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ABSTRACT

The thermal forcing of the Tibetan Plateau (TP) during boreal spring, which involves surface sensible heating, latent
heating released by convection and radiation flux heat, is critical for the seasonal and subseasonal variation of the East Asian
summer monsoon. Distinct from the situation in March and April when the TP thermal forcing is modulated by the sea
surface temperature anomaly (SSTA) in the North Atlantic, the present study shows that it is altered mainly by the SSTA in
the Indian Ocean Basin Mode (IOBM) in May, according to in-situ observations over the TP and MERRA reanalysis data.
In the positive phase of the IOBM, a local Hadley circulation is enhanced, with its ascending branch over the southwestern
Indian Ocean and a descending one over the southeastern TP, leading to suppressed precipitation and weaker latent heat over
the eastern TP. Meanwhile, stronger westerly flow and surface sensible heating emerges over much of the TP, along with slight
variations in local net radiation flux due to cancellation between its components. The opposite trends occur in the negative
phase of the IOBM. Moreover, the main associated physical processes can be validated by a series of sensitivity experiments
based on an atmospheric general circulation model, FAMIL. Therefore, rather than influenced by the remote SSTAs of the
northern Atlantic in the early spring, the thermal forcing of the TP is altered by the Indian Ocean SSTA in the late spring on
an interannual timescale.
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1. Introduction

Monsoons originate from the thermal contrast between
the land and ocean. The Asian Summer Monsoon (ASM)
is the strongest and one of the most complicated monsoon
systems in the world. The Indian Ocean serves as an im-
portant source of energy and moisture for the ASM and has
consequently received much attention in studies focused on
its interannual variability. Yang et al. (2007) pointed out that
the Indian Ocean Basin Mode (IOBM) functions as the signal
capacitor of El Niño and that it can influence the Northwest
Pacific Anticyclone through a Gill–Matsuno-type response,
strengthening the South Asian High. Although the IOBM can
be affected by many other factors, it has been accepted as the
response pattern of El Niño (Li et al., 2008b; Wu et al., 2009;
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Xie et al., 2009; Huang et al., 2011). More specifically, the
winter phase-locked El Niño–Southern Oscillation (ENSO)
influences the ASM mainly by prolonging the IOBM. Re-
gardless of other factors that might change the interannual
variability of the IOBM, the ASM can be significantly influ-
enced by the IOBM during the spring and summer (Liu and
Duan, 2017).

A key feature of the ASM is its role in nearby large-scale
orography; namely, for the Tibetan Plateau (TP), which is lo-
cated in the eastern subtropical region of Eurasia. The effects
of mechanical and thermal forcing from the TP on the gen-
eral circulation and ASM have been well documented (Yeh,
1950; Flohn, 1957; Li et al., 2001; Wu et al., 2011). In par-
ticular, the air column over the TP changes from an atmo-
spheric heat sink in the winter to a heat source in the spring,
with the dominant contribution involving land surface sen-
sible heating (SH) (Ye and Gao, 1979; Yanai and Li, 1994;
Zhao and Chen, 2001). Huang (1985) pointed out that, under
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ideal conditions, the TP heat source can markedly influence
East Asian circulation. Wan and Wu (2007) suggested that
persistent spring rain over southeastern China results from
mechanical and thermal effects of the TP. As the effect of TP
heating can last from spring to summer, SH in late spring is
closely related to summer precipitation anomalies in eastern
China (Duan et al., 2005).

Despite the fact that numerous studies have been devoted
to the effects of TP thermal forcing (Luo and Yanai, 1983,
1984; Abe et al., 2005; Duan and Wu, 2005; Wu et al., 2007,
2015; Lee et al., 2015), little attention has been paid to factors
that control variability in diabatic heating over the TP. For ex-
ample, the Arctic Oscillation is thought to be the main source
of anomalous southerly winds observed over the southwest-
ern region of the TP in winter (Gong and Wang, 2003). Li
et al. (2005, 2008a) showed that temperature variability in
early spring is connected with the North Atlantic Oscilla-
tion (NAO) event of the preceding winter. Moreover, the
NAO is also considered to be responsible for much of the
precipitation variability over the plateau at the interannual
timescale (Liu and Yin, 2001). Cui et al. (2015) found that
the North Atlantic sea surface temperature anomaly (SSTA)
in early spring (March to April) can change the wind speed
and circulation over the TP through the eastward propagation
of Rossby waves, and thus influence the in-situ SH variabil-
ity. Based on a different method applied to reanalysis data,
Jin et al. (2016) proposed that the TP heat source might be in-
fluenced by the decaying ENSO and wave train triggered by
the Indian Ocean SSTA. Hu and Duan (2015) further investi-
gated the relative contribution of the summertime IOBM and
TP thermal forcing to the interannual variability of the East
Asian Summer Monsoon (EASM) circulation system, and
concluded that both TP thermal forcing and the IOBM help
to enhance the EASM, with the former being more impor-
tant with regards to the main rainfall belt. Given the substan-
tial changes in background circulation through the spring–
summer period across the ASM region, it is worth exploring
the dominant controlling factors shaping circulation and dia-
batic heating over the TP on a month-by-month basis.

