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A study of rainfall along the west coast of India
In relation to low level jet and air—sea
Interactions over the Arabian Sea
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Indian Institute of Tropical Meteorology, Pune 411 008, India

Indian summer monsoon has a large inter-annual as
well as intra-seasonal variability over temporal and
spatial scales. Onset dates, monsoon activity within a
monsoon season and quantity of monsoon rainfall are
also found to vary from year to year. One important
synoptic feature associated with the onset of monsoon
is the existence of a strong cross equatorial low level
jet (LLJ), with its core around 850 hPa over the Indian
Ocean and South Asia. This LLJ generally supports
the large-scale moisture and momentum transport
from ocean to atmosphere and the consequent rainfall
over the Indian mainland. In the present study, buoy
data at a stationary position in the Arabian Sea
(15.5°N, 61.5°E) have been used to understand the
air—sea interface processes before, during and after
the onset of monsoon 1995.

A remarkable feature of the summer monsoon over the
Indian Ocean (10) is the gradual formation of a low-level
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jet (LLJ)* over the western 10. Bunker? first reported the
presence of LLJ off Somalia during the International
Indian Ocean Expedition (IIOE, during 1962-66) in a
preliminary analysis. Joseph and Raman® have further
found the existence of similar LLJs with a core speed of
20-30 m/s near 1.5 km asl over peninsular India, on seve-
ral days during July. Later studies by Findlater™* have
explained the importance of LLJ in the monsoonal acti-
vity over the Indian subcontinent. Findlater* and Krish-
namurti® have studied the mean monthly air flow at low-
levels (1.0-1.5 km) over western 10 and found that the
Kenyan highlands appear to be a western boundary for
this major low-level air current, which is known to have a
maximum mean wind speed (19 m/s) near 1.5 km level.
In February, a clockwise gyre of air can be seen 10° south
of the equator. Its month-by-month northward progress®
appears to continue until June. Thereafter, its position is
relatively steady in the belt of 10-20°N until September.
After September, with the cessation of the SW monsoon,
the LLJ proceeds back southwestwards to the southern
IO. The major axis of the jet passes through the points
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20°S, 60°E; 12°S, 48°E; O°N, 40°E; 5°N, 42°E; 10°N,
50°E. At 12°N, 58°E the jet splits into two, the northward
branch of major axis passes through 15°N, 60°E; 17°N,
72°E and Indian mainland. The southward branch (secon-
dary axis) of the split moves southeastward, just south of
India. Krishnamurti® has further revealed that the west
coast of India near 17°N gets copious rainfall when the
northern branch of the jet is strong and active during the
monsoon months. Stommel and Fieux® have also exam-
ined the structure of the surface winds during the onset of
the SW monsoon in the Arabian Sea (AS) using historical
meteorological ship reports available between the equator
and 20°N, and between Africa and India (Marsden
squares; 29, 30, 31, 32, 66, and 67, vide their Figure 1)
for the period between 1900 and 1973. They have tried to
detect a link between the onset of the monsoon near the
Somali coast and rainfall over the Indian peninsula. Stom-
mel and Fieux have also shown similar axes of surface air
current over the central AS, whereby both the axes coin-
cide with the Findlater jet axes at 850 hPa east of 60°E.
But a split in the Findlater jet takes place near the 12°N,
58°E, while the split in the Stommel and Fieux® axis
takes place near the African coast (10°N). Further,
Stommel and Fieux correlated the mean June rainfall data
in the west coast of India with the onset near Somali
coast in May. They found high correlation coefficient
(CC) between the date of onset near the Somali coast
(10-12°N, 51-53°E) and mean rainfall in June over Kon-
kan (Mumbai) and the onset between 10-12°N, 53-60°E
and the mean rainfall in June over Kerala and coasta
Mysore. The CCs were respectively, —0.54 and —0.66 (for
the period 1919-39 and 1947-55) giving a significance
level of 99% for Konkan and 99.9% for Kerala and
coastal Mysore. Nevertheless, they emphasized that the
SW monsoon winds can blow near the Arabian coast bet-
ween 17 and 20°N, at the beginning of March, it perhaps
cannot be called SW monsoon, but for our case it cannot
be ignored. Most of the study by Stommel and Fieux® is
primarily based on data available in a strip (2°° 2° lat by
long) along African—Arabian coastline and along 10°N
from Africa to India. However, data along the jet line in
the central AS (15-20°N, 60-70°E) are rather meagre.
Stommel and Fieux have suggested that some efforts are
to be made to study the areas of the Indian peninsula in
detail and to include the variation due to sea surface tem-
perature (SST) anomalies over this part of the central AS.
It is clear from previous studies that LLJ is a special syn-
optic feature existing during the monsoon season.
Recently, Swapna and Ramesh Kumar’ have examined
the role of low-level flow jet on monsoon activity using
850 hPa winds for the monsoon period June-September
for the years 1987 and 1988. The former is a bad mon-
soon year, while the latter is a good monsoon year. Their
analysis has revealed that winds are high over the AS
compared to central Bay of Bengal (BOB) and southern
10. The western AS has shown great contrast, where
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wind speeds are about 2 m/s higher in 1988 than in 1987.
They have further found that during the active monsoon
periods, the core of the jet is directed to the Indian subcon-
tinent, producing heavy rainfall over India. But during the
weak periods, the core of the jet is directed south of the
Indian peninsula leading to weak monsoon conditions
over India Vinayachandran et al.® and Sijikumar et al.’
have also reported similar features in their studies. In an-
other study, Ramesh Kumar et al.’ have reported a case
study on the role of the cross-equatorial flow on summer
monsoon rainfall over India using NCEP/NCAR reanaly-
sis data.

