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for better understanding of the above process in rela-
tion to the OV and non-OV weather conditions over the
study area.
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by promoting barotropic instability. The real-time SSTobservational evidence for the genesis of OVSM over the
used by Kershaw is taken from SST charts published Byabian Sea by analysing the SST and 850 hPa wind field
Seetaramayya and MasteFurther, NyenZi has also over the Arabian Sea and its associated air—sea interface
studied the synoptic weather conditions prevailing over tipgocesses (Figure 1).
Indian region using MONEX-79alasets (850 and 700 hPa The NOAA OIV2 weekly SST of Reynolds andhBh'?
circulation patterns). His study revealed that there existeda one week prior to and during MOK has been consi-
systematic sequential movement of the 850 hPa trough lidered for identifying the MWP over the domain (024
(oriented in north-south direction) in the westerlies which0—8CFE). The NCEP-NCAR reanalysis daily 850 hPa
lay over West Bengal and adjoining Bihar on 11 Juneyind data for the domain 28-3CN, 40-100E have
which gradually shifted south-southwestward on 12 anuken used to understand the genesis of OVSM. dimiere
13 June 1979. Finally it became zonal alongNL@nd the air—sea interface processes associated with OV formation,
moved to the warm water pool over the ECAS on 14 Jutiee daily WHOI OA (Woods Hole Oceanographic Institution
1979, as reported by Seeiarayya and Mast&rAn in- Objectively Analysed) fluxes averaged over the area 8-
cipient vortex formation at 850 hPa associated with thEs°’N, 65—-78E are used. These fluxes are computed using
above trough line was clearly vislized by Hui. Utiliz-  state-of-the-art bulk flux algorithm 3.0, developed from
ing the daily wind data at 850 hPa, Krishnamettal® the Coupled Ocean—Atmosphere Response Experiment
have found that the OVSM of 1979 formed on the northe(OARE) by Fairallet al**.
flank of a low level jet (LLJ) when the jet axis approached Table 1 gives the onset dates of MOK as reported by
the southern tip of India just prior to the onset of théndia Meteorological Department (IMD) for 2000—-05 taken
monsoon. They have shown that strong horizontal shefiom Indian Daily Weather Repoffs The normal date of
flow in the low levels (850-900 hPa) provided energy foMOK is 1 June, with a standard dation of eight day¥.
the maintenance of this OV and the associated barocliftcan be seen from Table 1 that the onset was normal during
instability in these levels was also triggered by the gradual
descent of mid-tropospheric cyclonic circulation.
Seetaramayya and Mastbave suggested that the com- 30M
bination of a variety of exchange processes of fluxes
latent heat, sensible heat and momentum at the air—sez
terface, may play an important role in the initial establist
ment of large-scale low level convergence and convecti'
instability, which facilitates a etessary condition favourable
for penetrating large-scale convection over an active cy -

logenesis area. Rao and Sivakufhhave studied the . a
geographical coincidence of MWP and OV for a perio 0

of 30 years (1961-90). They have probed why OV do¢

not form every year, even though MWP (SS30°C) forms %
almost every year. They could not find any comprehensi' EQ{ .

answer for this except specifying an unknown phenomen

of a remotely controlled atmospheric process responsit

for OV formation. Thadathil and Goshave reported the

presence of temperature inversions (due to the advecti 105 50E 60F 70E 80E 90E 100E

of cold and less saline water with Bay of Bengal origin

over warm and highly saline water in the Arabian Sea alofiggure 1. Areal map of the present Sudy. Square box inside repre-
. . . sénts the area used for computation of fluxes.

the west coast of India) below the mixed layer during the

winter monsoon. Subsequent studféshave shown that Table 1. Dates of onset of MoNsoon

