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ABSTRACT

Local sea surface temperature (SST) plays an important role in the onset of the Bay of Bengal (BoB) summer
monsoon (BoBSM). Previous study indicated that the meridionally warmest SST axis (WSSTA) appears in mid-
April in the central BoB, which may be a precursor for the BoBSM onset. In this study, it is found that a warm but not
the meridionally warmest center, which is defined as the secondary WSSTA (SWSSTA), occurs in early April in the
central BoB, leading the BoBSM onset by five pentads. Dates of the SWSSTA occurrence are significantly positively
correlated with dates of the WSSTA occurrence in the central BoB and the BoBSM onset on an interannual time
scale. The SWSSTA is an earlier precursor for the BoBSM onset. The formation of the oceanic precursor and its
impact on the BoBSM onset are as follows. Before the BoBSM onset, resulting from more surface heat input and
shallower mixed layer affected by the low-level anticyclone and subtropical high in the central BoB, local SST shows
the most rapid increase. Meanwhile, the situation is adverse to the rapid increase of SST in the equatorial BoB. For
this reason, the SWSSTA occurs, and the WSSTA subsequently appears in the central BoB. The WSSTA in turn
enhances local convection, eliminates the low-level anticyclone, and moves the subtropical high outward away from
the BoB by inducing atmospheric instability, thus developing a heating center. Convectional heating further
strengthens southwesterlies in the BoB by exciting mixed planetary—gravity waves, resulting in the BoBSM onset.
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1. Introduction

Monsoon onset is the most important subseasonal
variation of monsoons (Webster et al. 1998; Jiang and Li
2011); it is characterized by the start of the rainy season,
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large-scale convection, and an abrupt change in atmo-
spheric circulation (Li and Zhang 2009). The Asian
monsoon is the archetypal monsoon system and has
been investigated from various perspectives (e.g., Roxy
and Tanimoto 2007; Fu et al. 2013; Jiang et al. 2013a,b).
Previous studies have reported that the onset of the
Asian summer monsoon occurs first over the Bay of
Bengal (BoB), then over the South China Sea (SCS),
and finally over India, despite differences in data and
definitions of monsoon onset (e.g., Wu and Zhang 1998;
Mao et al. 2002; Mao 2002; Wang and LinHo 2002; Li
and Zhang 2009). Associated with the BoB summer
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monsoon (BoBSM) onset, local convective activity has
an important influence on the subsequent monsoon
onset over the SCS and Indian Ocean by changing at-
mospheric circulation patterns over these regions (Liu
et al. 2002; Tamura and Koike 2010). Moreover,
anomalies in the BoBSM onset timing are also closely
related to rainfall anomalies in southwestern China (Yan
et al. 2003; Chen et al. 2006). Therefore, the timing of the
BoBSM onset plays an important role in the timing of the
subsequent monsoon onset and the climate over local and
remote regions.

Some studies have focused on understanding the
BoBSM onset in terms of land—sea thermal contrast and
emphasized the role of land heating. He et al. (1987)
indicated that reversal of the meridional temperature
gradient in the upper troposphere induced by northward
displacement of the South Asian anticyclone changes
meridional circulation and leads to the onset of the
Southeast Asian monsoon. Yanai et al. (1992) found
similar results, but indicated that the reversal of the
meridional temperature gradient in the upper tropo-
sphere results from the sensible heat flux from the sur-
face of the Tibetan Plateau. Wu and Zhang (1998)
showed that thermal and mechanical forcing by the Ti-
betan Plateau favors the Asian summer monsoon onset
that occurs first over the BoB.

In addition to the role of land heating, variation of
local sea surface temperature (SST) plays an important
role in monsoon onset over the BoB. Wu et al. (2010,
2012) found in two case studies that the vortex induced
by warm SST over the BoB triggers the BoBSM onset.
Previous studies also pointed out that warm SST could
induce the northward movement of the intraseasonal
oscillation (ISO) by enhancing the unstable condition,
thus triggering the monsoon onset (Li et al. 2013, 2015;
Zhou and Murtugudde 2014). Using reanalysis data,
Jiang and Li (2011) also found that the meridional SST
gradient associated with the occurrence of the meridi-
onally warmest SST axis (WSSTA) in the central BoB
may be a precursor for the BoBSM onset. This re-
lationship was further confirmed by Yu et al. (2012)
using in situ buoy data. However, the year-to-year var-
iations of the relationship between the WSSTA oc-
currence in the central BoB and the monsoon onset
are unclear. Moreover, the WSSTA occurrence in the
central BoB is only about two pentads earlier than the
monsoon onset (Jiang and Li 2011). It thus remains to
be found whether there are monsoon onset precursors
that occur before the WSSTA occurrence in the
central BoB. If so, what are the possible reasons for
the occurrence of the precursors and the physical
mechanisms linking the precursors and the BoBSM
onset?
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Although previous studies show that the climatologi-
cal BoBSM onset is closely related to the variation of
local SST (Jiang and Li 2011; Yu et al. 2012), they do not
give a dynamic explanation for the way in which SST
patterns affects monsoon onset as well. Considering that
tropical SST is closely related to atmospheric heating
(Yanai and Tomita 1998; Jian et al. 2004; Lan et al.
2005), which plays an important role in driving tropical
circulation (Lorenz 1955; Webster 1972), a simple the-
oretical model (Gill 1980; Xing et al. 2014) is used to
verify the possible link between oceanic precursors and
the BoBSM onset.

