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We use daily satellite estimates of sea surface temperature (SST) and rainfall during 1998-2005
to show that onset of convection over the central Bay of Bengal (88-92°E, 14-18°N) during the
core summer monsoon (mid-May to September) is linked to the meridional gradient of SST in
the bay. The SST gradient was computed between two boxes in the northern (88-92°E, 18-22°N)
and southern (82-88°E, 4-8°N) bay; the latter is the area of the cold tongue in the bay linked to
the Summer Monsoon Current. Convection over central bay followed the SST difference between
the northern and southern bay (AT') exceeding 0.75°C in 28 cases. There was no instance of AT
exceeding this threshold without a burst in convection. There were, however, five instances of
convection occurring without this SST gradient. Long rainfall events (events lasting more than a
week) were associated with an SST event (AT > 0.75°C); rainfall events tended to be short when
not associated with an SST event. The SST gradient was important for the onset of convection,
but not for its persistence: convection often persisted for several days even after the SST gradient
weakened. The lag between AT exceeding 0.75°C and the onset of convection was 0-18 days, but
the lag histogram peaked at one week. In 75% of the 28 cases, convection occurred within a week of
AT exceeding the threshold of 0.75°C. The northern bay SST, T, contributed more to AT, but it
was a weaker criterion for convection than the SST gradient. A sensitivity analysis showed that the
corresponding threshold for T was 29°C. We hypothesise that the excess heating (~1°C above the
threshold for deep convection) required in the northern bay to trigger convection is because this
excess in SST is what is required to establish the critical SST gradient.

1. Introduction

Early ideas of the Indian summer monsoon sug-
gested that it was caused by the differential heat-
ing between land and sea, making it a gigantic
sea breeze (Halley 1686). Though differential heat-
ing is still held by some to be the primary cause
(Webster 1987), there is an alternative hypothesis
that considers the monsoon to be a manifestation
of the seasonal migration of the Inter-Tropical Con-
vergence Zone (ITCZ) (Charney 1969; Riehl 1979;
Gadgil 2003) in response to the seasonal variation
of the latitude of maximum insolation.

The advent of satellites brought about a revo-
lution in our ability to observe facets of the mon-
soon. Satellite data showed that there are two
favourable locations for the cloud bands or ITCZ,
one over the equatorial Indian Ocean and the other
over the heated Indian subcontinent. Gadgil (2003)
therefore used the term Tropical Convergence Zone
(TCZ) for these bands because convergence in both
TCZs cannot be inter-tropical. Prominent in these
satellite data are northward propagations of the
cloud bands (Yasunari 1979) and convection (man-
ifested as satellite-observed maximum cloud zones)
(Sikka and Gadgil 1980). The seasonal migration
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Table 1. Data used, their spatial resolutions, and sources on the Internet.

Variable Source Resolution URL
SST TMI 0.25° ftp://ftp.ssmi.com/tmi/bmaps_v03/
Rainfall GPCP 1° ftp://precip.gsfc.nasa.gov/pub/1dd/1DD_doc/
Wind TMI 0.25° ftp://ftp.ssmi.com/tmi/bmaps_v03/
(1998-1999)
QuikSCAT 0.5° http://airsea.jpl.nasa.gov/DATA/QUIKSCAT/wind/
(2000—-2005)
OLR NOAA 2.5° ftp://ftp.cdc.noaa.gov/Datasets/interp_OLR/

Note: SST: sea surface temperature; OLR: outgoing longwave radiation.

of the ITCZ consists of a few such northward
propagations during the summer monsoon (June—
September), the propagations culminating farther
and farther north in the onset phase of the mon-
soon and farther and farther south in its retreat
phase (Sikka and Gadgil 1980; Gadgil 2003). There
are, however, occasions on which no northward
propagation is seen.

The TCZ is a manifestation of large-scale convec-
tive heating in the atmosphere. Satellite data show
that there is a greater propensity for atmospheric
convection over the oceans when SST exceeds a
critical threshold, which is 27.5-28°C for the Indian
Ocean (Gadgil et al 1984; Graham and Barnett
1987; Sud et al 1999). The threshold is a neces-
sary, but not sufficient, condition for convection to
occur. In the Bay of Bengal, unlike in the Ara-
bian Sea, SST exceeds 28°C almost throughout
the summer monsoon (Shenoi et al 2002; Gadgil
2003), making the former favourable for convec-
tion throughout the summer monsoon. Convection
does not, however, occur all the time, resulting in
a poor correlation between SST and rainfall over
the Indian Ocean (Gadgil 2003).

Data from moored buoys (Premkumar et al2000;
Sengupta and Ravichandran 2001) and microwave-
based remote sensing (Harrison and Vecchi 2001;
Vecchi and Harrison 2002) show large-amplitude
intraseasonal oscillations in SST in the bay; SST
varies by 1-2°C on the basin scale and has been
attributed to large-scale changes in surface winds
and atmospheric convection (Sengupta et al 2001;
Vecchi and Harrison 2002). Similar changes occur
in the structure of the upper ocean during the sum-
mer monsoon (Bhat et al 2001), with a low-salinity
surface mixed layer (due to rainfall and freshwater
influx from rivers) playing a role in the SST vari-
ations (Vinayachandran et al 2002; Shenoi et al
2002), leading to a coupling between the ocean
and the monsoon (Gadgil 2000, 2003; Shenoi et al
2002).

Using data from the Tropical Rainfall Measur-
ing Mission (TRMM) Microwave Imager (TMI)
satellite, Vecchi and Harrison (2002) showed that
SST in the northern bay falls about one week

preceding a monsoon break (Ramamurthy 1969;
Krishnamurti and Bhalme 1976; Rao 1976). Con-
vection and winds decrease with the fall in SST,
which then tends to increase, leading to convection.
In the southern bay, the SST in a ‘cold tongue’, a
region of low SST, is not in phase with the SST in
the northern bay (Joseph et al 2005). Vecchi and
Harrison (2002) attributed this low-SST regime
to enhanced cooling by westerly monsoon winds,
decreased solar radiation owing to the monsoon
clouds, and upwelling driven by Ekman suction.
Other studies, however, suggested advection of cold
waters into the bay (Rao et al 2006a,b) by the Sum-
mer Monsoon Current (SMC) (Vinayachandran
et al 1999; Shankar et al 2002) as the primary cause
of this cooling in the southern bay. Also important
is the upwelling forced by Ekman pumping in a
‘cold dome’ off eastern Sri Lanka (Vinayachandran
and Yamagata 1998).

Vecchi and Harrison (2002); Joseph et al (2005),
and Joseph and Sabin (2007) speculated that con-
vection over the bay could be related to the merid-
ional SST gradient between the warm northern bay
and the cooler southern bay. In this paper, we use
satellite data for SST and rainfall to show that
there exists a strong relationship between convec-
tion and the meridional gradient of SST in the bay.
We show that convection sets in within a week
of the SST difference between the northern and
southern bay exceeding 0.75°C. We begin by pre-
senting the data and definitions (section 2) and the
resultant relationship between SST gradient and
rainfall (section 3). Sensitivity of the results to the
definitions is discussed in section 4, followed by
a discussion (section 5) and the conclusions (sec-
tion 6).

2. Data and definitions

The data we used are listed in table 1; all these
data are available daily. The main data used were
TMI SST (Wentz 1998) and GPCP (Global Pre-
cipitation Climatology Project) rainfall (Huffman
et al 2001) during 1998-2005.
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The panel on the left shows TMI SST (colour, °C) and the panel on the right shows GPCP rainfall (colour,

mm day ™). Superimposed on both panels are QuikSCAT wind vectors (m s™'); the vector scale is at the bottom right
corner of the right panel. The data are plotted here for 1 August 2003. Boxes are shown defining the regions over which
SST and rainfall are averaged. In the northern bay, SST is averaged over 88°-92°E and 18°-22°N; in the southern bay, SST
is averaged over 82°-88°E and 4°-8°N, the regime of the SMC. Rainfall is averaged in the central bay over 88°~92°E and

14°-18°N.