Ramesh Kumar et al.'° have also examined an annual
cycle of the moisture fluxes across different boundaries
of the AS (0° to 25°N, 45 to 75°E) for the period 1982 to
1994. This study revealed that the major contribution of
moisture for the AS is from the south 10 and a substantial
amount also comes from the western boundary, i.e. across
the east coast of Africa. They have further stated that the
moisture fluxes are able to depict the enhancement of
moisture over the AS from April to June. The values are
thus saturated and remain constant till July. From August,
the cross equatorial flow decreases. The maximum con-
tribution for the AS box from the western boundary is
seen in July and August. The maximum loss from this
box is to the Indian subcontinent and it increases almost
two to three times from April to May/June, indicating
evolution of the summer monsoon over India. Further
they have mentioned that there exists a sharp rise in the
moisture flux in the AS and this rise could be due to the
cloudiness effect of sudden increase in the zonal compo-
nent of the low-level winds as well as the increase in
moisture over the AS.

However, in the present study we have examined com-
prehensive year-long-time series surface meteorol ogical
data of wind, air, temperature and SST, relative humidity,
mean sea-level pressure from a surface mooring buoy de-
ployed off the coast of Oman (15.5°N, 61.5°E along the
climatological axis of the Findlater jet from 16 October
1994 to 19 October 1995). Weller et al.* have summarized
the details of data collection, error analysis and some of
the salient features that emerged out of the above data-
set. However, in the present study we reanalyse the data
by analysing the various fluxes and try to understand the
plausible mechanisms for the evolution of the air—sea in-
terface processes on timescales of a day, synoptic, intra-
seasonal and seasonal basis. Further, we have also exam-
ined air—sea interface flux-transfer processes in relation to
the evolution of the LLJ over the AS and the influence of
LLJ on the west coast rainfall.

Data and methodology

The following data over the period of 1 May 1995 to 30
September 1995 have been consulted for the present study.
They are: (i) The daily rainfall data collected at some
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well-known meteorological stations (Figure 1), namely
Dahanu, Mumbai, Harnai, Ratnagiri, Panjim, Karwar and
Mangalore along the west coast of India (12—20°N)*; (ii)
Daily 850 hPa wind fields over the 10™ between latitudes
20°S to 25°N, and longitudes 35 and 115°E; (iii) The sur-
face meteorological observations taken from a stationary
mooring buoy deployed off the Oman coast at 15.5°N,
61.5°E, which lies along the Findlater jet (LLJ)**1°,

