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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
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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 Nifio 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 Nifio conditions, and viceversa during
the development of La Nifa, (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
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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).

— ZONALpy,con: @ 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.

— ZONALp,.: a 50-year integration where climatological
SSTs are replaced by their zonal mean values only in
the Pacific basin.

— ZONAL,,: 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;
ZONALp,. and ZONAL,, 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; ZONALy,c,, 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 la—c show the SST and land-sea mask (white
area for land) distributions in the experiments CNTRL,

Fig. 1 SST and land/sea (a)
distribution in the different

ZONAL and ZONALy,c,n, 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,
ZONALp,con, and ALBEDO from the control. All

CNTRL SST JJAS

experiments: a CNTRL,

b ZONAL, ¢ ZONALy,con-
Land areas are indicated by the
white colour. Units are K
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Fig. 2 Albedo and Surface temperature in a, d) CNTRL, b, ¢) ALBEDO experiments, ¢, f) their differences. Units are % in a—c and Kin d-f

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
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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
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tf)??ra;erE:r?deTl?; iern;Sul:;zgem Experiment SST Land-sea mask Purpose
CNTRL Climatological Observed Control experiment
ZONAL Zonal outside Ind Ocean Observed Infl. of zonal SST asymm.
ZONALy,con Zonal outside Ind Ocean Only Asia Infl. of SST plus zonal land-sea asymm.
ZONALp,. Zonal in Pacific Observed Infl. of zonal SST asymm. in Pac.
ZONAL,, 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

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
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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

global precipitation distributions for ZONAL, ZONALy,con
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 ZONALy,c,, 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.
ZONALy,con 1s 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
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South Asian monsoon region is presented in Fig. 8 together
with the 925 hPa winds. Both ZONAL and ZONALy,con
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 ZONALy,c,n
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.
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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

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 ZONALy,con 18
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, ZONALy,c,, 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 ZONALy,con
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 (ZONALp,.) or the Atlantic SSTs
(ZONAL,,) 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
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Fig. 5 a Observed (NCEP) and
b modeled (CNTRL) 200 hPa
wind climatology. Units are m/s
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Fig. 6 Climatologies of 200 hPa velocity potential a NCEP, ¢ CNTRL and 200 hPa eddy stream function b NCEP, d CNTRL. Units are 10°m?/s

South Asian region are —2.1 mm/day in the ZONALp,.  Pacific than in the Atlantic ocean, and the presence of
run and —1.3 mm/day for ZONAL,,. The relative size of = Africa all contribute towards explaining the larger variation
the two basins, the larger east-west SST gradient in the  in ZONALp,. compared to ZONAL,,. Additionally, the
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sum of ZONALp,. and ZONAL,,; 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
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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

@ Springer

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
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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

@ Springer



732

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

(a) ZONAL eddy psi200 JJAS
DT = T

R

90E  120E 150E 180 150W 120W 9OW  6OW

(b) ZONAL_NOCON eddy psi200 JJAS
60N ‘ — < oy

30W 0 30E 60E 90E 120E 150E 180 150W 120W 9OW  60W

(c) ALBEDO eddy psi200 JJAS

90E 120E 150E 180 150W 120W 9OW

-15 -12 -9 -6 -3 -1 1 3 6 9 12 15
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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 ZONAL,,, 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.
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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
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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

(b) Reg Nino34 chi200 C20C 50/02
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Fig. 12 Regressions onto the Nino34 index: a NCEP 200 hPa velocity potential, b C20C 200 hPa velocity potential, ¢ NCEP 200 hPa eddy
streamfunction, d C20C 200 hPa eddy streamfunction. Units are 10°m?*/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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