To estimate the meridional gradient of SST
in the bay, we defined boxes in the northern
and southern bay over which SST was averaged
(figure 1). The SST gradient was defined in terms
of the SST difference between the northern and
southern boxes. The box in the northern bay
matches that in which the maximum number of
low-pressure systems form (Rao 1976; Mooley and
Shukla 1989; Shenoi et al 2002). The box in the
southern bay was chosen to cover the region of
influence of the SMC. Note that this difference in
SST (henceforth referred to as AT) is not defined
between boxes centred on a meridian: the central
longitude of the southern box lies to the west of
that of the northern box. Nevertheless, we use the
term ‘meridional gradient’ to refer to this north—
south SST difference. The Ay in the gradient is
dropped for convenience.

The box for averaging rainfall was defined in the
central bay just south of the northern box (fig-
ure 1); the meridians bounding this box were the
same as those of the northern box.

The averaged data are plotted for May—October
during 1998-2005 in figures 2-9; a corresponding
description of the data is given in tables 2-9. In all
eight years, AT rose and fell during May—October
and there were several bursts in rainfall over the
central bay. Our objective was to check if an ‘SST
event’ led to a ‘rainfall event’, and whether there
were SS'T events not associated with rainfall events

or rainfall events not associated with SST events.
For this, we had to define precisely what consti-
tutes an SST event and a rainfall event. The defi-
nitions used are as follows.

An SST event was said to occur if the following
conditions were satisfied:

1. AT, the SST difference between the northern
and southern bay, exceeded 0.75°C for at least
five days. (For brevity, we use ‘AT exceeded
0.75°C’ to mean AT > 0.75°C.)

2. A break of no more than one day in AT (i.e.,
AT < 0.75°C) was permitted. The SST event
ended with the first break exceeding one day.
An example of an SST event with a one-day
break is event 1 in 2003 (table 7 and fig-
ure 7). Event 3 in 2001 (table 5 and figure 5) is
an example of an SST event that would have
lasted longer had it not been for the two-day
break during 6-7 September.

3. No break was permitted within the first three
days of the event, i.e., AT > 0.75°C was a
necessary condition for the first three days of
an SST event.

4. Multiple breaks (AT < 0.75°C) were permit-
ted, provided no break exceeded one day.

5. Multiple SST ‘events’ associated with a sin-
gle rainfall event (see definition below) were
not considered separate SST events. There was
only one such case, event 2 in 1999, with
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Table 2. Catalogue of SST and rainfall events during 1998. Event number is in column 1. Arabic numerals are used
when an SST event leads a rainfall event; the Roman alphabet is used when a rainfall event is not associated with an SST
event leading it. The symbol # is used when an SST event occurs, but there is no associated rainfall event (see table 6
for an example). The start and end dates for SST (rainfall) events are in columns 3 (5) and 4 (6). The first date on
which rainfall exceeds 10 mm day™* (20 mm dayil) during a rainfall event is listed in column 7 (8). Column 9 contains
additional descriptive remarks. The two short lines (not extending into the last column) are used to separate events in
early May and October from the core monsoon period; events falling in the core monsoon period are contained between
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these short lines (see accompanying text in section 3.2). See figure 2 for the corresponding plots.

ATyeq ATena Ryeg Rend R>10 R > 20 Lag Remarks

A 17 May 18 May 17 May 19 May 17 May 17 May 0 2-day SST, 3-day rain event, but with
lag 0.

1 30 May 3 Jul 9 Jun 11 Jul 9 Jun 9 Jun 10 Isolated convection on 1 June (lag 2),
but no rain event. Persistent convection
in northern and central bay makes rain
event long.

2 19 Jul 11 Aug 26 Jul 15 Aug 26 Jul 31 Jul 7 Persistent convection in northern and
central bay makes rain event long. Con-
vection over northern bay continues
beyond 15 August.

3 19 Aug 26 Aug 23 Aug 16 Sep 24 Aug 25 Aug 4 Repeated bursts of convection with two
3-day breaks during 27-29 August and
3-5 September.

4 16 Sep 20 Oct 13 Oct 19 Oct 13 Oct - 27 Weak, 1-day convection bursts on 26
September and 8 and 11 October.

B 28 Oct 31 Oct 26 Oct 31 Oct 27 Oct 28 Oct -
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Figure 2. SST, SST difference, and rainfall for 1998. The first panel shows TMI SST (°C) in the northern (red circles)

and southern (blue squares) boxes. The second panel shows the SST difference (AT') between the northern and southern
boxes; black symbols are used for AT < 0.75°C, blue for 0.75°C < AT < 1°C, and red for AT > 1°C. The third panel
shows rainfall (R, mm day~!); black symbols are used for R < 5, blue for 5 < R < 10, red for 10 < R < 20, and light blue
for R > 20. In panels 2 (AT) and 3 (rainfall), the duration of an event is shown by a line. Events in which SST leads
rainfall are in red, and isolated rainfall (SST) events are in blue (magenta). The event number precedes the line showing
its duration. Line segments without a preceding event number indicate continuation of the previous event (see condition 5

in the definition of SST and rainfall events). See table 2 for a description of the events.
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Table 3. As in table 2, but for 1999. See figure 8 for the corresponding plots.

ATheg ATona Ryeg Rena R>10 R > 20 Lag Remarks

1 1 May 21 Jun 18 May 26 Jun 19 May 19 May 17 Isolated convection bursts occur inter-
mittently: 1 May (lag 0) and 9-11 May.
Persistent convection in northern and
central bay makes rain event long.

5 Jul 5 Jul 3 Jul 6 Jul 3 Jul 3 Jul - AT ~ 0.5-0.6.

2 8 Jul 12 Jul 12 Jul 7 Aug 13 Jul 13 Jul 4 AT >0.75 often till 5 August, but drops
each time there is a burst of convection.
Persistent convection in northern and
central bay makes rain event long.

- - 14 Aug 18 Aug 14 Aug 16 Aug - -

3 23 Aug 28 Aug 25 Aug 13 Sep 25 Aug 29 Aug 2 AT % 0.75 after 28 August owing
to repeated bursts of convection.
Persistent convection in central bay
(repeated bursts in northern bay)
makes rain event long.

4 28 Sep 21 Oct 15 Oct 17 Oct 15 Oct 15 Oct 17 —

C - - 26 Oct 28 Oct 26 Oct 26 Oct - AT increases after earlier event (4), but
does not cross 0.75. AT = 0.59 when
convection occurs.
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Figure 3. As in figure 2, but for 1999. See table 3 for a description of the events.

three SST ‘events’ encompassing a single rain- rainfall graph is more noisy, and rainfall ‘events’,

fall event. The second and third SST ‘events’ as can be seen in any of the figures 2-9, tend to

were not considered separate events (table 3 include multiple bursts with gaps between them.

and figure 3) because it was not possible to Hence, a rainfall event was said to occur if the fol-
assign multiple start and end dates to a single lowing conditions were satisfied:

‘event’.

1. Rainfall (rate) exceeded 5mm day ' for

A rainfall event was more difficult to define at least three days. (As with SST, we use

because rainfall is not as continuous as SST: the ‘rainfall R exceeded 5mm day™ " to mean
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Table 4. As in table 2, but for 2000. See figure 4 for the corresponding plots.

