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ABSTRACT

In this paper, the NCEP–NCAR daily reanalysis data are used to investigate the characteristics of the atmospheric
heat source/sink (AHSS) over South Asia (SA) and southern Indian Ocean (SIO). The thermal differences between
these two regions and their influence on the outbreak of the Indian summer monsoon (ISM) are explored. Composite
analysis and correlation analysis are applied. The results indicate that the intraseasonal variability of AHSS is signi-
ficant in SA but insignificant in the SIO. Large inland areas in the Northern Hemisphere still behave as a heat sink in
March, similar to the situation in winter. Significant differences are found in the distribution of AHSS between the
ocean and land, with distinct land–ocean thermal contrast in April, and the pattern presents in the transitional period
right before the ISM onset. In May, strong heat centers appear over the areas from the Indochina Peninsula to the Bay
of Bengal and south of the Tibetan Plateau (TP), which is a typical pattern of AHSS distribution during the monsoon
season. The timing of SA–SIO thermal difference turning positive is about 15 pentads in advance of the onset of the
ISM.  Then,  after  the  thermal  differences  have  turned  positive,  a  pre-monsoon  meridional  circulation  cell  develops
due to the near-surface heat center and the negative thermal contrast center, after which the meridional circulation of
the ISM gradually establishes. In years of early (late) conversion of the SA–SIO thermal difference turning from neg-
ative to positive, the AHSS at all levels over the TP and SIO converts later (earlier) than normal and the establish-
ment of the ascending and descending branches of the ISM’s meridional circulation is later (earlier) too. Meanwhile,
the establishment of the South Asian high over the TP is later (earlier) than normal and the conversion of the Mas-
carene high from winter to summer mode occurs anomalously late (early). As a result, the onset of the ISM is later
(earlier)  than  normal.  However,  the  difference  in  vorticity  between  early  and  late  conversion  only  shows  in  the
changes of strong vorticity centers’ location in the upper and lower troposphere.
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1.    Introduction

Ye and Gao (1979) were the first to quantify the atmo-
spheric  heat  source/sink  (AHSS)  over  the  Tibetan  Plat-
eau and the associated summertime heat effect of the re-

gion.  Since  then,  the  heat  effect  of  the  Tibetan  Plateau
has become an important focus for meteorologists world-
wide. Chen and Li (1981, 1982) and Li and Chen (1983)
calculated  summertime  AHSS  over  Asia.  They  found
that  the strongest  heat  center  is  located over an area ex-
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tending  from  the  Bay  of  Bengal  (BOB)  to  the  north  of
Myanmar,  and  the  heat  center  in  northeastern  Tibetan
Plateau  is  a  northern  component  of  the  strongest  heat
center. Luo and Yanai (1984) also calculated AHSS and
further confirmed the above conclusion, based on obser-
vations  over  the  Tibetan  Plateau  in  1979  obtained  from
the Qinghai–Xizang Plateau Meteorological Science Ex-
periment. Jiang and Luo (1993) found that the active in-
traseasonal AHSS variability in Asia occurs over the area
from northern  BOB to  the  south  of  the  Tibetan  Plateau,
corresponding  well  with  the  precipitation  center.  South
Asia  (SA)  is  located  in  the  tropics,  where  surface  sens-
ible heat flux is large in spring and autumn. In summer,
the Indian summer monsoon (ISM) brings abundant pre-
cipitation over this region and produces the strongest at-
mospheric heating in Asia for whole year due to the huge
amounts of latent heat released during condensation–pre-
cipitation. In all of the studies mentioned above, meteor-
ologists  investigated  the  thermal  effects  of  the  Tibetan
Plateau  and  South  Asia  separately,  and  mainly  focused
on  the  thermal  effects  of  the  Tibetan  Plateau.  However,
on  the  planetary  scale,  the  Tibetan  Plateau  and  South
Asia are two components of the same strong Asian heat-
ing center in summer, and therefore their thermal effects
should be studied as an integrated system.

The ISM is a typical tropical monsoon system, which
includes  two  distinct  seasonal  circulation  patterns:  out-
flow  from  the  cold  anticyclone  over  the  continent  in
winter;  and  inflow  to  the  warm  cyclonic  low-pressure
center  over  the  continent  in  summer  (Ramage,  1971).
The  outbreak  of  the  Asian  summer  monsoon  occurs  in
the  BOB  first,  then  gradually  moving  northward  and
demonstrating a periodic feature (Pan and Li, 2006). The
monsoon  region  experiences  distinct  dry  and  wet  sea-
sons  following  the  beginning  and  end  of  the  ISM.  The
correlation between the intensity of the ISM and precipit-
ation over the monsoon region is  high,  with coefficients
of greater than 0.99 (Yim et al., 2014).

The  ocean–land  thermal  contrast  is  an  important
mechanism  for  the  generation  of  monsoon.  Essentially,
the global monsoon system is the result of the atmospheric
response  to  the  intraseasonal  variability  of  solar  radi-
ation  over  the  land  and  ocean.  Many  previous  studies
(e.g., Luo and Zhang, 1991; He et al., 2007) have shown
that  the  thermal  forcing  of  the  Tibetan  Plateau  and  the
zonal ocean–land thermal differences over East Asia and
the Pacific region have considerable impacts on the East
Asian monsoon system. Wu et al. (2011) investigated the
features  of  surface  sensible  heat  flux  and  wind  fields  in
South  Asia.  They  found  that  the  zonal  ocean–land
thermal  difference  between  the  South  Asian  subcontin-

ent  and  the  ocean  over  the  Arabian  Sea  and  BOB  is  a
critical factor for the formation of cyclones over the BOB
in the pre-monsoon season. Wang and Wu (2008) found
that differences in surface latent and sensible heat fluxes
between  the  ocean  and  land  are  significant  in  the  low-
latitude  region  of  South  Asia—a pattern  that  greatly  af-
fects  the  low-level  monsoonal  circulation  in  the  tropics.
The  above  studies  have  revealed  effects  of  the  zonal
ocean–land  thermal  differences  over  South  Asia  on  the
BOB  monsoon.  However,  studies  on  the  impacts  of
planetary-scale meridional thermal difference on the out-
break  of  the  ISM  are  lacking.  In  this  study,  South  Asia
and the main body of Tibetan Plateau (TP) are treated as
one region. The effects of the meridional thermal differ-
ence between this region and the Indian Ocean region in
the Southern Hemisphere on the outbreak of the ISM are
investigated.