This paper is organized as follows: In section 2, the data
and methods of analysis used in the study are briefly intro-
duced. Based on statistical analyses of observations and re-
analysis data, section 3 discusses the potential mechanism
through which the IOBM influences the TP heating. In sec-
tion 4, a corresponding numerical experiment is performed to
illustrate this interpretation. Finally, in section 5, a summary
is presented and potential limitations of the present work and
avenues of future research are discussed.

2. Data and model

2.1. Data

The data used in this study are as follows:
(1) Meteorological observations at 73 stations over the

TP collected by the China Meteorological Administration
(CMA). Variables such as surface air temperature, ground

surface temperature and wind speed at 10 m above the sur-
face are included (Duan and Wu, 2008). Quality-control pro-
cedures have been applied to eliminate erroneous data and to
ensure homogeneity.

(2) Based on high-quality data from 2472 stations over
China, a high-resolution (0.5◦ × 0.5◦) precipitation dataset
provided by the National Meteorological Information Cen-
ter of the CMA (Zhao et al., 2014; Zhao and Zhu, 2015) is
used.

(3) Monthly sea surface temperatures (SSTs) collected by
the Hadley Center (Rayner et al., 2003), with a resolution of
1.0◦ ×1.0◦.

(4) Variables such as temperature, wind, humidity, radia-
tion flux and cloud amount from the Modern-Era Retrospec-
tive Analysis for Research and Applications (MERRA) (Rie-
necker et al., 2011), with a resolution of 1.25◦ ×1.25◦. These
data are employed to support our analysis of circulation,
moisture transportation and radiation. The above datasets
cover the period 1980–2014.

(5) Cloud cover data of the International Satellite Cloud
Climatology Project (ISCCP) and radiation flux from the
Global Energy and Water Cycle Experiment (GEWEX) sur-
face radiation budget satellite radiation datasets. Both
datasets cover 1984 to 2007, with horizontal resolutions of
2.5◦ × 2.5◦ and 1◦ × 1◦, respectively. More information on
these data can be found at http://isccp.giss.nasa.gov/projects/
flux.html and https://eosweb.larc.nasa.gov/project/srb/srb
table.

Following Duan and Wu (2008), the Atmospheric Heat
Source (AHS) is calculated as:

AHS = SH+LH+RC , (1)

in which the Sensible heating (SH) is estimated using the bulk
aerodynamic method:

SH =CpρCDHV0(Ts−Ta) , (2)

where Cp is the specific heat of dry air at constant pressure; ρ
is air density, which decreases exponentially with increasing
elevation; CDH is the drag coefficient for heat; V0 is the mean
wind speed measured at 10 m above the ground; and Ts −Ta
is the difference between surface temperature and air temper-
ature. A drag coefficient of CDH = 4×10−3 is chosen for the
TP, following Li and Yanai (1996) and Wang et al. (2012).

Latent heat release (LH) is estimated from the precipita-
tion rate (Pr) using

LH = PrLwρ , (3)

where Lw = 2.5× 106 J kg−1 is the condensation heat coeffi-
cient.

The net radiation flux of the air column (RC) is obtained
from

RC=R∞−R0 = (S ↓∞−S ↑∞)−(S ↓0−S ↑0)−(F↓0−F↑0)−F∞ , (4)

where R∞ and R0 are the net radiation values measured at the
top of the atmosphere (TOA) and at the surface, respectively.
Variables S and F denote shortwave and longwave radiation
fluxes, respectively, where the superscripts ↓ and ↑ represent
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downward and upward transport of the radiation flux, respec-
tively. More specifically, F0 and F∞ denote the longwave
radiation fluxes at the surface and at the TOA.

As this study focuses on interannual variability, and the
EASM is an unstable nonlinear system, the Complete En-
semble Empirical Mode Decomposition with Adaptive Noise
(CEEMDAN) high-pass filter (Torres et al., 2011) is applied
to the data to eliminate any interdecadal trend. First, CEEM-
DAN is applied to continuous monthly data, as recommended
by Wu et al. (2008), and the period of each Intrinsic Mode
Function (IMF) is determined. IMFs with a period longer
than 108 months are then filtered out, and the interannual
signal of the original data is obtained by adding up all the
remaining IMFs. The ensemble amount in this study is 500,
and the standard deviation of the Gaussian random noise is
0.2, following Torres et al. (2011).

2.2. Model
The atmospheric general circulation model (AGCM) em-

ployed in this study is the Finite-volume Atmospheric Model
of IAP/LASG (Institute of Atmospheric Physics’ State Key
Laboratory of Numerical Modeling for Atmospheric Sci-
ences and Geophysical Fluid Dynamics), abbreviated as
FAMIL (Zhou et al., 2012, 2015; Yu et al., 2014). The reso-
lution of FAMIL in this study is C48 (1.875◦ ×1.875◦; about
200 km), and 32 vertical levels are used, with the top level at
2.16 hPa. The physical parameterizations of this model are
consistent with the description in Hu and Duan (2015).

