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Abstract A series of recent papers showed that sea sur-

face temperature (SST) anomalies in the south equatorial

tropical Atlantic modulate the interannual variability of the

African and Indian monsoon rainfall. Physically this tele-

connection can be explained by a simple Gill-Matsuno

mechanism. In this work, the output from five different

models chosen within the CMIP3 (Coupled Model Inter-

comparison Project version 3) ensemble of coupled general

circulation models (CGCMs) are analyzed to investigate

how state-of-the-art CGCMs represent the impact of the

South Tropical Atlantic (STA) SSTs on the Indian and

African region. Using a correlation-regression technique, it

is found that four out of the five models display a tele-

connection between STA and Indian region which is gen-

erally weaker than in the observations but in agreement in

the rainfall field pattern. This teleconnection is also

noticeable in the ensemble mean of the five models. Over

Africa, however, the significant changes in rainfall dis-

played in the observation are properly caught by only one

of the CGCMs. Additionally, none of the models repro-

duces the symmetric upper-level wind response around the

Equator seen over the Indian Ocean in the observations and

all have significant biases also in the surface pressure field

response to the tropical Atlantic SSTs. Nonetheless the

STA response, particularly over the southern hemisphere,

is indicative of the Gill-Matsuno-type mechanism identi-

fied in previous studies using idealized experiments with

atmospheric GCMs and observational data. With a suite of

atmospheric-only GCM integrations it is shown that the

differences in amplitude and pattern are not only due to the

strong biases and reduced variabilities of the CGCMs over

the tropical Atlantic but they are also caused by the dif-

ferent physical parameterizations used in models.

Keywords South Tropical Atlantic � African monsoon �
Indian monsoon � Teleconnection � Coupled models

1 Introduction

Sea surface temperature anomalies (SSTa) in the tropical

Atlantic influence interannual rainfall variability in the

immediate surrounding regions, Africa and the Caribbean

(Nobre and Shukla 1996; Janicot et al. 1998; Vizy and Cook

2001; Giannini et al. 2003; Shanahan et al. 2009). In

response to a warming of the SST in the Gulf of Guinea, a

low level convergent flow is observed in the nearby coastal

areas. Such a flow brings moist air and thus increased pre-

cipitation over land. Recently Kucharski et al. (2007, 2008)

and Losada et al. (2010) have found that in boreal summer

the influence of the Atlantic SSTa south of the Equator

extends further to the east, to the Indian peninsula. The

physical mechanism by which heating anomalies in the Gulf

of Guinea interconnect to Africa and the Indian ocean basin

has been investigated by Kucharski et al. (2009) analyzing

reanalysis data and with idealized atmospheric general cir-

culation model (AGCM) experiments. The authors found

that the atmosphere responds to an anomaly localized in the
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south tropical Atlantic developing a Gill-Matsuno-type (Gill

1980) quadrupole in the eddy streamfunction with Kelvin

and Rossby waves transporting the signal respectively to the

east and to the west. The response to a warm (cold) SST

anomaly in the tropical Atlantic consists of rising motion, an

upper-level divergence (convergence) and a velocity

potential minimum (maximum) in the equatorial Atlantic/

African region. The compensating upper-level convergence

(divergence) is located in the central-western Pacific and

causes a maximum (minimum) in velocity potential there.

The response is baroclinic with opposite anomalies at low

levels. In the gradient of the upper-level velocity potential

anomalies a pair of upper-level cyclones (anticyclones)

develops in the subtropical regions at about 20�–30� both

north and south of the Equator because of Sverdrup balance

(e.g. Hoskins and Rodwell 2001; Chen 2003; Kucharski

et al. 2010). At low-levels, a pair of anticyclones (cyclones)

forms due to the same mechanism, leading to a high (low)

surface pressure anomaly over India that triggers in turn an

anomalous low level divergence (convergence) and a

decrease (increase) of rainfall. Further, at upper levels, a

warm (cold) tropical Atlantic SST anomaly leads to westerly

(easterly) wind anomalies in the Indian Ocean region. At low

levels, on the other hand, the Somali jet is weakened

(strengthened). Figure 1 presents a schematic that summa-

rizes the salient features of this mechanism for a positive

south tropical Atlantic SST anomaly.

The response over the Indian basin projects largely onto

the time-mean Indian monsoon circulation, and a tropical

Atlantic warming (cooling) weakens (strengthens) the

time-mean Walker circulation. Nonlinear interactions with

the mean monsoon circulation cause a further enforcement

of the Kelvin-wave response. Xie et al. (2009) also pro-

posed a similar mechanism, called ‘‘Ekman Induced Kelvin

wave divergence’’, to physically describe the influence of

the Indian Ocean SST on the subtropical western Pacific

precipitation. As shown in Kucharski et al. (2007, 2008),

the remotely forced response of the atmospheric circulation

over the Indian basin to the south tropical Atlantic SST

modulates the stronger and quasi-linear El Niño Southern

Oscillation (ENSO)—Indian Summer monsoon relation-

ship, according to which a weaker than normal monsoon

precedes peak El Niño conditions and vice versa during

summers preceding La Niña events (e.g. Turner et al.

2007). The tropical Atlantic SST variability represents

therefore a potentially predictable contribution of the

Indian Monsoon interannual variability.

