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Abstract To investigate the relationship between autumn
Indian Ocean Dipole (IOD) events and the subsequent
winter precipitation in Southeast China (SEC), observed
fields of monthly precipitation, sea surface temperature
(SST) and atmospheric circulation are subjected to a running and a maximum correlation analysis. The results show
a significant change of the relevance of IOD for the early
modulation of SEC winter precipitation in the 1980s. After
1980, positive correlations suggest prolonged atmospheric
responses to IOD forcing, which are linked to an abnormal
moisture supply initiated in autumn and extended into the
subsequent winter. Under global warming two modulating
factors are relevant: (1) an increase of the static stability
has been observed suppressing vertical heat and momentum transports; (2) a positive (mid-level) cloud-radiation
feedback jointly with the associated latent heating (apparent moisture sink Q2) explains the prolongation of positive
as well as negative SST anomalies by conserving the heating (apparent heat source Q1) in the coupled atmosphere–
ocean system. During the positive IOD events in fall (after
1980) the dipole heating anomalies in the middle and lower
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troposphere over the tropical Indian Ocean are prolonged
to winter by a positive mid-level cloud-radiative feedback
with latent heat release. Subsequently, thermal adaptation
leads to an anticyclonic anomaly over Eastern India overlying the anomalous cooling SST of the tropical Eastern
Indian Ocean enhancing the moisture flow from the tropical Indian Ocean through the Bay of Bengal into South
China, following the northwestern boundary of the anticyclonic circulation anomaly over east India, thereby favoring
abundant precipitation in SEC.
Keywords IOD · Atmospheric responses · Heating
anomalies · Precipitation · Global warming

1 Introduction
The Indian Ocean Dipole (IOD) is an important contributor to the variability of tropical sea surface temperature
(SST) patterns, accounting for 12 % of the tropical Indian
Ocean (TIO) variability SST fluctuations (Saji et al. 1999),
usually developing in summer, maturing in autumn, and
decaying in winter. The IOD describes an aperiodic pattern
of SST oscillations, altering between three phases: “positive”, “neutral” and “negative”. The positive phase is characterized by an SST greater than a long-term average and
greater precipitation in the western Indian Ocean region,
whereas the negative phase is linked with the opposite patterns with warmer water and higher precipitation in the
eastern Indian Ocean, and drier and cooler conditions in the
west (Ashok et al. 2001).
IOD has great influence on the climate on regional scale
(Black et al. 2003; Behera et al. 2005; Meyers et al. 2007;
Cai et al. 2009a, b). For example, a positive IOD is possibly
associated with a weaker Indian winter monsoon and more
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precipitation over the southwestern and eastern equatorial
tropical Indian Ocean (Yang et al. 2010). A strong positive phase tends to cause severe droughts in the surrounding land areas of Indonesia and Australia (Saji et al. 1999).
Positive IOD events induce a stronger South Asian High,
with an eastward-extending position and a strengthened
Western Pacific subtropical high, and with a westwardextending position (Li and Mu 2001; Li et al. 2006; Yuan
et al. 2008; Xie et al. 2009), which leads to precipitation
anomalies in East China and causes extremely hot and dry
summers in South China by generating a Rossby wave train
(Guan and Yamagata 2003). Finally, IOD also correlates
with the climate variability over East Asia, Europe and
America (Li and Mu 2001; Behera and Yamagata 2003; Li
et al. 2003; Saji and Yamagata 2003; Lau and Nath 2004;
Yuan et al. 2008; Yang et al. 2010).
Except for the interannual variations, IOD events also
exhibit variability on decadal and multidecadal time scales
(Tozuka et al. 2007; Song et al. 2007; Ihara et al. 2008).
According to the study of Ashok et al. (2004a, b), the
IOD index has low frequency variations with periods of
8–25 years, which are highly correlated with the thermocline depth in the Indian Ocean. In addition, the TIO has
undergone a steady increase in SST after the 1950s, with
a basin-mean SST trend amounting to 0.5 °C by the end of
twentieth century, which is the most robust warming region
in the past six decades (Du and Xie 2008). And since the
late 1970s the global climate system has abruptly shifted
to a new regime under the background of global warming (Nitta and Yamada 1989; Trenberth 1990; Zhang et al.
1997; Zheng et al. 2010), which includes the abrupt decadal changes patterns of variability of the coupled atmosphere–ocean system. Therefore, under the global warming
background, the IOD variability and its relationship with
surrounding circulation patterns has changed. The apparent intensification of IOD activity in terms of its occurrence
frequency during recent decades is likely being part of a
natural, non-linear modulation of the ocean–atmosphere
system or the response to non-greenhouse gas radiative
changes (Zheng et al. 2010). Ding et al. (2010) studied the
relationship between East Asian summer monsoon (EASM)
and the TIO, showing a strong positive correlation of IOD
with the EASM index in 1953–1975. But from 1978 to
2000 we observe a sudden change to significant negative
correlations in the northern Indian Ocean and at same time
the IOD-like correlation pattern vanished. Zheng et al.
(2013) investigated the relationship between winter circulations and the dipole heating anomalies over TIO, showing that the dipole heating anomalies over the Indian and
western Pacific are strengthened after the climate regime
shift of the 1970s, hereby revealing a stronger teleconnection pattern reaching from Indian western Pacific towards
Asia and the northwest Pacific in winter. Previous work by
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Zhang et al. (2015) has shown that during the positive (negative) IOD phase, abundant (reduced) moisture transport to
South East China from tropical regions through India and
Bay of Bengal is observed due to weakened (strengthened)
Walker circulations and abnormal anticyclonic (cyclonic)
circulation over India, leading to a higher (lower) likelihood for extreme precipitation events in SEC with its obvious relevance for human life.
Generally, IOD events have a close relationship with climate anomalies in Asia, but the relationship between IOD
and climate anomalies has changed under the background
of global warming. How does the atmospheric circulations
response to IOD related SST forcing patterns change under
global warming? What is the difference of the atmospheric
response to IOD events between before and after the 1980s?
A better understanding of some of its underlying mechanisms may improve the quality and reliability of seasonal
forecasts and climate projections. Based on these questions
the changes of atmospheric responses to IOD SST forcing
patterns with respect to its strong impacts on SEC winter
precipitation under the background of global warming are
analyzed in our study. The paper is structured as follows:
data and methods are described in Sect. 2; the relationship
between IOD and winter precipitation in SEC are presented
in Sect. 3; the mechanisms modulating the responses of the
associated circulations with SEC China winter precipitation anomalies to IOD are analyzed in Sect. 4; a summary
and discussion follows in Sect. 5.