3. Relationship between TP thermal forcing

and the Indian Ocean SSTA

From a climatological perspective, SH is the dominant
component of the TP heat source during March and April,
being as large as 60 W m−2 (Fig. 1, red curve), compared

to an LH of 10–20 W m−2 (Fig. 1, green curve). However,
accompanied by the advent of the rainy season on the south-
eastern TP, LH reaches 40 W m−2, which is a considerable
amount. Comparing the variance of SH (Fig. 1, red bars) and
LH (Fig. 1, green bars), it is noticeable that the variance of
LH is much greater in May than in March and April. In fact,
the variance of SH is as large as 3.52 times that of LH in
March, but in May it is only 1.38 times that of LH (bar chart
in Fig. 1). It is therefore evident that May is a transitional
month, during which the relative importance of SH decreases
as LH becomes gradually more dominant. This is implied
by both the climatic mean and the variance, as shown in Fig.
1. Based on the above, we may infer that the mechanism of
external factors influencing the TP heat source might change
through March to May.

3.1. The IOBM and TP SH
For the seasonal-mean case, the spring AHS over the TP

depends mainly on SH, so in this section we firstly investi-
gate the relationship between the ocean and SH and attempt
to provide a plausible explanation.

Simultaneous correlation coefficient maps of monthly SH
and SSTAs show that the distribution of highly correlated ar-
eas differs significantly between March–April and May (Figs.
2a–c). In March, the North Atlantic SSTA is closely related
to SH. This phenomenon has been thoroughly discussed in
Cui et al. (2015), in which an eastward propagating Rossby
wave was proposed to be the bridge connecting the zonal
wind speed over the TP with the tripole SSTA pattern over
the North Atlantic. It is worth noting that there is no obvi-
ous signal over the Indian Ocean in March and April. How-
ever, when it comes to May, a high correlation area appears
over the Indian Ocean and presents an IOBM warming pat-
tern. Though the Pacific Ocean presents an ENSO-like cor-
relation pattern in May, as Yang et al. (2007) and Xie et al.
(2016) point out, ENSO impacts the ASM mainly through

Fig. 1. Climatic mean (solid line; units: W m−2) and monthly variance (bars)
of each component of the TP heat source, determined by averaging observation
data for 73 stations. Red denotes SH, green denotes LH, blue denotes RC, and
black gives their sum.
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Fig. 2. (a–c) Simultaneous correlations between the monthly SH and SSTA in March, April and May. (d) Cor-
relations between the SH in May and SSTA in February. Slashed areas indicate statistical significance above
the 95% confidence level.

the capacitor effect of the IOBM. In fact, a numerical experi-
ment performed by Wu and Liu (1992, 1995) illustrated that
the ASM region’s response is much stronger to a 2-K Indian
ocean SSTA than to an East Pacific 4-K SSTA, which illus-
trates the significance of the IOBM.

Due to the large thermal inertia of sea water, the IOBM
maintains strong persistence over intraseasonal timescales
(Liu and Duan, 2017). As the correlation distribution between
the SH in May and SSTA in February closely resembles the
simultaneous correlation pattern between the SH and SSTA
in May, it is clear that the SSTA signal leads the SH for sev-
eral months. In fact, when the SSTA leads the SH over the TP
by between one and six months, the correlation distribution
only varies marginally. Since Klein et al. (1999) proposed the
IOBM as the response mode of ENSO, it is largely a consen-
sus that the IOBM is mostly controlled by ENSO on the in-
terannual timescale. Consequently, the IOBM is considered
to influence the SH over the TP rather than the other way
around. On the other hand, as mentioned above, along with
the abrupt change in the climatological background circula-
tion (figure shown in the supplementary material), the amount
of LH becomes considerable in May. It is surely the case that
abundant precipitation changes the surface temperature and
leads to less solar radiation arriving at the plateau surface,
which will have a substantial impact on the in-situ SH.

The IOBM index adopted in this study is the time series
of the first empirical orthogonal function (EOF) of the In-
dian Ocean SSTA (20◦S–20◦N, 30◦–105◦E) in May (Fig. 3).
The leading EOF mode (Fig. 3a) and the correlations in Fig.
2c share the same basic pattern. Although the leading mode
is referred to as the IOBM, emphasizing its uniformity of

Fig. 3. Leading EOF of the Indian Ocean (20◦S–20◦N, 30◦–
105◦E) SSTA in May (a) and the corresponding principle com-
ponent (b).
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variation, minor gradients still exist over the basin, reflecting
the inhomogeneous change of the SSTA.