In order to find out the daily geographical position of
the LLJ core at 850 hPa level over the IO region, synoptic
weather charts using the daily NCEP/NCAR reanalysis
data have been consulted. Figure 2 shows these charts for
selected days on which the monsoon exhibits peculiar beha-
viour like onset, active phase, splitting of jet and break
monsoon conditions. Further, in order to understand the
plausible influence of LLJ on the west coast rainfall, area
daily averages of zona wind (AZW) and total column pre-
cipitable water'® (TCPW) for the domain 45-80°E and
10-20°N have been computed and plotted along with the
daily surface parameters observed at WHOI buoy (Figure
3) and daily rainfall at west coast stations (Figure 4) res-
pectively, for comparison. Weller et al.™ provided vari-
ous heat, momentum and radiational fluxes at the WHOI
point. The air—sea fluxes at WHOI were computed using
version 2.5 of the bulk formulae developed during
COARE, described by Fairall et al.’. Shallowest (0.17 m)
temperature observations were extrapolated to the surface
to obtain a skin temperature, which is then used for flux
computation. Net short-wave radiation was computed®
from incoming short-wave radiation using a variable
albedo based on the solar elevation angle and an atmos-
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pheric transmittance of 0.720. Net long-wave radiation
was computed by subtracting an estimate of the outgoing
long-wave,

LW- =esT*+ (L—e)LW (1)

where LW- is the outgoing long-wave radiation, LW is
the incoming long-wave radiation, emissivity e=0.97
and Stefan-Boltzmann constant s = 5.67 " 108 W m?2 K™,

Results

Figure 1 shows the location map of the study area. The
geographical position of the stations considered as repre-
sentative of the west coast and the stationary position
(15.5°N, 61.5°E) of the mooring deployed off the Oman
coast are shown. It is clear that all the coastal stations are
between 12 and 20°N, which is the area where Findlater jet
is most active during the season. To visualize the strength
and location of the LLJ over the 10 and its neighbour-
hood, we have plotted the streamlines and isotachs of the
wind field over those regions where the jet core is promi-
nent at 850 hPa level. It is well known that the LLJ origi-
nates in the southern 10, crosses the equator near Nairobi
(South Africa) and turns east in the AS heading towards
India during the height of the monsoon. The representa-
tive NCEP mean daily 850 hPa circulation charts from 1
May to 30 September 1995 (153 charts) have been exa
mined carefully and charts were chosen corresponding to
those dates which are relevant to the following four phases
of the monsoon during the year 1995. They are: (i) Onset
phase of monsoon (Figure 2 a—c, (ii) active phase of mon-
soon (Figure 2d-f), (iii) splitting of the jet (or weak
monsoon phase, Figure 2g-i) and (iv) the break phase of
monsoon (Figure 2j-). These four categories of charts
were then qualitatively compared with the time series
rainfall distribution at the stations along the west coast of
India (Figure 1). It has been observed that rainfall aong
the west coast appears to have occurred during those pe-
riods where the LLJ touches the west coast. When the jet
is far away or splitting and turning to the south of the
trough, the west coast receives either less or no rainfall.
The onset of the SW monsoon is generally marked by a
change in the wind field (180° out of phase from low to
high speed) from winter to summer circulation. In South
Asia, particularly over the Indian subcontinent, these are
the two major circulations with contrasting features, which
prevail about 4 to 6 months. A transition from winter to
summer circulation is associated with some comparable
changes in several meteorological parameters at the surface
and in the upper air, which build-up progressively with
the advance of the season and reach a critical stage by the
end of May leading to the burst of monsoon. Having exa-
mined the above features carefully for many years during
the period from 1901 to 1982, Ananthakrishnan et al.’®
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Figure 2. Low level jet (in m/s at 850 hPa) core over the north Indian Ocean during onset (plot a—c), active
phase (d—f), splitting of jet (g—i) and break monsoon (j—1).

have found the normal date of onset of monsoon over the
southwestern tip of India (south Kerala coast) as 1 June (i.e.
the outbreak of the SW monsoon rains of at least 10 mm
average rainfall in pentad (five days™). A ‘break’ or ‘weak’
in the monsoon occurs when the normal monsoon trough
over the Gangetic plains shifts northward to the foot-hills
of the Himalaya. This is a short break in the prolonged
monsoon activity, for a period of 2 to 5 days, during
which the west coast and central part of India receive
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very little or no rainfall. The revival takes place when a
low-pressure system of moderate intensity forms over the
head BOB?.