these inversions form in the barrier layer and heat up the over Kerala

surface layer above, contributing to a°Cincrease in SST

. . . . ] Year Onset date
during November—March. These inversions disappear in
April, when the Tropical Convergence Zone (TCZ) moves 2000 1 June
over the South East Arabian Sea (SEAS) and the warm 2001 2213,&/':{
pool engulfs the region. The evolving stage of this warm pool 27 Mai**
is believed to start partly with the formation of Lakshad- 2002 29 May
weep High resulting from the incoming Rossby waves during 2003 8 June
November/December. This SST high in the Lakshadweep 2004 18 May
Sea and the warm pool in the SEAS satisfyeaessary, 2005 > June
though not sufficient condition for the formation of OV, *Date of incipient formation of OV.
as suggested by Sheratial *2. This study offers relevant **Date of intensification of OV.
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2000, 2002 and 2005. It was early in 2001 and 2004, wherea#\ low pressure area formed over southern parts of the
during 2003, it was delayed by seven days from its normegntral Arabian Sea over the MWP on 21 May. It intensified
date. From the daily synoptic charts, it is observed thatto a depression and then into a deep depression on 22
OV formed only during 2001 and its incipient formationMay. It further intensified into a cyclonic storm (CS) and lay
is observed two days before the date of MOK. centred at 12N, 71°E on the same day. The CS over ECAS
intensified into a severe cyclonic storm (SCS) and then
into a very severe cyclonic storm (VSCS) with its centre at
15°N, 7I°E on 23 May. The VSCS (central pressure,
994 hPa) moved northwestwards and lay centred at
16.5°N, 69.5E by 24 May. On 25 May, the VSCS re-
mained practically stationary and lay centred atN,7
68°E, but its central pressure decreased to 992 hPa. The
VSCS moved slightly northwestwards and weakened into
a SCS with its centre at 1718, 67.5E. By 27 May, the
SCS had moved northwestwards and lay centred°at,18
67.5°E.

Figures 2 to 7 show SST distribution for a week centred
exactly seven days prior to the onset of MOK for the years
2000 to 2005 respectively. To understand the dynamics of
low-level flow during the onset process, 850 hPa flow
patterns for five consecutive days, i.e. two days prior,
during and two days after the onset are shown in Figures
2-7.

It can be seen from Figureazhat in 2000, MWP had
not formed one week prior to MOK. A well-established
LLJ is seen extending from the Somali coast to the east-
ern Bay of Bengal (Figureld. An east-west shear line
(marked by a thick brown line) over Saudi Arabia and a
Figure 2. a, SST distribution exactly one week prior to MOK for the N€ar equatorial anticyclonic circulation (marked by A) are

year 2000b-f, 850 hPa flow patterns for five consecutive days. Thickobserved over the Arabian Sea. A cyclonic circulation is
brown lines b—f ) represent shear lines. A, Anticyclonic circulation, C,
Cyclonic circulation.
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Figure 3. Same as Figure 2, but for the year 2001. Figure 4. Same as Figure 2, but for the year 2002.
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present over the Bay of Bengal centred &NLD®E one (12 m/s) appeared over the Bay of Bengal two days be-
day prior to the onset (Figurec® On the day of onset, fore the onset (Figureb). The cross-equatorial flow made
i.e. 1 June, the LLJ had intensified over the Bay of Bengals way directly to Gujarat without touching the southern
but had decreased in intensity over the Arabian Sea (Fitp of India (Figure £). On 29 May (the onset), the LLJ
ure 2d). On 2 June, the core of the LLJ had extende@ m/s) was seen near the southern tip of India (Figdye 4
eastwards and a cyclonic shear line is seen over Aralidm 30 May, the LLJ near the Somali coast intensified
near 18N, 55°E (Figure Z). The next day (Figuref, the (12 m/s), but still did not touch the southern tip of India
core of LLJ over the Arabian Sea was centred ‘&, 9 due to the presence of an anticyclonic circulation over the
56°E with intensity of 20 m/s, while in the Bay of BengalArabian Sea (Figure €. This anticyclonic circulation
it was centred at°N, 88E. The shear line is seen on theshifted further westward on 31 May (Figur&€)4The LLJ
northern flank of LLJ at 13N in ECAS and over Arabia. over the Somali basin weakened (8 m/s) leading to a weak
A strong anticyclonic circulation is seen over the Bay ahonsoon current.
Bengal with its centre at IBl, 87°E, which inhibited the A well-marked concentric region of MWP with its core
formation of OV over the Arabian Sea. (SST= 31°C) at 12N, 65°E had occupied the ECAS in

