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The NCEP/NCAR R1 reanalysis data are employed to investigate the impact of forced and inertial instability in the lower
troposphere over the Arabian Sea on the onset process of Indian summer monsoon (ISM), and to reveal the important role of
zonal advection of zonal geostrophic momentum played in the forced unstable convection. Results show that during the ISM
onset the zero absolute vorticity contour (77 = 0) shifts northward due to the strong cross-equatorial pressure gradient in the
lower troposphere over southern Arabian Sea. Thus a region with negative absolute vorticity is generated near the equator in
the northern hemisphere, manifesting the evident free inertial instability. When a southerly passes through this region, under
the influence of friction a lower convergence that facilitates the convection flourishing at the lower latitudes appears to the
north of zero absolute vorticity contour. However, owing to such a traditional inertial instability, the convection is confined
near the equator which does not have direct influence on the ISM onset. On the contrary in the region to the north of the zero
absolute vorticity contour and to the south of the low pressure center near the surface, although the atmosphere there is iner-
tially stable, the lower westerly jet can develop and bring on the apparent zonal advection of zonal geostrophic momentum.
Both theoretical study and diagnosing analysis present that such a zonal advection of geostrophic momentum is closely associ-
ated with the zonal asymmetric distribution of meridional land-sea thermal contrast, which induces a convergence center near
and further north of the westerly jet in the lower troposphere over the southwestern coast of the Indian Peninsula, providing a
favorable lower circulation for the ISM onset. It illustrates that the development of convection over the Arabian Sea in late
spring and early summer is not only due to the frictional inertial instability but also strongly affected by the zonal asymmetric
distribution of land-sea thermal contrast. Moreover, before the ISM onset due to the eastward development of the South Asian
High (SAH) in the upper troposphere, high potential vorticity is transported to the region over the Arabian Sea. Then a local
trumpet-shaped stream field is generated to cause the evident upper divergence-pumping effect which favors the ISM onset.
When the upper divergence is vertically coupled with the lower convergence resulted from the aforementioned forced unstable
convection development near the southwestern coast of Indian Peninsula, the atmospheric baroclinic unstable development is
stimulated and the ISM onset is triggered.
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The Asian monsoon, including the South Asian monsoon
and East Asian monsoon, is the strongest monsoon system
in the world. The Asian monsoon can be divided into the
tropical monsoon, subtropical monsoon, and temperate
monsoon according to the climate belt. The tropical mon-
soon is composed of the Indian monsoon, the Bay of Bengal
(BOB) monsoon, the South China Sea (SCS) monsoon, and
the northwestern Pacific monsoon (Lau et al., 2009). The
onset and evolution of Asian summer monsoon is compli-
cated and spectacular. The tropical summer monsoon builds
up from early May over the BOB to early June over India,
lasting for about 40 days. But the East Asian summer mon-
soon takes about 50 days, starting from South China in early
June and subsequently propagating to the North China in
middle July when the Meiyu along the Yangtze River basin
ends. The Indian summer monsoon (ISM) is one of the most
important members in the Asian summer monsoon region.
Its onset and intra-seasonal oscillation are significant for the
variability and forecast of both Meiyu over the Yangtze
River valley and precipitation over North China in boreal
summer (Liu and Ding, 2008a, 2008b). Therefore, it is sig-
nificant to understand the ISM onset process and the rele-
vant mechanism correctly for improving climate prediction
and disaster prevention and mitigation in China.

The climatological onset time of ISM is around the end
of May and the beginning of June. The ISM onset dates are
similar, determined by different criteria with different me-
teorological elements, such as rainfall, wind and moisture,
etc (Ananthakrishnan et al.,, 1968; Prasad et al., 2005;
Taniguchi et al., 2006; Wang et al., 2009). Recently Mao et
al. (2004, 2007) used the seasonal overturns of the meridio-
nal temperature gradient (MTG) in the upper troposphere to
define the onset dates of Asian summer monsoon. This def-
inition is useful for studying the interaction among different
subsystems of the Asian summer monsoon. It was reported
that the seasonal northward migration of the intertropical
convergence zone (ITCZ) is associated with the ISM onset
featured by the advancing of monsoon depression and rain-
fall from the equator to the north (Saha et al., 1980; Gadgil,
2003). In detail, the precipitation in the monsoon region
(70°-110°E, 10°-30°N) increases with the strengthened
cross-equatorial Somali flow, which accelerates the low-
er-level jet and enhances the southwesterly over the Arabian
Sea. Simultaneously the ITCZ is moving northward, and the
ISM trough is established (Saha, 2010). Thus the seasonal
northward shifting of ITCZ is of great importance for the
ISM onset and advancement. The numerical simulation
performed by Krishnamurti et al. (1983) showed that in the
boundary layer of the ISM region, the geostrophic balance
and advection balance (i.e., air parcel acceleration) existed
to the north and the south of ITCZ, respectively. Such ac-
celeration of cross-equatorial Asian summer monsoon Ccir-
culation over the southwestern Indian Peninsula may be
linked with the inertial instability. Tomas and Webster
(1997) declared that the northward propagation of ITCZ
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over the ISM region is intimately correlated with the sea-
sonal northward migration of near-equatorial zero absolute
vorticity contour (77 =0) in the lower troposphere. It was