2.    Data and methodology

Daily horizontal winds, temperature, vertical velocity,
and  surface  pressure,  extracted  from  the  NCEP–NCAR
reanalysis database,  with a resolution of 2.5° × 2.5°,  for
1948–2013,  are  exploited to  calculate  the  AHSS,  by us-
ing the method proposed by Yanai et al. (1992).

The  Webster–Yang  index  (WYI;  Webster  and  Yang,
1992)  is  used  to  define  the  outbreak  time  of  the  ISM.
Wang and Fan (1998) pointed out that this index not only
covers  the  area  of  the  ISM,  but  also  affects  the  South
China  Sea  and  the  Southeast  Asia  region.  Meteorolo-
gists’  understanding  of  the  monsoons  is  not  yet  unified
and,  on  this  basis,  how  we  delineate  monsoon  regions
also  differs.  For  this  reason,  we  modify  the  ISM region
during  calculation  of  the  WYI.  Following  Yim  et  al.
(2014),  a  region  is  identified  to  be  a  monsoon  region  if
the summertime precipitation in this region accounts for
more than 55% of  the annual  total  precipitation.  A rect-
angular  area  over  10°–30°N,  70°–105°E  is  selected  to
represent the ISM region. The monsoon index (M) is ex-
pressed as

M = U850¡ U200;

where U850 and U200 represent the zonal wind at 850 and
200 hPa, respectively.

Since  the  ISM is  a  cross-equator  system,  we take  the
TP  and  the  subcontinent  of  SA  as  one  source  region  of
atmospheric heat in SA. Definition of the study regions is
shown  in  Fig.  1a.  Area  A  covers  the  TP  (27.5°–40°N,
80°–100°E),  and  areas  B1+B2  cover  the  SA.  Note  that
area A (TP) is a subregion of B1, that is, the SA defined
herein includes the TP; and the subcontinent of SA refers
to B1+B2–A, namely, the SA exclusive of the TP.
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After the outbreak of the ISM, the ascending and des-
cending branches, which are the components of the meri-
dional  circulation  of  the  ISM  system,  maintain  in  re-
sponse to the strong heat center over SA in the Northern
Hemisphere and the cold center over the region from the
Mascarene  Islands  to  Australia  in  the  Southern  Hemi-
sphere  (Pan  and  Li,  2006).  Based  on  distributions  of
multi-year  average  vertical  velocities  and  AHSS,  both
after vertical integration during the monsoon season (Fig.
1b),  and considering the fact  that  the center of the Mas-
carene high is located around 30°S, 45°E in summer (Cui
and  Yang,  2005),  we  select  the  area  over  20°–32.5°S,
40°–85°E,  that  is,  area  C  in  Fig.  1a,  in  the  southern  In-
dian  Ocean  (SIO),  for  detailed  study.  A  thermal-differ-
ence  index  is  proposed  to  quantify  the  meridional
thermal difference between SA (or TP) and SIO. The in-
dex is expressed as

¢hQ1i = hQ1iarea ¡ hQ1iSIO ;

where〈Q1〉area is the domain-averaged and vertically in-
tegrated AHSS. The subscript “area” can be replaced by
SA or TP.

3.    Characteristics of AHSS in SA and SIO

3.1    Spatiotemporal variability

The vertically integrated AHSS presents significant in-

traseasonal variability over SA, whereas the variability is
relatively  small  over  the  SIO (Fig.  2).  Over  the  TP,  the
maximum  AHSS  (~140  W  m–2)  occurs  in  the  34th
pentad, and the minimum value (–100 W m–2) occurs in
the 67th. The heat sink turns to a heat source around the
15th pentad, and the reversal from heat source to sink oc-
curs  around  the  53rd  pentad.  In  SA,  the  maximum  heat
source  of  around  640  W  m–2  appears  around  the  41st
pentad, which lags behind the occurrence of the maximum
heat  source in the TP by 7 pentads.  This  is  attributed to
the  release  of  huge  amounts  of  latent  heat  accompanied
by  the  ISM  and  precipitation  over  the  subcontinent  of
SA.  The  release  of  latent  heat  associated  with  monsoon

 
Fig.  1.    The  (a)  research  area  and  (b)  distribution  of  summertime  mean  vertical  velocity  (contours;  Pa  s–1)  and  integrated  atmospheric  heat
source/sink (shaded; W m–2) for the period 1948–2013. Region A denotes the Tibetan Plateau (TP); B1+B2 denotes South Asia (SA); and C de-
notes the southern Indian Ocean (SIO). Region A (TP) is a subregion of B1. The subcontinental SA covers B1+B2–A.

 
Fig. 2.    Pentad time series of multi-year average atmospheric heat
source (Q1; W m–2) for the period 1948–2013. The lines with square,
circular, and triangular data points represent the main body of Tibetan
Plateau (TP), South Asia (SA), and southern Indian Ocean (SIO), re-
spectively.
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precipitation  is  the  major  contributor  to  the  atmospheric
heat source in summer over SA. The strongest heat sink
occurs in the 1st pentad, with the maximum value reach-
ing –230 W m–2.  The heat sink turns to a heat source in
SA at approximately the same time as in the TP, and the
reversal from heat source to sink occurs around the 62nd
pentad.  Over  the  SIO,  the  maximum heat  source  (23  W
m–2)  occurs  in  the  8th  pentad,  and the  heat  sink reaches
its  maximum  value  (–136  W  m–2)  around  the  37th
pentad.  The  heat  source  turns  to  a  heat  sink  in  the  15th
pentad,  and  the  heat  sink  turns  to  a  heat  source  in  the
72nd pentad.