2 Data and methods
2.1 Observations
Monthly observed precipitation from 1960 to 2010 is provided by the National Meteorology Information Center,
China Meteorological Administration (CMA). 232 stations available from 1960 to 2010 are analyzed for SEC
by considering missing data. Seasonal drought and wetness in winter is based on the 3-month (December, January and February) time scale Standardized Precipitation
Indices (SPI3, McKee et al. 1993; Bordi and Sutera 2001;
Keyantash and Dracup 2002) whose positive (negative) values indicate greater (less) than normal precipitation. Sliding correlations are employed to the relationship changes
between Indian Ocean Dipole (IOD) and winter precipitation in SEC. An IOD index, defining the strength of the
dipole, is defined by the SST differences between the western (10°S–10°N, 50°E–70°E) and the eastern (10°S–0°,
90°E–110°E) regions of Indian Ocean (Saji et al. 1999) in
autumn (SON).
The global SST from 1950 to 2010 is provided by the Hadley Center Global Sea Ice and Sea Surface Temperature data
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set (HadISST, version 1.1). All circulation related meteorological fields are taken from NCEP/NCAR reanalysis data
set. Autumn (September, October and November) and winter
(December, January and February) averages are analyzed. For
the trend- and response analysis the data set is further divided
into two shorter periods: the first (second) short period lasts
from 1950 to 1979 (1980–2009) for autumn and from 1951
to 1980 (1981–2010) for winter. The linear trends of all fields
of each period are removed by linear regression in order to
get an unambiguous covariance pattern that only reflects the
changes of interdecadal and interannual variability in transition from the first to the second period.
Considering the sampling limitations and truncation
issues, maximum covariance analysis (MCA) is chosen
in this study, which provides the most robust estimates
of the largest atmospheric responses (Frankignoul et al.
2011). MCA isolates coupled pairs of spatial patterns and
their associated time series by performing a singular value
decomposition of cross-covariance matrices between two
fields. Statistical significance of each pattern was tested in
terms of squared covariance and the correlation between
the MCA time coefficient series of two fields using the
bootstrap approach with 100 random samples (von Storch
and Zwiers 1999; Czaja and Frankignoul 2002). The Niño
3.4 index, which is defined by the SST averaged over (5°N–
5°S, 170°E–120°W) in winter, represents El Niño events.

3 The relationship between autumn IOD events
and winter precipitation in SEC
Since the end of the last century, Indian Ocean Dipole
(IOD) mode has been considered as another important aperiodic oscillation of sea surface temperature, playing an
important role in climate anomalies of Asia and Australia
(Saji et al. 1999). In this study, the relationship between
autumn IOD events and winter precipitation in SEC was
investigated by sliding correlation analysis (Fig. 1). The
effects of autumn IOD events on winter precipitation in
SEC show big differences between different periods. The
relationship between IOD events and winter precipitation
in SEC has changed around the 1980s. Before 1980s, IOD
events are negatively correlated with winter precipitation in
the Northern of SEC (Fig. 1a, b). After 1980s, IOD events
show significant positive relationship with winter precipitation in the southeastern part of SEC (Fig. 1c, d). The possible causes of this phenomenon are analysed in the subsequent section in order to identify the dynamic and thermal
causes of circulation change. For a quantitative description
of the heat release to the atmospheric column we introduce
the physical quality of the so-called apparent heat source
Q1 and apparent moisture sinks Q2. These are introduced
by Yanai et al. (1973) (see “Appendix”) to quantify the
heating rate, thereby the usable thermodynamic potential
for atmospheric circulations (thermal adaptation).

2.2 Model
In order to further investigate the role of SST anomalies
in driving the abnormal moisture channels during autumn
and winter as well as the role of increased greenhouse gas
CO2 in modulating the atmospheric response to IOD under
global warming in the decades after 1980, the general circulation model ‘PlaSim’ (Fraedrich et al. 2005; Dahms
et al. 2011) is employed to conduct SST forcing experiments with a mixed layer ocean and heat flux correction.
PlaSim is a spectral General Circulation Model (GCM),
whose dynamical core for the atmosphere is adopted from
Portable University Model of the Atmosphere (PUMA).
It is freely available for download at https://www.mi.unihamburg.de/en/arbeitsgruppen/theoretische-meteorologie/
modelle/plasim.html. The model is based on the moist
primitive equations conserving momentum, mass, energy
and moisture. Besides the atmospheric part, other climate
subsystems are included with highly reduced dynamics: a
land surface with biosphere and a 50 m depth mixed layerocean with a thermodynamic sea-ice module. The horizontal resolution used in this study is T42 (~2.8° × 2.8°) with
10 vertical sigma levels. The statistical significance of the
climatological differences between control run and sensitivity run is estimated by the small-sample test (Preisendorfer and Barnett 1983; Zhi 2001).

