.2 models display a strong signal

over the oceanic SACZ.

FIG. 1. DJF SST and rainfall ACC maps for (top left) observations, and 10-member ensemble

means for (top right) rainfall hindcast from CPTEC AGCM forced with OISST, (bottom left)

CPTEC CGCM rainfall forecast, and (bottom right) rainfall forecast from CPTEC AGCM

forced with CMSST forecast, with the respective SST fields used to force the AGCM or product

of the CGCM itself. Shaded areas depict values statistically significant at the 95% level.
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Lending further support to the claim that rainfall over

cooler waters over the southwestern Atlantic is a cou-

pled ocean–atmosphere process, the ACC maps be-

tween SST and downward SWR are shown in Fig. 3.

CGCM results (Fig. 3c) reproduce the pattern of posi-

tive SST–SWR ACC under the SACZ shown by obser-

vations (Fig. 3a), correctly representing the observed

patterns of reduced (enhanced) downward solar radia-

tion over cooler (warmer) waters. The AGCM results,

on the other hand, depict negative correlations over

most of the southwestern Atlantic, for both OISST-

(Fig. 3b) and CMSST-forced (Fig. 3d) runs, indicating an

essentially direct thermally driven response of the at-

mosphere to SST forcing, with reduced (enhanced) solar

radiation over warm (cooler) waters (i.e., enhanced

cloudiness over warm waters and clear skies over cooler

waters) over the SACZ area. Note also in Fig. 3 the

predominance of negative ACC over the equatorial

Atlantic, indicating that the direct thermally driven

circulation related to the ITCZ shown in observations

(Fig. 3a) is captured by both AGCM and CGCM simu-

lations alike.

The contrasting thermal coupling conditions associ-

ated with the SACZ and ITCZ are also seen in the ACC

maps for SST and omega at 500 hPa shown in Fig. 4.

Both observations and CGCM depict positive correla-

tions over the southwestern Atlantic, as a result of as-

cending (descending) motion associated with negative

(positive) SST over the SACZ area (i.e., a thermally

indirect circulation), while both AGCM simulations

show predominantly negative correlations, indicating

the occurrence of ascending (descending) motion over

warm (cool) waters for both the ITCZ and SACZ areas

(i.e., a thermally direct circulation pattern).

b. Validation with PIRATA data

To further scrutinize the nature of the ocean–atmosphere

coupling mechanism over the southwestern tropical

Atlantic, independent time series of surface daily PIRATA

buoy data (SAT, SST, downwelling SWR, and rainfall)

are used. The chosen buoy sites are at 88S, 308W and

198S, 348W, which correspond to regions of positive and

negative rainfall–SST ACC (shown in Figs. 1a,c for ob-

servations and coupled model results, respectively).

Positive ACC between SAT and SST over both sites (see

Table 1) indicates the state of temperature equilibrium

of the ocean–atmosphere interface on monthly time

scales. The negative correlations between SWR and rain

FIG. 2. DJF ACC maps between SST and rainfall anomalies for coupled ocean–atmosphere models: (top left) IFS/HOPE, (top middle)

ARPEGE4/OPA, (top right) HadGEM2, (bottom left) ECHAM5/OPA8.2, (bottom middle) ECHAM5/OM1, and (bottom right)

DePreSys. Shaded values represent correlations with a statistical significance of 95%; nonsignificant values are masked as white.
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over both sites also indicate the reduction (increase) of

solar radiation during episodes of rain (clear sky). The

reverse signs of both SAT–SWR and SST–SWR corre-

lations over each site, on the other hand, indicate the

presence of warmer (cooler) surface conditions under an

overcast (clear) sky over the 88S, 308W buoy site, and

cooler (warmer) surface conditions under an overcast

(clear) sky over the 198S, 348W buoy site. Similarly,

ACC between rainfall and both SAT and SST shows

increased (decreased) rainfall over a warmer (cooler)

surface at the 88S, 308W buoy site, and increased (de-

creased) rainfall over a colder (warmer) surface at the

198S, 348W site. Together these results are coherent with

the coupled model simulations, showing that the rainfall

FIG. 3. As in Fig. 1, but for SST and downward SWR at the surface.