ATpeg ATona Ryeg Rena R>10 R > 20 Lag Remarks
1 12 May 20 May 17 May 24 May 17 May 18 May 5 Convection occurs on 13 May, but stops
again till 17 May.
2 1 Jun 8 Jun 4 Jun 18 Jun 4 Jun 4 Jun 3 Persistent convection in northern and
central bay makes rain event long.
A - - 25 Jun 27 Jun 25 Jun 25 Jun - AT 0.52 on 22 June.
3 27 Jun 17 Jul 6 Jul 26 Jul 6 Jul 6 Jul 9 Persistent convection in northern and
central bay makes rain event long.
4 30 Jul 12 Aug 4 Aug 11 Aug 4 Aug 4 Aug 5 -
5 18 Aug 30 Aug 23 Aug 13 Sep 23 Aug 27 Aug 5 Weak convection burst during 16-18
August. Another burst during 10-13
September.
6 16 Sep 27 Oct 28 Sep 1 Oct 28 Sep 28 Sep 12 Two more convection bursts during
10-14 and 24-26 October.
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Figure 4. The first three panels are as in figure 2, but for 2000. See table 4 for a description of the events. The fourth
(fifth) panel shows QuikSCAT wind speed (m s~!) (OLR (W m™2)) in the northern (circles) and southern (squares) boxes.
Wind speed > 10m s~ ! is in red (blue) for the northern (southern) box. OLR <175 W m™? is in red (blue) for the northern
(southern) box. For a more detailed explanation of panels 4 and 5, see table 15 and section 4.7.
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Table 5. As in table 2, but for 2001. See figure 5 for the corresponding plots.

ATpeg ATona Ryeg Rend R> 10 R > 20 Lag Remarks
A - - 11 May 13 May 9 May 13 May - AT ~ 0.
1 16 May 12 Jun 22 May 2 Jun 24 May 24 May 6 Strong convection during 8 June to
18 July in northern and central bay.
AT drops after 11 June as convection
picks up, increasing (but not reaching
1) between bursts. AT < 0 often dur-
ing this period. The rain spell from 8
June to 18 July is continuous; there is
a break from 3—7 June separating these
two events.
2 29 Jul 21 Aug 1 Aug 19 Aug 1 Aug 2 Aug 3 Persistent convection in northern and
central bay makes rain event long.
3 26 Aug 5 Sep 26 Aug 29 Aug 26 Aug 27 Aug 0 AT does not drop below 0.54 after pre-
vious event. AT = 0.60 on 1 Septem-
ber, but exceeds 1 again during 2-5
September. High AT persists till 16
September.
4 8 Sep 16 Sep 15 Sep 19 Sep 15 Sep - 7 This appears as a continuation of the
earlier event (3).
5 21 Sep 25 Oct 26 Sep 29 Sep 29 Sep 29 Sep 5 Several convection bursts, the last one
following the AT fall below 1 on 24
October.
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Figure 5. As in figure 2, but for 2001. See table 5 for a description of the events.

R > 5mm day ') In addition, rainfall had to
exceed 20mm day ™' on at least one day, or
if it did not exceed 20mm day ™', then it had
to exceed 10mm day ' on at least two days.
There are several examples of events in which
rainfall exceeded 20 mm day ' on at least one
day. Event 4 in 2001 (table 5 and figure 5) is an
example of an event in which rainfall did not

exceed 20mm day ' on any day. Event # in
2002 (table 6 and figure 6) was not considered a
rainfall event because it lasted only three days
and rainfall exceeded 10 mm day ™" on only one
day; it did not exceed 20 mm day .

2. A break (ie., R < 5mm day ') of up to

three days was permitted after the first three
days. The event ended with the first break
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Table 6. As in table 2, but for 2002. See figure 6 for the corresponding plots.

ATpeg ATena Rpeg Rend R>10 R > 20 Lag Remarks

1 11 May 24May 11 May 18 May 11 May 11 May 0o -

2 31 May 27 Jun 18 Jun 25 Jun 18 Jun 18 Jun 18 Aborted convection bursts during 5-6
June (lag 5) and 14-15 June (lag 14).

3 4 Jul 9 Jul 7 Jul 16 Jul 7 Jul 7 Jul 3 Short gap between events 3 and 4.

4 13 Jul 22 Jul 22 Jul 30 Jul 23 Jul 23 Jul 9 -

5 28 Jul 15 Aug 4 Aug 15 Aug 4 Aug 11 Aug 7 Aborted 2-day convection burst during
29-30 July (lag 1).

A 20 Aug 22 Aug 20 Aug 22 Aug 20 Aug 21 Aug 0 3-day event in AT and rainfall (lag 0).

6 4 Sep 10 Sep 5 Sep 10 Sep 4 Sep 4 Sep 1 —

7 15 Sep 27 Sep 17 Sep 26 Sep 18 Sep 18 Sep 2 Another convection burst during 23-27
September.

8 6 Oct 14 Oct 7 Oct 15 Oct 9 Oct 13 Oct 1 -

# 21 Oct 26 Oct - — 24 Oct - — Rain exceeds 10 mm day ! only on one
of three days; hence, this is not con-
sidered a rain event. AT > 1 only on
22-23 October.
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Figure 6. As in figure 2, but for 2002. See table 6 for a description of the events.
exceeding three days. Most rainfall events had such examples. An example of a rainfall event
such breaks of 1-3 days. with a one-day break within the first three
3. No break was permitted within the first days is event 3 in 2000. As with condition 1,

three days, i.e., B> 5mm day ' was neces-
sary for the first three days. If rainfall exceeded
20mm day~ ' on the first or second day, how-
ever, then a one-day break was permitted
within the first three days. For example, see
event 4 in 1998 (table 2 and figure 2): the
event was deemed to start on 13 October, not
11 October, because rainfall was below the
threshold on 12 October. There are many more

this condition ensured that a day of very heavy
rainfall (rainfall exceeding 20 mm day_l) was
treated equivalent to more than one day of
lighter rainfall.

. After the first break, continuity of the event

could be ensured with R > 5mm day ™ '; these
subsequent rainfall bursts could last less than
three days, provided no intervening break
exceeded three days.
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Table 7. As in table 2, but for 2003. See figure 7 for the corresponding plots.

Ajj]oeg Ajjencl Rbeg Rena R>10

R > 20 Lag Remarks

A 11 May 6 Jun 10 May 19 May 12 May

12 May - AT 0.51 on 10 May, crosses 0.75
only on 11 May, a day after convec-
tion occurs. Another convection burst
occurs during 2—6 June.

B - - 15 Jun 24 Jun 16 Jun
1 13 Jul 25 Jul 13 Jul 7 Aug 13 Jul

2 16 Aug 27 Aug 20 Aug 15 Sep 21 Aug

16 Jun - AT < 0.5; warm SMC (southern) box.

13 Jul 0 AT > 0.75 during 13-15 July, 17 July,
and during 19-25 July. There are two
1-day breaks in this AT event during
16 and 18 July. AT > 1 only during
15 July and 22-25 July. Several convec-
tion bursts during this event. Persistent
convection in northern and central bay
makes rain event long.

21 Aug 4 Convection weakens and picks up often
during 20 August to 5 September.
Bursts during 20-28 August and 3-5
September.

3 14 Sep 8 Oct 5 Oct 8 Oct 6 Oct

C - - 14 Oct 17 Oct 14 Oct

# 21 Oct 26 Oct - - —

7 Oct 21 Earlier convection event (2) lasts till
this AT event. Large lag owing to ‘over-
lap’ with earlier event.

14 Oct - Convection revives after a break follow-
ing previous burst (3) triggered by high
AT.

- - Weak rain event on 27 October.
AT > 1 only on 22 October.
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Figure 7. As in figure 2, but for 2003. See table 7 for a description of the events.

5. Multiple rainfall bursts associated with a single
SST event were not considered separate rain-
fall events. For example, consider event 3 in
2004 (figure 8); there are three rainfall bursts

associated with this SST event, but only the
first one is numbered. The other two rain-
fall ‘events’ are considered to be associated
with the same SST event because it is not



394

D Shankar et al

Table 8. As in table 2, but for 2004. See figure 8 for the corresponding plots.

