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Abstract The focus of this paper is to assess the relative

role of the north–south and east–west contrasts in atmo-

spheric heating for the maintenance of the South Asian

summer monsoon climatology. The juxtaposition of the

Eurasian land mass and the Indian Ocean is responsible for

the north–south contrast, while the greater diabatic heating

above the western Pacific compared to the one over the

African and the tropical South Atlantic Ocean region

introduces the east–west gradient. With a series of ideali-

zed atmospheric general circulation model experiments, it

is found that both contrasts contribute to the maintenance

of the South Asian monsoon climatology, but their impact

varies at regional scales. The surface atmospheric cyclone

and precipitation over northern India are mainly due to the

north–south contrast. On the other hand, when the Indian

Ocean sea surface temperatures are close to their clima-

tological mean values, the low-level cyclone and conse-

quent rainfall activity in the Bay of Bengal and southern

India result from the east–west gradient. The physical

mechanism relays on the southern part of the upper-level

South Asian monsoon high being forced by the east–west

diabatic heating contrast via Sverdrup balance. The east–

west heating difference controls also the strength of the

Tropical Easterly Jet. Finally, the contribution of the El

Niño Southern Oscillation to the interannual variability of

the Indian monsoon is interpreted as the result of a longi-

tudinal shift of one of the centers of diabatic heating

contributing to the east–west contrast.

Keywords South Asian Monsoon � SST forcing �
Climate Variability � ENSO

1 Introduction

Monsoon systems are traditionally described as continen-

tal-scale ’sea-breeze’ phenomena: in summer the smaller

heat capacity of the land masses compared to that of the

oceans leads to stronger surface warming over land com-

pared to the ocean surfaces, which drives large-scale

circulations. This involves low-level convergence and

upper-level divergence over land, and the opposite over the

oceans (e.g. Holton 1992; Wallace and Hobbs 1977, and

references therein). When applied to South Asia this theory

links the summer monsoon with the north–south contrast

between the Eurasian land mass, and in particular the

Tibetan Plateau, and the Indian Ocean (i.e. Webster 1987;

Meehl 1994; Li and Yanai 1996 to cite a few). Chou (2003)

further explored the effects of land-sea contrast modifica-

tion on the Asian summer monsoon using idealized AGCM

integrations and found that a strengthened meridional tem-

perature gradient enhances the Asian summer monsoon,

favoring strong convection. More recently Boos and Kuang

(2010) suggested that the orographic insulation provided by

the Himalayas and adjacent mountains is more important in

determining the land–sea contrast than the Tibetan plateau

heating per se.

On the other hand, Chao and Chen (2001) interpreted

the monsoons as a 10� displacement of the intertropical
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convergence zone (ITCZ) away from the equator. By

replacing Asia, the maritime continent and Australia by

ocean, and therefore removing the land–sea contrast, they

showed with idealized numerical experiments that the

western Pacific/Indian monsoon system would still exist

with characteristics similar to those observed. The presence

of warm sea surface temperatures (SSTs) in the Indo/

Pacific basins and the tropical large-scale atmospheric

circulation are sufficient to support low-level convergence.

However, in these simulations the monsoon is not

extending as far north as in the observations. In this sce-

nario other large-scale circulation components, such as

the upper-level monsoon high, are interpreted as a

Gill-response (Gill 1980) to the atmospheric heating near

the warmest SSTs. Thus in conclusion Chao and Chen

(2001) suggest that land masses enhance the low-level

convergence induced by the northward ITCZ displacement

and cause a northward shift of the rainfall, but the land-sea

contrast per se is not necessary to the existence of the Asian

Monsoon system.

Recently, Chen (2003) proposed to revise the monsoon

systems theory adopting a global prospective based on

observational data. Focusing on the Asian Monsoon, the

author indicates that the main driver is the east–west

diabatic heating gradient between the western tropical

Pacific and the African/Atlantic region. Analyzing the

upper level streamfunction distribution, Chen (2003)

indeed shows that the Tibetan high may be interpreted as

the result of Sverdrup balance (e.g. Rodwell and Hoskins

2001) of the strong upper-level divergence–convergence

contrast between the western tropical Pacific and the

African/Atlantic region.