In 2001 (Figure &), the MWP is seen as a tongue ex2003 (Figure &). The Somali coast and the southern tip of
tending westwards covering the ECAS. The LLJ (12 m/dhdia started cooling one week before the onset in 2003.
had touched the southern tip of India, two days before tiidne 850 hPa wind field shows that the LLJ core seen over
onset with a shear line on its northern flank on 21 Ma§’N, 70°E on 6 June (Figurety shifted westward over
(Figure 3b). This shear line in association with the MWPthe Somali coast just one day before the onset (Figure
helped in its subsequent development into a cyclonic stomt). A cyclonic shear line can be seen just ahead of the
on 22 May (Figure 8). On 23 May (MOK), the LLJ had jet core between 50 and @in the Gulf of Aden from 7
oriented in a northwest-northeast direction with furthedune onwards in 2003. The LLJ strengthened (20 m/s) on 8
intensification of the system (FiguredB The system June (Figure 8). It moved slightly northwards over Ara-
again intensified on 24 May and moved northward withia on 9 and 10 June (Figurd)5i.e. far away from the
intensification of LLJ (16 m/s; Figuree}. It further intensi- west coast of India.
fied and the LLJ core was more concentric with its centre In 2004, the whole Arabian Sea was engrossed by
at 12N, 69E (Figure J). Thus the northward progressionSST < 30C, particularly SEAS, SST < 296 (Figure &).
of the shear line due to subsequent intensification of tiesmall blob of SST > 3T region is seen at’Bl, 62°E.
system is noticeable (Figureb3f). The LLJ over the Arabian Sea had not developed two days

The MWP is seen as a small blob north ofNN@nd prior to MOK (Figure &) whereas strong winds (16 m/s)
between 60 and 7& during 2002 (Figure d). The LLJ with core at 3N, 88°E in the Bay of Bengal are clearly

@II May 2004 16 May 2004
T S DA [

= = — T
3 6 9 12 15 18 21 24 27 3 6 9 12 15 18 21 24 27
Figure 5. Same as Figure 2, but for the year 2003. Figure 6. Same as Figure 2, but for the year 2004.
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seen (Figure 6 andc). On the following days (18 and 19 phase and finally northwards during the weakening phase.
May), the LLJ slowly extended westwards over the Arabialt is also noticed that the SST decreased considerably in
Sea with intensity of 12 m/s (Figured@ande) and the the ECAS (>1C decrease) due to the passage of the OV.
whole Arabian Sea was dominated by westerly flow. The In general, during almost all the other five years (figures
areal extent of strong winds elongated westward on 20 Magt shown), a 0% decrease in SST was observed one week
(Figure 6f). before and during the week of onset. This is due to mon-
The SST pattern for the year 2005 shows a concentdaonal circulation.
warm pool region having core (SST >°8) at 10N, 62°E The WHOI OA flux data are available up to 2002. The
surrounded by 30°® isotherm (Figure &). The LLJ cores non-OV year 2002 was an EI-Nino year and an extreme
can be seen over the Somali coast (12 m/s) and southdobught year for India. For the last five years in the last
Sri Lanka (16 m/s) two days and one day prior to MOlecade (i.e. 1995-99), 1998 was an OV year and 1997 an
(Figure 7b andc). On the following day, the core over theEIl-Nino year. MWP was absent during 1996 and 2000. So
Somali coast extended eastwards and merged with tiveg have considered 1995 a non-OV year in which the MWP
over the Bay of Bengal (Figuredj. On 6 June, the LLJ was present and EI-Nino was absent.
again split into two cores similar to what happened on 4 Figure %—d shows respectively, the time series of heat
June, but the intensity of the core was greater (I8)msfluxes (sensible and latent heat), Bowen ratio and momen-
over the Somali coast than over the Bay of Bengalm flux for 2001, 2002 and 1995. Dashed arrow repre-
(12 m/s). The two cores again merged on 7 June (Figwents the date of OV formation, solid arrow represents the
7f) as an elongated LLJ extending from the Somali coagate of MOK and double-headed arrow represents the
to eastern Bay of Bengal. date of intensification phase of OV. The sensible heat
Thus it is clear from Figures 2ar7that the MWP flux showed more or less constant values ranging from 14
shows variability in its location as well as its areal extento 16 Wn1? up to 25 May. Thereafter it decreased consid-
Table 2 delineates this variability from 2000 to 2005. It shovesably in 2001 (6 Wrf) on 26 May. In 2002, it oscillated
that MWP covers the largest area (2:580'* m?) during between 5 and 16 Wrh with 12 Wm? on the day of
2003 and the lowest (0.6710"? m?) in 2002. MWP is ab-
sent in 2000 and 2004 as discusskdva.