In this paper we analyze how different coupled GCMs

represent the specific impact of SST changes in the south

tropical Atlantic on the African and Indian rainfall. State-

of-the-art GCMs have been showed to vary widely in their

ability to reproduce rainfall climatology and variability in

West Africa and South Asia (e.g. Philippon et al. 2010;

Xue et al. 2010; Joly and Voldoire 2009, 2010 for West

Africa and Annamalai et al. (2007), Kim et al. (2008) for

the South Asian region). In particular, Joly and Voldoire

(2010) noted the difficulties of CMIP3 (Coupled Model

Intercomparison Project version 3) models to reproduce the

sea surface temperature climatology and variability in the

Gulf of Guinea region and their influence on the West

African Monsoon, confirming that the tropical Atlantic is a

region where coupled models have very strong biases

(Stockdale et al. 2006; Richter and Xie 2008). With the

hope of identifying the sources for the model biases, we

investigate the output of five different models selected

from the AR4 coupled GCMs integrations for the XX

century by using simple correlation-regression techniques.

Only the atmospheric data are used in all the analysis as we

focus on the atmospheric response of the south tropical

Atlantic variability.

Fig. 1 Schematic of the

mechanism of the tropical

Atlantic SST teleconnection for

a positive SST and therefore

heating anomaly showing its

influence on the global climate.

See text for details
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We find that four out of the five models analyzed are

capable of reproducing correctly the rainfall response over

India and the surface pressure and the high-level wind

signals are consistent with a Gill-Matsuno type response as

in the idealized AGCM runs in Kucharski et al. (2009),

particularly in the southern hemisphere. The rainfall

response over Africa, on the other hand, is barely caught by

the models except for one that shows a strong precipitation

anomaly over the Sahelian region. The role of the SST bias

in the coupled models in the south tropical Atlantic is

further investigated with a series of AGCM-only runs.

In Sect. 2 we introduce the observational and model data

used in this study. Results follow in Sect. 3. Section 4

contains summary and conclusions.

2 Observational evidence and models description

In this study, we adopt the HadISST reanalysis (Rayner et al.

2003) as proxy for observed SST; CMAP (Center Merged

Analysis of Precipitation; Xie and Arkin 1997), GPCP

(Global Precipitation Climatology Project; Adler et al.

2003), CRU (Climate Research Unit; New et al. 1999), and

Aphrodite (Asian Precipitation—Highly-Resolved Obser-

vational Data Integration Towards Evaluation of the Water

Resources; Xie et al. 2007) data as observed precipitation;

HadSLP2 (Hadley Center sea level pressure dataset 2; Allan

and Ansell 2006) as surface pressure datasets; and NCEP/

NCAR (National Centers for Environmental Prediction/

National Center for Atmospheric research; Kalnay et al.

1996) reanalysis as proxy for observed winds and surface

pressure. All analysis are performed over the 1950–2000

period, unless otherwise stated. The South Tropical Atlantic

(STA) index used in our analysis is defined as the negative

area average of the SST anomalies in the STA region

(30�W—10�E and 20�S–0�) as in Enfield et al. (1999).

2.1 Global South Tropical Atlantic teleconnections

in observations

Before analyzing the model outputs, we briefly review the

current knowledge of the teleconnections of the South

Tropical Atlantic SST anomalies to remote regions, with

special emphasis on the Indian Ocean region. Focusing on

the tropics, the interference of SST variabilities from

regions other than the South Tropical Atlantic and in par-

ticular from the Pacific on the tropical Atlantic has to be

verified. Indeed, the SST variability in the tropical Atlantic

has been often viewed as linked to ENSO (Zebiak 1993;

Latif and Grötzner 2000; Handoh et al. 2006; Saravanan

and Chang 1999, 2000; Chang et al. 2006). Several works,

however, have pointed out that the variability in the

Tropical Atlantic south of the equator results from an

independent mode, intrinsic to the Atlantic Ocean (Enfield

and Mayer 1997; Huang et al. 2004; Hu and Huang 2007).

To test the existence of an ENSO-STA relation in the

HadISST dataset we perform a lead-lag correlation analysis

between the STA and NIÑO34 (area averaged of SST

anomaly within 190�E–240�E, 5�S–5�N) indices over the

period 1950–2000 focusing on June to September (JJAS).

The STA index is fixed at JJAS, and the 4-month averaged

NIÑO34 index is shifted. Therefore, positive lags are

indicative of the STA index leading NIÑO34 and vice

versa for negative lags.

The HadISST data-set displays no statistically signifi-

cant correlation between the two indices for a lead-lag of

7 months or less (Fig. 2a, shaded area). A barely statisti-

cally significant correlation of 0.3 is achieved for the

NIÑO34 index preceding the STA anomalies by 8 months.

Figure 2b shows the global SST regression map onto the

STA index in the HadISST data for 1950–2000. Shaded

areas in this and following regression maps represent the

regions where the anomalies are statistically significant at

the 10% level according to t test based on the temporal

standard deviation of a field at every grid-point and

assuming 50 degrees of freedom. Only a weak signal is

seen in the Pacific, centered in the warm pool. This con-

firms the independence between most the Pacific and the

south tropical Atlantic. On the other hand, a statistically

significant negative signal is seen in the Indian Ocean. This

is in agreement with a recent analysis by Wang et al.

(2009) showing that during the 1950–2000 period warm

(cold) SST anomalies in the STA region induced low level

easterly (westerly) wind anomalies in the western tropical

Indian Ocean that in turn can affect locally the SST.