The remainder of this paper is organized as follows. In
section 2, we describe the data and analytical methods
used in this study. In section 3, we depict the climato-
logical annual cycle of SST and wind in the lower tro-
posphere over the BoB using a quantitative definition of
the WSSTA anew, in order to describe the temporal and
spatial variations of the WSSTA and find new oceanic
precursors. In section 4, we analyze the physical pro-
cesses associated with the formation of the oceanic
precursors before the BoBSM onset. In section 5, the
role of the oceanic precursors in the BoBSM onset is
investigated. A summary of the results and further dis-
cussion are provided in section 6.

2. Data and methodology
a. Data

Daily wind, geopotential height, temperature, spe-
cific humidity, and total cloud cover data used in this
study were derived from the National Centers for
Environmental Prediction—National Center for At-
mospheric Research (NCEP-NCAR) reanalysis (Kalnay
et al. 1996), with a horizontal resolution of 2.5 X 2.5°
covering the period 1982-2010. Objectively analyzed
air-sea fluxes (OAFlux) with a horizontal resolution of
1° X 1° are used for the period 1985-2009 (Yu and Weller
2007; Yu et al. 2008). Daily outgoing longwave radiation
(OLR) was provided by the National Oceanic and
Atmospheric Administration (NOAA) Climate Di-
agnostics Center (CDC) (Liebmann and Smith 1996),
with a horizontal resolution of 2.5° X 2.5° for the period
1982-2010. Pentad precipitation is based on the Climate
Prediction Center (CPC) Merged Analysis of Pre-
cipitation (CMAP), available on a 2.5° grid (Xie and
Arkin 1997). Daily SST data are from the NOAA op-
timum interpolation (OI) analysis (Reynolds et al.
2007), with a horizontal resolution of 0.25° X 0.25° for
the period 1982-2010. Mixed layer depth data for the
period 1982-2010 are from the NCEP Global Ocean
Data Assimilation System (GODAS) (Derber and
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Rosati 1989; Behringer et al. 1998), with a resolution of
1° X 0.333%in longitude and latitude, respectively, and a
5-day (one pentad) time resolution. The SST data
were averaged to a resolution of 1° X 1° to remove
small-scale disturbances. All daily time series were
smoothed using a 5-day running average.

b. Methodology

Jiang and Li (2011) defined the possible precursor
WSSTA for the BoBSM onset as the meridional SST
maximum in the tropical ocean. Based on the physical
concept, the corresponding quantitative definition is
given in this study. A local maximum SST meets the
following two criteria. First, the first derivative of SST
with respect to y is equal to zero (i.e., d7/dy = 0). Sec-
ond, the second derivative of SST with respect to y is less
than zero (i.e., 9*7/9y* < 0). Thus, the meridional SST
maximum 7, is selected from all positions that meet
the first two criteria in the tropical ocean. The boundary
condition is such that if the SST on the boundary 7} is
higher than T',y, thatis T, > Tyax, then Tiax = T, and
Timax is defined as the WSSTA. Apart from the WSSTA,
we further define the secondary WSSTA (SWSSTA)
as a local SST maximum.

We use three indices to characterize the interannual
variation in the BoBSM onset, which are based on OLR,
925-hPa zonal wind U (Jiang 2011), and the meridional
mean temperature gradient (MTG) in the middle and
upper troposphere from 500 to 200hPa (Mao 2002).
Based on OLR, the BoBSM onset date is defined as the
first day after 1 April on which the average OLR over
5°-15°N, 85°-95°E is less than 230 Wm ™2 in the follow-
ing seven days (including the first day). Based on U, the
BoBSM onset date is defined as the first day after 1 April
on which the average 925-hPa zonal wind over 2.5°-10°N,
80°~95°E is more than 3.0ms ! in the following seven
days (including the first day). The BoBSM onset date
based on MTG is defined as the first day after 1 April
that satisfies the following two criteria: 1) the areal
mean of MTG over 5°-15°N, 85°-95°E is more than
0K m™!;2) in the following nine days, the areal mean
MTG is more than 0K m ' on at least six days.

The method for locating the subtropical high ridge
was elaborated by Li and Chou (1998) and Zhan et al.
(2005). The characteristic line with zonal wind « = 0 and
dul/dy > 0 over subtropical areas is used to identify the
subtropical ridge. In the same way, the meridional ridge
is identified by the characteristic line with meridional
wind v = 0 and dv/dx < 0. The intersection of zonal and
meridional ridges is defined as the center of the anticy-
clone, and the geopotential height of the center is de-
fined as the intensity of the anticyclone in the lower
troposphere.

