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[1] Observational evidences are presented to show a
significant atmospheric diabatic cooling in the Indian
summer monsoon (ISM) region after the 1997/1998 El
Niño. This study investigates the cause of this decadal
cooling and its impact on the East Asian summer monsoon
(EASM). After 1997/1998, the abnormal sea surface
temperature warming in the western Pacific, which is not
fully demonstrated in this study, induces enhanced local
convection. This enhanced convection strengthens the
Walker-type circulation and leads to moisture divergence,
subsidence, and decreased cloudiness over the ISM, which in
turn causes the diabatic cooling. The decadal cooling of the
ISM, on the other hand, may affect the EASM through
development of an anomalous local meridional cell over
the EASM region and through enhancement of the
Eurasian wave train pattern. Consequently, rainfall over
the ISM and northern EASM decreases concurrently, while
the southern EASM rainfall increases after 1997/1998.
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1. Introduction

[2] The Asian summer monsoon (ASM) plays an impor-
tant role in modulating the water resources, agricultural
affairs, and economic and societal activity. The ASM
system consists of three sub-monsoon systems: East Asian
summer monsoon (EASM), western North Pacific summer
monsoon (WNPSM), and Indian summer monsoon (ISM)
[Wang and LinHo, 2002]. Many monsoon studies have
noted that the ASM system has experienced an abrupt
decadal change and associated climate regime shift since
1993/94 extreme event over the East Asia [e.g., Ha et al.,
2009; Kajikawa et al., 2009; Wang et al., 2009; Qiu et al.,
2009]. The decadal change in the ASM rainfall is attributed
to many contributing factors, such as the Tibetan Plateau
warming, El Niño-Southern Oscillation (ENSO), and
western North Pacific subtropical high [e.g., Chang et al.,

2000; Wang et al., 2008]. In particular, the change of
anomalous heating, as an important energy source for the
atmospheric circulation, immediately affects the decadal
change in monsoon variability. In addition, the anomalous
heat source and sink may induce changes in remote regional
monsoon rainfall via Rossby wave teleconnection pattern
[e.g., Lu et al., 2002].
[3] During 1997/1998 winter, the strongest El Niño event

took place in the tropical Pacific and affected the Indian
Ocean. The 1997/1998 ENSO showed rapid onset and
termination [Takayabu et al., 1999]. The unusual character-
istics have motivated many researchers to investigate the
dynamical heat changes (e.g., temperature advection, heat
fluxes, and solar heating) responsible for the ENSO [e.g.,
Wang and McPhaden, 2001]. Recently,Harrison and Chiodi
[2009] have marked the decadal change from pre- to post-
1997/1998 in the character of sea surface temperature (SST)
anomaly and its relationship with the westerly wind events
in the tropical Ocean.
[4] In spite of the aforementioned evidence, the decadal

change of monsoons after 1997/1998 remains unstudied
partially due to the relatively short time period after 1998.
Since diabatic heating in monsoon regions, particularly in
the ASM region, is closely associated with ENSO, whether
the decadal change before and after 1997/1998 has affected
monsoon heating or not is one of our primary concerns.
Furthermore, the impact of the change of the ISM heating
on the EASM system is another target of our investigation.
Both statistical analysis and simple model experiment will
be used to fulfill our purpose.

2. Data and Model

[5] To investigate the decadal change in diabatic heating
and circulation, we used the seasonal mean fields obtained
from National Centers for Environmental Prediction/
Department of Energy (NCEP/DOE) reanalysis for the period
from 1979–2008 [Kanamitsu et al., 2002], in which radi-
ative transfer processes have been improved. The diabatic
heating data are partitioned into six components: large scale
condensation, deep convective, shallow convective, long-
wave radiation, shortwave radiation, and vertical diffusion
heating rates. The rainfall and SST data were obtained,
respectively, from Climate Prediction Center Merged Anal-
ysis of Precipitation (CMAP) [Xie and Arkin, 1997] and
BADC (British Atmospheric Data Centre) HadISST
(Hadley Centre Sea Ice and Sea Surface Temperature data
set) [Rayner et al., 2003] for the period from 1979 to
2008.
[6] The model used in this study is a dry version of a

linear Baroclinic model (LBM) with a horizontal resolution
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of T42 and 20 vertical levels, which is developed at the
University of Tokyo’s Center for Climate System Research.
In order to stress the role of dynamic processes, we purposely
used a dry version of this model (i.e., the anomalous heat

source is prescribed as the forcing, excluding the moist
source) in analyzing steady atmospheric response to a pre-
scribed regional heat sink. The model was linearized about
the climatological June–July–August mean basic state.