In  order  to  investigate  the  impact  of  thermal  differ-
ences between SA and SIO on the outbreak of the ISM,
we  analyze  the  spatial  distribution  characteristics  of  the
springtime vertically  integrated AHSS over  the TP–sub-
continental SA–SIO region. In March, the AHSS presents a
positive–negative–positive–negative  pattern  from  north
to  south  over  SA  and  SIO  (Fig.  3a),  while  weak  heat
sources  occur  over  the  subcontinent  of  SA  and  the  TP.
The heat source is stronger in western TP than in eastern
TP, and a weak heat sink occurs over the north of TP. A
relatively  strong  heat  sink  occurs  over  the  Arabian  Sea
and northwestern BOB because of the lower sea surface
temperature  (SST)  over  these  areas  induced  by  the  up-
welling of cold ocean water, which is caused by the zonal
inhomogeneity  of  surface  sensible  heat  flux  in  spring-
time  over  SA  (Wu  et  al.,  2011).  The  equatorial  region
and the SIO are regions of heat source, whereas the SIO
to  the  south  of  25°S  is  a  heat  sink  region.  All  of  these
characteristics  still  display  the  wintertime  thermal  fea-
ture.  In  April  (Fig.  3b),  the  atmospheric  heat  source  in-
tensifies over SA, and a maximum heat center appears to
the  south  of  the  TP  and  the  Indochina  Peninsula.  These
heat centers are associated with the latent heat release of
precipitation  (He  et  al.,  2011).  The  Arabian  Sea  and
northwestern  BOB  are  still  heat  sink  regions,  although
the  intensity  of  the  heat  sink  decreases  and  the  area  of

heat  source  in  the  SIO extends  northward.  In  May (Fig.
3c), the atmospheric heat sources over SA further intensify,
whereas  a  weak  heat  sink  still  remains  in  the  Arabian
Sea; heat sources of various intensity are found over the
entire  BOB;  and  the  heat  source  in  the  SIO  further  in-
tensifies and extends northward, starting to present some
features  of  the  summertime  heat  source  distribution.  In
the following analysis, we focus on the situation in April,
which is a representative month of pre-onset transition.

3.2    Temporal relationship between the thermal effects of
the TP and SA

The TP is  a  major  contributor  to  the springtime heat-
ing effect of SA. Here, we discuss the temporal relation-
ship  between  the  heating  effect  over  the  TP  and  that  of
SA and SIO during the transitional period before the out-
break of  the  summer monsoon.  Figure  4  shows the  spa-
tial  distributions  of  homochromous  and  lagged  correla-
tion  coefficients  (1-  and  2-pentad  leading)  between  the
heat  sources  over  the  TP  and  entire  SA  region  during
pentads  13–24  (March–April).  The  homochromous  cor-
relation is  the highest,  followed by the 1-pentad leading
correlation,  and  the  2-pentad  leading  correlation  is  the
weakest. Looking at the spatial pattern, significant posit-
ive correlation is found over the entire SA, except west-
ern TP and part of the Indian Peninsula, with a value of
0.661 at the 99% confidence level. In contrast, the negat-
ive  correlation  is  found  over  southern  Arabian  Sea,
equatorial  eastern  Indian  Ocean,  and  the  Mascarene  re-
gion  in  the  Southern  Hemisphere.  The  above  results  in-
dicate that, in the transitional season before the outbreak
of  the  monsoon,  the  intensified  atmospheric  heat  source
over  the  TP  is  favorable  for  intensification  of  the  heat
source in SA and the conversion from a heat source to a
heat  sink  over  the  Mascarene  region.  Apparently,  the
heating  condition  in  the  TP  can  influence  the  thermal
condition in subcontinental SA.

One  possible  reason  for  the  significant  relationship

 
Fig. 3.    Spatial distributions of multi-year average vertically integrated atmospheric heat source (W m–2) in (a) March, (b) April, and (c) May
from 1948 to 2013.
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between  the  atmospheric  heat  source  in  the  TP  and  the
subcontinent of SA is that, because of the high elevation
of the TP, this region is extraordinarily efficient in heat-
ing the atmosphere.  The air  column above this region is
much  shallower  than  other  places,  and  the  TP  can  dir-
ectly  increase  the  temperature  of  the  mid  troposphere.
Thus, the atmospheric heat source above the TP is highly
sensitive.  However,  for  the  subcontinent  of  SA,  the  air
column is deeper than the TP’s, owing to its lower topo-
graphy, so the heating effect is weaker. Suppose that the
TP and the subcontinent of SA heat the atmosphere at the
same  level,  the  latter  would  need  more  time  than  the
former.  However,  because  of  the  limited  resolution  of
reanalysis  data,  it  is  difficult  to  identify  a  specific
region’s heating effect. In addition, this study focuses on
planetary-scale  thermal  and  dynamical  attributes  of  the
atmosphere over the study domain. All in all, the TP and
the  subcontinent  of  SA will  be  investigated  as  an  integ-
rated area (SA) in  the present  work.  In  view of  the out-
standing  role  played  by  the  TP,  the  thermal  contrast
between the TP and the SIO and related effects will be in
particular explored in Sections 4 and 6 of this paper.

4.    Thermal differences between SA and the
SIO in spring

The WYI (Webster and Yang, 1992) is used to quantify
the outbreak time of the ISM. When the WYI turns posit-
ive,  it  denotes  the outbreak of  the ISM. Likewise,  when
the WYI turns negative, it  indicates the end of the ISM.
The  average  time for  the  outbreak  of  the  ISM is  pentad
32.7 in Mumbai, India (Kumar et al., 1999). Xu and Qian
(2006) calculated the WYI for the previous 40 years and
determined that the time of ISM outbreak is pentad 28.2.
They  also  suggested  that  the  outbreak  time  of  the  ISM
determined according to the WYI is earlier than normal.
In the present study, we derive that the outbreak time of
the ISM is pentad 29.8, which is consistent with the res-
ults of previous studies.

The thermal difference between SA and SIO can to a
certain degree reflect the meridional ocean–land thermal
difference over this region. The pentad time series of the
thermal  difference  between  SA  and  SIO,  and  that
between TP and SIO, and the WYI, are shown in Fig. 5.
The SA–SIO thermal difference and intensity of the heat
source  in  SA  reach  their  maximum  values  simultan-
eously  in  the  41st  pentad,  when  the  thermal  difference
can  be  greater  than  755  W  m–2.  The  thermal  difference
and intensity of the heat source also reach their minimum
values  simultaneously,  in  the  1st  pentad,  when  the
thermal  difference  is  –245.7  W  m–2.  The  SA–SIO  and
TP–SIO  thermal  differences  both  turn  positive  in  the
15th  pentad,  and  turn  negative  in  the  64th  pentad.  The
TP–SIO thermal  difference  reaches  its  maximum (268.8
W m–2)  in  the 34th pentad,  which is  also the time when
the heat source intensity in the TP reaches its peak. The
minimum thermal difference (–95.4 W m–2) occurs in the
1st pentad, which lags behind the occurrence of the max-
imum heat  sink intensity by 6 pentads.  The thermal  dif-
ference  turns  negative  in  the  59th  pentad.  The  outbreak
time of the ISM is determined as the 30th pentad, and the
end time as the 57th pentad, based on the WYI; and the
time when the thermal difference turns positive leads the
outbreak  time  of  the  monsoon  by  approximately  15
pentads.  Furthermore,  at  the  time  of  monsoon  outbreak,

 
Fig. 4.   (a) Homochromous, (b) 1-pentad leading, and (c) 2-pentad leading correlation distributions of the atmospheric heat source in the TP and
the entire region (shaded areas indicate values significant at the 0.01 level).