ATpeg ATona Ryeg Rena R>10 R > 20 Lag Remarks

1 7 May 18 May 14 May 19 May 14 May 15 May 7 -

2 24 May 12 Jun 31 May 2 Jun 1 Jun 1 Jun 7 Big convection burst during 10-20
June.

3 27 Jun 28 Jul 29 Jun 3 Jul 29 Jun 30 Jun 2 AT high throughout July, leading to
repeated bursts of convection: 11-15
July and 20 July to 23 August. Persis-
tent convection in northern and central
bay makes rain event long.

4 31 Aug 11 Sep 7 Sep 18 Sep 8 Sep 9 Sep 7 -

5 26 Sep 6 Oct 1 Oct 4 Oct 1 Oct 2 Oct 5 -

13 Oct 14 Oct 12 Oct 17 Oct 12 Oct 12 Oct - AT high (>0.7) from 11 October,
reaches 0.81 on 13 October, but col-
lapses owing to convection burst.

May June Juy 2004 August September October

SST (°C)

AT (°C)

S
©
©
€
£
o
May June July
Figure 8.

possible to assign multiple start and end dates
to one SST event.

Note that the term ‘breaks’ in the above def-
initions is not synonymous with the commonly
used term ‘monsoon breaks’ (Ramamurthy 1969;
Krishnamurti and Bhalme 1976; Rao 1976); it
merely represents a fall below the threshold in
either AT or rainfall.

3. Relationship between SST and
rainfall events

The above definitions are precise, but subjective.
Sensitivity of the results to a perturbation of the

October

August September

As in figure 2, but for 2004. See table 8 for a description of the events.

definitions is analysed in section 4. In this sec-
tion, we use these definitions to look for a rela-
tionship between an SST event and a rainfall
event.

The analysis led to three kinds of cases (see fig-
ures 2-9 and tables 2-9). First, there were cases in
which an SST event led a rainfall event (lag greater
than 0) or the rainfall event started along with the
SST event (lag 0); these cases, in which rainfall
events were associated with SST events, are num-
bered using Arabic numerals. Second, there were
cases in which a rainfall event occurred without
an SST event; these ‘isolated rainfall events’ are
numbered using the Roman alphabet. Third, there
were cases in which an SST event occurred without
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Table 9. As in table 2, but for 2005. See figure 9 for the corresponding plots.

Ajj]oeg Ajjend Rbeg Rena R>10

R>20

Lag Remarks

1 12 May 27 Jun 31 May 19 Jun 31 May

Isolated convection bursts on 13 and
25 May. Four-day break in convection
during 20-23 June, followed by another
burst during 30 June to 8 July. AT <
0.75 after 27 June. High winds and low
OLR in the northern bay. Persistent
convection in northern and central bay
makes rain event long.

1 Jun 19

2 12 Jul 29 Jul 21 Jul 19 Aug 21 Jul

3 31 Aug 18 Sep 8 Sep 19 Sep 8 Sep

21 Jul 9

Repeated bursts of convection. There
is a break in convection during 11-16
August, but weak convection occurs on
12 and 14 August; hence, this is consid-
ered a single event. Persistent convec-
tion in northern and central bay makes
rain event long.

8 Sep 8 -

# 5 Oct 31 Oct - - 11 Oct

27 Oct -

No sustained convection, but three
2-day bursts.

July
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Figure 9. As in figure 2, but for 2005. See table 9 for a description of the events.

a corresponding rainfall event; these ‘isolated SST
events’ are tagged with the # symbol.

3.1 Cases during May—October

A total of 53 cases of SST and rainfall events
occurred during May—October in 1998-2005
(table 10). Of these 53 cases, 38 were cases in
which an SST event led a rainfall event (~72%);
three of these cases were with lag 0, i.e., the SST
and rainfall events started on the same day. There

were 12 isolated rainfall events (~23%); of these
12 cases, AT did exceed the threshold in five cases,
but either did so lagging the rain event (event A in
2003, for example) or was too short to constitute
an SST event (event A in 2002). Seven of these 12
cases occurred in May or October, during the onset
or retreat phases of the summer monsoon. There
were only three isolated SST events (~5%); all
these events occurred in October.

The lag between SST and rainfall events (in
the 38 cases observed) varied from 0-27 days
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Table 10. Summary of SST and rainfall events during May—October. The events are tabulated by year as function of lag
(SST leading). Column 1 contains the lag. The ‘A’ after the horizontal rule represents isolated rainfall events. The symbol
# represents isolated SST events. The numbers in columns 2-9 (for 1998-2005) list the number of events in each year

«

corresponding to each value of lag; a

indicates no event with the given lag occurring in that year. Column 10 contains

the number of events during 1998-2005 for each lag. Column 11 contains some descriptive remarks. The total for each
year is listed twice. The first total is for the SST events leading a rainfall event. The second total is for all events during
the year. A total of 53 events were observed during May—October, of which 38 (~ 72%) were SST events leading rainfall
events, 12 (~ 28%) were isolated rainfall events, and 3 (~ 5%) were isolated SST events.

Lag 1998 1999 2000 2001 2002 2003 2004 2005  Total Remarks
0 - - - 1 1 1 - 3 1 in May
1 - - - — 2 — - 2 Sep, Oct
2 - 1 - — 1 — - 3 1 in Sep
3 - - 1 1 1 - - 3 -
4 1 1 - - - 1 - 3 -
5 - - 3 1 — — - 5 1 in May, 1 in Sep
6 - - - 1 - - - 1 May—Jun
7 1 - - 1 1 — - 6 1 each in May, Sep
8 - - - - - - 1 1 -
9 - - 1 - 1 - 1 3 -
10 1 - - - - - - 1 -
12 - - 1 — — — - 1 Sep
17 - 2 - — — — - 2 Early May, early Oct
18 - - - - 1 - - 1 End May (onset)
19 - - - - - - 1 1 May
21 - - - - - 1 - 1 Late Sep, early Oct
27 1 - - - - - - 1 Sep—Oct
Total 4 4 6 5 8 3 3 38 38/53 ~ 72%
A 2 3 1 1 1 3 - 12 Rain event without SST event. Three
events in May (1998, 2001, and 2003)
and 4 in October (1998, 1999, 2003,
and 2004). Two events have lag 0.
12/53 ~ 23%.
# - - - — 1 1 1 3 SST event, but no rain event. All events
in Oct. 3/53 ~ 5%.
Total 6 7 7 6 10 7 4 53

(table 10). There were only seven instances of long
lags (lag exceeding, say, 10 days); five of these seven
events were associated with either the onset (early
May) or the retreat phase (October) of the summer
monsoon.

3.2 Cases during core summer monsoon

Since all the isolated SST events, a majority of the
isolated rainfall events, and a majority of rainfall
events with a long lag occurred during early May
and October, we considered separately the ‘core
monsoon period’ from mid-May to September. This
constraint excludes the pre-onset (early May) and
retreat (October) phases of the summer monsoon.
The latter half of May was retained because the
onset of the summer monsoon can occur during this
period.

Considering only the core monsoon period from
mid-May to September improved the relation

between SST and rainfall events (table 11). In
tables 2-9, these cases lie within the shorter lines
(not covering the last column) in the tables; the
cases in early May are listed before the first such
short line and the cases in October after the second
such short line.

The total number of cases during the core mon-
soon period was 33. Of these 33 cases, an SST
event was followed by a rainfall event (including
two cases of lag 0) in 28 cases (~ 85%). There were
five isolated rainfall events (~ 15%); of these five
cases, AT did exceed the threshold in one case, but
the duration was less than the required five days
and hence did not constitute an SST event (event A
in 2002). In the core monsoon period, there was no
isolated SST event.