The aim of this paper is to further refine our under-

standing of the mechanisms proposed above. With a set of

idealized atmospheric general circulation model (AGCM)

experiments we demonstrate that both the north–south

contrast, linked to the different thermal heating between

land and ocean, and the east–west contrast, due to the

differences in SSTs in the western Pacific warm pool

versus the Atlantic basin, contribute to the observed char-

acteristics of the Indian Monsoon. Furthermore, we discuss

the relative role of the two contributions and the conse-

quences for the monsoon interannual variability with par-

ticular focus on the El Niño Southern Oscillation

(ENSO)—Indian Monsoon relationship. Changes in the

Walker circulation associated with ENSO have a well

established influence on the South Asian summer monsoon,

with negative rainfall anomalies over India in the summer

preceding peak El Niño conditions, and viceversa during

the development of La Niña, (Walker 1924; Rasmusson

and Carpenter 1983; Webster and Yang 1992; Ju and

Slingo 1995; Goswamy 1998, Turner et al. 2007; Li et al.

2007 amongst others). However, the details of the physical

mechanisms proposed to explain the ENSO influence on

the Indian monsoon are rather complex. Here we show that

changes in the east–west contrast outside the Indian Ocean

region, similar to those resulting from the ENSO activity,

can lead to large variations of the South Asian monsoon

strength.

We present the model and experimental set-up in

Sect. 2, followed by the results in Sect. 3. Discussion and

conclusions are given in Sect. 4.

2 Model, experimental design and data used

The model adopted in this study is the International Centre

for Theoretical Physics (ICTP) AGCM (Molteni 2003). It

is based on a hydrostatic spectral dynamical core (see Held

and Suarez 1994), and uses the vorticity-divergence form

described by Bourke (1974). The parameterized pro-

cesses include short- and long-wave radiation, large-scale

condensation, convection, surface fluxes of momentum,

heat and moisture, and vertical diffusion. Convection is

represented by a mass-flux scheme that is activated 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. In this study the AGCM

is configured with eight vertical (sigma) levels and with a

spectral truncation at total wavenumber 30. Applications of

the ICTP AGCM can be found in e.g. Bracco et al. (2004);

Kucharski et al. (2006a, 2006b, 2009a).

We conduct six experiments:

– CNTRL: a 50-year long control integration with the

ICTP AGCM forced by monthly varying climatological

SSTs.

– ZONAL: a 50-year sensitivity integration where

climatological SSTs are replaced by their zonal mean

values everywhere except in the Indian Ocean (30�E to

110�E).

– ZONALNoCon: a 50-year long integration where clima-

tological SSTs are replaced by their zonal mean values

everywhere except in the Indian Ocean and all conti-

nents apart from the Asian land-mass are removed.

SSTs set to their zonal mean values replace the

continents.

– ZONALPac: a 50-year integration where climatological

SSTs are replaced by their zonal mean values only in

the Pacific basin.

– ZONALAtl: a 50-year integration where climatological

SSTs are replaced by their zonal mean values only in

the Atlantic basin.

– ALBEDO: a 50-year integration forced by climatological

SSTs with the albedo over the South Asian longitudes
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(45�E to 115�E, 15�N to 90�N) increased by 50%

compared to standard values.

ZONAL allows to investigate the impact of SST devia-

tions from their zonal mean outside the Indian Ocean region;

ZONALPac and ZONALAtl focus on the respective role of

SST deviations on the Pacific and Atlantic oceans and are

used to better interpret the outcome of the ZONAL experi-

ment; ZONALNoCon lets us study the monsoon system in the

absence of any east–west heating contrast outside the Indian

region; and ALBEDO focuses on the north–south contrast

and on how its variations can modify the Asian monsoon.

Figure 1a–c show the SST and land-sea mask (white

area for land) distributions in the experiments CNTRL,

ZONAL and ZONALNoCon, respectively, whereas Fig. 2

shows the albedo distributions of the experiments CNTRL

and ALBEDO, the corresponding temperature responses

and their differences.

The SSTs in the Indian Ocean region are set to clima-

tological values in all runs. This is done to better compare

results from the different integrations with the control one

and to avoid that local SST changes in the Indian monsoon

area may influence the outcome of our investigation.

In the following we will present climatological

fields averaged from June to September (JJAS season)

from the various experiments and deviations of ZONAL,

ZONALNoCon, and ALBEDO from the control. All

(a)

(b)

(c)

Fig. 1 SST and land/sea

distribution in the different

experiments: a CNTRL,

b ZONAL, c ZONALNoCon.