XING ET AL.
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A simple mixed-layer model will be used to analyze
SST variation in this study. Assuming that the tempera-
ture and velocity are uniform over the mixed layer, the
temperature equation for the mixed layer is as follows
(McPhaden and Hayes 1991; Huang et al. 2010):

aT
= =0, Coh = (Qy + 0, +Q)lp Cph,

0y =0y, O\~ Q4 — O
Qa = _pOCPhVa ’ VTa’ (1)
Q,=—p,Coho (T, — T_,)/h, and

w,=0h/ot+V_, -Vh+to_,,
where 9770t is the local time rate of temperature change,
0, is the mixed-layer heat budget, s represents the mixed
layer depth (MLD); water density p, and the heat ca-
pacity of water at constant pressure Cp are assumed
constant at 10°kgm™> and 3.94 X 10°Jkg '°C™, re-
spectively. The net surface heat flux Qg consists of
shortwave radiation flux Oy, longwave radiation flux Oy,
sensible flux Oy, and latent flux Qy,. The flux induced by
horizontal temperature advection in the mixed layer is Q,,,
where V, and VT, denote the averaged horizontal ve-
locity and horizontal temperature gradient over the mixed
layer, respectively. The flux induced by vertical entrain-
ment through the bottom of the mixed layer is Q,. The
difference between temperatures averaged over the
mixed layer and the base of the mixed layer is AT_,.
Entrainment velocity through the base of the mixed layer
is w,, where w, is the sum of the vertical velocity at the
base of the mixed layer w_j, and the time rate of change of
the mixed-layer thickness, dh/dt + V_,, - Vh.

The apparent heat source Q; (Yanai et al. 1973, 1992)
is defined by

Q, = C,(plp,) (9610t + V - VO + 0i0lop),  (2)

where 6 is the potential temperature, V is the horizontal
velocity, w is the vertical pressure velocity, and p is the
pressure. In the equation k = R/C,, where R and C, are
the gas constant and the specific heat at constant pres-
sure of dry air, respectively, po = 1000 hPa, and V is the
isobaric gradient operator. In this study, we integrate
Eq. (2) from the tropopause (taken as 100 hPa) to the
surface (1000hPa) to obtain the atmospheric heat
source for the whole atmospheric column.

3. Precursors for monsoon onset over the BoB

Figure 1 shows the climatological annual cycle of
longitudinally averaged (85°-95°E) SST and 925-hPa
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FIG. 1. Latitude-time diagram of climatological longitudinally averaged (85°-95°E) SST (shading; °C) and wind

(vectors; ms™
the SWSSTA.

wind over the BoB. Two warm SST axes occur in the
BoB: one around the equator and the other in the central
and northern BoB. The axis around the equator exists
year-round, while the axis in the central and northern
BoB appears from early April until late November. The
locations of the warmest and secondary warmest SST
centers vary with season. The WSSTA is stagnant around
the equator, except at two periods: 1) the WSSTA occurs
around 10°N in mid-April before the onset of the south-
westerlies, remains for about a month, and 2) then returns
to the equator until it occurs in the northern BoB again in
early September (Jiang and Li 2011). The SWSSTA
(yellow dots in Fig. 1) appears in early April around 10°N
over the BoB, two pentads earlier than the WSSTA oc-
currence around 10°N. Jiang and Li (2011) and Yu et al.
(2012) pointed out that the WSSTA occurrence in the
central BoB is a good indicator for monsoon onset.
Therefore, the SWSSTA may be an earlier precursor for
the BoBSM onset.

To confirm the possible precursors for the monsoon
onset, evolutions of pentad-mean SST and 925-hPa wind
relative to dates of the BoBSM onset defined by the U
index (Jiang 2011) are given in Fig. 2. At pentad —6, SST
is warmest in the tropics, and the WSSTA is located
around the equator. Meanwhile, the SWSSTA occurs
first in the east-central BoB, leading the monsoon onset
by 5 pentads, and it subsequently spreads in the central
BoB during the following 2 pentads, which indicates the
rapid SST warming in the central BoB (Figs. 2a—c). Then
the WSSTA occurs around 10°N, and an SWSSTA re-
mains in the tropics (Fig. 2d). After the WSSTA appears
in the central BoB, southwesterlies gradually develop
south of the WSSTA (Figs. 2e,f) and dominate the
BoB, indicating summer monsoon onset over the BoB
(Fig. 2g). Comparison of the SST patterns over the BoB,

') at 925 hPa over the BoB. The solid black lines represent the WSSTA, and the yellow dots represent

the Arabian Sea, and the SCS shows that there is no
SWSSTA over the Arabian Sea, and the WSSTA is
stagnant and the wind patterns remain essentially con-
stant over the Arabian Sea and SCS before the BoBSM
onset. This further suggests that the BoBSM onset is the
earliest in the Asian summer monsoon and supports the
relationship between occurrences of the SWSSTA and
WSSTA in the central BoB and the BoBSM onset.

To identify the relationship between occurrences of
the SWSSTA and the WSSTA in the central BoB and
the BoBSM onset, we define the SWSSTA occurrence
date as the first day after 15 March that satisfies the
following criteria: first, the SWSSTA occurs between
6° and 15°N in the BoB; second, the SWSSTA exists for
at least 7 of the following 10 days (including the first
occurrence day). The WSSTA occurrence is defined as
the first day after 1 April that satisfies the following
criteria: first, the WSSTA occurs between 8° and 15°N in
the BoB; second, the WSSTA exists for at least 7 of the
following 10 days (including the first occurrence day).

Dates of the SWSSTA occurrence, the WSSTA oc-
currence, and the BoBSM onset based on 925-hPa zonal
winds (Jiang 2011), OLR, and MTG (Mao 2002) for
each individual year are displayed in Fig. 3. The BoBSM
onset dates based on different indices show significantly
interannual variation, with the range between the ear-
liest and the latest onset dates exceeding 1 month. In
most years, occurrence dates of both the SWSSTA and
the WSSTA are earlier than the monsoon onset, and the
SWSSTA occurs earlier than the WSSTA in the central
BoB. Itis also seen that the occurrences of the SWSSTA
and WSSTA and the monsoon onset based on the three
indices vary in phase in most years.