Figure 1. The (a and b) spatial patterns of the EOF1 and (c and d) its associated PC time series obtained from the
vertically averaged diabatic heating data (K/day) during DJF (Figures 1a and 1c) and JJA (Figures 1b and 1d). The time-
longitudinal section for (e–g) the composite difference between two periods for 1979–1996 and 1999–2008 and (h–j)
linear trend coefficient (K/30-year) during 1979–2008 year of SST (Figures 1e and 1h), 850 hPa zonal wind (Figures 1f and
1i), and OLR anomalies (Figures 1g and 1j) averaged over the latitudinal range [10�S–10�N]. The shading in Figures 1e–1j
indicates the anomaly significant at the 95% confidence level.
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Details of the model are described by Watanabe and Kimoto
[2000].

3. Decadal Cooling in the ISM After 1997/1998

[7] To detect the decadal change signals in the Asian-
Pacific region, we have first performed Empirical orthogonal
function (EOF) analysis of the vertically averaged diabatic
heating in the domain [20�S–40�N, 30�E–60�W]. Figure 1
presents the first leading EOF mode obtained for boreal
winter and summer, respectively. During winter, a strong
cooling occurs in the equatorial eastern/central Pacific, while
a remarkable warming appears in the western Pacific and
regions surrounding the eastern Pacific cooling. In summer,
the diabatic heating signal is similar to (but weaker than)
that in winter, but over the southern ISM (SISM) and SCS
summer monsoon (SCSSM) region, a significant diabatic
cooling is observed. The ISM cooling is basically consistent
with the decrease in the large-scale condensation and long-
wave radiative heating components (not shown).

[8] It should be noted that the principal component (PC)
time series in the diabatic heating experience a striking
shift since 1997/1998 El Niño which has abrupt termination
associated with the intensification of the easterly winds [e.g.,
Takayabu et al., 1999]. The change in atmospheric heating is
intimately linked to that in SSTand the associated circulation.
We have conducted the composite analysis of the time-
longitude section of the SST, 850 hPa zonal wind, and
OLR anomaly averaged over the equatorial zone (i.e.,
10�S–10�N) between two periods (1999–2008 minus
1979–1996) (Figures 1e–1g). After the strong 97/98
El Niño, the regions of equatorial SST cooling (warming)
correspond to well those of the decrease (increase) in the
atmospheric diabatic heating. Significant easterly (westerly)
anomalies are observed in the equatorial western/central
Pacific (Indian Ocean) with a node around 120�E. It was
reported that the anomalous easterly winds help a rapid
termination of El Niño by generating upwelling Kelvin
waves [e.g.,Kug and Kang, 2006]. Consequently, the decadal
easterly wind anomalies may prevent the full development

Figure 2. The regressed (a) MAM and (b) JJA moisture transport (arrow) and their divergence (shading) at 850 hPa
against the MAM OLR anomalies averaged over [120�–150�E, 5�–20�N]. The composite difference of (c) vertical velocity
(Pa/s) averaged over the latitude 0�–15�N, (d) 850 hPa moisture transport (arrow, m/s) and their divergence (shading, s�1),
(e) 500 hPa geopotential height (m), and (f) precipitation (mm/day) anomaly between two periods for 1979–1996 and
1999–2008 during JJA. The shading indicates the anomaly significant at the 95% confidence level.
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of El Niño events since the strong 97/98 El Niño, and in
turn, maintain remarkable cold anomalies in the eastern
Pacific and warm anomalies in the western Pacific. The
linear trend during the period of 1979–2008 year in the
equatorial SST, zonal winds, and convection anomalies
(Figures 1h–1j) does not exhibit a significant signal
compared to the decadal change after 1997/1998 El Niño
(Figures 1e–1g), although over the western Pacific they
may share a local increase of SST. It reflects that the decal
change is more responsible for the warming in the western
Pacific than the secure climate change.
[9] The abnormal SST warming in the western Pacific