presented that the negative absolute vorticity belt (7 <0)

near the equator in the North Hemisphere (NH) reflects the
inertial instability in the planet boundary layer (PBL). They
also suggested that the criterion of inertial instability is
f -1 <0, in which fis the Coriolis parameter. If an air par-

cel passes northward through the inertially unstable
(f-n<0) region, it will be accelerated under the inertial

effect. When the air parcel passes through the inertial stable
(f-n>0) area, it will be decelerated, forming a lower lev-

el convergence to the northern neighbor of the 7 =0 con-

tour. The northward migration of the zero absolute vorticity
contour is caused by the increased cross-equatorial pressure
gradient force associated with the intensified meridional
gradient of sea surface pressure (SLP). Furthermore, Tomas
et al. (1999) adopted an analytic method to demonstrate the
possible dynamical mechanism for the near-equatorial iner-
tial instability in boreal summer. They stressed the im-
portant influence of PBL drag coefficient (frictional effect)
on the inertial instability, and successfully simulated the
inertial instability and relative elements in the lower tropo-
sphere over the eastern Pacific and Atlantic Ocean in July
by a simple one-dimensional PBL model. However, the
simulation over the Indian Ocean is distinctly different from
the observation. Then what’s the reason for such a discrep-
ancy? Dose the distribution of inertial instability in summer
resemble that in spring? Given the close association be-
tween inertial instability and seasonal northward displace-
ment of ITCZ in spring, is the theory of inertial instability
applicable to the ISM onset from late spring to early sum-
mer in the NH? This paper aims to solve these scientific
questions.

1 Data and methodology

1.1 Data description

The NCEP/NCAR R1 daily reanalysis dataset (1979-2009)
with horizontal resolution of 2.5°x2.5° is utilized in this
paper, including the wind, air temperature, geopotential
height, specific humidity, and SLP fields (Kalnay et al.,
1996). The wind, air temperature, and geopotential height
fields are distributed on the 12 standard isobars from 1000
to 100 hPa, whereas the specific humidity field is on the 8
standard isobars from 1000 to 300 hPa. The daily outgoing
longwave radiation (OLR) from 1979 to 2009 is supplied by
NOAA (Liebmann and Smith, 1996). The daily precipita-
tion observed by satellites (1997-2009) is from the Tropical
Rainfall Measuring Mission (TRMM) offered by NASA
(Huffman et al., 1995). The heat flux on the sea surface is
attained from OAFlux datasets supported by the Woods
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Hole Oceanographic Institution (WHOI, Yu et al., 2007).

1.2 Definition of ISM onset date

Following Mao et al. (2004), the ISM onset date is identi-
fied as the day when the following criteria are satisfied: (1)
the area-averaged upper-tropospheric (500-200 hPa) MTG
over the ISM region (60°-85°E, 10°-20°N) changes from
negative to positive and (2) the MTG remains positive for
more than 10 days. The ISM onset date defined by MTG
criteria (Table 1) are similar to that by other methods (Pra-
sad et al., 2005; Taniguchi et al., 2006; Xavier et al., 2007;
Wang et al., 2009). To investigate the climatic features of
inertial instability during the ISM onset accurately, the
composite techniques based on the ISM onset date are
adopted to remove the marked interannual variability of the
ISM onset. For each individual year the onset date is de-
fined as the zero date (D), with the dates before (after) the
onset date being labeled as negative (positive) days. All the
variables are chosen from —30 days (D_3y) to +30 days (D,30)
relative to the ISM onset date each year. The following
analysis is all based on the composite results.

2 Dynamical characteristics of forced and iner-
tially unstable convection development

Tomas et al. (1999) have examined the streamline field re-
lated with inertial instability by using a simple PBL model
only forced by cross-equatorial pressure gradient. They
adopted the homogeneous Helmhotz equation with friction-
al effect in PBL, but ignored other forcing in the inhomo-
geneous term. However, the cross-equatorial pressure gra-
dient could lead to the lower jet and strong zonal advection
over the tropical Arabian Sea in spring. As an air parcel
moving eastward along the lower jet under the influence of
pressure gradient force, its meridional speed is changed by