The mean dates of the BoBSM onset are 29 April,
29 April, and 28 April for the three onset indices U,



1 DECEMBER 2016

(a) Pentad -6

XING ET AL.

8459

(b) Pentad -5

40E 60E 80E 100E
(c) Pentad -4

120E

1OS I T I'- T

80E 100E 120E

60E 100E 120E

40E 60E 120E

{
\'&i\\\\-- L R o------—-—————_,

40E 60E 80E 100E 120E

(g) Pentad 0

10S T T T

80E 100E 120E

T T T
40E 60E 100E 120E

24

26|2|8|2

9 30

FIG. 2. Composite patterns of pentad-mean SST (shading; °C) and wind (vectors; ms~!) at 925 hPa before the
BoBSM onset, with dates of the BOBSM onset taken as the zero pentad. The solid black lines represent the WSSTA,

and the yellow dots represent the SWSSTA.

OLR, and MTG, and the values of the standard de-
viations of the onset indices are 11, 13, and 15 days,
respectively. The three monsoon onset indices are
significantly correlated with each other, exceeding the
95% confidence level (Table 1). The result is consis-
tent with previous studies, despite some differences in
onset indices (e.g., Mao and Wu 2007). The climato-
logical dates of the SWSSTA and WSSTA indices
are 30 March and 14 April, with standard deviations
of 13 and 10 days, which correspond closely to the

climatological dates of the SWSSTA and WSSTA oc-
currences shown in Fig. 1, respectively. The result in-
dicates that the SWSSTA and the WSSTA indices are
effective in characterizing the occurrences of the
SWSSTA and the WSSTA. Moreover, the SWSSTA is
highly correlated with the WSSTA, with a correlation
coefficient of 0.74 at the 99.9% confidence level, and
both oceanic precursor indices are highly correlated
with the three onset indices, exceeding the 95% con-
fidence level (Table 1).
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To conclude, the SWSSTA appears earlier than the
WSSTA, which is followed by the BoBSM onset on
climatological and interannual time scales, and the
SWSSTA occurrence indices are significantly positively
correlated with the WSSTA occurrence and the BoBSM
onset indices. Therefore, the SWSSTA occurrence is an
earlier precursor for the BoBSM onset than the WSSTA
occurrence.

4. The formation of the oceanic precursors

a. Heat budget analysis of the SWSSTA and the
WSSTA occurrences in the central BoB

Occurrences of the SWSSTA and the WSSTA in the
central BoB indicate uneven warming of SST with lati-
tude before the BoBSM onset. SST variation is closely
related to mixed-layer temperature variation (McPhaden
and Hayes 1991; Huang et al. 2010), and hence the tem-
perature equation for the mixed layer described by
McPhaden and Hayes (1991) and Huang et al. (2010) is
used to analyze the variability and controls on SST. To
analyze the possible causes of the oceanic precursors, the
BoB is divided into three regions: the equatorial BoB
(2°S-2°N, 85°-95°E), the southern BoB (3°-7°N, 85°-
95°E), and the central BoB (8°S-13°N, 85°-95°E), based
on the characteristics of SST distribution before the
BoBSM onset in Figs. 1 and 2. Moreover, to better depict
the evolution features of meteorological variables asso-
ciated with the BoBSM onset, all the following time
evolution maps are obtained with reference to dates of
the BoBSM onset defined by U (Jiang 2011).

Pentad-average rates of increase of mixed-layer
temperature in the three regions relative to dates of
the BoBSM onset are given in Fig. 4a. Before the
BoBSM onset, increasing rates of temperature are

more than 0°C pentadfl, but with different temporal
variation over the three regions. In the central BoB,
the rate increases first and decreases after pentad —2,
while in the southern and equatorial BoB, it rarely
increases and decreases after pentad —5. In general,
mixed-layer temperature increases most rapidly in the
central BoB before the BoBSM onset, followed by the
southern BoB, and finally the equatorial BoB. The
most rapid rate of increase in the central BoB con-
tributes to the local warm center and hence results in
occurrences of the SWSSTA and the WSSTA prior to
the BoBSM onset (Fig. 1 and 2). At the equator, SST
increases slowly; meanwhile, the increasing rates for
SST scarcely vary with latitude during the BoBSM
onset (figures not shown). Therefore, it is seen that an
SWSSTA sustains in the equatorial BoB even though
the WSSTA appears in the central BoB (Fig. 1).
According to Eq. (1), the rate of temperature varia-
tion is proportional to the mixed-layer heat budget and
inversely proportional to mixed layer depth. Increasing
positive rates of SST are due to net mixed-layer heat
input in the three regions (Fig. 4). The evolution of the
mixed-layer heat budget (Figs. 4b—d) further shows that,

TABLE 1. Correlation coefficients between dates of the SWSSTA
and WSSTA occurrence in the central BoB and the BoBSM onset
based on U, MTG, and OLR indices. Values denoted with one, two,
three, and four asterisks exceed the confidence levels of 95%, 99 %,
99.5%, and 99.9%, respectively.