 
Fig. 5.   Pentad time series of the multi-year average thermal differ-
ence (ΔQ1; W m–2) between SA and SIO (triangles), between TP and
SIO (circles), and the WYI (solid line with no markers; m s–1) from
1948 to 2013.
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the intensification of the thermal differences between the
TP and SIO, and between SA and SIO, both experience a
short moderate period, with values of 202 and 432 W m–2,
respectively. After the outbreak of the ISM, the SA–SIO
thermal difference rapidly intensifies due to the release of
huge  amounts  of  latent  heat  flux  associated  with  mon-
soon precipitation.

Figure 5 shows the intraseasonal changes in the vertic-
ally  integrated  thermal  difference  and  the  monsoon.  We
focus  on  the  heating  and  thermal  differences  at  various
levels  in  the  following discussion.  As shown in  Fig.  6a,
the  atmospheric  heating  above  the  TP  decreases  with
height. The maximum heating occurs near the surface at
around  600  hPa,  and  the  heating  decreases  significantly
within 300–200 hPa. The heat source turns to a heat sink
within  250–200  hPa,  and  reaches  its  minimum  value  at
100 hPa. In SA, the atmospheric heating is intense at 700
hPa  and  below,  and  reaches  maximum  heating  near  the
surface at 1000 hPa. No large changes in the heating can
be  found  between  800  and  300  hPa,  but  significant  de-
creases  can  be  found  above  300  hPa.  The  heat  source
turns to a heat sink within 150–100 hPa. The vertical dis-
tribution of the atmospheric heat source in the SIO is op-
posite to that over the TP and subcontinental SA. The at-
mospheric  heating  in  the  SIO  decreases  with  height  at
lower  levels,  and  then  increases  with  height  at  higher
levels. Due to the influence of the underlying ocean sur-
face,  the  atmospheric  heating  is  intense  in  the  surface
layer.  However,  the  heat  source  rapidly  turns  to  a  heat
sink at around 900 hPa. The intensity of the heat sink in-
tensifies  gradually  between  850  and  200  hPa,  but  de-
creases  dramatically  above  200  hPa  and  turns  to  a  heat
source  at  around  150  hPa.  Thermal  differences  at  vari-

ous  levels  between  SA  and  SIO  are  shown  in  Fig.  6d.
The  data  clearly  show  that  the  thermal  difference  de-
creases  with  height  and  the  maximum difference  occurs
at  the  surface.  The  thermal  difference  decreases  rapidly
between 925 and 600 hPa, but changes little between 600
and  250  hPa.  The  thermal  difference  quickly  decreases
above 200 hPa and turns negative at about 150 hPa.

The above analysis  reveals  seasonal  variability  of  the
thermal  difference  between  SA  and  SIO.  Next,  we  dis-
cuss the interannual variability of the timing of monsoon
outbreak and changes in the thermal difference. Figure 7a
presents  a  scatter  plot  of  the  thermal  difference  conver-
sion  time and  monsoon outbreak  time.  The  size  of  each
individual  dot  indicates  the frequency of  its  correspond-
ing point,  which ranges from 1 to 4.  It  is  found that  the
thermal  difference  conversion  time  and  monsoon  out-
break time are both later than normal in 14 yr (quadrant Ⅰ),
and  both  earlier  than  normal  in  13  yr  (quadrant  Ⅲ).
There are 16 yr when the thermal difference turns earlier
than normal but the monsoon outbreak time is later than
normal (quadrant Ⅱ). Meanwhile, the thermal difference
turning  later  but  the  monsoon  outbreak  turning  earlier
takes place in 23 yr (i.e.,  quadrant Ⅳ).  In total,  positive
correlation  between  the  thermal  difference  conversion
time  and  monsoon  outbreak  time  occurs  in  27  yr,  and
negative correlation in 39 yr, which surpasses 60% of the
whole  study  period.  Thus,  this  negative  correlation  is
considered as a valuable result in this study. The correla-
tion  coefficient  between  the  two  time  series  is  –0.208,
statistically significant at the 0.1 level. Note that the scat-
tering of the thermal difference conversion time is larger
than  that  of  the  monsoon  outbreak  time,  and  shows  lar-
ger interannual variability.

 
Fig. 6.   Multi-year average vertical profiles of atmospheric heat source in (a) the TP, (b) SA, and (c) SIO, and (d) the difference between SA and
SIO (K s–1) from 1948 to 2013.
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Figure  7b  indicates  that  the  earliest  time  for  the
thermal  difference  between  SA  and  SIO  to  turn  from
negative to positive is the 2nd pentad (in 1978), and the
latest  conversion  time is  the  18th  pentad  (in  1999).  The
earliest ISM outbreak time occurs in the 26th pentad (in
1956) and the latest outbreak time in the 33rd pentad (in
1957,  1983,  and  1992).  The  conversion  time  for  the
SA–SIO  thermal  difference  displays  a  distinct  delaying
trend  since  the  1990s,  while  the  Indian  monsoon  out-
break  time  demonstrates  a  more  significant  interannual
oscillation. The above results show clearly that large in-
terannual variability exists in the SA–SIO thermal differ-
ence  conversion.  The  earliest  conversion  time  occurs  in
January,  and  the  latest  at  the  end  of  March,  spanning  a
three-month period.  In contrast,  the interannual variabil-
ity  of  the  ISM  outbreak  time  is  relatively  small.  The

earliest  outbreak  time  occurs  in  May,  and  the  latest  in
early June, spanning only a one-month period.