In some of the CMIP3 coupled models that we analyze

the teleconnections between the ENSO region and the

adjacent basins are too strong. With the goal of isolating

the teleconnection between the STA region and the African

continent and Indian basin, in the following all regressions

are computed removing the linear effect of ENSO on the

tropical Atlantic. This dependence is instantaneously

deducted from the STA index following the procedure

adopted in Kucharski et al. (2008) by defining

SSTresðtÞ ¼ SSTðtÞ � SSTENSOðtÞ ð1Þ

where

SSTENSOðtÞ ¼ b NI ~NO34ðtÞ ð2Þ

and b is a constant determined by least square fitting. The

reader should bear in mind that time-lagged and non-linear

teleconnections with ENSO cannot be excluded using this

linear relationship. While this operation does not change in

any significant way the regression maps for observed

quantities, it does affect few of the climate model outputs,

as we will further discuss below.
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In Fig. 2c–f focus on the precipitation rainfall response

to STA anomalies. Figure 2c shows the regression of CRU

rainfall over land onto the STA index over the whole

1950–2000 interval, Fig. 2d shows the Aphrodite data

regression for 1951–2000 (this data is only available

eastward of 60�E and over land). In Fig. 2e, f we display

the regressions calculated using CMAP and GPCP data for

1980–2000, respectively. For those last two maps the sta-

tistical significance is calculated assuming 20 degrees of

freedom. The common response to negative SST anomalies

in the STA region in Fig. 2c, e and f is a decrease in

precipitation over the Gulf of Guinea coast, an increase

over the Sahel and India and a decrease in the equatorial

Indian Ocean (not seen in the CRU being the data available

only over land). Aphrodite data (Fig. 2d)—available over

land and limited to the Asian continent—also shows an

increase of rainfall over India.

The intensity of the response in the Sahel, however,

differs between CRU and CMAP/GPCP, with CRU

showing a strong increase, whereas CMAP and GPCP data

display a weaker signal. Also over India the precipitation

response in CMAP and GPCP at first glance appears

somewhat reduced with respect to CRU and Aphrodite.

The discrepancy over the Sahel can be explained consid-

ering that in the 1980–2000 period the STA and the

Nino3.4 indices display a statistically significant instanta-

neous negative correlation (e.g. Kucharski et al. 2007;

Rodriguez-Fonseca et al. 2010; Joly and Voldoire 2010).

Once this is linearly removed following the procedure

outlined above, the STA anomaly in SSTs is reduced in

amplitude by about 1/3 compared to the whole 1950–2000

record (not shown). Such a reduction impacts the intensity

of the rainfall response over the nearby Africa. The Indian

basin is less sensitive to the amplitude of the STA anom-

alies compared to African continent and the apparent dis-

crepancies between the data-sets can be understood by

accounting for the shorter record of CMAP and GPCP, and

therefore the limited statistical significance of the regres-

sion maps, and the different spatial resolution of the data-

sets.

The STA influence on the Sahelian and Indian rainfall

have been reproduced by idealized atmospheric general

circulation models (AGCMs) (Vizy and Cook 2001;

Giannini et al. 2003; Kucharski et al. 2007, 2008). It has

been explained by a simple Gill-Matsuno-type mechanism

(Kucharski et al. 2009) with the main heat source for the

response being located near the equator, in the 0�–10�S

band, although the STA anomaly extends further to the

south. The reason is that the regions south of 10�S are too

cold to produce large heating and convective precipitation

anomalies. This is consistent with the rainfall responses

near the equator over the Atlantic and Gulf of Guinea

regions seen in the CMAP and GPCP data (see Fig. 2e, f).

Figure 2g and h show the surface pressure (SP) response

to STA anomalies using HadSLP2 and NCEP-NCAR

reanalysis data respectively. In both data-sets a negative SP

anomaly is centered between the eastern portion of the

Arabian peninsula and north and central India. In corre-

spondence to the center of the anomaly a cyclone develops

at low levels over the western part of the northern Indian

Ocean (Fig. 2i) and brings a moist south-westerly flow

over the Indian subcontinent, inducing the increase in

precipitation. The response at higher level is baroclinic and

of opposite sign in the wind field (Fig. 2j)1 An equatorial

easterly wind is accompanied by a pair of anticyclones in

the southern and northern subtropics at about 50�E, 25�S

and 50�E, 30�N. This is again consistent with the Gill-

Matsuno mechanism and is in agreement with the upper-

level velocity potential and streamfunction responses

shown in Kucharski et al. (2009) in AGCM-only

integrations.

We verified that, notwithstanding the limited statistical

significance, all regressions for the CRU and re-analysis

show similar patterns in the Indian region if the period

1980–2000, common to CMAP and GPCP data, is used

(not shown).

2.2 Models

The goal of this study is to analyze how the STA tele-

connection to the Indian Ocean is reproduced by state-of-

the-art CGCMs. To this end we chose five models par-

ticipating in the CMIP3 ensemble for the XX century

(Table 1). We focus on the models with the most real-

istic monsoon climatology according to the analysis in

Annamalai et al. (2007). Those models are the GFDL-

CM2.1, of which there are three ensemble members, the

MPI-ECHAM5 model (3 members), the MRI (5 mem-

bers), the HadCM3 from the UK Met Office (1 member

only) and the NCAR-PCM1 model (4 members). Only

Fig. 2 a Plot of the lagged correlation coefficient between the JJAS

STA index and the (lagged) 4-months average NIÑO34 index for the

HadISST data set. NIÑO34 is leading STA for negative lags, and vice

versa positive lags. White areas indicate where the correlation is

statistically significant at the 5% level; the shaded ones where the

correlations is not significant. b SST regression onto the STA index

using HadISST. Units are K. c–f Precipitation regression map onto the

STA index using CRU, APHRODITE, CMAP, GPCP respectively.

Units are mm day-1. g–h Surface Pressure regression onto the STA

index for HADSLP and NCEP-NCAR reanalysis, respectively. Units

are hPa. i Near Surface and j 200 hPa wind regression onto the STA

index using NCEP-NCAR reanalysis. Units are m s-1. All analysis

are performed over the 1950–2000 period. Shaded areas in the

regression maps indicate anomalies statistically significant at the 10%

level according to a t test

b

1 The statistical significance for all wind vector maps is based on a

t test using the standard deviation of the wind speed.
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the atmospheric monthly means have been utilized to

investigate the STA atmospheric response. All the anal-

ysis extend to the 1950–2000 time period, focusing on

the JJAS season. Ensemble means of individual models

as well as the multi-model ensemble means are calcu-

lated by the arithmetic average of the model output.