4 Mechanisms of change: the atmospheric
responses to IOD
4.1 Water vapor flux
To characterize the role of moisture transports affecting the precipitation anomalies, IOD and atmospheric
moisture channels are subjected to MCA analysis. That
is, MCA is applied to the autumn SST over (30°S–30°N,
120°E–60°W) and the subsequent winter vertically integrated water vapor flux over (10°S–30°N, 120°E–140°E).
All fields are reduced by the El Niño contributions (subtracting the original fields regressed to the Niño 3.4 index)
to highlight the atmospheric response to the Indian Ocean
Dipole (IOD). Furthermore, to capture the change of the
observed circulation response to IOD events, we split our
data set into two shorter periods, before and after 1980,
which are separately subjected to MCA analysis.
MCA analysis is employed to investigate the oneseason-lagged atmospheric responses to IOD patterns.
For the first short period the first MCA mode is shown in
Fig. 2a, c. The fuzzy structure of the winter moisture flux
response (Fig. 2c) to anomalous autumn SST forcing indicates that the underlying physical mechanism is far more
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Fig. 1  Geographical distributions of correlation coefficients between
preceding autumn IOD index and subsequent winter SPI3 (3 months
winter totals) in SEC China during a 1961–1980; b 1971–1990; c
1981–2000; d 1991–2010, red solid lines represent statistically signif-

icant at 95 % confidence level. And 20 years sliding correlation coefficients between autumn IOD index and area-averaged following winter precipitation in Southeast China during 1961–2010 (e), dotted line
is the threshold of statistically significant at 95 % confidence level

complex than suggested by a simplified shallow water
model (e.g. Gill 1980; Phlips and Gill 1987; Zhang et al.
2015) explaining the simultaneous (autumn) response case.
Furthermore, it indicates that the atmospheric responses to
IOD events are almost vanishing in winter during the first
period, so that also the covariance map of the corresponding autumn SST (Fig. 2a) degenerates to a noisy pattern,
often being attributed to a mathematical artefact. For the
last 30 years (after 1980) we observe a pronounced change
of the response time scale. This is illustrated in Fig. 2b,
d, which show the first mode of lagged MCA analysis
explaining 55.90 % of the total variance at 95 % statistical confidence level. Figure 2b presents the SST IOD mode
with cooling in the eastern Indian Ocean and warming in
the western Indian Ocean. The corresponding atmospheric

fields show (Fig. 2d) abnormal easterlies near the equator, turning northward towards the Indian continent and
merging into westerly anomalies over North India through
the Bay of Bengal into South China. That is, this abnormal atmospheric circulation conveys abundant moisture
from the Indian Ocean to South China through the Bay
of Bengal. Meanwhile, a quasi-anticyclonic circulation is
observed over the South China Sea, which favors moisture
transport to South China from Maritime Continents and
adjacent seas.
The simultaneous coupling between the vertically integrated water vapor flux and the tropical Indian Ocean SST
in the two short periods were also analyzed, separately,
after 1980, the atmospheric responses to IOD events are
more significant (with 65.5 % explained variance) than
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during the preceding 30 years (with 31.95 % explained
variance). Both periods show significant and similar atmospheric moisture channel responses to the IOD pattern in the
first mode of MCA analysis with an intensified moisture
channel responses are shown after 1980 (not shown).
In summarizing, only the lagged atmospheric responses
to the autumn Indian SST show significantly different
patterns before and after 1980. After 1980, atmospheric
responses to the IOD pattern in winter are characterized by
two distinct and strong moisture channels. One is observed
from tropical Indian Ocean to South China through Bay of
Bengal, the other one is from Maritime Continent to South
China. Before 1980, the lagged atmospheric responses in
the subsequent winter to the IOD, however, are not significant and in particular the tropical Indian moisture channel
is weak in its abnormal easterly flow over equator.
4.2 Thermal and dynamic responses to IOD
How and why have the lagged atmospheric responses to
IOD events changed during last 60 years? Linear regression analysis is applied to illustrate the characteristics of
the thermal and dynamic circulation fields associated with
IOD events in fall. The typical circulation patterns associated with IOD events are extracted by a linear regression between IOD index time series in fall and variables’
fields. And the differences of the response variables’ fields
between second and first periods in fall and winter are