5.    Physical process of the influence of the
thermal difference between SA and SIO
on ISM outbreak

The  onset  of  the  ISM is  a  progressive  procedure  that
starts  in  the  BOB in  the  25th  pentad,  with  the  monsoon
then expanding eastward and northward from the South-
ern Hemisphere (Liu et al., 2015). In Fig. 7b, the time at
which  the  SA–SIO  thermal  contrast  turns  positive  is
found  to  lead  the  outbreak  of  the  ISM  by  about  15
pentads.  This  time gap is  partly  due  to  the  monsoon in-
dex calculation. To obtain accurate onset time, we utilize
the WYI, which only calculates the Northern Hemispheric

 
Fig.  7.    Scatter  plots  of  (a)  the  annual  standardized  and  (b)  pentad-sequence  (pentad)  conversion  time  of  the  atmospheric  thermal  contrast
between SA and SIO and those of the onset time (defined by WYI) of the Indian summer monsoon (ISM) for the period 1948–2013. The size of
the dots in (a) indicates the frequency, which ranges between 1 and 4, with 1 being the smallest dot size; the correlation coefficient between the
two sequences in (a) is –0.208, which is significant at the 0.1 level; and the dashed lines in (b) indicate the average time of the thermal conver-
sion and the monsoon onset, respectively.
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monsoon  region.  Then,  the  particular  physical  process
between these two times is investigated in this section.

As we know, the land–ocean thermal difference is the
most  important  factor  in  monsoon formation.  Therefore,
with  reference  to  Fig.  8,  we  can  identify  the  physical
mechanism  involved  in  how  the  SA–SIO  thermal  con-
trast influences the ISM outbreak. In the 14th pentad, one
pentad before the SA–SIO thermal difference turns posit-
ive, the Hadley circulation dominantly controls the whole
tropical  area,  both  in  the  Northern  and  Southern  Hemi-
spheres. The atmospheric circulation matches the thermal
distribution  perfectly,  in  which  there  is  ascending  mo-
tion  in  the  heating  area  and  descending  motion  in  the
cooling  area.  At  the  same  time,  the  AHSS  shows  a
“negative–positive–negative–positive–negative” distribu-
tion from north to south. However, in particular, there are
two  heating  centers  that  appear  above  the  TP,  from  the
ground  and  at  the  upper-level  atmosphere.  Furthermore,
the  strongest  thermal  difference  center  is  found  at  the
same  location.  The  subtropical  Northern  Hemisphere
shows a heating effect in the near-ground layer; however,
the AHSS there is smaller than in the SIO region. In the
15th  pentad,  when  the  SA–SIO  thermal  contrast  turns
positive, the Hadley circulation still controls the tropical
region.  Over the TP,  the heating center  and thermal dif-
ference  center  grow  stronger  and  higher.  Although  the
thermal  difference  between  the  subtropical  Northern
Hemisphere and the SIO is negative at this time, the heat-
ing  effect  of  the  whole  SA  region  surpasses  that  in  the
SIO  region.  In  the  16th  pentad,  one  pentad  after  the
thermal contrast turns positive, the AHSS of the subtrop-
ical  Northern  Hemisphere  develops  higher  and stronger.
Also,  the  thermal  difference  between  this  area  and  the
SIO turns positive progressively. Owing to this change in
the  heating  distribution,  an  ascending  branch  of  vertical
circulation  appears  in  the  same  region.  Therefore,  the
pre-monsoon  circulation  cell  is  formed.  However,  the
Hadley  circulation  is  still  the  dominant  system  in  the
tropical  region,  and  the  descending  branch  follows  the
cooling distribution well. Once the SA–SIO thermal con-
trast  turns  positive,  the  heat  sink  center  is  gradually  re-
placed by a heat source in the Northern Hemispheric sub-
tropics.  At  the  same  time,  the  pre-monsoon  circulation
cell grows to a higher (600 hPa) level,  and the descend-
ing branch of the Hadley circulation is pushed northward.

In  the  24th  pentad,  there  is  still  a  small  heat  sink  re-
gion within 800–600 hPa over 10°–20°N, and a negative
thermal  difference  center  in  the  north  of  this  heat  sink
center. This negative center offers the necessary thermal
condition for the descending branch of the pre-monsoon
cell.  Therefore,  in  the  26th  pentad,  when  the  mid-level

heat  sink  still  exists  but  the  negative  thermal  contrast
center disappears, the pre-monsoon cell breaks and is re-
placed by the ascending branch of the Hadley circulation.
The descending branch is located at the mid–upper levels
in the TP’s south side. In the 29th pentad, one pentad be-
fore  ISM  onset,  the  Northern  Hemisphere  area  shows  a
relatively  strong  heat  source.  The  most  intensive  heat
centers appear in the mid-level at about 10°N and the TP.
The  greatest  thermal  difference  center  appears  in  the
middle  atmosphere  at  10°N.  The  Northern  Hemisphere
region  north  of  40°N  is  controlled  by  ascending  flow.
North of 20°S, a strong cooling effect is found, resulting
in  a  significant  descending  branch.  In  the  30th  pentad,
the  ISM  outbreak  pentad,  those  heat  source  centers  and
thermal  contrast  centers  grow  bigger  and  stronger,  as
does  the  ascending  flow.  The  ascending  flow  in  the
northern subtropics separates in two directions at the top
of  the  troposphere,  north  and  south,  and  then  descends
north  of  40°N  and  south  of  20°S.  However,  in  the  31st
pentad,  one  pentad  after  the  ISM  onset,  the  descending
flow is  replaced by the  ascending flow around 40°N.  In
the  33rd  pentad,  the  ascending  flow  basically  travels
south  at  the  upper  level,  which  generates  the  vertical-
meridional monsoon circulation.

6.    Mechanism by which the thermal differ-
ence between SA and SIO influences ISM
outbreak in spring

6.1    Thermal forcing effects

To  further  explore  the  mechanism by  which  the  con-
version  time  of  the  thermal  difference  between  SA  and
SIO influences  the  outbreak  of  the  ISM,  we  first  calcu-
late  the  difference  in  the  atmospheric  heat  source
between  SA  and  SIO,  and  then  standardize  the  results.
Since  the  ISM  is  affected  by  many  factors  (Ding  and
Murakami,  1994),  we  select  a  relatively  strict  criterion
for  the  purpose  of  maximizing  the  influence  of  the
thermal  contrast  between  SA  and  SIO.  Years  with  a
standard deviation smaller than –1.5 (larger than 1.5) are
identified as typically early (late) thermal difference con-
version  years.  Five  years  (1957,  1968,  1978,  1987,  and
2002) are identified as early conversion years, and another
five  years  (1992,  1995,  1997,  1999,  and  2007)  as  late
conversion years (Fig. 7b). The average outbreak time of
the ISM is  the 31st  pentad in  years  of  early conversion;
whereas,  in  years  of  late  conversion,  the  average  out-
break time is the 28th pentad. To explore the mechanism
by  which  early  and  late  thermal  difference  conversions
influence  the  outbreak  of  the  monsoon,  we  analyze  the
conversion  of  the  atmospheric  heat  source  and  vertical
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velocity.
Because  of  its  unique  topography,  the  TP  is  highly

sensitive to the intraseasonal variation of solar radiation.
The  ascending  branch  of  the  meridional  monsoonal  cir-
culation  is  located  above  the  TP  and  its  surrounding

areas, and the descending branch is located over the Mas-
carene  region.  For  this  reason,  we  focus  on  the  conver-
sion  of  the  atmospheric  heat  sources  at  various  vertical
levels  over  the  TP  and  SIO.  Figure  9  presents  time–
height cross-sections of the atmospheric heat source over