FIG. 4. As in Fig. 1, but for SST and omega at 500 hPa.
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regime closer to the equator is thermally direct, with

surface temperature conditions modulating rainfall,

while the rainfall regime over the southwestern Atlantic

is thermally indirect, with warmer surface conditions

modulated by atmospheric solar radiation.

c. Rainfall forecast skill

Despite the better representation of the observed re-

lations between SST and solar radiation and vertical

velocities shown in Figs. 3, 4 by the CGCM, relative to

the AGCMs, the results are only marginally statistically

significant over the area of the SACZ. Yet, one could

expect that the more physically sound representation of

the SACZ dynamics and thermodynamics by the CGCM

can leave its imprint on rainfall predictability over

the southwestern Atlantic. Figure 5 shows DJF rain-

fall hindcast skill as measured by ACC between ob-

served and simulated rainfall. The AGCM runs forced

by OISST (Fig. 5a) depict the same robust correlation

pattern of positive correlations along the equatorial

area and negative correlations over the SACZ area,

reproducing previous results that used AGCMs forced

by observed SSTs to simulate the SACZ (Nobre et al.

2006; Robertson et al. 2003). It is noteworthy, however,

that the strong negative ACC shown for the AGCM runs

forced by observed SST is drastically reduced on the

ACC map for the AGCM forced by CMSST (Fig. 5b)

and is slightly positive for the CGCM forecasts (Fig. 5c).

This is an indication that while monthly summer rainfall

is still not skillfully predicted by the CGCM over the

SACZ area, it represents an improvement relative to the

systematic negative AGCM rainfall forecast skill over

this area, as shown in Fig. 5d by the residual between the

CGCM (Fig. 5c) and the AGCM OISST hindcast (Fig.

5a) ACC. On the other hand, Fig. 5d also shows the large

CGCM forecast skill decrease over the equator, relative

to the OISST-forced AGCM result, which is possibly

TABLE 1. ACCs between surface air temperature (SAT), sea

surface temperature (SST), rainfall (PREC), and downward

shortwave radiation (SWR) for the PIRATA buoys at 88S, 308W

and 198S, 348W. Daily values smoothed with a 30-day-running-

mean filter for the DJF periods of 2005–10, totaling 450 pairs of

data for each time series. Cross-correlation values greater than 0.35

(italic) [0.6 (boldface)] are statistically significant at the 90% (99%)

level according to a one-sided Student’s t test with 15 degrees of

freedom.

Cross correlation Buoy at 88S, 308W Buoy at 198S, 348W

SAT–SST 0.91 0.94
SWR–PREC 20.64 20.74

SAT–SWR 20.38 0.49

SST–SWR 20.18 0.41

SAT–PREC 0.56 20.32

SST–PREC 0.33 20.19

FIG. 5. DJF ACC maps between observed and forecast rainfall for 10-member-ensemble

CPTEC (top left) AGCM forced by observed SST, (top right) AGCM forced by CGCM SST

forecast, (bottom left) CGCM, and (bottom right) difference between (bottom left) and (top

left). Shaded values in (top left), (top right), and (bottom left) represent correlations with

a statistical significance of 95%.
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associated with the CGCM’s systematic southward shift

of the ITCZ relative to observations, and also docu-

mented in other CGCMs (Lin et al. 2009). In light of the

coupled nature of ocean–atmosphere interactions over

the SACZ region discussed above, the negative

AGCM rainfall forecast skill over the SACZ area can be

interpreted as a consequence of the AGCM’s inability to

represent thermally indirect circulation patterns in

the atmosphere, which requires coupled ocean–atmo-

sphere interactions at the surface. Yet, imperfections of

the component models’ physics create errors, which

are allowed to grow during the coupling process, thus

creating basic states of both the atmosphere and the

oceans that are unrealistic relative to observations, and

that end up degrading coupled-model rainfall forecast

skill.