Land areas are indicated by the

white colour. Units are K
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deviations shaded in the figures are 95% statistically sig-

nificant according to a t test under the assumption of 50

independent records of seasonal means.

When diagnosing the interannual variability of the South

Asian monsoon linked to changes in tropical Pacific SSTs,

we also consider a 10-member ensemble performed for the

CLIVAR International ‘Climate of the 20th Century’

(C20C) project (Folland et al. 2002; Scaife et al. 2009;

Kucharski et al. 2009b). These integrations cover the per-

iod 1950–2002 and are forced with monthly varying SSTs

from the HadISST data set (Rayner et al. 2003) in the

tropical Pacific region (130�E to the coast of South and

Central America, 20�S to 20�N), and with climatological

monthly varying SSTs elsewhere. We will refer to these

integrations as C20C in the following. Table 1 summarizes

the experiments and their purpose.

Comparisons with observations are performed using

products from the NCEP/NCAR re-analysis (Kalnay et al.

1996), and rainfall data-sets from the Climate Prediction

Merged Analysis of Precipitation (CMAP; Xie and Arkin

(a) (d)

(b) (e)

(c) (f)

Fig. 2 Albedo and Surface temperature in a, d) CNTRL, b, e) ALBEDO experiments, c, f) their differences. Units are % in a–c and K in d–f

724 F. Kucharski et al.: Contribution of the east–west thermal heating

123



1997) and Global Precipitation Climatology Project

(GPCP; Adler et al. 2003). In the following, all NCEP and

model fields are evaluated from 1950 to 2002, while

CMAP and GPCP precipitation data are available only

from 1980 onward.

3 Results

3.1 Model climatology

Before analyzing the sensitivity experiments, it is useful to

compare the model climatology with observations.

Figure 3 displays in panel (a) the precipitation climatology

with superimposed low-level 925 hPa winds for CMAP

and NCEP/NCAR re-analysis respectively, and in panel (b)

for the model. Overall, the ICTP AGCM captures the

features of observed summer precipitation patterns and

associated circulations quite well. Figure 4a, b focus the

South Asian monsoon region. The model shows a cross-

equatorial flow, the Somali Jet, even though weaker than

observed, and precipitation maxima in the Bay of Bengal,

over Northern India and over the equatorial and south-

equatorial Indian Ocean. The precipitation maxima over

the ocean coincide with the centers of the warmest SSTs in

the Indian Ocean (one in the Bay of Bengal, the other in the

equatorial and south-equatorial Indian Ocean) and gener-

ally overestimate the observed signal. The rainfall over

large parts of the Indian peninsula, on the other hand, is

underestimated. This bias is likely related to anomalous

low-level divergence over northern India in the model.

These model biases, typical of most AGCM, have been

attributed to several causes, ranging from low horizontal

and/or vertical resolution to deficiencies in the convection

and surface-flux parameterizations. We have found that the

lack of interactive air-sea coupling in the Indian Ocean/

Western Pacific region is one of the major sources of errors

and Bracco et al. (2007) discussed the improvements in the

climatology obtained by choosing a regional coupling

strategy, in agreement with other studies (e.g. Wang et al.

2005; Wu and Kirtman 2005). Nevertheless, in this work

we opted for simpler AGCM integrations instead of a

regionally coupled set-up given the highly idealized nature

of the experiments performed. It would be indeed difficult

to control changes in heating contrast with a coupled

model. By comparing the climatologies of the sensitivity

experiments with the control run we hope to infer mean-

ingful information in spite of model biases.

Figure 5 shows the Tropical Easterly Jet (TEJ) as

measured by the 200 hPa zonal wind. The TEJ is an inte-

gral part of the Asian monsoon system. Both observations

(5a) and the model (5b) display the TEJ centered with its

maximum in the Indian Ocean region, extending into

Africa to the west and to the Pacific warm pool to the east,

even though the TEJ of the model is weaker than observed.