Figure 8 depicts the change in SST field after and be- Table 2. Area of the mini warm pool
fore the formation of the OV. The tracks of the OV along (SST= 30.5C) over the Arabian Sea
with its intensity are also shown in Figure 8. It is seen that Year Area (M)

the OV first moved eastwards and deepened into a SCS, then

; ; ; e ; 2000 MWP absent
moved north-northwestwards during its intensification 2001 2 2ax 102
2002 0.07x 10*
2003 2.58x 10*
2004 MWP absent
2005 1.485¢ 10"

& June 2005

R e - .

T 1 —
-1.8-1.5-1.2-09-0.6-03 0 0.3 0.6

e 2] Figure 8. Change in SST field after and before formation of OV
---J: T T e — along with track of OV durin@001. L, Low pressure area — L1 on 21

6 9 12 1518 21 24 27 May, L2 on 28 May; CS, Cyclonic storm — CS1 on 22 May, CS2 on 27
May; SCS, Severe cyclonic storm — SCS1 on 24 May, SCS2 on 26 May
Figure 7. Same as Figure 2, but for the year 2005. VSCS, Very severe cyclonic storm — VSCS on 25 May.
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; days before the onset, a shear line had formed at 850 hPa
@ ® and tended to extend over the MWP region. A comparison
. of Figure 3a andb (by superimposing the latter on the
" w ' former) shows that the positions of 850 hPa shear line
_ . and MWP are exactly coincident with each other during
~J] M - “y 7  2001. This shear line helped in the initial low-level vor-
o [ e\ e ticity and convergence, which in turn enhanced the sur-
: | Sl - [Hiiii face wind speed leading to more moisture convergence,
convection and precipitation. This led to further release of la-
HRETR NID 1M tent heat in the lower troposphere and hence further as-
@ cent of air. This type of mechanism of OV formation is
similar to that of a ‘providing cycle’ discussed by Laevastu
et all”and Kershaw
Absence of MWP in 2000 (Figurea and 2004 (Figure
i R 6a) may be attributed to formation of cyclonic systems
H‘k\. N : : which formed one or two weeks before onsef well-
! [ mey | N ol defined concentric circular isothermal region of warm pool
’ e e evolved during 2003 and 2005, but the 850 hPa circula-
BEN DBUD W35 T T EER EREE tion pattern over this region was not conducive to the deve-
_ _ _ _ lopment of OV due to the absence of shear line over the
fFIL%(”r(f’N?n'_z);T'Qestvrfns r‘ﬁ'os(‘f”fg’!)e :ﬁga‘ﬂ;"og’\gﬁz&g' f'litxe;tlrg?t ECAS. In 2003, a cyclonic circulation or shear line formed
Nm) during 2001 (open green circles), 2002 (solid brown circles) an@ver Arabia just ahead of the LLJ core over the Somali
1995 (blue crosses). Dashed arrow represents date of OV formatidyasin (Figure 8), which lies to the west of the MWP region.
?gt'fo?ri:t’;"n;efi’f:jg;'tg‘f%a\t/‘_a of MOK. Double-headed arrow represeii 2005, the LLJ was not strong enough to induce the
shear line (Figure 7) and hence there was no OV formation.
Moreover, with the onset and advance of the monsoon
MOK. During 1995, the sensible heat flux was quite loworthwards, the warm water pool moved northwards during
(< 6 Wn1?) prior to MOK and it increased to 11 Whafter 2003 (figure not shown).
four days (Figure 8). The latent heat flux showed a sudden Distribution of fluxes of sensible heat, latent heat and
increase from 231 Wi on 24 May to 254 Wnf on 25 momentum has shown an increasing tendency with the
May (i.e. the day of OV intensification) during 2001, whiledeepening of the system. These diabatic heat fluxes are
it was 146 Wi in 2002 and 100 WRiin 19950n the day important in the boundary layer for storm formafidrhe
of MOK. transfer of sensible heat from an infinite source of the
The Bowen ratio showed maximum value 0.1 on 2warm ocean heats up the air in contact with it, and generates
May (two days before the onset) during 2001 (Figuck 9 and produces buoyancy. The transfer of latent heat on the
After 25 May, it started decreasing slowly with a value ofther hand, continuously supplies moisture to the air in
0.03 on 26 May. It decreased considerably afterwards as tstact with the surface. The Bowen ratio also shows a high
OV moved away from the area. In 2002 on the date of MOwalue (9x 10°) on the day of formation of OV, which denotes
(29 May), the Bowen ratio showed a low value of 0.08high sensible heat and moisture transfer from the ocean
After that it increased to 0.09 and had remained more surface. Gray has defined six genesis parameters for cy-
less constant from 31 May to 1 June. During 1995, theone development: (i) low-level relative vorticity (850 hPa),
Bowen ratio showed a low value 0.04 on the dayiofiK  (ii) Coriolis parameter, (iii) inverse of vertical shear of the
and decreased afterwards. During 2001, on the day of imerizontal wind between the lower and upper troposphere,
cipient development, the value of momentum flux wagv) ocean thermal energy excedsoae 26C to a depth
5.8x 102 Nm After that it started increasing rapidly andof 60 m, (v) vertical gradient @, between the surface and
attained a value of 30102 Nm™ on 25 May. In 2002 and 500 hPa, and (vi) middle tropospheric relative humidity.
1995, however, the 850 hPa circulation did not strengthen alhar a given SSTX30.5C) and 850 hPa circulation with
the momentum flux did not show such drastic change. l{.J and shear line keeping the other four parameters con-
was more or less uniform 6102 Nm™) during the on- stant, one can easily understand that the OV develops only
set period. when the MWP and 850 hPa coexist along the west coast
In the present study, observations have shown theftIndia. Note that according to Grdythe threshold of
MWP formed during four years (2001, 2002, 2003 an8ST favourable for the formation of a tropical storm is
2005) with different intensities. However, the OV did no6°C and an ocean thermal energy excéss/a 26C to
form in all these years, except during 2001. A close exand@-depth of 60 m. In the present study, we have noticed that
nation of SST distribution over the Arabian Sea and 850 hravarm pool of SSE 30.5°C, which is above 3°& higher
circulation patterns revealed that with the onset, or a fetlvan the threshold value, was necessary for OV to form
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over the Arabian Sea in May 2001. Theoee threshold 16. Ananthakrishnan, R., Pathan, J. M. and Aralikatti, S. S., The onset
value of SST (26C) does not hold good in the Arabian _ Phase of southwest monsod@urr. Sci, 1983,52, 155-164.