U MTG OLR WSSTA  SWSSTA
U 1
MTG 0. 71 1
OLR 0.65%***  (.53%**% 1
WSSTA 0.57%%* 0.43* 0.43* 1
SWSSTA  0.56%** 0.52%*%*  (0.39%  (.74%%** 1
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FIG. 4. Evolutions of (a) pentad-mean rate of increase of mixed-layer temperature (°C pentad ') averaged over
the equatorial (2°S-2°N, 85°-95°E; red lines), southern (3°-7°N, 85°-95°E; green lines), and central (8°-13°N, 85°-
95°E; blue lines) BoB before the BoOBSM onset. Evolutions of pentad-mean mixed-layer heat input (heat budget)
(black bars; W m™?), net surface heat flux (nqet) (red bars; W m~2), flux induced by horizontal temperature ad-
vection within the mixed layer (hta) (green bars; Wm ™ 2) and flux induced by vertical entrainment through the
bottom of the mixed layer (ve) (blue bars; Wm™2), and MLD (gray lines; m, right y axis) in the (b) equatorial,
(c) southern, and (d) central BoB before the BoOBSM onset. Composites are in reference to dates of the BoOBSM

onset, which are taken as the zero pentad.

before the BoBSM onset, net mixed-layer heat input
increases first and decreases after pentad —2 in the
central BoB, while it has a rare increasing trend before
pentad —5 in the equatorial and southern BoB, but
suddenly increases hereafter and then decreases in both
regions. As a whole net mixed-layer heat input is most in
the central BoB, followed by the southern BoB, and
finally by the equatorial BoB. Meanwhile, the mixed
layer gradually shoals (deepens) in the central (equa-
torial) BoB, while in the southern BoB, it shoals first and
deepens after pentad —4. After the WSSTA occurrence,
the mixed layer shoals gradually from the tropical to
central BoB. Thus, the combined action of the two fac-
tors is favorable to the most rapid increase of SST in the
central BoB (Figs. 1 and 2), which is consistent with
previous results (Wu et al. 2012). Moreover, as men-
tioned above, the SWSSTA and WSSTA do not occur in
the central Arabian Sea during the same period (Fig. 2).
Some studies indicated that the mixed layer is deeper in
the Arabian Sea than in the BoB during the same period
(Roxy et al. 2013), and it is shallower in the equatorial
BoB than in the central Arabian Sea (Kumar and
Narvekar 2005), which does not favor the rapid increase
of SST in the Arabian Sea and the development of a
warm center in the central Arabian Sea. In other words,

the distribution differences of mixed layer depth be-
tween the BoB and Arabian Sea may result in different
SST patterns before the BoBSM onset.

As shown in Eq. (1), the mixed-layer heat budget in-
cludes the net surface heat flux, fluxes of horizontal
advection, and vertical entrainment. In the three re-
gions, net surface heat fluxes are observed to be in phase
with the mixed-layer heat input, while the other fluxes
vary differently (Figs. 4b—d). Around the equator, cold
water upwelling weakens first and enhances after the
occurrence of the SWSSTA, and cold advection en-
hances as a whole prior to the BoBSM onset, together
opposing the increase of the mixed-layer heat budget
(Fig. 4b). In the southern BoB, cold water upwelling
enhances as a whole, and the flux induced by horizontal
advection reverses from positive to negative before the
BoBSM onset, together reducing the mixed-layer heat
budget (Fig. 4¢c). In the central BoB, negative flux from
cold advection and positive flux induced by vertical en-
trainment decrease with time before the BoBSM onset,
which together favor the increase of the mixed-layer
heat budget (Fig. 4d). However, upon comparison of
each component of the mixed-layer heat budget in the
three regions, fluxes induced by horizontal advection
and vertical entrainment are small in comparison. This
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suggests that net surface heat flux mainly contributes to
the mixed-layer heat input.

To further analyze the factors influencing net surface
heat flux, pentad-average composites for the downward
shortwave radiation flux, longwave radiation flux, latent
heat flux, and sensible heat flux, which are the main
components of net surface heat flux relative to dates of
the BoBSM onset, are shown in Fig. 5. Variation of the
downward shortwave radiation flux are consistent with
net surface heat flux in the three regions, and the
downward shortwave radiation flux in the central BoB
is more than in the equatorial and southern BoB. The
longwave radiation flux and latent and sensible heat
fluxes oppose the shortwave radiation flux, reducing net
surface heat flux in the three regions. Among them, the
longwave radiation flux decrease with time in the three

VOLUME 29

regions before the BOBSM onset, and it is greatest in the
central BoB, followed by the southern BoB, and finally
by the equatorial BoB. Latent heat flux increases first
and decreases after pentad —6, then increases after
pentad —3 in the equatorial BoB, while it decreases first
and increases about after pentad —4 (—3) in the south-
ern (central) BoB. Meanwhile, latent heat flux in the
central BoB is less than in the southern and equatorial
BoB. Sensible heat flux opposes net surface heat flux in
the BoB, but it differs rarely in the three regions, and it is
relatively small in comparison. To sum up, more short-
wave radiation flux and less latent flux together result in
more net surface heat flux in the central BoB than in the
equatorial and southern BoB.