Table 1 ISM onset date”
Year Onset date Year Onset date
1979 June 5 1995 June 1
1980 June 1 1996 May 25
1981 May 27 1997 June 6
1982 May 30 1998 June 6
1983 June 13 1999 May 19
1984 May 24 2000 May 14
1985 May 23 2001 May 22
1986 June 1 2002 June 2
1987 June3 2003 June 1
1988 May 19 2004 May 9
1989 May 19 2005 May 30
1990 May 11 2006 May 20
1991 May 5 2007 June 2
1992 June 10 2008 June 3
1993 June 6 2009 May 19
1994 June 1 2010 May 23

a) average May 28
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the forcing of background pressure, affecting the spatial
distribution of horizontal divergence and convection. Thus
it is essential to consider the forcing of background pressure
when studying the inertial instability issue over the ISM
region. Here we start with deducing the control equation
based on Tomas et al. (1999)’s framework. The 2-dimen-
sion control equation in PBL is:

D

L= fo fo, —Ku= f(vr—v,)-Ku, (1)

Dt -

Dy

E:—fu+fug—Kv:—f(u—ug)—Kv, 2)
in which u, = _1o¢ and v, = 199 are the zonal and

¢ oy £ ox
meridional component of geostrophic wind, respectively;
total derivative 2 :—+ui+vi; and u, v, f, ¢ and K

Dt ot 0Ox Oy

are respectively for the zonal wind, meridional wind, Corio-
lis parameter, geopotential, and the frictional coefficient.
Before the ISM onset the strong cross-equatorial meridional
gradient of sea surface temperature (SST) and sea level
pressure (SLP) render the zonal geostrophic wind much
larger than the meridional one over the Arabian Sea. We

can thus assume v, = la_(p ~ 0. Then eqs. (1) and (2) can
£ f ox
be written as:
D*v Ou, Ou
+A%v = flu—+—2 |+ KfQu-—-u.), 3
Dr’ f( ox ot A 2 ©)
in which
22 — fl]—K2 ,
and absolute vorticity
Ou
e
n=1r 5

Eq. (3) is an atmospheric motion equation controlling the
forced inertial movement. The RHS of eq. (3) is the inho-
mogeneous terms representing the external forcing. If the
inhomogeneous terms are zero, eq. (3) will degenerate to an
equation depicting the atmospheric free inertial oscillation
with the following homogeneous solution:

v, =Ve'. 4)
The inertial instability criteria are:

<0, unstable,
2ofl -2 k)0
Oy '

>0, stable.

neutral, %)

When the variations of u, and u are much slower than
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that of v, the particular solution of eq. (3) can be obtained
as:

.. ) Ou, Ou,
v =y +v, =47 f §+ua—x +KfCu-u,) |, (6)

in which,

v =A"f %HA% =—ﬁz(g+u£j o¢ . 7
ot 0x ot  0Ox)\ Oy

When u, =u,(y),

s

v =v, :ﬂ’sz(Zu—ug). ®)

Eq. (7) indicates the influence on the meridional current
passing through the isobars due to the zonal change in zonal
geostrophic flow. Since the zonal geostrophic flow is pro-
portional to the north-south pressure gradient, which is
closely associated with the meridional land-sea thermal
contrast, the particular solution vl* in eq. (7) thus implies
that the zonal asymmetric distribution of north-south
land-sea thermal contrast can affect the meridional motion
of air parcel. In other words, the atmospheric inertial motion
is also influenced by the external forcing of background
streamline field. The solution v, shown in eq. (8) indicates
the effect of drag coefficient (friction) on the cross-isobaric
meridional flow and inertial instability. Its dynamical con-
notation has been stressed in detail by Tomas et al. (1999).
In this paper we concentrate on how the zonal variation of
zonal geostrophic flow influences the meridional motion
passing through the isobars, i.e., the particular solution v; .

Traditionally inertial instability is applied to understand
the development of convection in the ITCZ (Tomas and
Webster, 1997; Tomas et al., 1999). To examine its effect
on the ISM onset, a brief analysis is carried out on the
near-equatorial stationary atmospheric motion by referring
to Tomas et al. (1999)’s work. Then egs. (1) and (2) can be
predigested to:

0=vn—Ku, (9a)

O:—v{@-i-Kj—ﬂyuaa. (9b)
oy -

Note that the f-plane approximation (f = fy) is adopted

here and u,, is the zonal ageostrophic wind. From late May
to early June over the eastern Arabian Sea, a lower westerly
jet is situated between 10°N and 15°N. The relative vortici-
ty is negative to the south of the jet. Then the zero absolute
vorticity contour is near 4°N. An inertially unstable (7 <0 )
region is located between the south of zero absolute vorticity
contour and the equator, while the inertially stable (7 >0)
area is located to the north of the zero absolute vorticity
contour (Figure 1). Meanwhile the northward cross-equato-
rial gradient of SST leads to a high SLP in the south and a
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low one in the north of the Arabian Sea, corresponding to
the zonal geostrophic flow near the equator. Near the equa-
tor the inertial force is small, and the pressure gradient force
thus drives the air in the PBL to move northward crossing
the equator from the southern hemisphere. The southerly
passing through the inertial instability region forms an age-
ostrophic easterly to decelerate the westerly (eq. (9a)). Sub-
sequently the southerly enters the inertially stable region
and generates an ageostrophic westerly to accelerate the
zonal eastward flow (eq. (9a)). Under the influence of iner-
tial force, the zonal ageostrophic wind enhances the south-
erly crossing the isobars and the local meridional circulation
gets intensified in the inertially unstable region, but weak-
ens the southerly in the inertially stable area (eq. (9b)). In
summary, in the inertial unstable region the southerly
crossing the isobar is strengthened and the geostrophic
westerly is weakened, whereas in the inertial stable region
the southerly crossing the isobar gets damped and the geo-
strophic westerly is reinforced (Figure 1(a)). The qua-
si-equilibrium state of atmosphere requires the occurrence
of divergence (0v/0y>0) to the south but convergence