shown in the Fig. 3. Autumn regression differences for
SST (Fig. 3a) between the second (after 1980s) and the
first (before 1980s) periods show negative anomalies in the
eastern tropical Indian Ocean and positive anomalies in the
west tropical Indian Ocean. They indicate that the intensity
of IOD events have increased in the 30 years after 1980s,
which is also in good agreement with the wavelet spectra
in Yamagata et al. (2003) Winter regression differences for
the response variable of SST (Fig. 3b) between the second
and the first periods show, in contrast to fall, only monopole anomalies in the tropical Indian Ocean with maximum
values in the middle and western tropical Indian Ocean.
Although the dipole-like anomalies of SST do not last until
winter, the atmospheric heating anomalies show a dipole
pattern of the regression differences with abnormal SST in
fall similar for fall and winter. These appear in the tropical Indian Ocean as regression differences of the vertically
integrated apparent heat source between the second and the
first period (Fig. 3c, d). The Walker circulation over the
Indian Ocean is weakened (Fig. 3g, h) by a cooling of the
East Indian Ocean and a warming of the West Indian Ocean
(positive phase of IOD), leading to easterly flow anomalies
in the equatorial regions after 1980s in the fall and winter. And the anticyclonic circulation anomalies over India
(Fig. 3e, f) are caused by the cooling of the East Indian
Ocean (Phlips and Gill 1987). The anomalous cooling over
East Indian Ocean excites Rossby waves, which enhances
the anticyclonic circulations on the western margins of the

a

b

c

d

Fig. 2  Covariance maps of the first MCA mode with a, b preceding autumn tropical Indian SST anomalies over (30°S–30°N;
30°E–120°E) and c, d the subsequent winter mean vertical integral of

water vapor flux in a, c 1950–1979 and b, d 1981–2010, respectively.
b, d Statistically significant at 95 % confidence level
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Fig. 3  Difference fields of second (fall: 1980–2009; winter: 1981–
2010) minus first (fall: 1950–1979; winter: 1951–1980) periods in fall
(left panel) and winter (right panel): response variables of a, b sea
surface temperature (K), c, d vertical integral of apparent heat source
〈Q1〉 (W/m2), e, f vertical integral of water vapor flux (kg/m s), g,

13

h meridional-height section of longitude of mean of zonal wind and
vertical velocity (m/s) along (5°S–5°N) derived from regression with
detrended IOD index in fall. Shaded areas are R2 statistics (units: %;
the explained variances) for linear regression with detrended IOD
index in fall at 90 % statistical confidence level
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a

b

Fig. 4  Difference fields between second (1981–2011) minus first
(1950–1980) periods in fall (black solid line) and winter (grey solid
line): a average of response variables Q1 (derived from regression
with detrended IOD index in fall; K/day) over western (10°S–10°N,

50°E–70°E) regions of Indian Ocean; b the same as (a) but for eastern (10°S–0°S, 90°E–110°E) regions of Indian Ocean. All values are
multiplied by 1000

cooling zone due to planetary wave propagation (Phlips
and Gill 1987; Zhang et al. 2015). Therefore, the atmospheric heating anomalies associated with IOD play an
important role for the lagged atmospheric responses to IOD
events after 1980s.
The apparent heat source Q1 (response variable derived
from regression with detrended IOD index in fall) differences of second period minus first period are further
checked level by level (not shown), which show similar
positive IOD patterns from 850 to 200 hPa in fall with
negative anomalies in the eastern tropical Indian Ocean and
positive anomalies in the western tropical Indian Ocean.
In winter, the with a positive IOD pattern associated heating anomalies appear from 850 to 500 hPa. The averaged
mean of vertical heating profiles of Q1 over western and
eastern tropical Indian Ocean are shown in the Fig. 4.
Over the western tropical Indian Ocean, heating anomalies
in the second period are larger than in the first period in
fall with abnormal maximum value at 500 hPa, but in the
winter, these positive anomalies only appear in the middle and low levels (Fig. 4a). In fall of the second period
(compared to the first) heating anomalies (with maxima at
500 and 400 hPa) are reduced (cooler, Fig. 4b black solid
line) over the eastern tropical Indian Ocean while winter anomalies show a smaller reduction in the middle and
low levels (Fig. 4b grey solid line). Note, that the western
and eastern regions show an asymmetric behavior, with the
higher levels are mainly accounting for the reduction of the
column heating in winter in the west by changing its sign
from positive to negative, whereas in the eastern part the

reduced cooling of the middle levels are accounting for the
reduction of the column cooling in winter. Hence, the heating anomalies in the middle and low levels of the troposphere affect the winter atmospheric circulation response to
IOD events in fall after 1980s. This can be attributed to the
strengthened IOD forcing during the second period (after
1980) in conjunction with damped energy dissipation and
an amplifying feedback. Two possible mechanisms, with a
likely relation to global warming, will be discussed in the
following.
4.3 The role of static stability
According to previous studies, an increased tropospheric
stability contributes to the weakened circulation response to
SST anomalies (Knutson and Manabe 1995; Knutson et al.
1997; Zheng et al. 2010; Cai et al. 2013). Dry static stability, associated with IOD events, in the lower troposphere is
estimated by the lapse rate (dT/dp ~ T1000–T850 in K/hPa)
of response air temperature between 1000 and 850 hPa in
fall and winter, respectively. Figure 5 shows the air temperature lapse rate differences between the second and the first
period. Negative anomalies over tropical Indian Ocean indicate that during the second period temperature anomalies
are increasing with height compared to the first period. This
demonstrates that dry static stability increasing in the lower
troposphere in the second period suppresses vertical heat
transport and favors heating anomalies maintained longer.
Based on Lorenz’s energy cycle (1957), describing the conversion of potential energy (by vertical differential heating)
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Fig. 5  Difference fields of second (fall: 1980–2009; winter: 1981–
2010) minus first (fall: 1950–1979; winter: 1951–1980) periods in
fall (contour) and winter (shading): lapse rate (response variables of
air temperature derived from regression with detrended IOD index in
fall; K/hPa) between 1000 and 850 hPa. All values are multiplied by
10,000