From the point of view of the heat budget, we find
that, before the BoBSM onset, meridional variation of
the mixed-layer heat input and the mixed layer lead to
the occurrences of the SWSSTA and the WSSTA in the
central BoB. Moreover, the most important contributor
to variation of the mixed-layer heat budget is net surface
heat flux, which mainly depends on downward short-
wave radiation flux and latent heat flux. The main fac-
tors affecting downward shortwave radiation flux are
solar radiation at the top of the atmosphere and clouds.
Solar radiation at the top of the atmosphere varies with
the seasonal march of solar heating, and it increases by
about 7Wm ™ ? in the central BoB from before the oc-
currence of the SWSSTA (late March) to before the
WSSTA occurrence in the central BoB (early April),
while the increasing maximum value of downward
shortwave radiation flux is about 15Wm 2 in this pe-
riod. Moreover, differences in solar radiation at the top
of the atmosphere between the central and equatorial
BoB are less than 15Wm 2 since late March—early
April (figures not shown), which does not fully explain
the difference (about 40Wm ?) in downward short-
wave radiation flux between the central and equatorial
BoB in the same period (Fig. 5). The variation of clouds
is closely related to atmospheric circulation, and varia-
tions of both latent heat flux and mixed layer depth (Fan
et al. 2010) are closely related to surface wind speed.
Thus, in the next section, we further explore the impact
of atmospheric circulation on net surface heat flux and
feedback from the net surface heat flux to the atmo-
spheric circulation.

b. The impact of atmospheric circulation on the heat
budget and associated interactions

Note that an anticyclone appears at 925 hPa over the
northwestern BoB before the BoBSM onset (Fig. 2).
The anticyclone center moves from the northern BoB to
the central BoB with gradually weakened intensity until
pentad —3 and subsequently disappears (Figs. 6a,b). In
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FIG. 6. Evolutions of pentad-mean (a) path, (b) strength of the
low-level anticyclone using geopotential height at 925 hPa (gpm),
and (c) 925-hPa wind speeds (m s~ ') averaged over the equatorial
(solid triangles), southern (crosses), and central (dots) BoB before
the BoBSM onset, with dates of the BoBSM onset taken as the zero
pentad. The path in (a) is labeled with pentad numbers.

the central BoB, the evolution of low-level wind speed is
affected by the anticyclone before pentad —3 and also
shows a decreasing trend. Low-level wind speed shows
an increasing trend as a whole at the equator, while it
first decreases and then increases in the southern BoB
after pentad —6 (Fig. 6¢). In general, low-level speed is
the greatest at the equator, and it is greater in the central
than in the southern BoB before pentad —3; after that,
the situation is reversed.

As the anticyclone moves toward warm SST, warm
SST reduces anticyclonic intensity by enhancing atmo-
spheric instability and convergence in the boundary
layer (Roxy and Tanimoto 2007) until the anticyclone
disappears. Meanwhile, wind speed around the equator
attributed to the enhanced surface westerlies is associ-
ated with local increasing SST. Surface wind speed is
positively related to both latent heat flux and mixed
layer depth (Fan et al. 2010), so variation of low-level
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wind speed is consistent with latent heat flux and mixed
layer depth in the three regions, showing more (less)
latent heat flux and deeper (shallower) mixed layer in
the equatorial (central) BoB as a whole, further favoring
the most rapid increase of SST in the central BoB. Thus,
there is a positive feedback between SST in the central
BoB and low-level wind speed until pentad —3. On one
hand, as the anticyclone moves southeastward, warm
SST reduces anticyclonic intensity by enhancing in-
stability and convergence in the boundary layer; on the
other hand, decreasing wind speed further results in
reduced evaporative cooling, as shown by less latent
heat flux and mixed layer depth in the central BoB, fa-
voring the increase of local SST (Fig. 6¢c). This positive
feedback between SST and the anticyclone favors a
rapid increase of SST until the occurrence of WSSTA in
the central BoB.

Anticyclones also occur in the middle troposphere
(Fig. 7). Before the BoBSM onset, the subtropical ridge
is generally located between 10° and 15°N in the
Northern Hemisphere, and it occurs around 13°N over
the BoB. Meanwhile, the western Pacific subtropical
high (WPSH) and the Indian Ocean subtropical high
(IOSH) are located either side of the BoB. Owing to
strong downdrafts around the ridge (Fig. 8b), total cloud
cover is lower in the central BoB than in the equatorial
and southern BoB (Fig. 8a), which corresponds well to
downward shortwave radiation flux in the three regions
(Fig. 5).

In addition, the WPSH and IOSH move toward the
BoB until pentad —3 (Figs. 7a—f). After that, the WPSH
and IOSH retreat in opposite directions over the BoB
(Figs. 7g-i). Previous studies indicated that increase of
SST uplifts local isobaric surface, favoring the extension
of subtropical high (Qian et al. 2002). Thus, there exists
an interaction between SST and subtropical high. In-
crease of SST in the central BoB enhances local sub-
tropical high and moves the subtropical high toward
the BoB. Meanwhile, the enhanced subtropical high
could further decrease cloudiness by suppressing ver-
tical motions and then increase downward shortwave
radiation flux, favoring the increase of SST in the central
BoB (Figs. 7a—c). After pentad —6, the impact of warm
SST on vertical motions overcomes the impact of the
subtropical high in the central BoB (Fig. 8b), which in-
creases local cloudiness (Fig. 8a). Because of the increase
of local cloudiness, downward shortwave radiation flux
slightly decreases in the central BoB, but this does not
affect the most rapid increase of SST in the central BoB,
so the WPSH and IOSH still move toward the BoB until
pentad —3. In the equatorial BoB, variation of vertical
motion is mainly influenced by the movements of the
WPSH and IOSH, so the total cloud cover decreases first
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F1G. 7. Composite patterns of pentad-mean geopotential height (gpm) at 500 hPa before the BoBSM onset, with dates of the BoOBSM onset
taken as the zero pentad. The thick dashed line denotes the position of the subtropical ridge.

and increases after pentad —2 (Fig. 8). Variation of total
cloud cover is not exactly consistent with downward
shortwave radiation flux in the equatorial BoB, which is
possibly due to the decreasing solar radiation at the top
of the atmosphere (figure not shown). Thus, besides the
seasonal march of solar heating, the seasonal variation
of the subtropical high is also favorable to the increase of
downward shortwave radiation flux and hence promotes a
rapid increase of SST in the central BoB.