 
Fig. 8.   Multi-year average vertical-meridional distributions of stream line, atmospheric heat source/sink (shaded; W m–2), and the thermal dif-
ference (contours; W m–2) with the southern Indian Ocean over 80°–100°E. (a) Pentad 14, (b) pentad 15, (c) pentad 16, (d) pentad 24, (e) pentad
26, (f) pentad 29, (g) pentad 30, and (h) pentad 33.
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the  TP  and  SIO.  The  dashed  vertical  lines  in  the  figure
indicate  the  average  conversion  time  across  all  levels.
Considering  the  overall  conversion  of  the  atmospheric
heat source at all levels, it is found that, in years of early
conversion, the heat source at all levels over the TP turns
positive in the 28th pentad (Fig. 9a); in the surface layer,
the heat source turns positive around the 10th pentad. In
the  SIO  region,  the  atmospheric  heat  source  turns  com-
pletely  negative  around  the  24th  pentad,  while  the  heat
source at higher levels turns to heat sink around the 15th
pentad  (Fig.  9d).  In  years  of  late  conversion,  the  atmo-
spheric  heat  source  over  the  TP  turns  completely  posit-
ive in the 27th pentad (Fig. 9b), while in the surface layer
the  heat  source  turns  positive  around  the  5th  pentad.
Over  the  SIO,  the  atmospheric  heat  source  turns  nega-
tive around the 16th pentad, while the heat source at higher
levels turns to heat sink around the 12th pentad. In both
early  and  late  years  of  SA–SIO thermal  difference  con-
version, the atmospheric heat source in the TP first turns
positive at  the surface,  and then gradually turns positive
with height; in the SIO, the atmospheric heat source first

turns into heat sink at upper levels, and then gradually at
lower  levels.  By  comparing  the  situation  between  early
and late conversion years, large differences can be found
in  the  timing of  conversion  among different  levels.  Dif-
ferences in the time of conversion from negative to posi-
tive over the TP are relatively small, and the general con-
version  time  in  early  conversion  years  is  one  pentad
earlier than in late years. In contrast, large differences ex-
ist in the conversion time over the SIO. The time of con-
version in early years is eight pentads earlier than in late
years.

The  above  section  analyzes  the  heat  source  conver-
sion at  various  levels  over  SA and the  SIO in  early  and
late years of thermal difference conversion in the two re-
gions. Next, we explore the mechanism by which abnor-
mal  thermal  effects  influence  the  outbreak  of  the  ISM,
based  on  thermal  adaption  theory.  Atmospheric  thermal
forcing is an important factor driving general atmospheric
circulation. Anomalies in the spatial distribution of atmo-
spheric  thermal  forcing  often  result  in  anomalous  atmo-
spheric  circulation.  Wu  and  Liu  (2000)  revealed  the

 
Fig. 9.   The height–time variation by pentad of the atmospheric heat source (W m–2) in (a, c) early and (b, d) late years of the thermal difference
conversion over (a, b) the TP and (c, d) the SIO. The dashed lines indicate the conversion date.
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mechanism  involved  in  the  atmospheric  circulation  re-
sponse to thermal effects, based on the nature of the po-
tential  vorticity,  that  is,  thermal  adaption  theory:  local
heating can lead to strong ascending motion in the same
area,  which  behaves  like  a  suction  pump  that  produces
convergence  at  lower  levels  and  divergence  at  upper
levels.  In  contrast,  effects  of  an  atmospheric  heat  sink
can lead to strong descending motion, which produces di-
vergence  at  lower  levels  and  convergence  at  higher
levels.  Figure  10  presents  time–height  cross-sections  of
vertical  velocity  over  the  TP and  SIO for  early  and  late
years  of  SA–SIO thermal  difference  conversion.  Appar-
ently,  the  change  features  are  similar  to  those  of  the  at-
mospheric  heat  source.  In  early  thermal  difference  con-
version  years,  ascending  motion  occurs  around  the  18th
pentad  over  the  TP  surface,  and  the  ascending  branch
completely  establishes  in  the  29th  pentad  (Fig.  10a).  In
the SIO, a descending branch establishes around the 24th
pentad.  In  late  thermal  difference  conversion  years,  the
vertical velocity over the TP (Fig. 10b) becomes positive
around the 25th pentad, which is 4 pentads earlier than in

early  thermal  difference  conversion  years,  but  the  as-
cending motion at lower levels is slightly weaker. In the
SIO region (Fig. 10d), weak descending motion occurs at
middle levels in as early as the 10th pentad, but the des-
cending  branch  does  not  completely  establish  until  the
16th pentad, which is 8 pentads earlier than in early years
of  thermal  difference  conversion.  In  both  early  and  late
years, the vertical velocity over the TP always gradually
changes from descending to ascending from lower levels
upwards.  In the SIO region,  descending motion first  oc-
curs  at  middle  levels,  and  then  gradually  propagates  to
lower  levels.  The  evolution  of  vertical  motion  over  the
TP  and  SIO  is  similar  to  that  of  the  atmospheric  heat
source.  In  summary,  the  time  when  ascending/descend-
ing motion establishes over the TP and SIO is affected by
the  thermal  conversion  time.  In  early  and  late  years,  an
abnormal  time  of  thermal  conversion  affects  the  estab-
lishment  time  of  the  ascending/descending  motion  over
the  TP and  SIO,  which  is  eventually  reflected  in  an  ab-
normal outbreak time of the ISM. This is also the reason
why  the  conversion  time  of  the  SA–SIO thermal  differ-

 
Fig. 10.   Height–time cross-sections of pentad-averaged vertical velocity (Pa s–1) in (a, c) early and (b, d) late years of thermal difference conver-
sion over (a, b) the TP and (c, d) the SIO. The dashed lines indicate the conversion date.
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ence  is  negatively  correlated  with  the  outbreak  time  of
the ISM (Fig. 7).