During 1995, the onset of monsoon was delayed by
about ten days from its normal date (1 June). The LLJ
had not organized completely but two broken jet cores,
one on either side of the equator in both hemispheres
along the same longitude (85-90°E), were seen in the chart
(Figure 2a) on 6 June. The north jet core is quite promi-
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nent in the southwest BOB. This is the line where the
first monsoon current advanced into the BOB on 6 June
1995. Thereafter the jet appears to have recognized gradu-
aly and extended to southern AS and coincided with the
official day of onset on 10 June in Kerala. Figure 2d-f
shows the LLJ during the active phase of monsoon (i.e.
10 July, 22 July and 30 August respectively). During
these dates the axes of the jet penetrated the west coast of
India. India Meteorological Department has reported two
break monsoon incidents in this year, on 4-5 July and
12-15 August. It has been reported in several studies that
the LLJ is split into two prior to the break monsoon”®. To
verify the above-mentioned phenomenon of splitting, we
have plotted the LLJ for the dates 2 July (Figure 2Q), 7
and 8 August (Figure 2h and i) 1995, followed by plots
showing the break (Figure 2j-l). Figure 2g shows the
splitting of the LLJ on 2 July. After two days, i.e. on 4
July, the break monsoon can be seen clearly, since thereis
no LLJ present on the land-mass of the Indian subconti-
nent; the northern branch of the jet has disappeared and
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the southern branch is now passing from the south of the
Indian subcontinent. This type of jet split leads to the break
conditions. Similarly, on 7 and 8 August (Figure 2h and
i), one can see the splitting of the jet. Subsequently, on 10
and 11 August (Figure 2k and |) there is a break.

Figure 3 shows the time series distribution of the sur-
face meteorological parameters (zonal wind, meridional
wind, barometric pressure, air temperature, SST, relative
humidity (RH), mixed layer depth at the WHOI buoy
(15.5°N, 61.5°E) and AZW) over the AS area (45-80°E,
10-20°N) for the period from 1 May to 31 September
1995. Figure 3 a shows the time series distribution of the
zonal wind (westerly U*, easterly U) and the meridional
wind (southerly V* and northerly V). The more striking
feature is that there exists an organized sudden west to
southwesterly flow between 10 and 22 May, with a peak
wind speed (U =8 m/s, V=3 m/s) on 15 May. This peak
wind speed is found to have coincided with the strong
surface winds on 15 May, following the depression in the
north BOB (Figure 5). Thereafter, the wind returns to its
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Figure 4. Time series rainfall distribution at selected stations along the west coast (a—g), and
total column precipitable water (TCPW:; h) over the area (45-80°E, 10-20°N).

former position (i.e. northeasterly) during 22-31 May.
From 1 June onwards the wind becomes westerly to
southwesterly and continues to stay at the same position
till the end of the monsoon season (June-September).
However, the absolute values of the wind speed appeared
to have changed from time to time during the above pe-
riod. The zonal wind attained maximum value of 12 m/s
around 15 July, whereas the meridional wind attained a
maximum value 9 m/sec around 21 July. There is a pro-
gressive decrease in the wind field during August and
September. Figure 3¢ shows the time series barometric
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pressure and RH distribution at the WHOI buoy point. It
is striking to note that the surface pressure shows high
values 3 1008 hPa in the month of May and September,
while it has shown low values 1001-1008 hPa during the
remaining period. The lowest value of 999 hPa has been
observed on 10 and 11 July (the corresponding zonal and
meridional winds were found maximum). In May, the pres-
sure fluctuations have a great bearing on the wind field.
When the pressure is in the peak phase (i.e. 3 1008 hPa),
the winds exhibit a northeasterly flow at the beginning
and end of the month. When the pressure dips to a mini

CURRENT SCIENCE, VOL. 87, NO. 4, 25 AUGUST 2004



RESEARCH ARTICLES

14MAY1995

15MAY1995

A P aannan A A 200 peed
A ARR R a2 0 27 e )
s|% AL SCCT e L Yo FIPL X TR R
R R s AR K . A\\\KQ@
S N NSRS N X
Trerteee NN ettt
P I SECSN\N . PR SN

seet® AWM T, 7D

X '\'(\'\'\'\'\'\'\'\'\'\'\'\v\..‘“.s«...NJ@3
B N 'ﬁ&\'\\\\\\\\&'\&*,m\w
N SSSANNSSNNN N SRRPESS S
b 7 AR NN N R L ettt |