To investigate the sources of errors in the CMIP3

CGCMs, we also perform a suite of sensitivity experiments

using the ICTP AGCM (Molteni et al. 2003; Kucharski

et al. 2006) which is based on a hydrostatic spectral

dynamical core (Held and Suarez 1994), and uses the

vorticity-divergence form described by Bourke (1974). The

ICTP AGCM is configured with 8 vertical (sigma) levels

and with a spectral truncation at total wavenumber T30.

The model includes physically based parameterizations of

large-scale condensation, shallow and deep convection,

short-wave and long-wave radiation, surface fluxes of

momentum, heat, moisture, and vertical diffusion. Con-

vection is represented by a mass-flux scheme that is acti-

vated where conditional instability is present, and

boundary-layer fluxes are obtained by stability-dependent

bulk formulae. Land and ice temperature anomalies are

determined by a simple one-layer thermodynamic model.

We conduct three sets of sensitivity experiments with

the ICTP AGCM. A first ensemble of four members con-

sists of the ICTP AGCM forced with observed SST from

1950 to 2000. In a second ensemble (ENSCLIM) the AGCM

is forced by the climatological SST derived from the

CMIP3 ensembles (for each CMIP3 model we run a four

member ensemble with the AGCM) and the observed SST

anomalies for the 1950–2000 period. In the third ensemble

(ENSTOT), the AGCM is forced by both SST climatology

and anomalies from each of the CMIP3 runs considered.

The aim of these integrations is to isolate the effects of the

modeled SST bias and variability on the STA teleconnec-

tion pattern.

2.3 CMIP3 model climatologies

When compared to HadISST, the JJAS-SST climatology

for the CMIP3 models show generally a warm bias over the

southeastern equatorial Atlantic and a cold bias in the

western part (Fig. 3). This leads to a modeled eastward

Atlantic equatorial zonal SST gradient during JJAS instead

of the observed westward gradient. The tropical Atlantic

bias is less than 2�C for MRI (Fig. 3d), while it reaches

4�C–6�C for the other four models. Focusing on the SST

climatology in the Indian Ocean, all models show colder

SSTs than the observations, except HADCM3 (Fig. 3c)

which has a strong positive SST bias. The bias in the

northern Indian Ocean, around the Indian peninsula, is

distinctly stronger than 1�C and spread over most of the

basin in MRI and NCAR-PCM1 (Fig. 3d,e). In the

ensemble mean (Fig. 3f) the tropical Atlantic bias domi-

nates over the Indian Ocean one. Overall, all five models

depict reasonably well the main features of precipitation

and low level winds climatology for the Indian and Asian

monsoon system (Fig. 4a–e to be compared with Fig. 4f

showing the CMAP). Noticeably, however, several models

fail to properly represent the rainfall peak along the Wes-

tern Ghats and the rainfall pattern around the Bay of

Bengal for the Indian peninsula, and the rainfall east of

Indonesia. Furthermore, the NCAR-PCM1 model shows a

significant overestimation of Sahel rainfall (Fig. 4e).

3 Results

3.1 CMIP3 analysis

We begin our analysis performing a lead lag-correlation

between STA and NIÑO34 for the various models and

investigating the regressed response of the SSTs in the

tropical band to a cold STA anomaly. Here and in the

following shaded patterns in the regression maps represent

the 10% statistical significance level. The regression maps

are calculated using the ensemble mean for each coupled

model. Given that we consider the period 1950 to 2000, 50

degrees of freedom are considered to evaluate the statistical

significance.

In the GFDL model a weak and predominantly non

significant correlation between the two indices is recovered

(Fig. 5a) in very good agreement with the observations. The

correlation coefficient (CC) for each of the GFDL ensemble

members varies from -0.2 to 0.3 as in the observations. The

correlation map for the ensemble mean, obtained after lin-

early removing the ENSO signal, displays a region of weak

cooling in the eastern Pacific south of the Equator but is

missing the teleconnection to the SSTs in the Indian Ocean

and to the warm pool. In contrast, MPI-ECHAM5 displays

Table 1 List of models analyzed in this study

Model # of

Members

Resolution References

GFDL-CM2.1 3 2.5� 9 2�L24 Delworth et al.

(2006)

MPI-ECHAM5 3 T63L31 Jungclaus et al.

(2006)

MRI 5 T42 Yukimoto et al.

(2001)

UKMO-HadCM3 1 3.75� 9 2.5�L19 Gordon

et al. (2000)

NCAR-PCM1 4 T42L18 Washington et al.

(2000)

Resolution and number of members for each ensemble are also

indicated
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lead-lag correlations with opposite than observed behavior

and statistically significant values (up to CC = -0.4) for

NIÑO34 preceding STA anomalies by about two to four

months (Fig. 5c). As a result, the SST response in this

model displays a strong signal in the Pacific despite

removing the linear contribution of ENSO at zero-lag

(Fig. 5d). MPI-ECHAM5 has also a strong response in the

Indian Ocean, concentrated in the western part of the basin,

of the same sign of the observed signal but of greater

amplitude. In the MRI ensemble (Fig. 5e), for three mem-

bers the correlation between ENSO and STA indices are

non significant at all lags and for the remaining two are

weak and significant only for ENSO preceding the STA

anomalies by two months at most. The SST regression map

for the ensemble mean shows regions of significant cooling

in good agreement with the observations (Fig. 5f). HadCM3

has a correlation between ENSO and STA that reaches

almost -0.3 at zero lag, but the ENSO effect is removed in

the regression map (Fig. 5g, h). The model however does

not display any correlation to the STA anomalies in the

tropical Pacific and Indian Oceans. Finally, the NCAR-

PCM1 ensemble shows an overall non significant or very

weak lead-lag correlations (Fig. 5i) while the regression

map for the ensemble mean displays significant but not

realistic cooling along the western coast of South-America

and in the central Pacific south of the Equator (Fig. 5j).