Finally, the climatological fields of 200 hPa velocity

potential and 200 hPa eddy stream function are shown in

Fig. 6a, b with the model counterparts from CNTRL in

panels (c) and (d), respectively. The ICTP AGCM repro-

duces fairly well the main global features of the South Asian

monsoon, with the velocity potential minimum corre-

sponding to upper-level divergence located just over the

western Pacific warm pool region, whereas the maximum,

i.e. upper-level convergence, is located over Africa, the

South Atlantic Ocean and South America. The modeled

velocity potential minimum does not extend far enough into

the eastern Pacific region. The upper-level eddy stream-

function is in quadrature with the velocity potential. This

implies, for example, that the South Asian monsoon high,

corresponding to the streamfunction maximum, lies just in

the gradient of the velocity potential and results from

Sverdrup balance as described by Eq. 5 in Chen (2003). The

position and strength of the South Asian monsoon high, also

known as Tibetan high, are crucial to the South Asian

monsoon (e.g. Chen 2003) and are well reproduced by the

AGCM. The modeled eddy streamfunction response of

Fig. 6d, however, is not extending far enough into the north

African region. This bias is consistent with a more intense

than observed velocity potential over Africa.

3.2 Sensitivity experiments

Having described the model climatology, we now investi-

gate the sensitivity experiments. Figure 7 displays the

Table 1 Experiments used in

this paper and their purpose
Experiment SST Land–sea mask Purpose

CNTRL Climatological Observed Control experiment

ZONAL Zonal outside Ind Ocean Observed Infl. of zonal SST asymm.

ZONALNoCon Zonal outside Ind Ocean Only Asia Infl. of SST plus zonal land-sea asymm.

ZONALPac Zonal in Pacific Observed Infl. of zonal SST asymm. in Pac.

ZONALAtl Zonal in Atlantic Observed Infl. of zonal SST asymm. in Atl.

ALBEDO Climatological Observed Infl. of heating change over land

C20C Monthly varying in trop Pac. Observed Trop. Pac. SST forcing
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global precipitation distributions for ZONAL, ZONALNoCon

and ALBEDO (left panels) and the relative changes with

respect to the control simulation (right). The rainfall dif-

ferences represent the response to the redistribution of

global diabatic heating following the variations of local

SSTs and land-masses. In the Indian Ocean basin the

monsoonal changes are remotely forced, as a consequence

of identical climatological SSTs being used in all runs.

ZONAL and ZONALNoCon show similar and zonally

symmetric precipitation distributions. Differences between

those two runs are evident in the Atlantic basin, due to its

limited lateral extension at the Tropics and to the presence

of the South American and African land masses.

ZONALNoCon is characterized by consistently zonally

symmetric precipitation patterns everywhere, except for the

Indian Ocean. ALBEDO, on the other hand, differs from

CNTRL predominantly over South Asia and in the equa-

torial Indian Ocean, with more limited, but non-zero,

changes over the other oceans and increased rainfall in

south-east Europe. The rainfall response zoomed in the

South Asian monsoon region is presented in Fig. 8 together

with the 925 hPa winds. Both ZONAL and ZONALNoCon

display a substantial reduction of precipitation in the Bay

of Bengal that appears as nearly dry. Such a reduction

extends well into the Indochina peninsula and over central

and southern India, while a significant increase in rainfall is

observed over the equatorial Indian Ocean. Those features

are enhanced when continents are replaced by zonally

averaged SSTs. Furthermore, a weakened Somali jet

characterizes the response. In ZONAL the north-western

part of the jet is still recognizable and there is flow con-

vergence in the northern Indian region. In ZONALNoCon

regional circulation patterns lead to substantial conver-

gence and precipitation in north–east India—even

increased with respect to CNTRL—despite the overall

weakened jet. The precipitation further north over the

South Asian land mass is less influenced by the zonally

averaged SSTs in the Pacific and Atlantic Oceans and

shows little changes. Furthermore, over north-west India

rainfall persists due to low-level convergence.

(b)

(a)

Fig. 3 a Observed (CMAP, NCEP) and b modeled (CNTRL) precipitation and 925 hPa wind climatologies. Units are mm/day for precipitation

and m/s for wind
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Higher albedo, and therefore lower temperatures over

Asia (ALBEDO run), causes a band of increased rainfall

centered around 7�N. Such a band extends from the wes-

tern Indian Ocean into the southern portion of Indochina.