TS SN NN rEX v ol

10

17MAY1995

N ///’)‘ﬂzzlwffx,
S SR8 R L T YT PP E PGS IO A
4 NNNSEC N Y R .
L3 N\\“\'\\\M* AR PR A A RAAE
S ANSSAASSSN\\ SN ‘Q@)
= '{\'\'\'\\\\\\\\W\\R&&R
+ W\\\\\\WK\M
LN ‘{\'\r\\\\'\\'\'\'\v\_w_x\w

3

10

¥ '&\
~)“" NN
2 LA RN
Qo\rAtA A

ST L R T TN
LRV W
/ taaArta
i SAVIN r/'/}}’ pAANAT
aed g Z. pArArR
hare f/é’ /A at
ettt //// 7\ K ann
- kT’/ f’/f//M//’
an, TT?”’/‘J-)—V—‘—W//”Q
= 4y \\\\\kapr.«cvvﬂ’ffa,‘) YN
L3 r\\\\\\'\&c¢¢<(rkkk‘.<‘.& v
=X \'\\'\r\'\'\\x«q_..“uuxmxku cer
= W\\'{\\\\M«sm'\'\\n
1051 “WM\M\\K&&\&
- \\.m\w\'\\\\\\k
m\\\\\&&‘
‘\‘\\\\'\\'\\\\'\\s&skhx“‘

ZZ

LE N WS

~ A

Figure5. Surfacewind pattern during ‘bogus’ onset.

mum of 1005-1006 hPa, the winds appear to have changed
direction from northeasterly to southwesterly between 10
and 20 May, with the lowest pressure value (1005 hPa)
coinciding with the higher wind speed on 15 May (see
Figure 5). In general, the pressure tends to decrease from
1 May to 15 July and increases from 10 July to 31 Septem-
ber. The RH distribution starts building up to 85% by
mid-May and reduces to 65% by the end of May. It starts
picking up from 1 June onwards and attains peak values
of 90-95% in July and August. Figure 3 b shows the time
series distribution of SST and air temperature (AT). AT
attains a high value of 30°C in the first week of June and
a low value (around 26°C) in the first week of August, it
again increases to 27°C in September. SST shows a simi-
lar trend. It attains a high value of 30.75°C on 31 May,
then decreases to a low value of 25.5°C in the first week
of August and increases to 28°C in September. The sea
water appears to have warmed up rapidly than the air
over this region during August and September. However,
during May SST is rather uniform with a value of 29.5°C,
while AT shows fluctuations but is around 29°C.
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MLD (Figure 3d) shows a low value (less than 20 m)
in the first and last week of May, while it shows a high
value of 30-35m in the second and third week of May.
During June to September it shows the peak, one on 15
July (70 m) and the second on 5 September (50 m), while
the lowest value of around 10 m is observed in the first
week of May. Figure 3d also shows the time series dis-
tribution of daily area AZW speed (45-80°E, 10-20°N) at
the sea surface (in the AS), for the period from 1 May to
31 September. The WHOI buoy and the stations along the
west coast of India come under this area. The prime rea
son for considering the average wind speed is to understand
whether there is any relevant relationship with the
changes in the wind field over the area and at WHOI
buoy with the rainfall along the west coast. It is observed
from Figure 3a and d that both the local and area mean
zonal winds appear to have exhibited similar fluctuations
during all the months. However, there is a small differ-
ence in the magnitude. AZWs are always lower than the
local winds at the WHOI buoy. AZWs vary from 1 m/s to
the highest value in the second week of July. It is inter-
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Figure 6. Fluxes of (a) sensible heat, (b) latent heat, (c) net short wave, (d) net long wave and
(e) net heat flux with wind stress component (f, g) direction at buoy location (h) (15.5°N,

61.5°E).

esting to note that during 9-18 May the AZW shows a
high value of nearly 5m/s, with a low (1 m/s) on either
side. This indicates that wind fields over the AS seem to
be sensitive to the depression in the BOB.