(0v/0y <0) to the north of the zero absolute vorticity con-

tour in the lower troposphere (Figure 1(b), eq. (9b)). There-
fore, the maximum of southerly occurs near the zero abso-
lute vorticity contour and lower level convergence and
convectional precipitation are produced to its north (Figure
1(c)).

The traditional theory of inertial instability described
above can be applied to explain the frequent occurrence of
convection along the ITCZ over the near-equatorial Arabian
Sea before the ISM onset. But such convection is too far
away from the Indian Peninsula to induce the ISM onset.
Notice that the particular solution (v,") is associated with
both the zonal speed of air parcel and the zonal distribution
of meridional pressure gradient, i.e., the influence of exter-
nal forcing on the meridional motion. If the air parcel takes
sufficient time to mix fully with the surrounding atmosphere
as it moves eastward along the westerly, the individual vari-
ation of zonal geostrophic wind then will be proportional to
the zonal gradient of zonal geostrophic westerly. Under
such circumstances and based on eq. (7), over the area
where the pressure gradient increases eastward, the nor-
therly is accelerated in the inertial unstable region, while
enhanced southerly appears to the north of zero absolute
vorticity contour with its maximum occurring near the
westerly jet axis. Thereby an additional forced convergence
forms near or to the north of the zonal westerly maximum,
and air ascent and convection are stimulated (Figure 1(d)).
Since the lower westerly jet axis closing to the southwestern
coast of Indian Peninsula is located near 10°-~15°N over the
Arabian Sea, such a forced convection development could
affect the ISM onset more directly. In the next section the
NCEP/NCAR R1 reanalysis data will be used to verify the
impact of the forced convection development on the ISM
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(b) (€ (d)

Figure 1 Schematic diagram of the forced and inertially unstable convection development. (a) Driven by the cross-equatorial sea surface pressure gradient
force, when an air parcel passes through the inertially unstable region (7 <0 )/inertially stable region (7 >0), the zonal wind is weakened/ strengthened

(nv, bold solid green arrows) and the southerly crossing the isobar gets increased/decreased (—fyu,, , thin solid green arrows); (b) in order to balance the

meridional inertial acceleration/deceleration induced by the zonal ageostrophic wind, the frictional and advection effects (—v(dv/0dy+ K)) have to deceler-

ate/accelerate the southerly. (c) Thus the divergence/convergence is established to the south/north of the zero absolute vorticity contour. (d) Forced convec-
tion development: the zonal variation of meridional pressure gradient can generate strong additional meridional wind, and lower-layer convergence is pro-
duced near and to the north of the zonal wind maximum (i) Which is located to the north of zero absolute vorticity contour, causing the forced convection

development and leading to the ISM onset.

onset process.

3 Convection development during the ISM on-
set and relevant dynamical analysis

Figure 2 describes the evolution of precipitation and low
level divergence during the ISM onset. Prior to the ISM
onset the zero absolute vorticity contour stays to the south
of 4°N, accompanied by the low-level convergence and
rainfall center situated mainly between 10°N and the equa-
tor (Figure 2(a) to (c)). When the ISM onsets, the zero ab-
solute vorticity contour shifts northward rapidly, so does the
convergence in the lower troposphere. Then the strong low-
er convergence dominates the northern Arabian Sea, con-
sistent with the evident rainfall migrating northward to the
southwestern coast of Indian Peninsula (Figure 2(d)). After
that the zero absolute vorticity contour maintains near 6°N,
and the rainfall belt keeps advancing northward towards the
Indian subcontinent (Figure 2(e) and (f)). During the whole
onset period, there exists conspicuous divergence and nega-
tive absolute vorticity in the lower troposphere between the
zero absolute vorticity contour and the equator in the NH.
Generally, the precipitation is moving northward in the ISM
onset process with the distinctly northward displacement of
the zero absolute vorticity contour and convergence in the
lower troposphere over the Arabian Sea. The northward
shifting of zero absolute vorticity contour represents the
strengthening of inertial instability in sifu. According to the
traditional theory of inertial instability (Tomas et al., 1999),

the lower convergence should be located on the north side
close to the zero absolute vorticity contour. However, the
lower level convergence shown in Figure 2 is far away from
the north edge of absolute vorticity zero contour, but close
to the southwestern Indian Peninsula and the southeastern
Arabian Sea, so that the traditional theory of inertial insta-
bility cannot explain such a phenomenon.