(Figure 1e) is responsible for the enhanced convective
activity over the Philippine Sea and equatorial western
Pacific (Figure 1g). The springtime enhanced convection
over the Philippine Sea may play an important role in the
recent atmospheric cooling in the ISM region. To examine
this role, we have regressed the 850 hPa moisture transport
(q~V ) and their divergence (r � q~V ) against the springtime
OLR anomalies averaged over [120�E–150�E, 5�N–20�N]

(Figures 2a and 2b). During the springtime, the enhanced
convection induces strong moisture convergence in the
western Pacific but moisture divergence in the Indian
Ocean. During summertime, therefore, significant moisture
divergence appears in the ISM region where the typical
moisture convergence occurs during summer monsoon. In
addition, the enhanced convection may contribute in part
to the decreased cloudiness (i.e., suppressed convection and
subsidence) over the ISM region, through modulating the
atmospheric bridge (i.e., Walker circulation) [e.g., Alexander
et al., 2002].

4. Change in the Circulation and Rainfall

[10] During summertime, a remarkable diabatic cooling
appears over the ISM region, after the late 1990s (Figure 1b).
To see the decadal change in circulation and precipitation
before and after 1997/1998, we have made a composite
analysis of the vertical pressure velocity (Pa/s), 850 hPa
moisture transport (m/s), 500 hPa geopotential height (m),

Figure 3. The Spatial pattern of the SVD1 between (a) the summer (JJA) mean meridional wind at 200 hPa (i.e., v200)
and (b) the vertically averaged diabatic heating over the region [30�–180�N, 0�–60�N]. (c) The associated PC time series
in the period 1979–2008.
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and precipitation (mm/day) anomaly between two periods for
1979–1996 and 1999–2008 during the boreal summer
(Figures 2c–2f). As noted above, after 1997/1998, a strong
descending motion associated with anomalous Walker circu-
lation occurs over the SISM (�80�E) and SCSM (�120�E)
region (Figure 2c). The decadal change in the moisture
transport is also revealed in the similar structure with the
regressed field against the enhanced convection in the
western Pacific (see Figures 2b and 2d). These results
demonstrate that the decadal cooling in the ISM, which is
primarily caused by the deficiency in the large-scale conden-
sation and long-wave radiative heating, is related to the

decreases in the moisture convergence and cloudiness during
the summer.
[11] It is conceivable that this diabatic cooling over the

broad ISM region modulates the local meridional circulation.
To the north of the diabatic cooling in the subtropics around
�25�N, cyclonic circulation anomaly appears, and an anti-
cyclonic anomaly occurred north of the cyclonic anomaly
centered around 50�N (Figure 2e). Beneath the anomalous
Mongolian high is suppressed precipitation (Figure 2f ).
Consequently, the deficient monsoon rainfall over the SISM
and SCSSM increases subtropical rainfall while reduces
extratropical rainfall over the EASM region after 1997/
1998 through change of the local meridional circulation.
[12] Another effect that could be induced by the ISM

heat sink is seen in the Eurasian wave-like pattern (hereafter,
EU pattern). The EU-like pattern along the subtropical jet
stream is shown in 500 hPa geopotential height field
(Figure 2e). Previous studies have reported that the ISM
rainfall is related to the EU pattern [e.g., Lu et al., 2002].
To confirm the linkage, we carried out a singular value
decomposition (SVD) analysis in the domain [30�E–
180�E, 0�–60�N] for the diabatic heating and 200 hPa
meridional wind (v200) (Figure 3). Note that the v200 is
more useful for describing the EU pattern, due to the fact
that the v200 is little affected by the meridional shift of the
jet stream [Lu et al., 2002]. The first SVD mode explains
about 46.1% of the total variance. The v200 pattern of the
first SVD exhibits well-organized EU-like wavy structure
along �40�N. The alternate pattern of southerly and
northerly winds slightly tilts from southwest to northeast.
The PC time series of the first SVD diabatic heating are
significantly consistent with those of the first SVD v200,
which have a high correlation coefficient of �0.83. In
particular, both PCs exhibit abrupt changes from the
negative phase into the positive phase after the late 1990s.
[13] The linkage of the ISM diabatic cooling on local