Increased precipitation is also found over the north–west

portion of India. North–East India, Bangladesh, the Tibetan

Plateau and the northern part of the Indochina peninsula are

significantly drier than in the CNTRL run. The role of the

north–south contrast has been investigated with an alter-

native experiment in which all orographic features in Asia,

including both the Himalayas and the Tibetan plateau, have

been reduced to 300m elevation. The resulting precipita-

tion patterns are strikingly similar to the ALBEDO case

(not shown), indicating that the orography acts to increase

and constrain the heating at high elevation, strengthening

in turn the Tibetan high.

The outcome of these experiments suggests that the

east–west thermal heating outside the Indian Ocean region,

reduced in ZONAL and removed in ZONALNoCon, is

altering substantially the rainfall amount near the two

centers of maximum SSTs, the Bay of Bengal and the

equatorial Indian Ocean. Indeed, the east–west contrast

appears to be responsible for the Bay of Bengal precipi-

tation maximum and for the precipitation over southern

India and Indochina. In the absence of the east–west con-

trast the rainfall preferentially resides over the southern

maximum in the equatorial Indian Ocean causing a con-

sistent decrease in the 10�N–20�N band. On the other hand,

the north–south heating contrast induced by the Asian

continent is responsible for the rainfall over the more

continental areas of South Asia north of 13�N. To provide a

more quantitative measure of the responses in the different

experiments we calculated the average precipitation in the

South Asian region (60�E–100�E, 10�N–25�N). The total

average rainfall in the control simulation is 5.6 mm/day.

The responses in ZONAL, ZONALNoCon and ALBEDO are

-2.8, -3.6 and -1 mm/day, respectively. This shows that

the contribution of the east–west contrast dominates the

South Asian rainfall climatology.

The strong impact of the east–west heating contrast on

the South Asian monsoon is further highlighted by the

200 hPa velocity potentials (Fig. 9) and streamfunctions

(Fig. 10) of the various sensitivity experiments and by their

differences with respect to CNTRL. Indeed, whenever

zonal SSTs are prescribed over the Pacific and Atlantic

oceans no velocity potential maximum forms in the

Western Pacific, whereas ALBEDO displays velocity

potential patterns consistent with the CNTRL experiment

in the Western Pacific–African region, with the largest

differences concentrated over the Indian basin. Consis-

tently, in correspondence with the South Asian monsoon

high, the upper-level streamfunction maximum from 10� to

30�N is strongly reduced in ZONAL and ZONALNoCon

following Sverdrup balance, while is only weakly affected

further North. This suggests that the southern part of the

South Asian monsoon high is strongly influenced by the

east–west heating contrast, whereas the northern compo-

nent is mainly affected by the north–south contrast induced

by the land-sea distributions. Our interpretation is con-

firmed by the analysis of the 200 hPa zonal velocity in the

three integrations (Fig. 11). The TEJ weakens considerably

in the first two experiments and less so in ALBEDO,

indicating that a substantial part of its strength is due to the

east–west heating contrast, with a more limited, although

still statistically significant, contribution from the land-sea

gradient.

To quantify the relative contributions of the Atlantic and

the Pacific basins to the responses of experiment ZONAL,

we performed two additional sensitivity experiments where

only the Pacific SSTs (ZONALPac) or the Atlantic SSTs

(ZONALAtl) are set to their zonal mean climatological

values. The resulting rainfall and wind changes are similar

in structure to ZONAL, but with weaker amplitude (not

shown). The area averaged precipitation changes in the

(a)

(b)

Fig. 4 a Observed (CMAP, NCEP) and b modeled (CNTRL)

precipitation and 925 hPa wind climatologies. Units are mm/day for

precipitation and m/s for wind
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South Asian region are -2.1 mm/day in the ZONALPac

run and -1.3 mm/day for ZONALAtl. The relative size of

the two basins, the larger east–west SST gradient in the

Pacific than in the Atlantic ocean, and the presence of

Africa all contribute towards explaining the larger variation

in ZONALPac compared to ZONALAtl. Additionally, the

(a)

(b)

Fig. 5 a Observed (NCEP) and

b modeled (CNTRL) 200 hPa

wind climatology. Units are m/s

(a) (c)

(d)(b)

Fig. 6 Climatologies of 200 hPa velocity potential a NCEP, c CNTRL and 200 hPa eddy stream function b NCEP, d CNTRL. Units are 106m2/s
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sum of ZONALPac and ZONALAtl contributions is different

from ZONAL and this is indicative of nonlinear

interactions.