3.1 Effect of traditional inertial instability on the ISM
onset

Figure 2 shows that the zero absolute vorticity contour
moves northward most evidently in the region from 55°-
65°E over the southern Arabian Sea. From the 55°-65°E
averaged latitude-pressure cross section of the zero absolute
vorticity contour (Figure 3(a)), it can be seen that the
northward migration of the zero absolute vorticity contour
over the Arabian Sea is restricted in the PBL under 700 hPa,
resembling the results obtained by Tomas and Webster
(1997). The reason for the northward movement of the zero
absolute vorticity contour is the strong cross-equatorial gra-
dient of SLP in the ISM region (Figure 3(b)). Before the
ISM onset the enhanced poleward SLP gradient favors the
intensifying and northward shifting of westerly jet, and
pushes the zero absolute vorticity contour northward. Sim-
ultaneously, the pressure on the north of zero absolute vor-
ticity contour decreases and the poleward gradient of SLP is
enhanced, leading the zero contour to move towards the
higher latitudes. It is due to this positive feedback that the
zero absolute vorticity contour can move northward during
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30°N 4~
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Figure 2 Evolution during the ISM onset of the TRMM precipitation (shading) and 925 hPa divergence (contours, dotted lines are for the convergence;

interval is 2x107 s7).

the ISM onset. As latitude increases gradually the Coriolis
parameter fis increasing, so that northward migration of the
zero absolute vorticity contour stops at 6°N where [ >¢

and the absolute vorticity becomes positive. Furthermore,
the local SST over the Arabian Sea is high before the ISM
onsets. After the ISM onsets, the summer monsoon engen-
ders more cloud and rainfall to reduce the shortwave radia-
tion reaching the sea surface and the enhanced sea surface
wind stimulates the cold water upwelling and latent and
sensible heat release. Thus the local SST is cooled quickly
(Figure 3(c)). Consequently, the primary influence of tradi-
tional inertial instability on the ISM onset is manifested in
the seasonal northward migration of ITCZ (Tomas and
Webster, 1997; Gadgil, 2003), resulting in the reinforce-
ment and northward movement of lower convergence near
the equator only.

3.2 Influence on the ISM onset of forced convection
development induced by zonal variation of meridional
SLP gradient

The lower convergence caused by traditional inertial insta-
bility is too close to the equator to affect the ISM onset di-
rectly. Before the ISM onsets, as the cross-equatorial gradi-

ent of SLP gets strengthened, the zonal flow in the tropics is
accelerated, generating a westerly jet in the lower tropo-
sphere over the southern Arabian Sea (Figure 4(a) to (c)).
Then the enhanced lower level jet could increase the sensi-
ble heat flux on the sea surface, which facilitates the con-
vection flourishing. After the ISM builds up, the convection
cools the SST and decreases the sensible heating flux on the
sea surface (Figure 4(d) to (f)). The convection and lower
level convergence is intensified most rapidly over the
southwestern Indian Peninsula, rather than the southwestern
Arabian Sea where the zero absolute vorticity contour shifts
northward most evidently. Given that the strong zonal mo-
mentum advection resulted from the lower westerly jet on
the north of the zero absolute vorticity contour, it can be
speculated that the external forcing should play an im-
portant role in the northward movement of convergence due
to the forced convection development. In a steady state, the
external forcing solution in eq. (7) can be written as:

S LA 2[ ﬁjaﬁ
v = A f[u Pl A uax o ) (10)

Figure 5 portrays the evolution of geopotential height at
925 hPa during the ISM onset. The zonal difference of
low-level geopotential height is inconspicuous near the



1444 WuGX,etal. SciChina EarthSci  July (2014) Vol.57 No.7

150 (a)

7,

I
o

Pressure (hPa)
-
3
1

E 0]

SLP (hPa)

1000 F————7— ——
30°S  20°S  10°S EQ  10°N  20°N  30°N
N 1 . 1 N " 1 n 1 L

SST (*C)

w003+
30°s  20°8  10°S  EQ  10°N 20°N  30°N

Figure 3 Evolution of 55°-65°E averaged vertical profile of zero abso-
lute vorticity contour (a), and longitudinal profile of SLP (b), and SST (c).

equator. But to the north of 5°N, there is a high pressure
over the Arabian Sea with a low one over the Indian Penin-
sula, making the meridional pressure gradient increase
eastward over the eastern Arabian Sea from 5°N to 15°N.
Based on eq. (10), the air parcel moving eastward along
such a background pressure field should be driven to turn to
the north, thereby producing an additional lower layer con-
vergence to the north of the basic flow.