5. Role of the WSSTA in the central BoB in
triggering the monsoon onset

As mentioned above, after the occurrence of the
WSSTA in the central BoB, low-level anticyclones dis-
appear, the WPSH and IOSH move outwards from the
BoB, and 2 pentads later the BoBSM subsequently oc-
curs. How does warm SST influence these circulation
variations? To clarify the corresponding process, the
evolution of surface (1000hPa) equivalent potential
temperature 6, that measures SST in affecting the at-
mospheric instability is examined (Fig. 9). As can be
seen, the atmospheric unstable condition decreases from
the tropical to central BoB before pentad —6. And after
that the atmospheric unstable condition is enhanced by
the increase of SST in the central BoB, appearing stronger
over the north than the south (Li et al. 2015), which favors
local gradually enhanced convective activities.

Further, evolutions of pentad-mean OLR, precipita-
tion, and apparent heat source relative to dates of the
BoBSM onset are given in Fig. 10. At pentad —3, be-
cause of increasing atmospheric instability induced by
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FI1G. 8. Evolutions of pentad-mean (a) total cloud cover (%) and
(b) vertical velocity at 500 hPa (Pas™!) averaged over the equa-
torial (solid triangles), southern (crosses), and central (dots) BoB
before the BoOBSM onset, with dates of the BoOBSM onset taken as
the zero pentad.
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onset, with dates of the BoBSM onset taken as the zero pentad.

the warm SST, as shown in Fig. 9 (Roxy and Tanimoto
2007), convective activities enhance in the central BoB,
giving rise to light precipitation. That is the reason why
low-level anticyclones disappear and the WPSH and
IOSH moves outwards from the BoB. Meanwhile, one
maximum atmospheric heat source’s center appears in
the central BoB. It is seen that the third term from
Eq. (2), Cp(p/po)kweﬂ/ap, for the atmospheric heat
source is consistent with the atmospheric heat source in
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the BoB (Figs. 10a and 11a), indicating that the vertical
advective term is the main contributor of atmospheric heat
sources. Then, owing to local gradually enhanced convec-
tive activities, atmospheric heat sources continue to in-
crease in the central BoB before the BoBSM onset, as does
precipitation (Figs. 10b,c and 11b,c). In addition, weak
southerlies converge toward the southern flank of the
WSSTA before the BoBSM onset (Figs. 10b,c). This sug-
gests that strong convective activities induced by the
WSSTA could result in a center of atmospheric heat sour-
ces in the central BoB before the BoBSM onset. Atmo-
spheric heating is one of the major drivers that directly force
the atmospheric circulations (Lorenz 1955; Wang and Qian
2000). Thus, equatorially asymmetric atmospheric heat
sources could induce strong southwesterlies in the BoB
(Gill 1980) and hence trigger the BoBSM onset (Fig. 10d).

To further confirm the role of atmospheric heat
sources in enhancing southwesterlies in the BoB and
give the possible dynamic explanation, a simple analytic
model (Matsuno 1966; Gill 1980) is used in the present
study. Moreover, considering that the pattern of atmo-
spheric heat sources is asymmetric about the equator in
the BoB, the general solutions for isolated equatorially
asymmetric heating of this model are used in this study
(Xing et al. 2014).
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FIG. 10. Composite patterns of pentad-mean precipitation (green contours; mmday ), OLR (blue contours;
W m™?), and apparent heat sources (shading; W m~2) vertically integrated from 1000 to 100 hPa before the BoBSM
onset, with dates of the BoBSM onset taken as the zero pentad.
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FIG. 11. As in Fig. 10, but only for the third term of Eq. (2), C,,(p/po)kwa(ﬂlap, for apparent heat sources.

The forcing source used in this study is of the same
type as that chosen by Xing et al. (2014), consistent with
the form of the WSSTA, with strength decreasing from
the center to the surroundings. Figure 12 shows the
distribution of the initial ideal heating field. The warm
centers are set at the equator (Fig. 12a), 10°N (Fig. 12b),
and 10°S (Fig. 12¢), reflecting the variation in position of
the WSSTA and the corresponding atmospheric heat
sources, among which the equatorially symmetric heat-
ing has the same form as in Gill (1980). Analytical so-
lutions to the forcing (Gill 1980; Xing et al. 2014) are
given in Fig. 13. Compared with the atmospheric re-
sponse to the equatorially symmetric heating (Fig. 13a),
there is no longer a symmetric atmospheric response
about the equator, owing to an equatorially asym-
metric Rossby wave forced by equatorially asymmetric
heating (Figs. 13b,c). The cyclonic circulation in the
Northern (Southern) Hemisphere in Fig. 13b (Fig. 13c)
strengthens and move northward (southward) com-
pared with that in Fig. 13a, while the cyclonic circula-
tion weakens in the other hemisphere, as does vertical
velocity. Cross-equatorial flows from the southwest
(northwest) associated with mixed planetary—gravity
waves blow along the meridional heat gradient over
the region of equatorially asymmetric heating in
Fig. 13b (Fig. 13c). Thus, strong southwesterlies are the

response of mixed Rossby—gravity waves to equato-
rially asymmetric heating associated with the WSSTA
occurrence in the central BoB. Comparison of the
theoretical solutions and those observed heating and wind
patterns during the monsoon onset over the BoB indicates
that the WSSTA in the central BoB can indeed trigger the
monsoon onset process by triggering convection.