The longest lag between an SST event and the
associated rainfall event was 18 days (associated
with the late onset in 2002 (Flatau et al 2003));
there was one case each with lag 12 (September
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Table 11. As in table 10, but for the core monsoon period (mid-May to September; see section 3.2); events in the first half
of May and in October are not considered. A total of 33 events were observed during May—October, of which 28 (~85%)
were SST events leading rainfall events and 5 (~15%) were isolated rainfall events; there was no isolated SST during the

core monsoon period.

Lag 1998 1999 2000 2001 2002 2003 2004 2005 Total Remarks

0 - - = 1 - 1 - - 2 -

1 - - - - 1 - - - 1 Sep

2 - 1 - - 1 - - 3 1 in Sep

3 - - 1 1 1 - - - 3 -

4 1 1 - - 1 - - 3 -

5 - - 2 1 - - - - 3 1 in Sep

6 - - 1 - - - - 1 May—Jun

7 1 - - 1 1 - 2 - 5 1 in Sep

8 - - - - - - - 1 1 Sep

9 - - 1 - 1 - - 1 3

10 1 - - - - - - - 1 Onset

12 - - 1 - - - - - 1 Sep

18 - - - - 1 - - - 1 Onset
Total 3 2 5 5 6 2 3 2 28 28/33 ~ 85%

A - 2 1 - 1 1 - - 5 Rain event without SST event.

One event has lag 0. 5/33 ~
15%.

# - - — - - — — - 0 SST event, but no rain event.

Total 3 4 6 5 7 3 3 2 33 -

2000) and 10 (associated with the onset in 1998).
For the events during the core monsoon period,
a lag histogram peaked at seven days (figure 10):
of the 28 cases, 21 (75%) had a lag of 0-7 days
(table 11 and figure 10).

Thus, there was a stronger link between an SST
event and a rain event during the core monsoon
period than during early May and October.

4. Sensitivity experiments

The definitions used to identify SST and rain
events led to a significant relationship between
them. The subjectivity of the definitions, however,
demands a sensitivity analysis. What happens to
this relationship if one or more elements of the
definition is perturbed? We carried out a series of
‘experiments’ to test the sensitivity of the relation-
ship between SST and rain events to the defini-
tion of these events. The sensitivity analysis was
restricted to the core monsoon period. A sum-
mary of the results of these sensitivity experiments
is given in table 12; the definitions given in sec-
tion 2 defined the control experiment (‘C’ in the
table).

4.1 Sensitivity to AT threshold

The most crucial element of the definition of an
SST event is the threshold used for AT. For the

threshold to be useful, AT has to rise above and
fall below it. Since the northern bay tends to be
warmer than the southern bay, setting the thresh-
old too low would result in AT exceeding the
threshold on most days, making it impossible to
define an SST event; a low threshold would also
bring AT within the range of error in TMI SST (see
section 4.7). Setting the threshold too high would
result in a decrease in the number of SST events
(and therefore to an increase in the number of iso-
lated rainfall events) or in longer lags. The number
of days for which different AT critera were fulfilled
is listed in table 13. We tested the sensitivity of the
AT-rainfall relationship during the core monsoon
period to a 0.25°C perturbation of the threshold
AT.

For a 0.5°C threshold (experiment 1 in table 12),
the total number of events decreased from 33 to
30. There were 25 SST events associated with
rainfall events, a decrease of just 1.1% from the
control case. The lag increased marginally, with
60% of the events having a lag of a week or
less; there were no events, however, with zero
lag (figure 10). There was one isolated SST
event.

For a 1°C threshold (experiment 2 in table 12),
the total number of events increased to 35, but
there were only 21 SST events that led a rainfall
event (60%), implying a far lower chance that a
rainfall event was associated with an SST event.
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Figure 10. Lag histogram for the core monsoon period; the lag (in days) is on the abscissa. The figure shows the frequency
distribution for different lags. (a) For SST events, defined on the basis of a AT > 0.75°C criterion, leading a rainfall event
during the core monsoon period (Experiment C in table 12); see table 11 for a summary of these events. (b) For SST events,
defined on the basis of a AT > 0.5°C criterion (Experiment 2 in table 12). (c) For SST events, defined on the basis of a
Tn > 29°C criterion (Experiment 5 in table 12), leading a rainfall event during the core monsoon period. The number of
events depends on the criterion used to define them. (d) Histogram (during the core monsoon period) for the lag between
the ending of a rain event and the start of the succeeding SST event based on the AT > 0.75°C criterion. This histogram

is complementary to that in (a).

There were far more isolated rainfall events and
one isolated SST event.

4.2 Sensitivity to duration of SST events

Would a decrease in the minimum number of days
that AT had to exceed the threshold (see con-
dition 1 in the definition) improve the relation
for the 1°C threshold? We tested this possibility in
experiment 3, in which the minimum duration was
lowered to three days. The statistics did not, how-
ever, improve much (table 12).

4.3 Sensitivity to rainfall threshold

In experiment 4 (table 12), we tested the sensi-
tivity to an increase in the rainfall threshold to
10mm day . Some of the 3-day breaks for the
5mm day " threshold were now longer, leading to
an increase in the number of rainfall events. Hence,
the percentage of SST events that led a rainfall
event decreased to ~ 64, there being a signficant
increase in the percentage of isolated SST events.

4.4 Sensitivity to breaks

Conditions 2—4 in the definition of SST and rain
events concern breaks, i.e., there are days within
an event on which the SST or rainfall falls below
the threshold.

The conditions for rainfall breaks were necessary
because the rainfall time series is noisy: it does
not rain continously during an event and cannot
be expected to do so. Even a composite of SST
and rainfall events (for a given lag) shows that
rainfall occurs in bursts; the corresponding varia-
tion in AT is much less (figure 11). When look-
ing at a spatial subset of a physical system like
(say) a depression, there can be days on which
it does not rain over part of the area covered
by the system. Yet, there is a continuity in the
physical system that is apparent on the synoptic
scale. Permitting ‘breaks’ within an event allows
this continuity to manifest even at a sub-synoptic
scale like the box considered in our analysis. On
the sub-synoptic scale, rainfall may break for one
or more days: we allowed a break of up to three
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Table 12. Sensitivity experiments. The definition of SST and rain events was perturbed to test the sensitivity of the
conclusions to the definitions. The definition given in section 2 was the control experiment (C). Column 1 lists the
experiment number. Column 2 contains a description of the experiment; except for the change stated in this column, all
other elements of the definition were as in the control experiment. The number and percentages of events in which an
SST event led a rainfall event (events tagged with Arabic numerals) are listed in columns 3 and 4, that of isolated rainfall
events (events tagged with Roman alphabet) in columns 5 and 6, and that of isolated SST events (tagged with the #
symbol) are in columns 7 and 8. The last column lists the total number of events for each sensitivity experiment.

Exp Experiment description 1 1(%) A A(%) # #(%) Total

C AT threshold 0.75°C (Control: defini- 28 84.4 5 15.2 0 0.0 33
tion of event as in section 2)

1 AT threshold 0.5°C instead of 0.75°C 25 83.3 4 13.3 1 3.3 30
AT threshold 1°C instead of 0.75°C 21 60.0 13 37.1 1 2.9 35

3 AT threshold 1°C, but duration of 3 23 63.9 11 30.6 2 5.5 36
days instead of 5

4 Rain threshold 10 mm day~* instead of 25 64.1 10 25.6 4 10.3 39
5mm day !

5 Tn threshold of 29°C used instead of 20 80.0 5 20.0 0 0.0 25
AT threshold of 0.75°C

6 Tn threshold 29.25°C instead of 29°C 16 61.5 10 38.5 0 0.0 26

7 Definition as in control, but eastern 25 75.8 8 24.2 0 0.0 33
edge of SMC box at 90°E instead of
88°E

Table 13. Number of days on which the criterion listed in column 1 was

fulfilled during the core monsoon period. The minimum and mazimum over
the eight years are listed in columns 2 and 3, and the average is in column 4.
The core monsoon period consists of 188 days.