to kinetic energy by baroclinic
disturbances,
the energy
 


 = − 1 p0 ωαdp ∼ ∂ p0 ∂θ
dissipation equation  ∂E
∂t
g 0
∂t 0
∂p
(gravitational constant g, specific volume α, vertical velocity ω, potential temperature θ and pressure p) indicates that
a suppressed vertical motion ω due to greater
 ∂E  static stabil∂θ
ity term − ∂p lowers the conversion rate  ∂t  from potential
to kinetic energy, with − ∂θ
∂p representing the static stability.
Under these background conditions, we observe the moisture channel after 1980s to persist longer into the winter
season far beyond the existence of an diabatic SST forcing. Hence, the persistence of atmospheric dipole heating
anomalies in winter plays an important role for the lagged
atmospheric response to IOD events in fall after 1980s. The
increased stability (due to heating anomalies) reduces vertical transports of momentum and moisture fluxes during
the second period, which is favorable for maintaining the
atmospheric response on diabatic heating anomalies.
4.4 The role of cloud radiative forcing
Scale analysis suggests that the decaying time scale of
kinetic energy dissipation is not sufficiently long, typically up to 10 days, to explain a delay of several months.
Hence, a further mechanism of energy conservation must
be involved. A passive ocean mixed layer analysis (Hasselmann 1976; Frankignoul 1985) shows that a cloud radiative feedback can substantially lengthen the persistence
time of summertime SST anomalies. Furthermore, global
warming tends to enhance the formation of mid-level stratiform clouds by increasing the static stability, thereby trapping moisture and heat in the layer below cloud base and
thus increasing the thermal and moisture coupling between
the ocean surface and the cloud layer (Bretherton and
Wyant 1997; Park et al. 2006). Park et al. (2006) estimated
the summer-to-winter enhancement of SST autocorrelation
through cloud radiative feedback by 0.1–0.3. However, for
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the tropics most GCMs suggest a zonally averaged negative
CO2 response of low-mid-level cloud cover (e.g. Manabe
and Stouffer 1993), which is locally superimposed by the
forcing of oceanic warm and cold pools (Miller 1997). A
positive cloud radiative forcing of mid-level clouds would
be able to explain a prolongation of negative as well as
positive SST anomalies by conserving heat source (Q1) and
moisture sink (Q2) in the coupled atmosphere–ocean system. Among others the Atmospheric Radiation Measurement Program (ARM) has found a positive net radiative
forcing of mid-level clouds of about 20 W/m2 (Mace et al.
2006). An analysis on the role of tropical clouds for the
surface and atmospheric energy budgets (Tian and Ramanathan 2002) reveals a positive radiative forcing of about
70 W/m2.
In our paper we want to demonstrate the presence of this
effect by showing the difference fields of second (1981–
2011) minus first (1950–1980) period of the involved
physical parameters; these are SST, the vertical integral of
atmospheric heat source Q1, the vertical integral of water
vapor flux and the mid-level cloud cover. The two periods
are standing for a moderate and an accelerated warming
spell, respectively.
According to the integral energy balance relation
〈Q1〉 = 〈QR〉 + L * P + S (with QR radiative forcing, L * P
latent heat release, P precipitation rate, and S sensible heat
flux), we see that Q1 is directly related to the radiative forcing of the clouds 〈QR〉. Due to the positions of abnormal
atmospheric heating, the association of low and middle level
cloud cover changes with IOD patterns in the last 60 years
is checked (Fig. 6). The patterns of middle level cloud cover
reduction and increase correspond almost perfectly with the
positive IOD pattern in fall (Fig. 6a) and winter (Fig. 6b)
after 1980s, which show negative anomalies over eastern
tropical Indian Ocean corresponding and positive anomalies
over the western tropical Indian Ocean. But these phenomena are not captured from low level cloud cover (not shown),
which are related to the changes of relative humidity in the
last 60 years (see, Fig. 7). Differences of the vertical profile
of relative humidity between second and first period show
positive anomalies above 700 hPa over western regions of
tropical Indian Ocean in fall (Fig. 7a black solid line) and
winter (Fig. 7a grey solid line), which are favorable for the
formation of middle level clouds. And the negative anomalies of relative humidity are captured above 600 hPa over
eastern regions of tropical Indian Ocean in fall (Fig. 7b
black solid line) and winter (Fig. 7b grey solid line), which
suppress the formation of middle level clouds. Abnormal
dipole patterns are observed in the relative humidity differences between the second and first period above 600 hPa
(not shown), which leads to the abnormal dipole pattern of
atmospheric heating below cloud bases through changing
middle level cloud cover after 1980s in fall and winter. The
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a
Fig. 6  Difference fields of second (fall: 1980–2009; winter: 1981–
2010) minus first (fall: 1950–1979; winter: 1951–1980) periods in
fall (a) and winter (b): response variables of middle level cloud cover
(%) derived from regression with detrended IOD index in fall. Shaded

a

b
areas are R2 statistics (units: %; the explained variances) for linear
regression with detrended IOD index in fall at 90 % statistical confidence level

b

Fig. 7  Difference fields between second (1981–2011) minus first
(1950–1980) periods in fall (black solid line) and winter (grey solid
line): a average of response variables relative humidity (derived

from regression with detrended IOD index in fall; %) over western
(10°S–10°N, 50°E–70°E) regions of Indian Ocean; b the same as (a)
but for eastern (10°S–0°S, 90°E–110°E) regions of Indian Ocean

positive radiative forcing of middle level cloud cover anomalies show positive contributions to the winter atmospheric
response to IOD events in fall.