. ] 17. Laevastu, T., Rabe, M. K. and Hamilton, G. D., Mesoscale feed-
Seain t_he hOt season of May _tO f_orm a troplcal CyCIO_ne' back from the ocean to the atmosphere in coastal and oceanic fron-
Examination of weekly SST distribution over the Arabian regions. Environmental Prediction Research Facility (Navy)

Sea revealed that MWP (S&T30.5°C) existed over the Montery, California, 1972, pp. 7-8.
Arabian Sea during 2001, 2002, 2003 and 2005. The OA8. Gray, W. M., Hurricanes: Their formation, structure and likely
developed over the northern flank of L2f under the in- role in the tropical circulation. IlMeteorolog)_/ over t_he Tropical
fluence of MWP with the aid of a ‘providing cycle’ during (fscgf;fé_ed' Shaw, D. B.), Royal Meteorological Society, 1979, pp.
2001 only. Nevertheless, the LLJ must be strong enough
(210 ms*) and lie close to the southern tip of India. EVEIMCKNOWLEDGEMENTS. R.D. thanks CSIR, New Delhi for JRF/SRF
though MWP existed in 2003 and 2005, the featurasre fellowship. We thank the Director, IITM, Pune for encouragement and
ing to the LLJ at 850 hPa were absent. A strong anfjupport. We alsc_) thaqk NC_EP/NCAR and IMD, Pune for data and
cyclonic circulation to the south of the LLJ axis inhibited®©P: GoVt of India for financial uport.
the formation of OV. In brief, though the ocean is fullygeceived 25 Map006: revised ecepted 30 Octobe006
cooperative with high thermal energy in the upper part, the
OVSM does not form over the MWP unless the shear line
forms along the northern flank of the LLJ at 850 hPa near
the west coast of India, which is a necessary condition. . o .
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