The evolvement of v, at 925 hPa during the ISM onset is
shown in Figure 6. The v, over the eastern Arabian Sea is
concentrated near the equator to the south of 6°N before the
ISM onsets (Figure 6(a) to (c)). During the ISM onset pro-
cess, however, the low-level westerly jet over the southern
Arabian Sea accelerates and shifts northward because of the
increasing cross-equatorial gradient of SLP. The westerly
jet in the lower troposphere produces the zonal advection of
zonal geostrophic momentum, which leads the most evident
response of meridional wind to the east of 70°E, corre-
sponding to the convergence near the southwestern coast of
Indian Peninsula (Figure 6(d) to (f)). This strengthened low
layer convergence in the NCEP/NCAR R1 reanalysis is in
accordance with the intensified monsoon convection ob-
tained from the TRMM satellite data as shown in Figure 2.
It becomes evident that the zonal advection of zonal geo-
strophic momentum can force meridional wind to develop
further downstream at higher latitudes, resulting in the low
layer convergence and convection development over the
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Figure 5 Evolution of 925 hPa geopotential height field (unit: gpm) during the ISM onset.

eastern Arabian Sea further away from the north edge of the
zero absolute vorticity contour.

Briefly, the strengthened inertial instability during the
ISM onset can affect the evolution of streamline field in the
lower troposphere. The inertial instability over the Arabian
Sea is characterized by the northward migration of the zero
absolute vorticity contour due to the intensified cross-
equatorial pressure gradient. Negative absolute vorticity
appears near the equator in the NH. As the meridional cur-
rent passing through this region, a dipole of southern diver-
gence and northern convergence establishes straddling the
zero absolute vorticity contour in the lower troposphere.
Moreover, the cross-equatorial southerly enhances the zonal
wind to the north of zero absolute vorticity contour, forming
a low layer westerly jet over the tropical Arabian Sea. Be-
cause over the eastern Arabian Sea the north- south land-sea
thermal contrast increases eastward, air parcel moving
through this region along the lower westerly jet leads to
strong zonal advection of zonal geostrophic momentum and
deviates northward, causing the centers of convergence and
convection formed to the north of jet axis in the lower trop-
osphere over the southeastern Arabian Sea and the south-

western coast of Indian Peninsula to the east of 70°E. This
forced convection development creates favorable conditions
for the ISM onset.

4 Vertical coupling between upper and lower
circulations during the ISM onset

4.1 Characteristics of the upper circulation

Except for the lower circulation, the contribution of the up-
per circulation to the ISM onset is also significant. Specifi-
cally, the SAH experiences evident variation during this
period (Zhang et al., 2014; Liu et al., 2013). Prior to the
ISM onset, the SAH situated over the Indochina Peninsula
gets strengthened and expends eastward (Figure 7(a) to (c))
due to the monsoon convection over the BOB and SCS
(Figure 4(a) to (c)). Then a conspicuous trumpet-shaped
streamline field is established on its southwest just over the
Arabian Sea, consistent with the strengthening of local di-
vergence in the upper troposphere. During the ISM onset,
the SAH expands further eastward and the upper divergence
keeps intensifying over the Arabian Sea. According to
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Zhang et al. (2014), the eastward expansion of the SAH
enhances the northerly on its east, bringing high potential
vorticity (PV) from mid-latitude southward to form a high
PV belt. The high PV is then transported to the southwest of
the SAH over the southern Arabian Sea by the easterly jet in
the upper troposphere. Subsequently a local cyclonic cur-
vature appears as a response to the high PV. The southeast-
erly of the cyclonic curvature, together with the northeast-
erly to its north, thus forms the trumpet-shaped streamline
field on the southwest of the SAH, producing the upper di-
vergence center, which supplies a favorite background of
upper pumping to the ISM onset. Meanwhile the cross-
equatorial pressure gradient pushes the zero absolute vorti-
city contour northward to accelerate the lower westerly jet,
resulting in the lower convergence and convection to the
east of 70°E near the southwestern coast of Indian Peninsula.
Then how does the upper circulation couple with the lower

system in vertical to influence the ISM onset?

4.2 Vertical coupling between the upper and lower
circulations

According to the vorticity equation:

|

0 .
at a steady state, 6_ =0, assuming that w has normal mode
t

0 0

3+w—+w—}u+@=f@f
0z

ot

D(f +¢) _

Dr (11
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solution in vertical, and taking partial derivative with re-
spect to z on the both sides of eq. (11) leads to:
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s (12)
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Figure 7 Evolution of wind (vectors, unit: m s™), geopotential height (contours, interval is 20 gpm) and divergence (shading, interval is 2x10° s™'; white

dotted lines are for the maximum of divergence) at 200 hPa during the ISM onset.

Eq. (12) delineates the effect of vertical shear of absolute
vorticity advection on the vertical motion. That is, the as-
cending (descending) is accompanied by the advection of
absolute vorticity increasing (decreasing) with height.