apparent moisture sink. The difference fields of response
〈Q2〉 between the second and first period in fall and winter
show dipole pattern anomalies with positive anomalies over
the western regions of the tropical Indian Ocean and negative anomalies over the eastern regions of tropical Indian
Ocean (Fig. 8), which indicates latent heat release has positive contributions to the atmospheric heating anomalies.
The differences of vertical latent heating profiles between
the second and first periods are further checked, which
show dipole pattern anomalies of Q2 from 850 to 600 hPa
(not shown). It indicates that latent heat release at middle
and low levels of the troposphere contributes positively to
the winter atmospheric response to the IOD events in fall.

4.5 The role of latent heat release
Except for cloud radiative forcing, latent heat release is
also directly related to the apparent heat source. In this section, the apparent moisture sink Q2 is calculated to discuss
the contributions of latent heat release to Q2. The typical
latent heat release fields associated with IOD events in
fall are extracted by a linear regression between the IOD
index time series in fall and the vertical integral of the
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a

b

Fig. 8  Difference fields of second (fall: 1980–2009; winter: 1981–
2010) minus first (fall: 1950–1979; winter: 1951–1980) periods in fall
(a) and winter (b): response variables of vertical integral of apparent
moisture sink 〈Q2〉 (W/m2) derived from regression with detrended

IOD index in fall. Shaded areas are R2 statistics (units: %; the
explained variances) for linear regression with detrended IOD index
in fall at 90 % statistical confidence level

Due to the positive feedback of cloud radiative forcing
at middle level troposphere and the latent heat release from
lower to middle troposphere, the differences of atmospheric
heating between the second and the first periods show
dipole pattern anomalies over tropical Indian Ocean from
lower to middle troposphere in winter. Therefore, although
the IOD pattern of SST vanished in winter, the dipole pattern anomalies of atmospheric heating persist from lower to
middle troposphere, which maintained the abnormal moisture transportation to South China through anticyclonic circulation anomalies over India in winter after the 1980s. The
location of abnormal atmospheric heating extends from
lower to middle troposphere, and the sensible heat flux
affects the near surface layers (not discussed in our study)
because of its shallow heating.
As a final closure the static stability should once more
be discussed by applying an approximation to our integral
energy balance assuming a negligible horizontal advection
N2H
(Ackerman et al. 1988): Q1 ∼ ∂T
∂t + R w (with Brunt–
g
∂θ
Vaisala frequency N 2 = θ ∂z , potential temperature θ, vertical motion w, and gas constant R). That is, heating is balanced by local temperature change and vertical motion, the
latter contributing to the Gill type circulation. With local
temperature changes being about two orders of magnitude
smaller than the vertical advection, this equation provides
a further evidence for the role of static stability (N2) modifying the strength of the vertical motion. The tropic-wide
increase of stability, as shown by a negative lapse rate
change in Fig. 5, may lead to more mid-level stratiform
clouds, and they lead to warming below the mid-level cloud
bases. That is, the Walker circulation over the Indian Ocean
is weakened by a cooling of the East Indian Ocean and a
warming of the West Indian Ocean (positive phase of IOD)
inducing easterly flow anomalies in equatorial regions.
And the anticyclonic circulation anomalies over India

are caused by the cooling of the East Indian Ocean. The
anomalous cooling over East Indian Ocean excites Rossby
waves, which enhance the low level anticyclonic circulations on the western margins of the cooling zone due to
planetary wave propagation (Phlips and Gill 1987; Zhang
et al. 2015). The cooling and the warming are enhanced
and its influence on the atmospheric circulation prolonged
further into the winter season by the positive cloud radiation forcing above the oceanic cold and warm pools, which
can easily been seen from the analogous patterns of the
cloud cover change and (Q1, Q2) fields (Fig. 3c, d, 6 +8).
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4.6 Modeling results
SST and green-house gas forcing experiments with PlaSim
(Fraedrich et al. 2005) GCM are employed to investigate
the roles of tropical Indian Ocean (TIO) SST anomalies
and increasing green-house gas in driving abnormal moisture channels during autumn and winter. A climatological global AMIP (Atmospheric Model Intercomparison
Project) SST with annual cycle is applied as SST forcing
with 360/720 ppm CO2 in the control run (CTL). The last
20 years of a 100 years control run were used in our study.
The sensitivity experiment with added SST anomalies has
run 100 years with the same setup after a spin-up time of
unforced 100 years. The spin-up time has also been used
to calculate the heat flux correction for the subsequent coupled runs. The SST anomalies (Fig. 9a, b) are derived from
the composites of seasonal mean anomalies with respect to
positive IOD events during 1980–2010, multiplied with 5
times the amplitude for better atmospheric responses. Three
sensitivity experiments have been conducted (see Table 1).
The differences between the forced fall/winter abnormal SST forcing (TIO) and control simulation (CTL) are
shown in Fig. 10a, b. In fall, the anticyclonic circulation
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a

b

Fig. 9  Modelled sea surface temperature anomalies (K) in fall and winter

Table 1  Experiment design
Experiment name Experiment design
CTL1/CTL2

Control run with climatological SST
and single/double CO2 (360/720 ppm)