The IOBM and SH calculated from the observational data
show positive correlations at most of the stations over the
TP in May (Fig. 4a), especially over the southeastern TP.
To investigate which variable is most heavily impacted by
the IOBM in this SSTA–atmosphere connection, all the vari-
ables in the defining function of SH are analyzed (Fig. 4).
The results show that surface wind speeds are well corre-
lated with the IOBM, and that they show a similar correla-
tion distribution over the TP. In addition, both surface tem-
peratures and air temperatures exhibit significantly positive
correlations over the southeastern TP. Although the land sur-
face temperatures and air temperatures may both possibly

arise during a positive IOBM phase, their differences show
a much weaker relationship with the IOBM. In the following
section, the response of the precipitation over the TP to the
IOBM is investigated to shed light on the temperature-rise
phenomenon.

In May, the correlation coefficient between the average
wind speed over the 73 stations within the TP and the IOBM
index is 0.37 (significant at the 95% confidence level, more
details are shown in Table 1), and the corresponding ex-
plained variance is 13.7%. However, the correlation coeffi-
cient relating to the difference between surface temperatures
and air temperatures is only 0.11, with an explained vari-
ance of 1.2%. Although the surface temperatures and air
temperatures are closely correlated with the IOBM over the

Fig. 4. Correlation between the indices of the IOBM and (a) SH, (b) 10-m wind speed, (c) the difference between sur-
face temperature and air temperature, (d) surface temperature, (e) air temperature, and (f) LH, in May. Circles in (a–e)
indicate stations, and dotted areas in (f) indicate areas passing the 95% confidence level. The outline of the TP is shown
by the 2000-m black contour line. Shading in (a–e) denotes the topographical altitude.
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Table 1. Correlation coefficients and linear regression explained
variance between the IOBM and observed variables over the TP in
May (significance over 95% confidence level is indicated by double
asterisk).

Correlation coefficient Explained variance

V0 0.37∗∗ 13.70%
Ts −Ta 0.11 1.20%
Ts 0.16 2.60%
Ta 0.24 5.8%

southeastern TP region, stations in other regions exhibit
weaker correlations (Figs. 4d and e), and thus the overall cor-
relation is not high enough to pass the 95% confidence level
of the Student’s t-test. Therefore, considering the TP as a
whole, SH is mainly influenced by the IOBM through wind
speed changes. Comparing the climatological zonal winds
over the TP, we find that in March and April a strong west-
erly jet travels across the south side of the TP (Figs. 5a and b),
cutting off the effects of the IOBM and transporting signals
from upstream (e.g., the Atlantic Ocean SSTA) (Cui et al.,
2015). However, in May the TP is dominated by weaker and
north-shifted westerly winds traveling across the subtropics
(Fig. 5c). Coincidentally, the IOBM-correlated zonal winds
exhibit enhanced westerlies in the subtropical latitudes (20◦–
45◦N), especially over and to the south side of the TP. On top
of the background westerlies in May, anomalous winds asso-
ciated with the IOBM (Fig. 5d) explain the overall increases
in wind speed shown in Fig. 4b.

Cui et al. (2015) proposed that, during February–March–
April, SH over the TP is mainly controlled by the SSTA
tripole pattern in the North Atlantic, and their experiment
showed that an eastward-propagating Rossby wave originat-
ing from the tripole SSTA region may change the wind field
over the TP. These trends do not contradict the results pre-
sented here if we compare their relative importance as time
progresses from March to May. Following Cui et al. (2015),
a North Atlantic SST tripole index (NA TRI) is defined. Cor-
relation analysis is applied using the monthly data, and the
results are presented in Table 2. In March, the correlation
between the IOBM and SH over the TP is −0.12, explaining
only 1.4% of the total variance of SH. However, the corre-
lation between NA TRI and SH over the TP is 0.31 (signif-
icant at the 95% confidence level), and explains 9.6% of the
total variance. This result complements those of Cui et al.
(2015). In May, however, the correlation between NA TRI
and SH drops to −0.05, i.e., they are barely related to each
other. Conversely, the IOBM plays a much more important
role than NA TRI in May. The correlation between the IOBM
and SH over the TP is 0.44, exceeding the 99% confidence
level according to the Student’s t-test, which explains 19.3%
of the variance. Spatial variations in the correlation at each
station over the TP (Fig. 4a) provide more detailed informa-
tion about the IOBM’s impact. April shows only a weak con-
nection with NA TRI, which can be regarded as a transitional
month, as can also be concluded from Fig. 2b. The influence
of the ocean on SH over the TP in spring therefore varies
from month to month.

Fig. 5. Climatological zonal wind (units: m s−1) averaged over 90◦–100◦E in (a) March, (b) April and (c) May. (d)
Correlation between the IOBM and the zonal wind averaged over 90◦–100◦E in May.
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Table 2. Correlation coefficients between SH over the TP and
the IOBM/NA TRI, and the corresponding explained variances, in
March–May (significance over the 90% and 95% confidence level is
indicated by a single and double asterisk, respectively).