Figure 8 is the latitude-pressure cross section of vertical
shear of absolute vorticity advection along 75°E during the
ISM onset, indicating the favorite dynamical background
for the ascending. As analyzed above, both the lower con-
vergence and convection develop most rapidly along this
longitude. Prior to the ISM onset, two near-equatorial as-
cending centers are located to the south of 5°N, including an
upper center near 250 hPa and a lower one near 850 hPa
(Figure 8(a) and (b)). On the D_, the upper center stretches
to about 10°N, but the lower center stays in place (Figure
8(c)). On the Dy, the upper center goes on enhancing with
the development of lower center, so the vertical coupled
ascending establishes from 5°N to 10°N. The collaboration
of upper and lower centers promotes the ISM onset (Figure
8(d)). After that the upper center keeps expanding to the
north of 10°N, while the lower center is still situated near
10°N. The divergence-pumping effect owing to the upper
center facilitates the northward propagation of monsoon
rainfall (Figure 7(e) and (f)). In fact, the upper center cor-
responds to the positive advection of absolute vorticity re-
lated with the high PV transport on the south of SAH,
whereas the lower center is consistent with the northward

migration of the zero absolute vorticity contour and the in-
tensification of the forced convection development. In detail,
when the SAH in the upper troposphere strengthens and
elongates eastward, the high PV is transported to the south-
ern Arabian Sea on D_, (Figure 7(c)), the local upper diver-
gence is enhanced, and the upper ascending center stretches
northward (Figure 8(c)). Later, the northward shifting of the
intensified divergence and ascending center aloft provide a
background of upper pumping, stimulating the ISM onset
and the northward advancing of the monsoon rainfall belt.
In the lower troposphere, as the convergence associated
with forced convection development and westerly jet begins
to grow up near the southwestern coast of Indian Peninsula
on D, (Figure 6(d)), the lower ascending center develops
and migrates northward, and the ISM builds up (Figure
8(d)). Finally, the zero absolute vorticity contour moves
further northward, and the lower convergence and monsoon
rainfall also move to higher latitudes (Figure 8(e) and (f)),
favoring the northward propagation of ISM.

The observed vertical motion exhibits similar features in
both upper and lower troposphere (Figure 9) as those calcu-
lated and presented in Figure 8. Before the ISM onset, the
two weak ascending centers are to the south of 5°N near the
equator. The upper center is located at 250 hPa and and the
lower center at 850 hPa. The descending is dominant to the
north of 10°N (Figure 9(a)). Then the upper divergence-
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pumping effect is strengthened to enhance the upper as-
cending center above the southern Arabian Sea. Meanwhile
the zero absolute vorticity contour and the lower ascending
center both move northward, and the ascending center along
the southwestern coast of Indian Peninsula starts to stretch
to the north of 10°N (Figure 9(b) and (c)). When the ISM
onsets, the strong pumping maintains in the upper tropo-
sphere, accompanied by the northward shifting of lower
ascending center and monsoon rainfall (Figure 9(d)). The

-4 -2 (10%s7)

L i(, o¢
fot+By op

u
Ox

J (contour, unit: 10”7 Pa™ s™), and the meridional gradient of v,” (v, /3y ) (shading). Bold solid purple lines are for the zero

preliminary establishment of summer monsoon over the
India is marked by the lower ascending center arriving at
10°N (Figure 9(e) and (f)). It is indicated that the observed
ascending generally resembles the diagnosed one in the up-
per and lower troposphere by comparing Figure 8 with Fig-
ure 9. Therefore, the ascending stimulated by vertical shear
of absolute vorticity advection is very important for the ISM
onset. There exist some discrepancies between observation
and diagnosis. First, due to the f-plane approximation in the
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Figure 9 The same as Figure 8, but is about the vertical motion (107 Pa s™') obtained from the NCEP/NCAR R1 reanalysis.

diagnosis, the ascending is damped away from the equator,
so the northward movement of low-level ascending in the
diagnosis is weaker than that resulting from the observation.
Besides, the apparent ascending of observation in the mid-
dle troposphere is not represented by the diagnosis. The
reason is that only the ascending forced by internal dynam-
ical process is contained in this diagnosis, while the as-
cending attributed to external thermal forcing (e.g., the
condensation heating) is excluded.

Accordingly, before the ISM onset in the upper tropo-
sphere the SAH is enhanced and elongating eastward, and
the high PV in the mid-latitude is transported to the south-
ern Arabian Sea. Thus the local cyclonic curvature occurs
on the southwest of SAH, and an upper trumpet-shaped
streamline field with strong divergence is formed, providing

pumping effect aloft and a favorable background for the
ISM onset. In the lower troposphere, however, the conver-
gence due to the forced convection development moves
northward along the southwestern coast of Indian Peninsula.
When the lower layer convergence is coupled with the up-
per layer divergence in vertical, the ascending in the ISM
region is explosively intensified and heavy precipitation
appears. Then the ISM builds up. Afterwards the ISM mi-
grates northward gradually, manifested in the northward
advancing of monsoon rainfall belt.