Criterion Min (Year) Max (Year) Average (%)
AT > 0.75°C 60 (2003) 96 (2002) ~ 78 (56.5)
AT > 1°C 45 (2003) 75 (2005) ~ 63 (45.7)
AT > 0.5°C 72 (2003) 116 (2002) 94 (68.1)
Ty > 29°C 71 (1999) 111 (2002) 93 (67.4)
Ty > 29.25°C 41 (1999) 93 (1998) ~ 76 (54.9)
Ty > 28.75°C 83 (1999) 126 (2002) ~ 106 (77.0)

successive days (condition 2). Breaks exceeding
three days terminated a rain event. The number
of such breaks that occurred during 1998-2005
is listed in table 14. The number of breaks that
exceeded three days (implying a multiple event as
indicated in condition 5) was very small in com-
parison to the number of one-day, two-day, and
three-day breaks. Hence, a break in rainfall of up to
three days turned out to be, statistically, the most
appropriate. A stricter constraint, say not permit-
ting breaks greater than two days, would result
in more multiple rainfall events or isolated rainfall
events.

SST not only influences rainfall and therefore
rain events as shown earlier, but it is also influenced
by rainfall. SST tends to decrease when convec-
tion occurs. Convection in the central bay is often
accompanied by convection in the northern bay,
implying that rainfall over the central bay tends
to reduce the SST in the northern box and there-
fore reduce AT. Hence, AT can drop below the

threshold when convection occurs. This response
of AT to convection necessitated the inclusion of
one-day breaks (condition 2) in the definition of
an SST event. During 1998-2005, there were eight
one-day breaks in SST events, three of them occur-
ring in 2001 and four in 2003. Of these eight one-
day breaks, only four (two during event 4 in 2001
and one each during event 1 in 2003 and event 2
in 2004) were critical in the sense that these would
not have been classified as SST events if breaks
were not permitted. Eliminating one-day breaks
from the definition of an SST event did not, how-
ever, change the statistics much: the total num-
ber of SST and rainfall events increased to 34,
the number of SST events leading rainfall events
falling to 26. Thus, the percentage of events in
which rainfall lagged an SST event fell to 76.5%
(down from 84.8% in the control case). During
all these eight one-day breaks (and during the
two two-day breaks during the multiple events
in 1999), AT exceeded 0.5°C. Hence, for a AT
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Figure 11. AT (top panel) and rainfall for a composite of

events with four-day lag (SST leading rainfall). The three
events with a four-day lag are Event 3 in 1998 (figure 2 and
table 2), Event 2 in 1999 (figure 3 and table 3), and Event
2 in 2003 (figure 7 and table 7). The abscissa is in days,
with Day 5 marking the start of the individual and com-
posite SST events. The arrows mark the start of the com-
posite (and individual) SST and rain events. The composite
of the events is shown by the solid line and filled circles in
both panels. Black circles are used for AT < 0.75°C, blue for
0.75°C < AT < 1°C, and red for AT > 1°C. Black circles
are used for R < 5, blue for 5 < R < 10, red for 10 < R < 20,
and light blue for R > 20. The individual events are shown
by coloured asterisks (dark red for 1998, green for 1999, and
magenta for 2003).

threshold of 0.5°C, the condition on breaks is not
needed.

4.5 Does the southern bay SST matter?

A glance at the SST variation (top panel in fig-
ures 2-9) shows that the intraseasonal SST vari-
ation was much greater in the northern bay than
in the southern bay. The northern bay SST varied
by as much as 2°C within a few days; for example,
note the rapid rise in SST from 27.9°C on 12 July
to 30.55°C on 26 July in 1998. In the southern
bay, the variation over a similar time scale rarely
exceeded 1°C.

The major cooling in the south took place over
a longer time scale, during May—July, the period
over which the SMC strengthens over the south-
ern bay (Vinayachandran et al 1999; Shankar et al
2002), but this cooling also showed considerable
interannual variation. Examples of gradual cool-
ing were seen in 1998 and 2001. There were years
like 1999, however, in which the southern bay
was cooler than 29°C in May itself. The year
2003 presented another pathological case: the SST
decreased rapidly in May, but then increased again
till mid-June, with another cooling spell lasting
till the end of June. This warm southern bay led
to 2003 being the year for which AT was lowest
during the eight-year period (table 13). Altimeter

D Shankar et al

Table 14. Breaks in rain events. Column 1 lists the year and
columns 2—/4 the number of one-day, two-day, and three-day
breaks (R < 5mm day™ ') within rain events. The number of
four-day and longer breaks are listed in columns 5 and 6.
In column 6 is the total number of such breaks within rain
events for a given year.

Year 1 2 3 4 >4 Total
1998 6 1 3 0 0 10
1999 6 3 1 0 0 10
2000 4 1 1 0 0 6
2001 5 1 2 0 1 9
2002 2 2 1 0 0 5
2003 3 3 2 0 0 8
2004 2 2 0 1 2 7
2005 6 2 1 1 0 10
Total 34 15 11 2 3 65
% 52.3 23.1 16.9 3.1 4.6 100

data show such interannual and intraseasonal vari-
ations are to be expected in the SMC (Shankar et al
2002).

The northern bay also cooled gradually from
May to July, the intraseasonal variations being
superimposed on this gradual cooling. SST in the
north, however, could recover almost to the values
seen in May; this never happened in the southern
bay.

So the question is whether the southern bay SST
matters? Do we need to invoke the SST difference,
or can we link the rainfall events to the warming
and cooling events in the northern bay alone?

We tested the sensitivity of the AT-rainfall rela-
tionship to a switch from the AT > 0.75°C crite-
rion to a criterion based on the northern bay SST,
Ty, alone. The rest of the definition — with respect
to duration and breaks — remained the same: the
five conditions for AT were applied to Ty.

Using a threshold of 29°C for Ty (experiment 5
in table 12) yielded results similar to that with
a AT threshold of 0.75°C. The number of events,
however, changed. Some rainfall events that were
isolated according to the AT criterion were associ-
ated with SST events defined according to a similar
criterion for Ty. An example is event A in 1999.
This led to an increase in the number of events.
The greater number of days on which the T crite-
rion was fulfilled (table 13) led to some SST events
that were distinct according to the AT criterion
merging into a single SST event when the Ty crite-
rion was used. For example, T exceeded 29°C from
1 May to 29 July; AT, however, rose above and
fell below the 0.75°C threshold during this period.
Hence, with Ty used to define SST events, events 2
and 3 in table 6 could not be classified as sepa-
rate events according to condition 5. This led to a
decrease in the number of events.
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With Ty as the criterion for defining SST events,
the number of events decreased from 33 to 25
(table 12), but the percentage of SST events that
led a rainfall event, or the lag (figure 10) did
not change much. The number of days on which
Ty exceeded 29°C was, however, more compara-
ble to the AT > 0.5°C criterion rather than the
AT > 0.75°C criterion (table 13).

A Ty threshold of 29.25°C (experiment 6) was
more like a AT threshold of 0.75°C with respect
to the number of days on which the condition was
fulfilled (table 13), but the Ty-rainfall relation was
far worse (~ 61%) than in experiment 5.