3.3 Relevance for tropical SST forcings

By performing idealized studies on the relative contribu-

tions of the north–south and east–west heating contrast to

the South Asian monsoon circulation, we have shown that

the east–west gradient contributes significantly to the

monsoon climatology. The east–west contrast is linked to

the position and strength of the Walker circulation. It has

been previously proposed that ENSO influences the South

Asian monsoon by modifying the Walker circulation

(Webster and Yang 1992; Ju and Slingo 1995; Wang 2006,

amongst others). Here, we revisit this hypothesis in light of

the results presented so far.

To investigate the ENSO impact on the South Asian

monsoon we consider an ensemble of ten C20C simulations

performed with the ICTP AGCM. Figure 12 shows the

regression of observed (12a) and modeled (C20C; 12b)

200 hPa velocity potential onto the Nino3.4 index. Only

anomalies that are statistically significant at the 90% con-

fidence level are shown. Both observed and modeled

regression maps indicate a distinct response in the velocity

potential that is consistent with upper-level divergence in

the eastern Pacific and upper-level convergence in the

Indian Ocean region. Thus, such a response does not pro-

ject strongly onto the structure of the time-mean velocity

potential field, but indicates an eastward shift instead. This

is further supported by the regression of the eddy 200 hPa

streamfunction for both observations (Fig. 12c) and the

model (Fig. 12d). A positive upper-level ridge response

appears in the Central- to West Pacific, whereas a trough

response is seen over Africa, again suggesting an eastward

shift of the climatological mean streamfunction distribu-

tion. An opposite response characterizes the negative phase

of ENSO or La Nina events. To our knowledge, and despite

the vast literature on the ENSO-Indian monsoon relation,

the ENSO-monsoon teleconnection has not yet been

interpreted as resulting from a simple zonal shift of the

east–west heating contrast. In agreement with our

(a) (d)

(b) (e)

(c) (f)

Fig. 7 Global precipitation in a ZONAL, b ZONALNoCon, c ALBEDO and the differences d ZONAL-CNTRL, e ZONALNoCon-CNTRL,

f ALBEDO-CNTRL. Units are mm/day
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interpretation, recent studies (e.g. Annamalai et al. 2007

and Turner et al. 2005) have shown that only models which

correctly position the diabatic heating anomalies associated

with El Nino warming can simulate the correct ENSO-

Indian monsoon teleconnection pattern.

Considering the rainfall climatology (Fig. 3), an east-

ward shift of the diabatic heating anomalies in the Pacific

during El Ninos events would imply a tendency for a

negative rainfall anomaly over the Indian Region, and vice-

versa during La Ninas, given the gradient of precipitation

in the region. Figure 13a–c show the regressions of rainfall

onto the Nino3.4 index for GPCP and CMAP data set, and

for the C20C ensemble mean, respectively. The observa-

tional data sets are available only after 1980, therefore our

(a) (d)

(b) (e)

(c) (f)

Fig. 8 South Asian precipitation and 925 hPa wind in a ZONAL, b ZONALNoCon, c ALBEDO and the differences d ZONAL–CNTRL,

e ZONALNoCon–CNTRL, f ALBEDO–CNTRL. Units are mm/day for precipitation and m/s for wind
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analysis is focused on the 1980–2002 period. Both GPCP

and CMAP show an east–west precipitation dipole in the

region 70�E to 120�E, 10�N to 25�N, with decreased

rainfall to the west and increased rainfall to the east. In the

model the increase in the eastern part is shifted by 5�–10�
to the south and is more pronounced than the decrease in

the west. Furthermore, in the region 90�E to 130�E there is

a pronounced north–south dipole structure in precipitation

in the C20C ensemble. This feature is much weaker in the

observations. It has been extensively documented that the

ENSO-monsoon relationship is generally not well modeled

in AGCM simulations that are forced by observed SSTs

and that are not coupled in the Indian Ocean region

(Krishna Kumar et al. 2005; Bracco et al. 2007; Kucharski

et al. 2009b), and the ICTP AGCM is no exception. Cou-

pled air-sea interactions in the Indian Ocean region likely

play an important role in this relationship, and they are not

taken into account in the AMIP-type set-up employed here.