Although only two models display a significant corre-

lation between STA and Indian Ocean SST anomalies, the

STA-SST regression map calculated for the ensemble

mean of the CMIP3 runs exhibits a cold SST anomaly in

(a)

(c)

(e) (f)

(d)

(b)

Fig. 3 SST biases in JJAS for the model ensemble averages. a GFDL-CM21; b MPI-ECHAM5; c HADCM3; d MRI; e NCAR-PCM1 and

f CMIP3 ensemble mean
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the western Indian Ocean in response to a cold SST

anomaly in the STA region in agreement with the obser-

vations (Fig. 10a). As a note of caution, it cannot be ruled

out that the ENSO teleconnected signal may contribute to

the regression map, given that a significant lead-lag cor-

relations between the Nino3.4 and the STA index exists in

the MPI-ECHAM5 model.

Focusing on precipitation patterns, we first analyze the

response to STA SST anomalies over Africa. The GFDL

model (Fig. 6a) displays a rainfall decrease on the Gulf of

Guinea, extending to 20�N, and a band of positive anomaly

around 10�N. A strong rainfall increase is seen also over

the Sahel. These patterns are consistent with the observa-

tions. The GFDL ensemble however overestimates the

rainfall increase in the Sahelian region and extends it too

far to the south into Sudan (around 5�S). Nonetheless the

GFDL model reproduces well the interannual variability of

the Sahel rainfall in the XX century (Biasutti et al. 2006).

MPI-ECHAM5 (Fig. 6b) exhibits also a precipitation

decrease in the Gulf of Guinea, accompanied by an

increased rainfall further north. The anomaly over the Sa-

hel, however, is limited to a very small region and it

Fig. 4 Precipitation and 925 hPa wind climatology in JJAS for

a GFDL-CM21; b MPI-ECHAM5; c HADCM3; d MRI; and

e NCAR-PCM1. Panel f displays the observed climatology for

comparison; it is derived using CMAP for precipitation and NCEP-

NCAR reanalysis for near surface winds. Units are mm day-1 for

precipitation and m s-1 for winds
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reaches at most 0.1 standard deviations. Similarly for

HADCM3 (Fig. 6d), the response to the STA cooling in the

Sahelian region is weak compared to the CRU data, and it

is accompanied by a strong negative precipitation anomaly

extending between 5�N and 15�S in the Gulf of Guinea. In

contrast, MRI (Fig. 6c) does not reproduce the rainfall

decrease over the Gulf of Guinea, and the dry anomaly is

seen further west, over the ocean, while the Sahel shows a

weak rainfall decrease. Finally, the NCAR-PCM1 model

(Fig. 6e) displays a different response to cold SST

(a)

(b)

(c)

(d)

(f)

(e)

Fig. 5 Plot of the lagged correlation coefficient between the JJAS

STA index and the (lagged) 4-months average NIÑO34 index as in

Fig. 1a for a GFDL-CM2.1, c MPI-ECHAM5, e MRI, g HADCM3,

i NCAR models. White areas indicate where the correlation is

statistically significant at the 5% level; the shaded ones where the

correlations is not significant. Different curves indicate different

ensemble members. b Ensemble averages of SST regression onto the

STA index for the b GFDL-CM2.1, d MPI-ECHAM5, f MRI,

h HADCM3, j NCAR models. Units are K. All regressions are

performed over the 1950–2000 period. Shaded areas indicate

anomalies statistically significant at the 10% level in the ensemble

average
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anomalies in the STA region compared to the observations

and the other models. The precipitation patterns along the

coast of West-Africa are shifted toward the south: a posi-

tive anomaly extends to the Gulf of Guinea and a negative

anomaly is seen below the equator. A significant decrease

of precipitation is also evident over the Sahel, contrary to

the observed signal. Except for the MRI and NCAR-PCM1

models, the precipitation patterns over Africa are consistent

with a Gill-Matsuno response to heat anomalies in the

tropical Atlantic that lead to low-level divergence and

decreased rainfall near the Guinea Coast, as pointed out by,

e.g., Vizy and Cook (2001) and Giannini et al. (2003).

Moving to the Indian region, the patterns from GFDL,

MPI-ECHAM5, HADCM3 agree with the observed

strengthening of the Indian monsoon in response to a cold

STA SST anomaly. In GFDL and ECHAM5 the rainfall

increase displays a similar structure, while it extends

westward over the Arabian Sea in HADCM3. In ECHAM5

a decrease in precipitation further to the east over Indonesia

is also evident. The rainfall response in this three models is

consistent with the findings in Kucharski et al. (2007,

2008, 2009), where an idealized AGCM, eventually cou-

pled to an ocean model only in the Indian basin, was used.

For MRI the precipitation response over India and its

surrounding is weaker compared to the above models and

the observations. The rainfall increase is limited to a small

region in the eastern Indian peninsula and the equatorial

rainfall decrease extends to the southern part of India. The

NCAR-PCM1 does not reproduce the precipitation

response over India at all, even though it shows a rainfall

pattern similar to MPI-ECHAM5 and HADCM3 in the

equatorial Indian Ocean.