Time series distribution of rainfall and TCPW is shown
in Figure 4. Rainy days are more at the southern stations
of Ratnagiri to Mangalore (Figure 4d—g), and less in the
northern stations of Harnai to Dahanu. Even though rainy
days are continuous in the southern stations, there are
sporadic spells of high rainfall at an interval of 5 to 10
days in these stations, while there is a large gap of nearly
10-20 days between two heavy spells over the northern
stations. It has been noticed that on a few days the rain-
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fall data were not available at Harnai and Dahanu. How-
ever, the rainfal spells at these two stations are in
coherence with rainfall distribution at Mumbai. Figure 4h
shows the distribution of TCPW (in kg/m?) averaged over
the domain 45-80°E, 10-20°N. TCPW varies from 28 to
48 kg/m®. A low value is observed in May and a high
value in July. From 1 May to 10 June, it varies from 28 to
30 kg/m?. From 10 June onwards it shows a gradually in-
creasing trend. It remained more or less constant at
48 kg/m? between 10 July and 30 August. The difference
between the May maximum and the July maximum of
TCPW is 20 kg/m? (48-28 kg/m?). This value gradually
increases through a period of about one and half months
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Tablel. Monthly and total rainfall (mm) at selected

stations in the west coast from May to September

Month ® May June July August September Total
Station

Dahanu 0(0) 28(8)  731.25(26) 104 (15) 207.75 (10) 1071 (59)
Mumbai 1(1) 99 (11) 500.5 (29) 262.5 (26) 438.5 (20) 1301.5(87)
Harnai 0(0) 0(0) 372.25 (17) 189.5 (13) 280 (10) 841.75 (40)
Ratnagiri 17.25 (3) 351(18)  1107.25(31) 619.5 (28) 357.75(21)  2452.75(101)
Panjim 30.25 (6) 743 (20) 1528 (31) 562.25 (24) 202.25 (18) 3065.75 (99)
Karwar 47.25 (7) 768.75(20)  821.25(25) 689.75 (26) 297 (12) 2624 (90)
Mangalore 2495 (14)  1009.25 (24) 1525 (31) 679.5 (28) 244 (17)  3707.25 (114)

Numbers in brackets show the rainy days during the month.

from 1 June to 15 July. Figure 6 a—h shows the fluxes of
sensible heat, latent heat, net short-wave radiation, net
long-wave radiation, net heat flux, zonal wind stress, meri-
dional wind stress and wind stress direction respectively,
at the WHOI point. The sensible heat flux at the buoy
point is positive from 1 July to 31 August, meandering on
either side of the zero value during the rest of the period.
It varies from =5 to 20 W/m?. Latent heat flux varies from
50 to 200 W/m? with a maximum observed between 10
and 20 June and minimum observed around 30 July. The
net SW radiation varies between 110 W/m? and 300 W/n?.
Radiational fluxes show similar features, with a maxi-
mum in May and September and a minimum in July. The
net flux is quite low from 10 June to 20 July and high on
either side of this period. Zonal wind stress is strong dur-
ing the monsoon period. Meridional wind stress also
shows similar features in the range 0.1 to 0.4 N/m® The
direction of the wind stress is more or less uniform from
June to September, around 53° from true north.

Table 1 shows the monthly distribution of total rainfall
and total number of days of rainfall occurrence during
May to September 1995 along the west coast stations,
Dahanu, Mumbai, Harnai, Ratnagiri, Panjim, Karwar and
Mangalore. Mangalore received a total rainfall of about
3707 mm in 114 days out of five months (153 days). Pan-
jim received 3065 mm in 99 days. Karwar, Ratnagiri,
Mumbai, Dahanu and Harnai received 2624, 2453,
1301.5, 1071 and 842 mm in 90, 101, 87, 59 and 40 days
respectively. The northern stations north of Ratnagiri did
not receive any rainfall during May except on one occasion
a Mumbai. During the monsoon months of June to Sep-
tember, highest rainfall was observed in July at al stations.
Panjim received highest rainfall (1528 mm) in July com-
pared to Mangalore (1525 mm). In general, there exists a
decreasing trend in rainfall from south to north along the
west coast from June to August. In September, the northern
stations received high rainfall; Mumbai received 438 mm
compared to Mangalore (244 mm) in September.