After  the  discussion  on  the  basis  of  thermal  adaption
theory,  the  most  direct  appearance  of  the  annual
land–ocean thermal contrast is shown in Fig. 11. In early
conversion years, the atmospheric heat source difference
between  the  TP  and  SIO  turns  positive  in  May  (16th
pentad),  on  average  across  all  levels.  Furthermore,  the
difference reaches its peak value (307 W m–2) in the 34th
pentad.  The thermal difference then crosses zero around
the  60th  pentad.  In  late  conversion  years,  the  turning
from  negative  to  positive  of  the  thermal  difference  oc-
curs around the 15th pentad, which is similar to in early
conversion years.  However,  the maximum value of only
295 W m–2 occurs in the 38th pentad. The thermal differ-
ence  turns  negative  in  the  56th  pentad,  which  is  four
pentads in advance of that in early conversion years. The
most  significant  distinction  between  early  and  late  con-
version is the maximum value in summer.

6.2    Large-scale circulation effects

To  further  study  the  influence  of  the  early  and  late
conversion  of  the  thermal  difference  between  SA  and
SIO on the outbreak time of the ISM, we analyze the tim-
ing of the establishment of  the South Asian high (SAH)
over the TP and the modal conversion of the Mascarene
high (MH), and the circulation anomalies at 850 hPa.

The  conversion  of  vertical  velocity  over  the  TP  and
SIO region represents the establishment of the ascending
and descending branches of the ISM. From the perspect-
ive of circulation, it reflects the formation of upper-level
high  pressure  over  the  TP  and  its  surrounding  regions,
namely,  the  shift/establishment  of  the  SAH  to  over  the
TP,  and  the  formation  of  low-level  pressure  over  the
Mascarene region (the conversion of the MH from winter
mode  to  summer  mode).  Based  on  the  MH  area  index
(MHAI)  defined  by  Cui  and  Yang  (2005),  we  obtain  a
multi-year annual mean MHAI of 140.45, which is used
as  a  critical  criterion  in  this  study  to  determine  the  MH

modal conversion. If the MHAI is larger than 140.45, the
MH is regarded as being in its summer mode; otherwise,
it  is  in  its  winter  mode.  Meanwhile,  following  Zhang
(2016),  the  shift  of  the  SAH  to  the  TP  is  determined  if
the northernmost 1660 gpdm at 100 hPa reaches north of
30°N.  Table  1  lists  the  establishment  times  of  the  SAH
over the TP and the modal conversion times of the MH in
early  and  late  years  of  SA–SIO thermal  difference  con-
version. It is clear that both the shift and establishment of
SAH are earlier  than normal  in  late  years  and later  than
normal in early years. This is consistent with the changes
in the time of vertical velocity reversal and the ISM out-
break.

The above analysis  focuses on the components of the
ISM. In fact, the ISM is most significant in the 850-hPa
wind field. For this reason, we further analyze the circu-
lation at 850 hPa in April during the early and late years
of thermal difference conversion. The anomalous circula-
tion  at  850  hPa  in  April  for  early  conversion  years  is
shown  in  Fig.  12a.  The  data  indicate  that  anomalous
southerlies occur over the Indian Peninsula, which are fa-
vorable for convective precipitation with increased water
vapor transport from the Arabian Sea and BOB, but unfa-
vorable for an increase in sensible heat flux; Indochina is
under  the  control  of  an  anticyclonic  anomaly,  which  is
unfavorable for the development of convective activities;
anomalous  easterlies  cover  the  entire  northern  Indian
Ocean  region;  anomalous  northerlies  are  found  over
Somalia;  and  cyclonic  circulation  anomalies  occur  over
the  Mascarene  region  in  the  SIO,  which  suppresses  the
intensification  of  high  pressure  and  is  thus  unfavorable
 

Table 1.   Timing of the establishment of the SAH over the TP and the
modal conversion of MH in early and late years of thermal difference
conversion

Timing of SAH
establishment

Timing of MH modal
conversion

Early years Pentad 29.4 Pentad 9
Late years Pentad 28.8 Pentad 5.6

 
Fig. 11.   The multi-year annual atmospheric heat source difference
(ΔQ1; W m–2) between the TP and SIO in early and late conversion
years from 1948 to 2013.

 
Fig. 12.   Abnormal circulation (m s–1) at 850 hPa in the (a) early and
(b) late conversion years of the thermal difference.
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for the outbreak of monsoon. In the late years of thermal
difference  conversion  (Fig.  12b),  the  Indian  Peninsula
and Indochina are under the control of anomalous north-
erlies, which is unfavorable for water vapor transport but
favorable  for  increases  in  sensible  heat  flux;  anomalous
cyclonic circulation occurs over the Arabian Sea; anom-
alous  westerlies  are  found  in  the  SIO;  and  anticyclonic
anomalies  cover  the  Mascarene  region  in  the  Southern
Hemisphere, which is favorable for the intensification of
high  pressure  and  the  outbreak  of  monsoon.  Figure  13
shows the WYI conversion in early and late thermal dif-
ference  conversion  years.  In  early  years,  the  WYI  turns
positive later than normal; in late years,  it  turns positive
earlier  than  normal.  From Table  1  and  Figs.  12  and  13,
the components of the ISM system, the anomalous circu-
lation at 850 hPa, and the summer monsoon outbreak in-
dex, all indicate that in early years of thermal difference
conversion, the outbreak of the ISM is later than normal,
and vice versa.

The WYI has some capacity to explain the difference
between the upper and lower levels of the troposphere in
early and late conversion years. However, to explain this
difference further, we show in Fig. 14 the April monthly
mean  vorticity  distribution  at  200  and  850  hPa  in  early
and  late  conversion  years.  In  early  conversion  years,
there  are  two  strong  negative  vorticity  centers  over  the
Arabian  Peninsula  and  the  east  of  the  Indochina  Penin-
sula at 200 hPa. At the same level, there is a positive vor-
ticity center over the continent north of 30°N and the east
of Madagascar. At 850 hPa, negative centers appear over
the Arabian Peninsula, Indian Peninsula, Indochina Pen-
insula, and SIO. The equatorial area is covered by posit-
ive vorticity at the same level. Generally, in early conver-
sion years, a barotropic structure appears over the contin-
ent north of 30°N, Indian Peninsula, and Indochina Pen-
insula.  On the other  hand,  a  baroclinic  structure appears