TIO

Anomalous SST forcing in fall and winter with
single CO2 (360 ppm)
Anomalous SST forcing in fall with double CO2
(720 ppm)

TIO_fall_2CO2
TIO_2CO2

Anomalous SST forcing in fall and winter with
double CO2 (720 ppm)

over South India occurs in response to the cooling over
the tropical Indian Ocean, which is established poleward
upstream of the cooling region. In winter, the poleward
branch of the moisture channel, which is associated with
the anticyclonic circulation over east of India, brings moisture from TIO via the Bay of Bengal and the Maritime
Continent into SEC. These abnormal moisture channels
in fall and winter, which are associated with precipitation
in SEC, are forced by the abnormal diabatic SST heating.
Although the dipole pattern of the SST over TIO disappears
in winter, the thermal differences between East and West
TIO still exist in the ocean (Fig. 9b), maintaining an abnormal dipole pattern of the atmospheric heat source Q1 from
fall into winter (Fig. 10a). A fall-only SST forcing experiment was also checked in the study (not shown), revealing
the significant moisture channel anomalies being not captured by the model. It indicates that winter SST anomalies
with thermal differences between East and West TIO play
an import role for modulating the link between IOD events
and winter precipitation in SEC.
Figure 10c, d show the differences of the vertically integrated moisture flux between fall abnormal SST forcing
with doubled CO2 (TIO_fall_2CO2) and the corresponding
control run (CTL2). The dipole atmospheric heating anomalies associated with IOD events in winter still exist over

TIO with stronger cooling over tropical Middle and East
Indian Ocean and weaker warming over West Indian Ocean
(Fig. 11b). This abnormal thermal pattern increases the
persistence of the moisture channel associated with winter
precipitation in SEC from fall into winter under the background of global warming. The green-house gas leads to
the dipole atmospheric heating anomalies associated with
IOD events maintained into subsequent winter, especially
in the cooler atmosphere over Middle and East TIO. Comparing the vertical integral moisture flux anomalies with
those of the double CO2 experiment with fall- and winter
SST forcing (Fig. 10e, f), the effects of green-house gas
doubling on the relationship between IOD events and subsequent winter precipitation in SEC are less than the effects
of winter SST forcing, although not negligible with an estimated contribution of 40 % to the total in terms of moisture
transport.
The joint effects of fall- and winter-SST forcing and
green-house warming (TIO_2CO2) are shown in the
Figs. 10e, f and 11c. The anticyclonic circulation anomalies
over south India, which are associated with the relationship
between IOD events and winter precipitation in SEC, are
most strong among TIO, TIO_fall_2CO2 and TIO_2CO2.
Comparing these with the flow anomalies without greenhouse forcing a weak zonalization emerges in almost the
entire tropical and subtropical belt, indicating a weakened
meridional temperature gradient in a warmer climate. However, the moisture flow appears to be of similar amplitude
over SEC with a zonalized and northward shift of its pathway. In this context we note the contrasting effects of a
strengthening and contracting Hadley cell and the equatorward shift of the tropospheric zonal jets in response to a
positive tropical/subtropical SST forcing (e.g. IOD and El
Nino), and a weakening of the Hadley cell and poleward
shift under a warmed climate. The latter leads to the above
mentioned zonalisation on the poleward side of the Hadley
cell (Lu et al. 2008). The abnormal anticyclonic circulation
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a

b

c

d

e

f

Fig. 10  The differences of the vertical integral of water vapor flux (a, b; kg/m s) between two experiments during fall and winter:
a, b TIO − CTL1; c, d TIO_fall_2CO2 − CTL2; e, f TIO_2CO2–CTL2. The difference fields are significant at 90 % confidence level

a

b

c

d

Fig. 11  Differences of the vertical integral of atmospheric heat
source (W/m2) between two experiments during fall (contour) and
winter (shading): a TIO − CTL1; b TIO_fall_2CO2 − CTL2; c
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TIO_2CO2 − CTL2; d (TIO_2CO2 − CTL2) − (TIO − CTL1).
The difference fields are significant at 90 % confidence level

Atmospheric response to Indian Ocean Dipole forcing: changes of Southeast China winter…

Fig. 12  Difference fields of lapse rate (K/hPa, air temperature
between 1000 and 850 hPa) between TIO_2CO2 signal and TIO signal in fall (contour) and winter (shading). The difference fields are
significant at 90 % confidence level

with its axis between 10°N and 20°N has been extended
easterly with a slightly reduced meridional extension, still
transporting warm and moist air to South China via the
Bay of Bengal. The CO2 induced heating anomaly (〈Q1〉)
dipole, consisting of a cooling in eastern IO and IO warming sharply south of India is very pronounced during the
winter (Fig. 11d), indicating the CO2 influence.
The abnormal atmospheric heating in fall and winter is
maintained by abnormal IOD SST forcing and increasing
green-house gas, which forces the circulation anomalies
over TIO to influence the precipitation in SEC. Meanwhile
the static stability (Fig. 12) increases in the winter over
most of TIO regions, which indicate that the vertical heat
transport is suppressed and the atmospheric heating anomalies persist longer under the background of global warming. The biggest lapse rate (defined here as T1000–T850)
decrease, equivalent to low level static stability increase,
coincides with the biggest surface warming in the Indian
ocean south of South India and Sri Lanka. In summarizing, the GCM simulations support most of the results being
addressed and derived in the observational part of this
work.