In the ensemble mean the rainfall regression resembles

the observed one over India and Africa but the intensity of

the signal is weaker than observed except for the south-

eastern Indian Ocean, where it is too strong (Fig. 10b).

The CMIP3 ensemble mean confirms the existence of a

symmetric structure north and south of the equator in the

Indian ocean in response to the STA SST anomaly as

pointed out by Kucharski et al. (2009). A precipitation

increase is seen at about 10�N–30�N and 20�S–5�S,

whereas a decrease is seen in the equatorial Indian Ocean.

(g)

(i)

(j)

(h)

Fig. 5 continued
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As already mentioned, the physical mechanism by which

cold SST anomalies in the STA region cause rainfall

anomalies over Africa and India is a simple Gill-Matsuno-

type response: A cooling over the south tropical Atlantic

triggers a southwestward pressure gradient, together with

northeastward surface winds, over Africa and the Indian

basin. Therefore a low level divergence combined with a

decreased rainfall is found over the western equatorial

Africa and low level convergence with increased rainfall

occupies the eastern part side of the continent and the

Indian basin.

To conclude our investigation, we perform a regression

analysis to investigate the surface pressure (SP) and low

and upper level wind responses in the coupled GCMs.

Figure 7a,b,c,d,e displays the SP response for the

CMIP3 models under consideration. In all five coupled

GCMs the response to a cold STA anomaly consists of a

high pressure over the South Tropical Atlantic and a lower

pressure in the Indian Ocean. This leads to an overall

pressure gradient from the Indian Ocean towards the South

Tropical Atlantic. However, whereas the SP response in the

STA region is similarly positioned in all models, the

location of the pressure minimum in the Indian basin varies

largely. Most models display a pressure minimum in the

south-eastern Indian Ocean, which is not observed, and

may be related to the SST bias in the Atlantic basin which

shifts the overall response to the southern hemisphere (see

also Sect. 3.2). Near the equator the low-level wind

(a) (b)

(c) (d)

(e)

Fig. 6 Ensemble average of precipitation regression onto the STA

index over 1950–2000 for the a GFDL-CM21, b MPI-ECHAM5,

c MRI, d HADCM3, and e NCAR-PCM1 models. Shaded areas

represent anomalies that are statistically significant at the 10% level;

Green/dark grey and yellow (light grey) indicate positive and negative

anomalies, respectively. Units are mm/day
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responses in the CMIP3 outputs (Fig. 8a,b,c,d,e) provide a

useful illustration of the STA-induced circulation. In all

models westerly wind anomalies develop in response to a

cold STA in the western African region as in the obser-

vations, but their exact position vary. Consequently not all

models reproduce the observed divergence along the Gui-

nea Coast, and in turn the associated rainfall reduction.

This deficiency is most likely due to the warm bias in the

tropical Atlantic. Focusing on the Indian basin, all models

but GFDL replicate the observed strengthening of the

Somali Jet and the convergent flow over India. The GFDL

output, on the other hand, displays an anticyclonic flow in

the Arabian Sea region. Both MRI and NCAR-PCM1 show

the intensification of the Somali Jet and the low-level

convergence, but only a weak rainfall response. This is

related to the strong cold bias in the northern Indian Ocean

in both models (Fig. 3d,e), which reduces the moisture

availability even in the presence of low-level convergence.

Further to the east, all models responses are characterized

by equatorial westerlies and a cyclonic flow in the south

eastern Indian Ocean (around 20�S) that are not observed.

The observed low-level cyclone in the southern hemisphere

is indeed located in the western Indian Ocean. This east-

ward shift and strengthening of the southern hemispheric

response in the CMIP3 CGCMs with respect to observa-

tions is likely related to the warm bias in the STA region.

In the CMIP3 ensemble mean response (Fig. 10c, d), a

negative SP anomaly and a corresponding low level wind

(a) (b)

(c) (d)

(e)

Fig. 7 Ensemble regression of surface pressure onto STA for the

a GFDL-CM21, b MPI-ECHAM5, c MRI, d HADCM3, and

e NCAR-PCM1 models. Shaded areas present the statistical

significant anomalies at the 10% level. Blue (dark grey) and yellow
(light grey) indicate respectively the negative and positive anomalies.

Units are hPa
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cyclone are found over the south-east Indian Ocean. The

SP anomaly in the northern part of the Indian basin is

weaker than in the NCEP reanalysis. On the other hand, the

southwesterly wind anomaly along the eastern coast of

Africa and the cyclonic pattern over the central Bay of

Bengal, both represented in the ensemble mean, are in

better agreement with the observed signal.

Figure 9 shows the 200 hPa wind regressed signal to cold

SST anomalies in the STA region. Four out of five GCMs

display an equatorial easterly upper level wind response as in

the observations. One noticeable exception is the GFDL

model (Fig. 9a) that produces equatorial wind anomalies of

opposite direction. The pair of anticyclones found in the

observations (Fig. 2j) in the southern and northern subtrop-

ics at about 50�E, 25�S and 50�E, 30�N is evident only in the

HADCM3 model. The remaining CGCMs reproduce only

the southern anticyclone, while the northern is missing. This

is confirmed by the upper level wind response in the CMIP3

ensemble mean (Fig. 10e) where an anticyclone is evident

only around 50�E, 25�S. Nevertheless, in the northern Indian

Ocean the zonal wind shear for the CMIP3 ensemble mean is

clearly anticyclonic—despite the absence of the upper-level

anticyclone—as for individual models, with the exception of

the GFDL one. When compared to the low-level, the

amplitude of the upper-level wind response is in better

agreement with the observed signal, apart from the GFDL

model in which the intensity of the anomalies—of opposite

sign than observed—is much reduced.