6. Conclusions and discussion

We have investigated the interaction between local
SST and the BoBSM onset and the evolution of circu-
lation systems associated with the BoBSM onset. Two
warm SST axes occur in the BoB: one around the
equator and the other in the central and northern BoB.
The locations of the SWSSTA and WSSTA vary by
season. The SWSSTA in the central BoB appears in
early April, 2 pentads earlier than the occurrence of the
WSSTA and 5 pentads earlier than the BoBSM onset.
Moreover, there is a significant positive correlation be-
tween the SWSSTA occurrence and the BoBSM onset,
indicating that the SWSSTA is an earlier predictor for
BoBSM onset.

Figure 14 shows a schematic of the evolution process
of the main atmospheric and oceanic system affecting
the BoBSM onset. Since late March (phase I), a low-level
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FIG. 12. Distribution of the initial ideal heating for the analytical
model: heating center is located (a) at the equator, (b) in the
Northern Hemisphere, and (c) in the Southern Hemisphere.

anticyclone moves gradually from the northwestern to
the southeastern BoB and weakens because of the
movement toward warm SST. Meanwhile, the zonal
ridge of the subtropical high is located around 13°N over
the BoB, and local subtropical high increases as the
WPSH and IOSH move toward the BoB. The weakened
low-level anticyclone gradually decreases latent heat
flux and shoals the mixed layer; the subtropical high
favors reducing cloud and increasing surface shortwave
radiation flux in the central BoB, resulting in the most
rapid increase of SST in the central BoB. For this reason,
the SWSSTA occurs, and the WSSTA subsequently
appears in the central BoB. Then (phase II) because of
increasing atmospheric instability induced by warm
SST, the WSSTA triggers a local maximum of convec-
tion and leads to the disappearance of the low-level
anticyclone and the outward movement of the sub-
tropical high from the BoB. Then the convectional
heating in turn strengthens southwesterlies over the
BoB by inducing mixed planetary—gravity waves, re-
sulting in the BoBSM onset.
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FIG. 13. Horizontal wind (arrows) and vertical velocity (shading)
solutions in the lower layer for the isolated heating cases shown in
Fig. 12. (a) Analytical solutions for atmospheric variables forced by
the heating in Fig. 12a; (b) as in (a), but for Fig. 12b; and (c) as in
(a), but for Fig. 12c. The thin solid lines represent ascending flow (light
gray shading), with contours of 0.3 and 0.6, while the thin dashed lines
represent descending flow (dark gray shading), with contour at —0.1.

In this study, we have investigated the relationships of the
SWSSTA, the WSSTA, and the BoBSM onset and find a
good predictive signal for the BoBSM. Both previous and
present results show that the atmosphere lags SST by
some time (Roxy et al. 2013). In the present study, the
leading time of 5 pentads is only a statistical result based
on the observation. However, the impact of SST on the
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FIG. 14. The schematic diagram showing the evolution process of the main atmospheric and oceanic systems
affecting the BoBSM onset: IOSH, WPSH, 1h, sw, MLD, and anticyclonic circulation (AC). The pink shading
indicates the warming of SST in the central BoB, and green arrows present low-level southwesterlies into the BoB.
The main atmospheric and oceanic systems include the IOSH, the WPSH at 500 hPa, the anticyclonic circulation at
925 hPa, and mixed layer depth in the central BoB, respectively. The evolution process of the main atmospheric and
oceanic systems affecting the BoBSM onset is divided into two phases from late March to late April. Phase I: the
WPSH, IOSH, AC (purple), lh (blue arrows), and sw (red arrows) in the central BoB and mean MLD between 85°
and 95°E in the prior period (dashed lines; late March) and late period (solid lines; mid-April); and the most rapid
warming in the central BoB associated with phase I. Phase II: low-level southwesterlies (green arrows) induced by
the warmest SST in the central BoB resulting from phase I. The thickness variations of the WPSH, IOSH, and AC
circles represent the variation in intensity of the circulation systems, and the size variations of the sw and lh arrows

represent their variation in intensity.

atmosphere is very complex; the relationship between
SST and atmosphere is influenced not only by the varia-
tion of SST, but also the atmospheric conditions, so it is
seen that the leading time shows significant interannual
variation; it is not stable every year (Fig. 3). Future work
is needed for improving the understanding of the re-
sponse time. In addition, more research is needed to
further understand the interactions and processes un-
derlying the BoBSM onset. For example, Mao and Wu
(2007) have indicated that the interannual variation in the
BoBSM onset dates are significantly correlated with EI
Nifio-Southern Oscillation (ENSO) events. Does ENSO
therefore affect the interannual variation of SWSSTA
occurrence through its influence on SST variability? This is
one key question that needs to be addressed in the future.
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