meridional cell and EU pattern can be supported by the
regression analysis of the v200, 500 hPa geopotential
height, and precipitation against the cooling anomaly
averaged over the ISM region [70�E–90�E, 10�N–20�N]
(Figures 4a–4c). The regressed fields bear a striking resem-
blance to the structure in decadal change before and after
1997/1998: the EU-like wave pattern is apparent in the
regressed field of v200 anomaly (Figure 4a); in a reasonable
consistence with the upper-level meridional wind, a strong
anticyclonic (cyclonic) circulation appears in the northern
(southern) part of China (Figure 4b); there exist reduced
rainfall in the Indian monsoon, enhanced rainfall in the
south China, and the decreased rainfall in the north China
(Figure 4c).
[14] To confirm the impact of the ISM cooling on the

EU pattern, we performed a simple numerical experiment
with a dry version of LBM and the results are shown in
Figure 4d. In the experiment, we imposed a cooling
anomaly over the ISM region [70�E–90�E, 10�N–20�N].
The vertical structure of the initial heat forcing is basically
in agreement with observed profile of the composite differ-
ence between the pre- and post- 1997/1998 for diabatic
heating centered at (80�E, 15�N) (not shown). The hori-
zontal structure of the v200 response induced by the ISM
cooling on day 15 (the circulation response after day 15
has insignificant change with time) significantly resembles

Figure 4. The regressed (a) 200 hPa meridional wind,
(b) 500 hPa geopotential height, and (c) precipitation anomaly
against the diabatic cooling averaged over [70�E–90�E,
10�–20�N]. (d) The responses of the 200 hPa meridional
wind anomaly (m/s) on day 15 to the initial forcing of the heat
sink. The shading in Figures 4a–4c indicates the value
significant at the 95% confidence level. The dark shading in
Figure 4d denotes the initial forcing of the cooling.
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that in the observed decadal change shown in Figures 3a
and 4a. It reflects the development of the extratropical
EU-like wave train caused by the ISM heat sink.

5. Conclusion and Discussion

[15] Since the strong 1997/1998 El Niño event, a signif-
icant change in diabatic heating is observed over the Asian-
Pacific region. After 1997/1998, a significantly increased
western Pacific SST warm anomaly from winter to spring
leads to an enhanced convection in the western Pacific. The
cause on this decadal change has not been firmly demon-
strated in the present study. This enhanced convection
induces moisture divergence and strong downward motion
over SISM region and in turn the diabatic cooling anomaly
over the ISM region. The heat sink in ISM affects signif-
icantly the EASM rainfall and circulation in two ways: One
is the anomalous development of local meridional cell over
the EASM; another is activation of EU-like wave pattern.
[16] The cooling in the ISM is primarily due to the

deficient large-scale condensation and enhanced long-wave
radiative cooling. The reduced long-wave heating in the
middle atmosphere is coherent to the surface warming trend,
which is associated with the increasing surface solar heating
arising from decreased cloudiness (not shown). The problem
on the radiative balance due to the recent increase in the
anthropogenic greenhouse gases and atmospheric chemical
component remains unsolved, which should be investigated
in the future study. Although we could not explain fully why
the decadal change in heating occurs after the 1997/1998
El Niño, this study provides the observed evidence of the
decadal change after 1997/98 El Niño from the diabatic
heating point of view. Understanding the impacts of abrupt
climate changes in ASM, whatever their causes, would
contribute to the improvement on the seasonal prediction
in changed climate systems.

[17] Acknowledgments. We would like to thank M. Watanabe for
providing the linear baroclinic model. This work was supported by the
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