Explained variance Correlation coefficient

IOBM NA TRI IOBM NA TRI

March 1.40% 9.60% −0.12 0.31∗
April 0.60% 3.90% −0.08 0.2
May 19.30% 0.30% 0.44∗∗ −0.05

3.2. The IOBM and TP LH
The preceding section describes the positive correlation

between the IOBM and SH over the TP, and it is noted that
the IOBM might reduce the precipitation over the TP in May.
In this section, the potential mechanisms involved are inves-
tigated further.

Firstly, surrounding circulation related to the IOBM ex-
hibits an anomalous current of ascending air over the south-
western Indian Ocean at the 850 hPa, 500 hPa and even 200
hPa level (Figs. 6a–c). Conversely, a descending branch is
observed over the southeastern TP. The IOBM-induced cir-
culation reduces the ascending current over the southeastern
TP, and water flux divergence is enhanced over the TP (Fig.
6d); a reduction in LH over the TP is therefore justifiable.
Moreover, the anomalous circulation generated by the IOBM
seems to oppose the background monsoon circulation. At the
850-hPa level, an anomalous easterly flow travels across the
North Indian Ocean, conflicting with the climatological back-
ground southwesterly winds in May. At the 200-hPa level,
a cyclone develops over the northwestern part of the Indian
Peninsula, diluting the South Asian High in the upper tropo-
sphere.

Generally, the IOBM-induced circulation can be summa-
rized as an anomalous Hadley cell circulation through which
rising air from the southwestern Indian Ocean moves pole-
ward in the upper troposphere, descending over the southern
TP and returning near the surface. Due to the Coriolis ef-
fect, the northward flow in the upper troposphere is deflected
to the east and the returning flow in the lower troposphere
is oriented westward (Fig. 6). Based on the climatological
zonal and meridional wind speeds at 200 hPa and 850 hPa,
the wind direction over the South Asian Monsoon (SAM) re-
gion, as defined by Wang and Ho (2002), is calculated. It
is found that the angle of the Hadley cell is roughly 43◦–
59◦ from the north. To develop an intuitive understanding of
this anomalous circulation, an area with a 45◦ slant from the
north is selected (green box in Fig. 6b), and the vertical wind
profile is regressed on the IOBM index (Fig. 6e). From this,
it is possible to identify an eastward-tilted meridional circu-
lation with ascending air between 5◦S and 10◦S, northward
flow at 200 hPa, and descending air between 20◦N and 30◦N.
Feng et al. (2013) investigated the Indo-Pacific Warm Pool
and found that in spring it can affect the Hadley cell, mainly
in a zonally averaged asymmetric mode. Characteristics of
this asymmetric mode include air ascending at roughly 10◦S

and air descending between 5◦N and 15◦N, echoing the re-
sults presented here. Wu and Yeh (2010) also discussed this
asymmetric structure and proposed that it can be attributed to
the evolution of differential heating over the Indian Ocean.

In relation to the onset of the ASM, the results presented
here are consistent with other relevant studies. For example,
Joseph et al. (1994), Zhang and Sumi (2002), Mao and Wu
(2007) and Liu et al. (2015) showed that the onset of the Bay
of Bengal Summer Monsoon (BOBSM) is closely related to
the former ENSO and to the Indian Ocean SSTA. In an IOBM
positive phase, a warmer SSTA suppresses the land–sea tem-
perature contrast between Eurasia and the Indian Ocean, thus
delaying the onset of the BOBSM. The climatological-mean
onset date for the BOBSM is 2 May, according to Mao and
Wu (2007); before that, the Indian Ocean is dominated by
northeasterly winds, and these winds are then largely re-
placed by southwesterly winds. The IOBM-induced anoma-
lous easterly over the North Indian Ocean can be interpreted
as a delayed BOBSM (Chen and You, 2017). However, it can
also result from the meridional gradient of the SSTA in the
western Indian Ocean, according to inertial instability theory
(Wu and Liu, 2014).

3.3. The IOBM and TP radiation
The results presented in the preceding section suggest that

the IOBM is associated with anomalous meridional circula-
tion overlaying the Hadley cell, in which descending air is
found to the south of the TP and influences the local surface
heat fluxes and precipitation. In this section, we focus on cor-
responding impacts on the radiation flux budget over the TP,
as the circulation changes will inevitably lead to changes in
cloud and radiation flux.