4.6 Sensitivity to the domain of averaging

The domain of averaging also mattered. Most crit-
ical was the box over which the southern bay
SST was averaged. It was essential to confine the
box to the regime of the SMC. As altimeter data
and model simulations show, the SMC shifts west-
ward through the summer monsoon along with the
Rossby wave that constitutes its front (McCreary
et al 1993; Vinayachandran et al 1999; Shankar et al
2002). Extending the eastern limit eastwards from
88°E to 90°E (experiment 7 in table 12) resulted in
AT decreasing just enough to ensure that event 4
in 2001 and events 3 and 7 in 2002 could not be
classified as SST events. The percentage of SST
events that led a rainfall event fell to ~ 75.

Interannual and intraseasonal variability of the
SMC may therefore be important for the intrasea-
sonal variations associated with the Indian summer
monsoon, but little is yet known of its intraseasonal
dynamics.

4.7 Reliability of the SST observations

Bhat et al (2004) showed that TMI underestimates
SST when the winds are strong or when deep
convective clouds are present (low OLR (outgoing
longwave radiation)). The TMI SST was shown to
be almost 0.6°C less than the SST measured by a
buoy. How reliable then is the SST difference that
has been estimated? We examined each of the cases
in table 10 for the possibility that the AT itself was
a result of such TMI errors. The wind data used
were from QuikSCAT (for 2000-2005) and TMI
(for 1998-1999); the OLR data were from NOAA
(National Oceanic and Atmospheric Administra-
tion) (see table 1).

The tendency of TMI to underestimate SST is
applicable to both the boxes used to define AT,
but a TMI underestimate of SST in the north-
ern box SST will lead to an underestimate of
AT, which will not affect the statistics presented
for the AT-rainfall relationship. The southern box
SST, however, is crucial because an increase in the
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southern SST (to compensate for a potential TMI
error) will decrease AT: the TMI estimate of AT
will be greater than the ‘actual’ AT, rendering the
threshold an artefact of TMI errors and therefore
meaningless.

Hence, in checking for the impact of possible
errors in TMI, we considered periods when the
wind speed exceeded 10m s=! or OLR fell below
175 W m 2, a threshold for deep convection (Bhat
et al 2004), in the southern box. We checked
each SST event to see if it would fail to qualify
as an event if a potential error of 0.5-0.6°C was
attributed to the southern bay SST. We retained
only those cases in which the winds were strong
or OLR was low either over a large fraction of
the SST event or, for cases with short lags, at
the beginning of the SST event. If the winds were
strong or OLR was low over a few days in the
middle of the event, then the event was listed only
if the SST in the southern bay dropped only during
the period of strong winds or low OLR (and may
be for a few days after the winds/OLR peaked).
The assumption here was that it was improbable
that the impact of TMI errors could be physically
random and affect the SST only on some of the
days with strong winds or low OLR. Hence, cases
wherein the effect of strong winds or low OLR
was felt in between an SST event were discarded
because the SST event itself then did not owe its
existence to an error in TMI SST. This left us with
seven cases in which an SST event led a rainfall
event (table 15). In only one of these seven cases
(event 2 in 2000; see figure 4), however, was there
a possibility of the SST event being caused by a
possible underestimate of the SST by TMI. In all
other cases, the SST difference showed no clear
relationship to either winds or OLR. AT often
increased even after the wind speed fell below the
Bhat et al (2004) threshold (for example, consider
event 3 in 1998; see remarks column in table 15
for more such cases) or when the OLR was high
(event 2 in 2005), or showed no clear relation to
wind speed (event 4 in 2002).

Note, however, that SST is expected to respond
to an increase in wind speed and to the decrease in
shortwave radiation due to deep convective clouds
(Rao et al 1985; Sanilkumar et al 1994). What
is difficult is the separation between an actual
decrease in SST owing to strong winds and deep
convective clouds and the TMI tendency to under-
estimate SST under these conditions. This separa-
tion demands a careful study with much more data
than were available to Bhat et al (2004); such a
study, however, is beyond the scope of this paper.
Nevertheless, the data presented imply that the
relation observed between SST gradient and con-
vection is not due to a possible underestimate of
SST by TMI.
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Table 15.
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Catalogue of events that might have been influenced by errors in TMI SST. Column 1 lists the year and

column 2 the event in that year. Column 8 (4) lists the start (end) of the SST event. Column 4 (5) lists the start and
end of a wind event (wind speed exceeding 10 m s~'). Column 5 (6) lists the start (end) of an OLR event (OLR below
175 W m™2). Column 7 contains additional descriptive remarks.

Year  Event ATyeq ATena Vheg Vena

OLRbeg OLRena Remarks

1998 3 19 Aug 26 Aug - —

2000 2 1 Jun 8 Jun 1 Jun 5 Jun

5 18 Aug 30 Aug 19 Aug 24 Aug

2002 5 28 Jul 15 Aug 30 Jul 5 Aug

2004 3 27 Jun 28 Jul 27 Jun 3 Jul

2005 2 12 Jul 29 Jul - -

3 31 Aug 18 Sep 2 Sep 7 Sep

18 Aug 22 Aug AT exceeds 2°C; it drops only when
convection starts in northern bay on

25 August.

Wind and OLR events in south-
ern bay, OLR event in northern bay
(3-7 June) make this a complicated
case. AT, however, exceeds thresh-
old beyond wind and OLR events.

Wind speed exceeds 11m s™! dur-
ing 20-23 August; maximum in AT
is after the wind speed drops below
10m s

Wind speed hardly changes when
over 10m s~ !, but AT changes by
~1°C during this period.

AT > 0.75 even after wind event
ceases in southern bay.

29 May 2 Jun

31 Jul 2 Aug

12 Jul 14 Jul AT continues to increase after OLR,
over southern bay increases above

175 W m™2.

AT continues to increase after OLR
over southern bay increases above
175 W m™2.

31 Aug 5 Sep

5. Discussion

We have shown that a positive meridional gradi-
ent of SST in the Bay of Bengal tends to precede a
rainfall event in the central bay. The SST gradient
was based on the SST difference (AT') between two
boxes in the northern and southern bay (figure 1),
AT having to exceed 0.75°C for five days to consti-
tute an SST event. Rainfall events tended to lag an
SST event, with the lag histogram peaking at one
week. The greater contribution to AT came from
the northern bay, which showed intraseasonal tem-
perature variations approaching ~ 2°C. The box
in the southern bay encompassed the ‘cold-tongue’
regime of the SMC (Shankar et al 2002; Joseph et al
2005; Rao et al 2006b; Joseph and Sabin 2007).

5.1 Interpretation of the sensitivity
experiments

The statistics of the relation between SST and rain
events were a function of the period of analysis. In
comparison to the period May—October, there was
a higher percentage of cases during the core mon-
soon period in which SST events were followed by
rainfall events and there was no case of an SST
event occurring in isolation. The lag between an
SST event and the rain event following it was also
shorter during the core monsoon period. Hence,

this relationship between SST gradient and rain-
fall is more applicable after the seasonal TCZ is in
its ‘summer monsoon phase’, not when it is in the
transition phase between the monsoons.

The sensitivity analysis, in which the conditions
constituting the definitions of SST and rain events
were perturbed, needs to be interpreted carefully.
The relation between SST gradient and rainfall is
sensitive to the definition of SST and rain events.
The analysis showed that the control conditions
(see section 2) yielded the best relation between
SST and rain events, implying that these defin-
itions picked the physically optimum parameters
from the range of possibilities.

5.2 The AT and Ty thresholds

The data suggested that the northern bay SST,
Ty, could be used as the criterion in lieu of SST
difference. The most appropriate Ty threshold
(for rainfall events) that emerged from the analy-
sis was 29°C, which is 1-1.5°C higher than the
deep-convection SST threshold for tropical oceans
(Gadgil et al 1984; Graham and Barnett 1987; Sud
et al 1999). Even a threshold of 28.75°C did not
yield results comparable to that for the 29°C cri-
terion because the former threshold was exceeded
on over 77% of the days during the core monsoon
period (table 13). Since variations in the northern
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Figure 12.