However, the model is capable of reproducing the upper-

level responses quite well, and the precipitation response is

indicative of the expected east–west dipole and relative

movement. Therefore, we suggest that part of the ENSO

influence on the South Asian monsoon rainfall can be

understood as driven by the eastward (westward) shift of

the velocity potential and streamfunction centres during

warm (cold) events.

SSTs in the South Tropical Atlantic are responsible for

another externally forced component of the South Asian

monsoon interannual variability, as found and extensively

analyzed in the last few years (Kucharski et al. 2007, 2008,

2009a; Losada et al. 2009). The impact of the atmospheric

teleconnection from Tropical Atlantic into the Indian

Ocean is weaker than the ENSO signal, and is therefore

difficult to completely separate from the ENSO influence in

the short observational record of rainfall. Many idealized

AGCM studies, however, have shown that the response

from the Tropical Atlantic projects on the time-mean

monsoon circulation causing reduced (increase) rainfall

over South Asia for warm (cold) Atlantic SST anomalies.

Such a response is not surprising in the framework pro-

posed above, given that the relatively cold South Tropical

Atlantic controls the western part of the east–west heating

(a) (d)

(b) (e)

(c) (f)

Fig. 9 Global velocity potential in a ZONAL, b ZONALNoCon, c ALBEDO and the differences d ZONAL–CNTRL, e ZONALNoCon–CNTRL,

f ALBEDO–CNTRL. Units are 106m2/s
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contrast, responsible for a large component of the South

Asian monsoon trough, and that warm (cold) anomalies

weakens (strengthens) the contrast. In this case the east–

west gradient changes in amplitude but does not shift and

the response projects directly onto the structure of the time

mean velocity potential field and accordingly we found a

substantial influence on South Asian rainfall in the experi-

ment ZONALAtl, as discussed in Sect. 3.2.

4 Discussion and Conclusions

In this paper idealized AGCM experiments have been

performed to investigate the relative role of the north–south

(land-sea) and of the east–west contrasts in the mean

heating on the South Asian monsoon climatology. We find

that the diabatic heating maximum in the west Pacific,

together with the minimum over Africa and the tropical

Atlantic Ocean, force an upper-level eddy streamfunction

maximum over the Indian region that may be interpreted as

the southern part of the South Asian monsoon high.

Whereas the east–west heating contrast is mainly respon-

sible for the rainfall maximum in the Bay of Bengal and for

the precipitation over southern India, the north–south

contrast induced by the land-sea distribution is responsible

for the rainfall climatology further inland in the northern

parts of India. Additionally, the east–west heating contrast

modulates a large component of the Tropical Easterly Jet

particularly in the Indian Ocean region and along the

African coast.

This analysis is consistent with the interpretation of a

Sverdrup balanced forcing of the southern part of the South

Asian monsoon high by the east–west heating contrast and

of the northern part by the land-sea contrast. These results

confirm and refine the proposed global view of monsoon

systems by Chen (2003).

Furthermore, we have shown that the ENSO-forced

signal in upper-level velocity potential and streamfunction

does not have the same structure of the climatological field.

Instead, the regions of maximum ENSO-responses are in

the eastern Pacific and Indian Ocean region, where the

largest gradients in the climatological velocity potential are

(a) (d)

(b) (e)

(c) (f)

Fig. 10 Global eddy streamfunction in a ZONAL, b ZONALNoCon , c ALBEDO and the differences d ZONAL–CNTRL, e ZONALNoCon–

CNTRL, f ALBEDO–CNTRL. Units are 106m2/s
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found. The upper-level streamfunction response to a posi-

tive (negative) ENSO forcing is in quadrature with this,

providing an eastward (westward) shift of the eddy

streamfunction maximum. This leads to the hypothesis that

part of the ENSO signal may be simply interpreted as due

to a longitudinal shift of the streamfunction and velocity

potential centres. This is partly confirmed by rainfall

observations, which indeed display an east–west dipole

signal as response to the ENSO forcing.