The RC is regressed on the IOBM index and it reveals a
slight warming effect over the southern and western part of
the TP (Fig. 7a). Further analysis of its components shows
that the IOBM-induced circulation increases solar radiation
both at the land surface and TOA. This may be associated
with a reduction in cloud amount, as discussed later. The
presence of fewer clouds causes less solar radiation to be re-
flected into space and more shortwave radiation to be trapped
within the Earth system, while the transmission coefficient
becomes greater than normal in the air column. This leads
to more solar energy arriving at the land surface (Fig. 7c),
and thus an increase in the surface temperature (Fig. 4d). Ac-
cording to Stefan–Boltzmann’s law (black-body radiant emit-
tance is directly proportional to the fourth power of the black
body’s thermodynamic temperature), the longwave radiation
emitted by the land surface is increased (Fig. 7b); and because
of the higher transmission coefficient in the atmosphere with
fewer clouds, it can penetrate the atmospheric column more
easily. So, the outgoing longwave radiation at the TOA in-
creases over the eastern part of the TP (Fig. 7e). Therefore, a
negative feedback mechanism appears in this process: greater
incoming shortwave radiation heats the land surface and the
warmer land surface emits more longwave radiation, which
then penetrates through a clear sky and exits at the TOA.
The net effect of the shortwave and longwave radiation flux is
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Fig. 6. The (a) 200-hPa, (b) 500-hPa and (c) 850-hPa wind (vectors) and vertical velocity (shading) regressed
on the IOBM (units: m s−1). (d) Whole-level accumulated water vapor flux (units: 2× 10−5 kg m−1 s−1) and
its divergence (units: 2×10−5 kg m−2 s−1) regressed on the IOBM. Red vectors and dotted areas indicate sig-
nificant at the 95% confidence level. (e) Regression of meridional circulation (units: m s−1; vertical speed is
scaled by 150 to facilitate visualization) averaged over the green box shown in (b) on the IOBM. Grey shaded
area indicates the terrain. All these regression maps reflect simultaneous relationships observed in May. The
outline of the TP is shown by the 2000-m black contour line.
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Fig. 7. The (a) net radiation, (b) upward longwave radiation flux at the surface, (c) upward shortwave radiation
flux at the surface, (d) downward shortwave radiation flux at the TOA, and (e) downward longwave radiation
flux at the TOA (units: W m−2), regressed on the IOBM. Dotted areas are significant at the 95% confidence
level. All these regression maps reflect simultaneous relationships observed in May. The outline of the TP is
shown by the 2000-m green contour line.

some kind of “small difference between two large terms”, and
thus only results in a slight warming effect over the southern
and western TP (Fig. 7a). An equivalent statistical analysis of
the satellite-derived GEWEX dataset rather than the MERRA
reanalysis radiation dataset also supports these results. How-
ever, the satellite data period is limited (only from 1984 to
2007); such results may thus only serve as reference material
and are therefore not listed here.

In a similar manner we discuss the relationship between
the IOBM and cloud amount based on a linear regression
analysis. Because of the descending branch of the anomalous
meridional circulation, the cloud amount is correspondingly
reduced over the southeastern TP (Fig. 8a), especially the
mid-level cloud (Fig. 8b). Mid-level cloud can reflect large
quantities of solar radiation and thus reduce the level of solar
radiation arriving at the land surface. We can therefore see
that shortwave radiation is enhanced both at the land surface
and the TOA over the southeastern TP (Figs. 7c and d). Addi-
tionally, high-level cloud only shows a slight reduction over
the southeastern TP, but increases considerably over the west-
ern TP (Fig. 8c). Given the relative weakness of descending
motion at 200–400 hPa compared to that observed at 400–
700 hPa (Fig. 6e), the generation of cloud is less affected at
high levels. It should be noted that, due to the high altitude of

the TP, its average surface pressure can reach 600 hPa, and
thus the MERRA-produced mid-level cloud amount (400–
700 hPa) can be regarded as low-level cloud in this study.
The cloud amount data from the ISCCP are also used to test
the reliability of our findings, and it is found that they yield a
similar result (corresponding figures not shown here).

3.4. The IOBM and TP AHS
In this section, we summarize the overall impact of the

IOBM on the total diabatic heating over the TP, which might
be more valuable for future studies considering the TP heat-
ing as a source of external forcing to the atmosphere.

Earlier, in Fig. 1, we showed the variability in SH, LH and
RC. From this, it is simple to conclude that the SH and LH
are equivalently important in May on the interannual scale,
as they share the same magnitude, both in their climatolog-
ical mean and variability. In addition, Fig. 4 suggests that
the correlation between the IOBM and SH is mainly positive,
but is dominantly negative when it comes to the LH. In fact,
the above analysis indicates that the descending motion over
the southeastern TP will suppress precipitation and the cloud
amount, and further reduce the amount of solar radiation
arriving at the surface. It is therefore conceivable that the
IOBM-related change in SH and LH cancel one another out.
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Fig. 8. The (a) total cloud amount, (b) mid-level cloud amount,
and (c) high-level cloud amount (units: 0–10 tenths of sky
cover), regressed on the IOBM. Statistical significance at the
95% confidence level is indicated by the dotted area. All these
regression maps reflect simultaneous relationships observed in
May. The outline of the TP is shown by the 2000-m green con-
tour line.

The correlation between the AHS and IOBM is illustrated in
Fig. 9. Although several stations in the southeastern TP show
significantly negative correlations, most of the remaining sta-
tions exhibit positive correlations—especially over the north-
eastern TP. Considering SH and LH will cancel each other out
and both have significant correlation with the IOBM (Figs.
4a and f), it is reasonable that the distribution of the correla-
tion between the AHS and IOBM (Fig. 9) is a little weaker.
The net effect shows a dipole pattern with positive correla-
tion over the northeastern TP and negative correlation over
the southeastern part.