In summary, the suite of CMIP3 CGCMs analyzed in

this work reproduces to some extent the STA-Indian

(a) (b)

(c) (d)

(e)

Fig. 8 Ensemble regression maps of near surface wind onto the STA index for the a GFDL-CM21, b MPI-ECHAM5, c MRI, d HADCM3, and

e NCAR-PCM1 models. Shaded areas present the statistical significant anomalies at the 10% level. Units are m/s
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Monsoon teleconnection. However, only some of the

‘‘ingredients’’ of the Gill-Matsuno mechanism in response

to STA SST anomalies are well reproduced. The precipi-

tation signal over India and Africa in the CMIP3 ensemble

mean is in good agreement with the observations. The

rainfall response to a cold STA anomaly over India is

consistent with a pressure minimum over southern Saudi

Arabia that leads to an intensification of the Somali jet and

thus low-level convergence over India (Fig. 10d). How-

ever, the upper- and low-level wind patterns in the eastern

Indian Ocean barely resemble observations. In addition, the

modeled STA response over the Indian Ocean is much

stronger south than north of the equator, but almost

symmetric in the observations; the teleconnection in the

GCMs is weaker than observed; and the low level wind

direction in the south-east Indian Ocean basin is opposite to

the observations.

It is likely that the strong SST bias in the tropical

Atlantic, common to most of the coupled models, plays an

important role in the weak teleconnection signal. Also, the

SST variability related to the STA index in the CMIP3

models may differ significantly from the observed. We

further investigate the impacts of the SST bias and vari-

ability in the tropical Atlantic on the STA teleconnection

by performing idealized experiments using the ICTP

AGCM described in Sect. 2.

(a) (b)

(c) (d)

(e)

Fig. 9 Ensemble regression maps of the 200 hPa wind field onto the STA index for the a GFDL-CM21, b MPI-ECHAM5, c MRI, d HADCM3,

and e NCAR-PCM1 models. Shaded areas indicate the statistical significant anomalies at the 10% level. Units are m/s
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3.2 Sensitivity experiments

We conduct three sets of experiments with the ICTP

AGCM:

– CNTRL: A control ensemble of four runs where the

ICTP AGCM is forced with observed SST from 1950 to

2000;

– ENSCLIM: A set of sensitivity ensembles, each of four

members, in which the AGCM is forced by the

superimposition of climatological SST derived from

the ensemble mean of each of the CMIP3 models and

by the observed SST anomalies over the 1950–2000

period;

– ENSTOT: A series of runs equal to the total number of

CMIP3 outputs considered in which the AGCM is

forced by the full SST field generated by the coupled

models.

The aim of these sensitivity experiments is to isolate the

effects of the modeled SST bias and interannual variability

on the STA teleconnection pattern.

(a)

(b) (c)

(d) (e)

Fig. 10 CMIP3 multi-model ensemble mean regression of a SST;

b Precipitation; c Surface pressure; d 925 hPa wind; and e 200 hPa

wind onto the STA index. Shaded areas represent the anomalies that

are statistically significant at the 10% level. Units are K, mm day-1,

hPa, m s-1 for SST, precipitation, surface pressure and wind

respectively
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Here again we present a simple correlation-regression

analysis comparing the STA response in the ensemble

means of each set of runs. Figures 11, 12 and 13 show the

STA response in (a) precipitation, (b) surface pressure,

(c) 200 hPa wind for CNTRL, ENSCLIM and

ENSTOT, respectively. In the CNTRL run, the precipitation

signal consists of a decrease over the Coast of Guinea, and

an increase in the Sahel and Indian region. The modeled

pattern of rainfall increase over the Indian basin is sym-

metric with respect to the equator as in the observations,

and the SP map shows a positive anomaly over the western

coast of Africa and a maximum negative anomaly over the

Indian region. In addition, a pair of anticyclones is clearly

visible in the upper-level wind response. These regression

maps are in good agreement with the observations and all

together suggest that the ICTP AGCM is capable of sim-

ulating the Gill-Matsuno teleconnection.

By forcing the model with the CMIP3 climatologies, the

ICTP AGCM reproduces a response to the STA anomalies

closer to the observed one than the CMIP3 ensemble mean

(Fig. 12). However, compared to the CNTRL run, in

ENSCLIM the rainfall response in the Atlantic/west African

region is substantially shifted to the south. This leads to a

change in sign of the rainfall anomalies at the Guinea coast.

The southward shift is also noticeable in the Indian region,

although it is weaker than over western Africa. The rainfall

signal in the northern Indian region has the opposite sign

compared to the control simulation. The SP response in

ENSCLIM is weaker than in CNTRL, and a significant

negative anomaly occupies eastern India. Finally, the

upper-level wind pattern is characterized by easterly winds,

but there is no sign of the observed anticyclonic patterns

around 50�E, 25�S and 50�E, 30�N. The differences

between individual simulations in the ENSCLIM ensemble

are relatively small, suggesting that the reduced Tropical

Atlantic climatological SST gradient—common to all

CMIP3 climatologies—causes the response to weaken,

while the SST bias over the Indian Ocean plays a minor

role. When the AGCM is forced with both SST climatology

and anomalies from the CMIP3 data, the response is even

weaker in all fields (Fig. 13), and the 200 hPa wind map

shown in Fig. 13d resembles that of the CMIP3 ensemble

mean (Fig. 10e). Furthermore, individual integrations

within the ENSTOT ensemble display larger intra-ensemble

differences over the Indian basin (not shown), with the

GFDL SST-based run being the closest to the corre-

sponding integration from ENSCLIM. This is consistent with

the GFDL model having the most realistic and strongest

STA variability, as suggested by the regression pattern over

the south tropical Atlantic shown in Fig. 5b.