4. Conclusions

The dynamics and thermodynamics of DJF seasonal

rainfall over the tropical Atlantic are investigated using

both coupled ocean–atmosphere and atmospheric gen-

eral circulation models, with special emphasis on the

documented characteristic of enhanced rainfall asso-

ciated with the South Atlantic convergence zone over

cooler waters. The main result of this investigation

highlights the ability of the coupled model to represent

precipitation processes over cold waters of the tropical

Atlantic, which sharply contrasts with the AGCM’s in-

ability to generate enhanced rainfall over cold waters.

These results were already shown over the Indian–

Pacific summer monsoon regime (Kumar et al. 2005;

Wang et al. 2005). The sets of AGCM experiments

forced with both observed SST and CGCM SST have

demonstrated that the inability of the AGCM to sim-

ulate enhanced rainfall over cooler waters is a conse-

quence of the lack of surface thermodynamic coupling

in the AGCM runs. The rainfall–SST negative correla-

tions of all ENSEMBLES coupled-model outputs over

the southwestern tropical Atlantic also indicated that

this is a general characteristic not only found with the

CPTEC coupled model.

The analysis of anomaly cross-correlation fields be-

tween SST and rainfall, shortwave solar radiation, and

500-hPa vertical velocity discussed in this note forms the

basis for a coherent set of dynamic/thermodynamic evi-

dence lending robust numerical modeling support to the

claim that the SACZ activity constitutes a thermally in-

direct ocean–atmosphere coupled mode of variability.

The use of surface meteorological PIRATA buoy data

provided independent observational validation of the

model results, supporting the claim that the ability of

the coupled ocean–atmosphere model to simulate the

rainfall regime of the SACZ, with convection occurring

over colder waters, is not chance but the consequence

of atmospheric radiative fluxes modulating surface tem-

peratures. This, in turn, attests to the importance of solar

radiation–clouds–SSTA negative feedback interactions

associated with the SACZ dynamics, previously pro-

posed by Chaves and Nobre (2004) and De Almeida

et al. (2007) and documented by Robertson and Mechoso

(2000) and Grimm (2003).

Yet, notwithstanding the robust implications of the

CGCM correct representation of the thermally indirect

circulation associated with the SACZ dynamics, which

the AGCM was unable to represent, the CGCM one-

tier rainfall forecast skill was only enough to correct

for the strong negative forecast skill generated by the

AGCM for the area of the SACZ. Therefore, one

practical consequence of this study is the realization

that the use of coupled ocean–atmosphere models is

necessary to predict summer rainfall over regions like

the southwestern tropical Atlantic; nevertheless, fur-

ther developments of the coupled-model physics are

necessary to obtain usable rainfall forecasts in the

future.

The importance of this result lies in the implication

that the use of two-tier approaches is ill-suited for

rainfall predictions in regions where the atmosphere

modulates surface temperature, as is the case for the

SACZ region. Both the coupled model and its atmo-

spheric component model capture the occurrence of

thermally direct atmospheric circulation with enhanced

rainfall over warmer surface waters. Yet, systematic

errors in the ocean thermal structure of the coupled

model hinder the correct representation of the Atlantic

warm pool over the western portion of the basin and the

cold tongue over the eastern equatorial Atlantic. This

is an intrinsic problem of most global coupled ocean–

atmosphere models, whose genesis might be linked with

continental precipitation deficiencies over Africa and

South America, as suggested by Richter and Xie (2008).

The coupled ocean–atmosphere interactions over the

equatorial Atlantic and its continental rainfall connec-

tion are being evaluated in another article led by the first

author of this manuscript.
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