In summary, the net response of the AHS over the TP to
the IOBM is not as significant as its components, with most
stations in the northeastern TP exhibiting a positive correla-
tion and only a few stations in the southeastern TP showing
positive correlation. In IOBM positive phases, the AHS is
more likely to be stronger on an interannual scale, and vice
versa.

Fig. 9. As in Fig 4. but for the AHS.

4. Simulation of the impacts of the IOBM on

the TP AHS

4.1. Experimental design

We use FAMIL as our AGCM because of its state-of-the-
art simulation capability over the ASM region (Zhou et al.,
2012, 2015; Yu et al., 2014). The basic framework of our
experiment is as follows: For the control run, the atmosphere
is forced by the climatological SST and is integrated for 20
years as 20 ensembles. The sensitivity experiment is forced
by the IOBM superimposed on the climatological SSTA—
also integrated for 20 years. The IOBM SSTA is chosen as
the first EOF of the tropical Indian Ocean (30◦S–30◦N, 30◦–
105◦E) in each month from March to August. Further details
regarding the design of this experiment, as well as an evalua-
tion of its validity, can be found in Liu and Duan (2017).

4.2. Simulation results
The difference fields for wind and vertical velocity be-

tween the sensitivity run and the control run are shown in
Fig. 10. In general, at the 200-hPa level, the atmosphere ex-
hibits a Gill-pattern response (Fig. 10a), with an anticyclonic
anomaly over the Arabian Peninsula. It is worth noting that
there is an anomalous cyclonic circulation over the TP, with
its center located at (30◦N, 85◦E), reflecting the negative
anomaly of the South Asian High, just as illustrated in Fig.
6a. Although the cyclonic anomaly failed to pass the Stu-
dent’s t-test at the 90% confidence level, it is a clear pattern
produced by 20 ensembles and agrees with our regression
analysis, and so we presume it is not a coincidence. In line
with the statistical analysis based on observations, the south-
ern tropical Indian Ocean is dominated by ascending motion,
even at the 200-hPa level. However, lacking atmosphere–
ocean interaction, the model is unable to reproduce a simi-
lar pattern over the Arabian Sea compared to the above re-
gression analysis. Despite this disagreement, the anoma-
lous westerly over the eastern Indian Ocean and descend-
ing motion over the Bay of Bengal and Maritime Continent
correspond well with the observational results. At 500 hPa,
the anomalous Hadley cell is clearly prominent. The ascend-
ing branch is situated over the southwestern tropical Indian
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Fig. 10. Difference fields between the sensitivity experiment and control experiment: (a) 200-hPa, (b) 500-hPa,
and (c) 850-hPa wind (vectors; units: m s−1) and vertical velocity (shading; units: m s−1). (d) Accumulated
water vapor flux (vectors; units: kg m−1 s−1) and its divergence (shading; units: kg m−2 s−1). Green vectors
and dotted areas indicate statistical significance at the 90% confidence level. The outline of the TP is shown by
the 2000-m black contour line.

Ocean, which lies in the maximum area of the IOBM (Fig.
3a). On the other hand, the descending branch appears over
the northern Arabian Sea, Bay of Bengal, and southeastern
TP (Fig. 10b). The southeastern TP descending area, which is
characterized by less precipitation, higher SH, and a smaller
cloud amount, has already been sufficiently discussed in sec-
tion 3. The difference field at 850 hPa (Fig. 10c) is basically
similar to that at 500 hPa (Fig. 10b). However, in the lower
level, the difference field is less similar to that shown in the
regression map in Fig. 6c, probably due to the model bias
and loss of air–sea interaction in the model near the surface.
In agreement with the anomalous cyclonic circulation over
the Arabian Sea and weak Somali Jet shown in Fig. 6c, there
is a cyclonic anomaly over the Arabian Sea that cancels out
the cross-equatorial flow over the western Indian Ocean. The
difference in the accumulated water vapor flux shows that the
water vapor transport to the Northern Hemisphere is also sup-
pressed over the western Indian Ocean because of the weaker
southerly at lower levels. Besides, the negative vertical ve-
locity anomaly over the southeastern TP also results in an
increase of accumulated water vapor flux divergence.

Our experiment also successfully reproduces the SH
anomaly, which reflects the difference in surface and air tem-
perature (Figs. 11a and b). Meanwhile, surface wind speed
exhibits a dipole-mode anomaly (Fig. 11c), in which the sur-

face wind decelerates over the northern part of the TP but ac-
celerates over the southern part. As the descending flow over
the southeastern TP can be successfully simulated, our model
results also show that precipitation is suppressed (Fig. 11f) in
this region, and that surface temperature increases (Fig. 11d).
This is highly coherent with the data analysis results.