over  the  equatorial  Indian  Ocean  and  SIO.  However,  in
late  conversion  years,  the  northern  continent  in  the
Northern Hemisphere still shows positive vorticity at 200
hPa.  A  strong  negative  vorticity  center  covers  from  the
Indian  Peninsula  to  Indochina  Peninsula  at  the  same
level.  The  SIO is  also  covered  by positive  vorticity,  but
the center shifts to the central SIO. At 850 hPa, the Ara-
bian Peninsula, Indochina Peninsula, and part of the Indi-
an  Peninsula  are  controlled  by  negative  vorticity.  The
most intensive positive center is over the equatorial Indi-
an Ocean, and negative vorticity presents over the Indian
Ocean at about 10°S. In general, in late conversion years,
a  barotropic  structure  appears  over  the  continent  of  the
Northern  Hemisphere,  Arabian  Peninsula,  Indochina
Peninsula, and part of the Indian Peninsula. A baroclinic
structure is found over the Indian Ocean region at about
10°S  and  the  equator.  Overall,  at  200  hPa,  the  distribu-
tion of vorticity follows apositive–negative–positive pat-
tern  in  the  meridional  direction.  However,  the  differ-
ences in the vorticity distribution between early and late
years  manifest  mainly  in  the  locations  of  high  strength
centers.  The  characteristics  of  distribution  and  strength
are similar.

7.    Conclusions

In  the  present  study,  the  spatial  distribution  and  tem-
poral  variability  of  the  atmospheric  heat  source  in  the

 
Fig. 13.   The WYI (Webster–Yang index) conversion time in early
and late years of the thermal difference conversion.

 
Fig. 14.   The April mean vorticity distribution (105 s–1) in (a, c) early
and (b, d) late years of thermal difference conversion at (a, b) 200 hPa
and (c, d) 850 hPa.
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SA–SIO region are analyzed, with a focus on the temporal
variability and vertical distribution of the thermal differ-
ence between SA and the SIO. Composite analysis is also
applied.  The  results  indicate  that  large  differences  exist
in the establishment  time of  the ascending and descend-
ing branches of the ISM between early and late years of
SA–SIO  thermal  difference  conversion.  Combined  with
the  changes  and  evolution  of  each  component  of  the
ISM,  the  mechanisms  by  which  the  thermal  differences
influence the  outbreak of  the  ISM are  explored.  The ef-
fects  of  the  planetary-scale  meridional  thermal  differ-
ence across the TP–Indian Ocean region on the outbreak
of the ISM and the underlying mechanisms are revealed.
The key findings can be summarized as follows.

(1)  The  intraseasonal  variability  of  the  atmospheric
heat source is significant over SA and the TP, but less so
over the SIO. SA is a distinct heat source in summer and
a heat sink in winter. The SIO region is a strong heat sink
in summer, but is not a distinct heat source in winter. In
spring, the distribution of the atmospheric heat source is
characterized by transitional features before the outbreak
of the summer monsoon.  In spring,  there is  a  temporary
sequence  of  increased  AHSS  over  the  Northern  Hemi-
spheric  continent.  Because  of  its  special  topographic
characteristics, the TP is highly sensitive to the seasonal
variation  of  solar  radiation.  Consequently,  the  TP’s
AHSS increases faster than that of the subcontinental re-
gion of SA.

(2)  The  SA–SIO  thermal  difference  and  the  TP–SIO
thermal difference both show great  intraseasonal variab-
ility. Their variational features are similar to those of the
thermal  effects  of  SA and the  TP.  The outbreak time of
the  ISM  lags  behind  the  time  of  thermal  conversion  by
about 15 pentads. From the vertical distribution of the at-
mospheric heat source, it is found that the heat source de-
creases with height over both the TP and SA, with large
differences  in  the  heating  effect  among  various  levels.
However,  the  vertical  distribution  of  the  heat  source  in
southern  India  is  opposite  to  that  in  the  TP  and  SA,
which first decreases with height and then increases with
height.  Similarly,  the  SA–SIO  thermal  difference  also
first  decreases  with  height,  and  then  increases  with
height.  The  thermal  difference  is  most  significant  in  the
surface layer, and turns negative at upper levels. Analys-
is  of  the  interannual  variability  suggests  that  the  time
when  the  SA–SIO  thermal  difference  turns  positive  is
highly negatively correlated with the outbreak time of the
ISM.  The  thermal  difference  conversion  time  presents
significant interannual variability, whereas the interannual
variability of the outbreak time of the ISM is not that sig-
nificant.  The  physical  process  by  which  the  SA–SIO

thermal difference influences the ISM outbreak is as fol-
lows.  After  the  thermal  difference  turns  positive  in  SA,
the near-surface heat center drives ascending motion, and
the  negative  thermal  difference  center  creates  descend-
ing motion. It is these vertical air motions that comprise
the  pre-monsoon  circulation  cell.  The  ascending  branch
gradually builds above the TP after the negative thermal
difference center disappears. Therefore, the ISM’s vertical
meridional  circulation  establishes  after  the  30th  pentad,
and the ISM outbreak occurs.

(3)  Early  or  late  SA–SIO  thermal  difference  conver-
sion has substantial impacts on the outbreak of the ISM.
Analysis of thermal forcing effects indicates that in years
of  early  (late)  thermal  difference  conversion,  complete
thermal conversion at  each individual level of the atmo-
sphere  is  later  (earlier)  than  normal  above  the  TP  and
SIO.  As  a  result,  complete  vertical  velocity  reversal
above the TP and SIO occurs later  (earlier)  than normal
in response to the heating effect that appears later (earlier)
than  normal.  Correspondingly,  the  ascending  branch
above  the  TP  and  the  descending  branch  over  the  SIO,
which  are  two  important  components  of  the  meridional
circulation  of  the  ISM,  also  establish  later  (earlier)  than
normal,  leading  to  later  (earlier)  than  normal  ISM  out-
break. From the perspective of circulation, the establish-
ment of the SAH in the TP and the conversion of the MH
from  its  winter  mode  to  summer  mode  both  occur  later
(earlier)  than  normal  in  early  (late)  thermal  difference
conversion  years.  Meanwhile,  both  the  circulation  pat-
tern at 850 hPa and the ISM index indicate that the out-
break  of  the  ISM  is  later  (earlier)  than  normal  in  early
(late) thermal difference conversion years. However, the
difference in the vorticity distribution between the upper
and  lower  troposphere  is  manifested  in  the  locations  of
the  strong  vorticity  centers  in  early  and  late  conversion
years.
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