5 Summary and discussion
The changes of the relationship between IOD events in
autumn and the subsequent winter precipitation in SEC
during the last 60 years are investigated by using monthly
observed precipitation data and SST through lagged MCA
analysis. The following key features are found:
1. The relationship between the preceding autumn IOD
events and the subsequent winter precipitation in SEC
has changed in the 1980s.
2. After 1980, the atmospheric responses to the autumn
IOD pattern are prolonged into the subsequent winter season generating two significant moisture channels. One extends from tropical Indian Ocean to South
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China through Bay of Bengal, the other one reaches
from the Maritime Continent to South China, which
favors moisture transport to South China and leading to
abundant precipitation there.
3. The increasing static stability, which is associated with
global warming, plays an important role by extending
the atmospheric responses to IOD by suppressing vertical heat and momentum transports, hence delaying the
conversion from potential to kinetic energy. In addition, the intensity of IOD events is stronger after the
1980s, favoring atmospheric responses being stronger
and lasting longer. Under these conditions, the positive
IOD pattern (with cooling in the East Indian Ocean and
warming in the West Indian Ocean) favors the corresponding moisture channels to last for the entire subsequent winter, and thus leading to wet winter seasons
in SE China. The increased IOD activity is, however,
most likely be part of natural, low-frequency atmosphere–ocean interactions (Zheng et al. 2010).
4. Dipole atmospheric heating anomalies, which are associated with IOD events, are generated in fall and persist
into subsequent winter season, and extend from lower
to middle troposphere. This structure is another important impact on the lagged atmospheric responses to
IOD events after the 1980s due to the persistence of the
atmospheric thermal anomalies. The positive radiative
feedback of middle level cloud cover anomalies and
latent heat release shows positive contributions to the
winter atmospheric response to IOD events in fall.
5. Dynamically, this thermal adaptation leads to an abnormal anticyclonic circulation in winter. This anomaly is
maintained over East India occurring in winter above
the cooling anomalies observed in the eastern tropical
Indian Ocean, and is associated with abundant moisture transports from the tropical Indian Ocean through
the Bay of Bengal into South China along the northwestern boundary of the anticyclonic circulations over
east India, thereby favoring abundant precipitation in
SEC.
The sensitivity experiments with a GCM successfully confirm the mechanisms explaining the atmospheric
prolonged responses to IOD events in terms of abnormal
moisture channel formation. The atmospheric heating, represented by apparent heat source 〈Q1〉, persists in excess
of the direct diabatic SST forcing in autumn. However, the
resulting moisture transport directed to SEC in winter is not
significantly increased in the GCM, just the pathway has
slightly been zonalized and shifted northward.
The roughly 60 year data records we have used to draw
our conclusions may just give a first hint to the feedbacks
involved. Further investigations with CMIP5 model scenarios are needed, comparing the last decades of the historical
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run (e.g. 1976–2005) with the stabilization period of a
radiatively forced run (RCP4.5, e.g. 2101–2130). First preliminary results confirm the feedback mechanisms found
for the present day climate. Several authors have found a
widening of the Hadley circulation under global warming, implying a poleward shift of the subtropical jet and
the zone where the thermally driven wind becomes baroclinically unstable (Lu et al. 2007; Seidel et al. 2008; Wu
et al. 2011), with a weakening SE China precipitation or
its poleward shift respectively. Hu et al. (2011) estimated a
global average shift of subtropical winter precipitation into
the extratropics of the northern (by 2.13°) and the southern hemisphere (by −1.53°). Hence, the increase of winter
precipitation in SEC is the result of a regional superimposition of an extended Hadley cell with a strengthened IOD
induced moisture transport. A more detailed quantification
of these two antipodes, with a resulting positive precipitation trend—is subjected to a subsequent study, since SEC
winter precipitation does not follow the global negative
trend for the subtropics. The intensification of IOD events
as well as the decreasing vertical heat and momentum
transports may play important roles for the atmospheric
prolonged and delayed atmospheric responses to IOD
events after 1980. The latter has found to be part of natural,
low-frequency atmosphere–ocean interactions (Zheng et al.
2010) while global warming enters the described feedback
mechanism as an atmospheric background condition in
terms of increased stability and long-term trends of cloud
cover changes. It must be noted here, that the physical
causes for the cloud cover changes are still under debate,
in particular as the geographical patterns involved are not
at all homogenous. Analyses of these local feedbacks are
subject to further research.
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Appendix
Following Yanai et al. (1973), the approximations of atmospheric apparent heat source Q1 and apparent moisture sink
Q2 are,

  
∂θ P K
∂T
+ V · ∇T + ω
Q1 = Cp
∂t
∂P P0
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∂q
∂q
+ V · ∇q + ω
Q2 = −L
∂t
∂P



where T, V, ω, θ, q represent air temperature, horizontal wind, vertical velocity, potential temperature and specific humidity respectively, with the following constants
K = 0.286, Cp = 1004 J/kg K. L is calculated as below,

L = 4.2 ∗ [597.3 − 0.566 ∗ (T − 273.16)]
And the vertical integrals of atmospheric apparent heat
source 〈Q1〉 and apparent moisture sink 〈Q2〉 are calculated
as below,

1 ps
�Q1 � =
Q1 dp
g 100

�Q2 � =

1
g



ps

Q2 dp

300

where Ps represents surface pressure, 100 and 300 are pressure levels in hPa; g is the gravitational constant (9.81 m/
s2).
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