In general, the numerical experiments suggest that the
IOBM can influence the circulation and precipitation over
and around the TP. As the vertical motion is suppressed over
the southeastern TP, precipitation is also reduced, and thus
the change in the SH can be further attributed to the differ-
ence between the surface temperature and air temperature.
Although our statistical analysis indicates the SH anomaly
mainly derives from the surface wind speed increment, in the
bulk formula for estimating SH the multiplication of surface
wind speed by the temperature difference implies a strong
nonlinear effect, which is far beyond the capacity of our linear
statistical method. On the other hand, although the increase
in surface wind speed in the model is not significant enough
to illustrate our interpretation based on observation, we must
be clear that, despite the atmospheric model being able to
simulate the ASM reasonably well, the capability of the land
model still needs to be further improved. It is well-known that
the near-surface processes associated with boundary layer pa-
rameterization over the TP are so complicated that AGCMs
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Fig. 11. Difference fields between the sensitivity experiment and control experiment: (a) SH (units: W m−2);
(b) surface wind (units: m s−1); (c) difference between surface temperature and air temperature (units: K); (d)
surface temperature (K); (e) air temperature at 2 m (units: K); (f) precipitation (units: mm d−1). Dotted areas
indicate statistical significance at the 90% confidence level. The outline of the TP is shown by the 2000-m black
contour line.

inevitably produce some errors (Wang et al., 2014; Wu et al.,
2017). This may be the reason why the observational data
analysis and sensitivity experiment do not generate exactly
the same result.

5. Summary and discussion

Based on historical records collected from 73 meteoro-
logical stations over the TP, MERRA reanalysis data, and
SST from the Hadley Center during 1980–2014, we investi-
gate the impacts of the late-spring IOBM on the AHS, which
includes SH, LH and RC. In addition, numerical experiments
are performed using the FAMIL AGCM to examine the pos-
sible underlying mechanisms. The main findings can be sum-
marized as follows:

(1) In comparing the correlation between the SH over the
TP and the global SSTA from March to May, we find that—
unlike in the early spring (March to April), when the climatic
anomaly over the TP is controlled mainly by the North At-
lantic SSTA—in May, the IOBM plays a more direct role in

alternating the interannual variability of circulation and dia-
batic heating over the TP. This might be related to the com-
ponents of the AHS. Although the AHS is dominated by SH
in March and April, SH and LH become equally important in
May.

(2) In late spring, an El Niño event is always followed by
a positive IOBM, which reduces the temperature contrast be-
tween land and ocean during the monsoon transition. On the
one hand, this decrease in land–ocean thermal contrast sup-
presses the strength of the BOBSM and alters the surrounding
circulation; on the other hand, the IOBM does not vary uni-
formly in the Indian Ocean Basin. In fact, there is a slight
SSTA gradient over the tropical Indian Ocean, which might
result in an anomalous Hadley cell. Both observation and
model results suggest that the IOBM might induce ascending
motion over the southwestern Indian Ocean, exactly over the
maximum center of the IOBM, and descending motion over
the southeastern TP, which will have a substantial influence
on in-situ thermal conditions.

(3) Because of the IOBM-induced descending motion
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over the southern TP, the cloud amount and precipitation are
significantly reduced. Meanwhile, as the cloud amount is
closely related with the local radiation flux balance, its reduc-
tion causes more shortwave radiation to arrive at the surface,
which in turn substantially heats the ground and influences
the process of SH. Although a larger shortwave flux will raise
the surface temperature, higher temperatures will result in the
emission of a larger longwave flux to balance the total radi-
ation budget. Therefore, the influence of IOBM-induced cir-
culation on the radiation flux is relatively negligible. In sum-
mary, the influence of the IOBM on the AHS is dominated
by both SH and LH, and the net effect shows a dipole pat-
tern. However, as the northern part exhibits stronger positive
correlation, in positive IOBM phases, the AHS over the TP is
more likely to be stronger in May.

Although both the observational and model results re-
ported in this study support our interpretation that IOBM-
induced circulation is related with a larger SH over the TP,
we must be cautious that some of the specific processes in-
volved still remain unclear. For example, the statistical anal-
ysis based on observational data shows that the IOBM might
increase the surface wind speed over the TP, thus enhancing
the SH in-situ. However, the model results suggest that the
change in the temperature difference between the surface and
the air is more likely to be responsible for the reinforcement
of the SH. Given the nonlinear relationship between wind,
temperature and the SH, the linear statistical method is not
entirely convincing. On the other hand, models currently still
show considerable bias in simulating land surface processes,
especially in high-altitude areas. It must also be noted that,
in our experiments, atmosphere–ocean interaction is largely
neglected, so the precipitation bias is inevitably enhanced
in some SAM areas, which might undermine the reliability
of our results. In the future, a well-developed land surface
model integrated into a reasonable atmosphere–ocean cou-
pled model is needed to solve these problems. Finally, in
being limited by the duration of observations over the TP,
this study focuses only on the interannual variability. Given
the SAM features decadal changes, whether our interpreta-
tion remains valid on such a temporal scale warrants further
investigation.
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