(b) Duration of rain events

0 5 10 15 20 25 30 35
Days

Histogram showing the frequency distribution of duration of SST and rain events. (a) SST events for the

AT > 0.75°C criterion. Event 6 in 2000 was longer than 35 days, but has been clubbed with 35-day events. (b) Rain events
that lag an SST event are shown as dark gray bars (total 28 events) and isolated rain events are shown as light gray bars
(total 5 events). This histogram is for the AT > 0.75°C criterion. In the case of three events (Event 1 in 2001 and Events 2
and 3 in 2004), the duration shown excludes the multiple rain bursts associated with the SST event. Including the multiple
bursts increases the duration to 58, 21, and 56 days from 12, 3, and 5 days for the three events. Note that the duration of

SST events is less than that of associated rain events.

bay SST contributed more to AT than did varia-
tions in southern bay SST, we hypothesise that the
excess heating (~ 1°C above the threshold for deep
convection) required in the northern bay to trigger
convection is because this excess in SST is what is
required to establish the critical SST gradient. In
other words, the Ty > 29°C threshold is actually a
proxy or synonym for the AT > 0.75°C threshold
(but it is not as good).

5.3 Cause or effect?

As noted earlier, the relation between SST and
rainfall is two-way: rainfall (or, more precisely,
clouds) affects SST as much as SST affects rainfall.
It has been shown earlier that SST in the north-
ern bay falls about one week preceding a monsoon
break (Harrison and Vecchi 2001), the SST (and
therefore AT) rising again after the rain ceases.
Also, a glance at figures 2-9 reveals that rainfall
over the central bay can persist in the absence of
an SST gradient: once rainfall occurred, it could
persist even if the gradient weakened (fell below
threshold) or even became negative at times (as
during event 3 in 2000). Some of the northern-
bay convection ‘spills’ over into the central-bay
box; if convection persists in the northern bay, it
tends to persist in the central bay too. Numer-
ical models suggest that persistence of convec-
tion over the northern bay and adjoining land is
due to the anchoring of the TCZ in the surface
trough and that the duration depends on hydro-
logical processes (Nanjundiah et al 1992; Gadgil
2003).

A histogram of the lag between the cessation
of a rain event and the start of the succeeding
SST event is not very different from that for the
lag between an SST event and the associated rain
event (figure 10). Hence, a natural question is
whether it is the SST gradient that leads a rain
event or it is the cessation of a rain event that leads
to an increase in T and therefore to an SST event.
Is the SST gradient the cause of the rain event, or
vice versa?

The answer to this question is not easy because
SST gradient and rainfall are interdependent and
both oscillate through the summer monsoon. Nev-
ertheless, the data show that a rainfall event that
lagged an SST event tended to be longer than an
isolated rainfall event (figure 12). Of the five iso-
lated rain events during the core monsoon period,
one (event B in 2003) was 10 days long; the other
four events had a duration of 3-5 days. Of the
28 rain events that lagged an SST event, however,
16 (~ 57%) had a duration exceeding 14 days and
only five (~ 18%) had a duration of a week or less.
Since there is no a priori reason to expect such a
difference, there seems to be a statistical basis for
the hypothesis linking a meridional gradient of SST
and convection in the bay.

Is there a physical basis for such a relation-
ship? Numerical models suggest that accurate and
interactive SST is needed to simulate accurately
the slow northward propagations of the TCZ across
the Bay of Bengal (Srinivasan et al 1993). Vec-
chi and Harrison (2002) invoked the hypothesis
that the increase (decrease) in SST in the north-
ern (southern) bay sets up a meridional pressure
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gradient (with lower pressure in the north), which
drives a westerly wind that is in geostrophic bal-
ance. This hypothesis is in accordance with that of
a geostrophic monsoon advanced by Xie and Saiki
(1999). Numerical models, however, suggest that
the response of the tropical atmosphere to SST gra-
dients is a “heat-low” type of circulation (Schneider
and Lindzen 1976), in which the circulation occurs
within the lower 2-3 km of the troposphere: mid-
tropospheric heating due to latent-heat release
during deep convection is needed to generate a cir-
culation extending through the troposphere (Held
and Hou 1980).

Recent research on cumulus parameterisation
schemes suggests, however, that shallow convec-
tion is a necessary precursor to deep convection in
the atmosphere; shallow convection moistens the
lower atmosphere, paving the way for deep convec-
tion (J Srinivasan, personal communication, 2007).
Hence, our hypothesis is that the establishment of
a meridonal gradient of SST in the bay, associ-
ated with which is a meridional pressure gradient,
leads to a geostrophic westerly flow into the cen-
tral bay. The associated cyclonic vorticity causes
shallow convection, which leads to deep convec-
tion. The deep convection, in turn, strengthens the
westerly flow into the bay (Joseph and Sijikumar
2004), creating, in conjunction with hydrological
processes (Nanjundiah et al 1992), a positive feed-
back cycle that sustains convection even as SST
falls in the northern bay.

5.4 Interannual variability

In spite of the strong relation between SST gradi-
ent and rainfall over the eight years studied, there
was considerable difference in the variation of SST
in the northern and southern bay, and therefore in
AT, among the eight summer monsoons. The year
that was most different from the others was 2002.
In 2002, the AT and Ty thresholds were exceeded
on more days than in other years (table 13), there
were far fewer breaks within rain events (table 14),
and the duration of rain events was the least dur-
ing the eight years. Rain events tended to occur in
shorter bursts in 2002 in comparison to other years,
the longest event during mid-May—September 2002
lasting 10 days. The summer monsoon of 2002
recorded one of the lowest rainfalls ever over India
(Gadgil et al 2002), but an analysis of the possible
association of the meridional SST gradient in the
bay with this drought is beyond the scope of this

paper.
6. Conclusions

The results of this study support the idea that a
meridional SST gradient is an important link in the

D Shankar et al

process leading to convection over the bay, which,
in turn, seems to be connected to the monsoon’s
active-break cycles (Joseph and Sijikumar 2004;
Joseph and Sabin 2007). In the absence of such a
gradient, rainfall events tend to be short-lived.

Convection bursts over the central bay can be
expected to occur within a week of the SST dif-
ference AT between the northern and southern
bay exceeding 0.75°C. Occasionally, these rainfall
events occur simultaneously with the SST differ-
ence exceeding the threshold (figure 10), making
it difficult to use it as a solitary predictor. It is in
such cases that a lower threshold (AT > 0.5°C) or
the northern bay SST (T > 29°C) serve as useful
additional criteria. These criteria tend to increase
the lag between SST exceeding the threshold and
the rainfall event (figure 10), making prediction
more viable.

Hence, in conclusion, a rainfall burst over the
central bay can be expected to occur soon after
the northern bay SST exceeds 29°C or the SST
difference between the northern and southern bay
exceeds 0.5°C; the event is extremely likely to
occur within a week of the SST difference between
the northern and southern bay exceeding 0.75°C,
there being a ~ 85% chance of this based on the
percentage of such events during mid-May to
September.

The focus of this study has been on SST and con-
vection over the bay, but there is a broader under-
lying goal. The convection over the bay is often
associated with formation of low-pressure systems,
which subsequently move westward or northwest-
ward from the northern bay, bringing precipitation
to the Indian subcontinent (Goswami 1987; Mooley
and Shukla 1989). Revival of convection over the
bay (and associated formation of low-pressure sys-
tems) can therefore be a precursor to precipita-
tion over India (Gadgil 2003). AT has therefore
the potential to evolve into a tool for prediction of
behaviour of the monsoon over the Indian subconti-
nent about a week in advance. Our results reported
here therefore suggest a long-term research agenda
to evolve a tool for monsoon prediction a week in
advance.
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