5 Discussion and summary

The ISM is an important member of the Asian monsoon
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system, and its onset process reflects the abrupt circulation
transition from winter to summer over South Asia. This
paper uses the NCEP/NCAR R1 reanalysis datasets and the
composite technology to investigate the climatological
characteristics of ISM onset. The impact on the ISM onset
of the frictional inertial instability in the lower troposphere
is analyzed. It is highlighted that the zonal differential land-
sea thermal contrast can induce low-level zonal advection of
zonal geostrophic momentum and the resultant forced con-
vection development is significant for the ISM onset. The
importance of vertical coupling between upper and lower
circulation during the ISM onset is also studied. The prima-
ry results are summarized as follows:

(1) The evident cross-equatorial pressure gradient exists
in the PBL of Arabian Sea from late spring to early summer.
It causes the zero absolute vorticity contour to move to the
north from the equator, establishing a near-equatorial region
with negative absolute vorticity in the NH. As the southerly
passing through this region, the maximum of meridional
wind takes place near the zero absolute vorticity contour,
producing a dipole of southern divergence and northern
convergence straddling the zero contour. Usually such a
frictional instability occurs near the equator, and does not
exert a direct impact on the ISM onset. On the other hand,
the cross-equatorial pressure gradient generates a lower
westerly jet over the southern Arabian Sea, and the zonal
eastward increasing land-sea thermal contrast from the
southeastern Arabian Sea to the southwestern Indian Penin-
sula produces a conspicuous local zonal advection of zonal
geostrophic momentum. The advection induces a forced
convection development with a low-level convergence lo-
cated to the north of maximum westerly jet. Consequently
the monsoon convection and heavy rainfall appear over the
southeastern Arabian Sea and the southwestern coast of
Indian Peninsula, marking the onset of ISM. Afterwards, as
the forced convection development moving northward, the
ISM precipitation advances northward over the Indian in-
land area.

(2) In addition to the forced convection development in
the lower troposphere, the SAH evolution in the upper
troposphere also plays a significant role in the ISM onset.
Prior to the ISM onset, due to the latent heating released by
the BOB and SCS monsoon, the SAH is strengthened and
extends eastward. As a result the enhanced northerly on the
east of the SAH brings the high PV from mid-latitude to the
tropics, where the tropical easterly transports the high PV to
the southern Arabian Sea in the upper troposphere. A local
cyclonic curvature appears as a response to the high PV
advection and forms, together with the cross equatorial nor-
therly to the south, a trumpet-shaped streamline field on the
southwest of the SAH, leading to stronger upper diver-
gence-pumping. This provides another a background for the
ISM onset. When the lower convergence moves northward
below the upper divergence, the upper and lower circulation
is fully coupled in vertical, the atmosphere becomes baro-
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clinically unstable (Hoskins et al., 1985), and convection
and severe rainfall develop near the southwestern coast of
Indian Peninsula. Finally the ISM builds up.

This study demonstrates the climate mean features of the
ISM onset, and sheds new light on the dynamic mechanism
for further understanding the physical connotation of sea-
sonal northward migration of monsoon rainfall belt over the
ISM region. However, the interannual variability of ISM
onset is so strong that the standard deviation of ISM onset
date is about 9 days, implying the distinct difference of on-
set process from year to year (Joseph et al., 2006; Gadgil,
2011). The ISM onset time can be influenced by the ENSO
events (Joseph et al., 1994; Goswami, 2005a), the condition
of underlying surface and surrounding snow cover (Yang et
al., 1996; Robock et al., 2003), the intraseasonal oscillation
(Wu and Zhang, 1998; Goswami, 2005b), and the ex-
tra-tropical circulation anomalies (Chang et al., 2001). In
particular, the effect of ENSO events is most prominent
since it is a global scale forcing which persists from previ-
ous winter to concurrent summer. Joseph et al. (1994) pro-
poses that the ISM onset is postponed after the occurrence
of strong El Nifio event in previous winter, which may in-
duce the SST anomalies over the Indian Ocean and the Pa-
cific. Fasullo and Webster (2003) use the vertically inte-
grated water vapor transport to define the ISM onset date,
and propose that there is a significant positive correlation
between the ISM onset date and the Nifio-3 SST anomalies
averaged from June to September. Xavier et al. (2007) iden-
tify the ISM onset date based on the meridional difference
of air temperature averaged in the upper troposphere to con-
firm its significant and steady positive correlation with the
ENSO events. Nevertheless, previous studies concentrate
mainly on the statistic relationship between ENSO events
and ISM onset date, little investigation was done about the
influence of ENSO on the ISM onset process and relevant
mechanism, especially the effect on the circulation in the
middle and upper troposphere. This paper highlights the
important role of both the forced convection development in
the lower troposphere and the SAH variation in the upper
troposphere played in the ISM onset. To further understand
the ISM onset process, more studies are required to examine
the ENSO effect on the ISM onset via its influence on the
dynamical processes revealed in this study.
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