In all the idealized simulations presented in this paper,

climatological SSTs have been imposed in the Indian

Ocean region to force the ICTP AGCM. The Indian Ocean

SSTs are characterized by a relatively broad warm pool

(see Fig. 1). We find that the largest re-distribution of

precipitation is between the regions of highest SST, one

located in the Bay of Bengal, the other in the equatorial

Indian Ocean (Fig. 8). The presence of these ITCZ-like

precipitation centres is consistent with the argument of

Chao and Chen (2001), and the east–west heating contrast

controls the relative strength of the two centres. Prescribing

zonally mean SSTs also in the Indian Ocean leads to a

precipitation maximum at 8�N centered in the Indian

Ocean (not shown), and if the east–west contrast is

superimposed in this situation the precipitation pattern is

only shifted northward by a few degrees. Thus the response

of rainfall in the Indian basin to remote forcings depends

on the mean state of the Indian Ocean.

Climate change projections of the mean state of the

tropical Pacific are very uncertain: Most coupled climate

models forecast an overall warming of few degrees in this

region, but the patterns of such warming differ significantly

(a)

(b)

(c)

Fig. 11 200 hPa zonal wind in a ZONAL, b ZONALNoCon,

c ALBEDO. Units are m/s

(a) (b)

(c) (d)

Fig. 12 Regressions onto the Nino34 index: a NCEP 200 hPa velocity potential, b C20C 200 hPa velocity potential, c NCEP 200 hPa eddy

streamfunction, d C20C 200 hPa eddy streamfunction. Units are 106m2/s
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from model to model (e.g. Lin 2007 and Collins et al.

2005). Our analysis shows that the details of the zonal

temperature distribution are crucial to the South Asian

monsoon system, and therefore have to be monitored with

special care.
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Fereday D, Fischer AM, Grainger S, Jin EK, Kang IS, Knight JR,

Kusunoki S, Lau NC, Nath MJ, Nakaegawa T, Pegion P,

Schubert S, Sporyshev P, Syktus J, Yoon JH, Zeng N, Zhou T

(2009) The CLIVAR C20C project: selected twentieth century

climate events. Clim Dyn 33:603–614

Turner AG, Inness PM, Slingo JM (2005) The role of the basic state

in the monsoon-ENSO relationship and implications for predict-

ability. Q J R Meteorol Soc 131:781–804

Turner AG, Inness PM, Slingo JM (2007) The effect of doubled CO2

and model basic state biases on the monsoon-ENSO system. I:

mean response and interannual variability. Q J R Meteorol Soc

133:1143–1157

Walker GT (1924) Correlations in seasonal variations of weather.

Mem Ind Meteorol Dept 24:275–332

Wallace JM, Hobbs PV (1977) Atmospheric Science: An introductory

Survay. Academic Press, London, 467 p

Wang B, Ding Q, Fu X, Kang I-S, Jin K, Shukla J, Doblas-Reyes F

(2005) Fundamental challenge in simulation and prediction of

summer monsoon rainfall. Geophys Res Lett 32. doi:10.1029/

2005GL022734

Wang B (2006) The Asian Monsoon. Springer, Berlin, ISBN 3-540-

40510-7, 638 p

Webster PJ (1987) The Elementary Monsoon. In: Fein JS, Stephens

PL (eds) Monsoons, Wiley, London, p 3–32

Webster PJ, Yang S (1992) Monsoon and ENSO: Selectively

interactive systems. Q J R Meteorol Soc 118:877–926

Wu R, Kirtman BP (2005) Roles of Indian and Pacific Ocean air–sea

coupling in tropical atmospheric variability. Clim Dyn 25:155–

170

Xie P, Arkin PA (1997) Global precipitation: a 17-year monthly

analysis based on gauge observations, satellite estimates and

numerical model outputs. Bull Am Meteorol Soc 78:2539–2558

F. Kucharski et al.: Contribution of the east–west thermal heating 735

123

http://dx.doi.org/10.1002/qj.406
http://dx.doi.org/10.1007/s00382-008-0462-y
http://dx.doi.org/10.1175/JCLI4289.1
http://dx.doi.org/10.1007/s00382-009-0624-6
http://dx.doi.org/10.1029/2002JD002670
http://dx.doi.org/10.1029/2002JD002670
http://dx.doi.org/10.1029/2005GL022734
http://dx.doi.org/10.1029/2005GL022734

	Contribution of the east--west thermal heating contrast to the South Asian Monsoon and consequences for its variability
	Abstract
	Introduction
	Model, experimental design and data used
	Results
	Model climatology
	Sensitivity experiments
	Relevance for tropical SST forcings

	Discussion and Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