Despite several important differences between the ICTP

AGCM and CMIP3 responses to the STA SST anomalies,

(a) (b)

(c) (d)

Fig. 11 Regression maps of a Precipitation; b Surface pressure;

c 925 hPa wind; d 200 hPa wind regression onto the STA index for

the CNTRL ensemble. Shaded areas represent the anomalies that are

statistically significant at the 10% level. Units are K, mm day-1, hPa,

m s-1 for SST, precipitation, surface pressure and wind, respectively
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(a) (b)

(c) (d)

Fig. 12 Regression maps of a Precipitation; b Surface pressure;

c 925 hPa wind; d 200 hPa wind regression onto the STA index for

the ENS_CLIMA ensemble. Shaded areas represent the anomalies

that are statistically significant at the 10% level. Units are K,

mmday-1, hPa, m s-1 for SST, precipitation, surface pressure and

wind, respectively

(a) (b)

(c) (d)

Fig. 13 Regression maps of a Precipitation; b Surface pressure;

c 925 hPa wind; d 200 hPa wind regression onto the STA index for

the ENS_TOT ensemble. Shaded areas represent the anomalies that

are statistically significant at the 10% level. Units are K, mm day-1,

hPa, m s-1 for SST, precipitation, surface pressure and wind,

respectively
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it is shown that the teleconnection weakens in the northern

hemisphere, and the signal is shifted south of the equator

compared to the control run. Therefore, the SST biases and

reduced variabilities in the STA region are partially

responsible for the inability of the coupled models to

properly reproduce the Gill-Matsuno teleconnection in the

northern Indian Ocean.

We also tested the role of the large coupled model errors

in land temperatures in causing the differences between the

AGCM runs forced by CMIP3 SSTs and the coupled model

outputs. We performed a fourth ensemble forcing the

ICTP-AGCM with both the land temperatures and the SST

climatologies from the CMIP3 models. We did not notice

any significant change in the representation of the tele-

connection into the Indian Ocean, indicating that land

biases are not key.

Summarizing, the ICTP AGCM forced by the CMIP3

SST climatologies can reproduce only in part the weak-

ening of the Gill-Matsuno teleconnection signal found in

the CMIP3 ensemble. Also, the ensemble spread from

individual AGCM runs forced with different CMIP3 model

climatologies is far more limited compared to that from the

CMIP3 models. This spread increases if the CMIP3 SST

anomalies are used to force the AGCM, but the responses

in the ICTP AGCM integrations still do not resemble the

CMIP3 outputs. This suggests that intra-model differences

(e.g. parameterization of surface fluxes, boundary layer

scheme, convection and radiation schemes) play an

important role in the representation of the Gill-Matsuno

STA-Indian Ocean teleconnection.

4 Discussion and summary

In this work we document how state-of-the-art coupled

models, and in particular five models within the CMIP3

ensemble, represent the teleconnection between the south

tropical Atlantic and the Indian Ocean basin. We found that

four out of five models and the ensemble mean display a

teleconnection between the Tropical Atlantic and the Indian

Ocean region that is consistent with observations: A cold

(warm) STA SST anomaly intensifies (weakens) the Somali

jet, and leads to an upper-level easterly (westerly) equatorial

anomalous wind with the tendency for anticyclonic (cyclo-

nic) shear in the subtropical regions. The rainfall over India

and in the southern Indian Ocean increases (decreases),

whereas rainfall anomalies of opposite sign are observed in

the equatorial Indian Ocean. Additionally, over the Indian

Ocean a small, but statistically significant cooling of the SST

in the western side of the basin is also found.

However, the amplitude of the CMIP3 response to a

STA anomaly in various fields, from rainfall to upper and

lower winds, is small compared to the observations and to

the response found in AGCM-only simulations forced by

observed SSTs. The presence of large biases in the tropical

Atlantic region in both the SST climatology and interan-

nual variability of the CMIP3 simulations is responsible for

the reduced amplitude. Indeed, when the ICTP AGCM—

that reproduces correctly the Gill-Matsuno response if

forced by observed SSTs—is forced with SST climatolo-

gies from the CMIP3 ensemble superimposed to the

observed anomalies, the rainfall response is reversed in

sign in the Gulf of Guinea and in the northern Indian

region, overall reduced over Asia, and shifted to the south

of the equator. The surface pressure and upper-level wind

responses weaken as well, particularly in the northern

hemisphere. If the ICTP AGCM is forced with the full SST

field (climatologies and anomalies) from the CMIP3

models, then the STA teleconnection to the Indian basin is

further reduced in strength and the simulated response is

partially consistent with the CMIP3 ensemble output. The

warm bias in the South Tropical Atlantic is responsible for

the southward shift of the teleconnected response: The heat

source of the STA anomalies is shifted to the south in the

CMIP3 model ensemble, favoring the southern hemi-

spheric component of the response, while weakening the

northern hemispheric one. The large mean SST bias in the

STA region in the CMIP3 runs is also likely the cause of

the weaker than observed interannual variability in the

tropical Atlantic.

When comparing the CMIP3 integrations with the sen-

sitivity runs, however, we find many intra-model differ-

ences that are not accounted for and are related to the

different physical parameterizations used in the coupled

GCMs.

We believe it is important to document how the state-of-

the-art CMIP3 models reproduce this simple Gill-Matsuno

teleconnection mechanism within the broader goal of

understanding and predicting climate variability. A better

representation of teleconnections in the tropics in coupled

models will increase our confidence in the climate change

projections provided by the same models. The climate

modeling community would profit from reducing the SST

bias in the tropical Atlantic, not only for the representation of

rainfall responses over Africa, but also in the Indian basin.
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