Discussion

In the foregoing section we have described some salient
features of the results obtained on various parameters
such as wind field at 850 hPa (Figure 2), surface marine
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meteorological observations (Figure 3) and the corre-
sponding fluxes (Figure 6) at the WHOI buoy located
close to the climatological LLJ (Findlater jet; Figure 1),
and the time series daily rainfall distribution (Figure 4) at
selected standard meteorological stations along the west
coast of India (Figure 1). In this section we evaluate the
salient results. In Figure 4, one can notice the daily rain-
fall distribution at stations along the west coast of India.
Figure 4 aso delineates the TCPW over the central AS.
The main reason for considering the TCPW over the AS
is that the moisture from evaporation in the AS is ob-
served to have provided the water source for the west
coast rainfall in particular and Indian rainfall in gen-
eral 8192122 From Figure 4g it can be seen that Manga-
lore received rainfall from 1 May onwards till the end of
September. On 1 May Mangalore received 37 mm of rain-
fal. The next highest spell of rainfall at this station oc-
curred during 7 to 12 May 1995. During the same period
Ratnagiri, Panjim and Karwar (Figure 4d—f) also received
good rainfall. After 12 May, there was a lull in the rain-
fall at al the above stations, except a small amount of
rainfall (2-3 mm) on some occasions. However, the next
big spell of heavy rainfall commenced from 9 June in
Panjim, Karwar and Mangalore (Figure 4 e—g). Dahanu,
Mumbai and Ratnagiri (Figure 4a, b and d) have received
rainfall after 15 June. There are severa occasions of
heavy to very heavy rain spells at Mangalore, Karwar,
Panjim and Ratnagiri from 10 June to 10 September. All
these stations received these spells more or less at the
same time or a lag of one or two days. But the northern
stations of Dahanu, Harnai and Mumbai received only
three heavy spells occurring at an interval of 15 to 20
days. Comparing Figure 4a—g with the Figure 4h, one
can clearly understand the behaviour of rainfall along the
west coast and build-up of moisture content over Arabia.

It can be seen from TCPW observations (Figure 4h)
that this parameter appears to have exhibited a rise and
fall in the value approximately at an interval of 5-10 days
during the period of observation. During the period from
1 May to 10 June, TCPW shows three ridges and three
troughs. The lowest value is 25 kg/m? between 22 and 24
May. Peaks are observed on 1 May, 10 May and 4 June
and the values are 28, 30 and 32 kg/m? respectively. After
4 June, TCPW increases rapidly till August, with a small
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dip on 8 June. Whenever there is an increase in TCPW
over the AS, there is a corresponding rainfall event at
Mangalore, Karwar and Panjim during period from 1 May
to 5 June. Following 5 June, there appears to be a fall in
TCPW between 6 and 8 June and thereafter a continuous
rise steeply from 9 June onwards. This is the time when
the northern limit of the monsoon advanced northward
and the first spell of the monsoon rainfall occurred over
Mangalore on 9 June, Karwar on 11 June, Panjim on 12
June and Ratnagiri on 14 June. The northern stations did
not receive monsoon rains. After 10 June onwards when
TCPW begins to increase over the AS, all the west coast
stations started receiving moderate to heavy rainfall
throughout the monsoon months. However, there are
some heavy spells of rainfall epochs at all stations during
10-22 July, 30 July—2 August and 25 August—6 Septem-
ber. During these epochs TCPW appears to be at its
maximum value (3 50 kg/m?). Comparison of the above
spell with the 850 hPa LLJ core and orientation of its axis
shows coherence in the west coast rainfall, TCPW build-
up in the AS and the perpendicular incidence of the axis
of the LLJ to the west coast of India during 10-13 June
(example, Figure 2b and c), 1020 July (Figure 2d and
€), 30 July—2 August and 25 August—6 September (Figure
2f). The positive U and V components of the wind field
at WHOI buoy location (Figure 3a and b), and the AZW
are observed to be quite high during the above period,
which coincide with the strong LLJ and the correspond-
ing rainfall along the coast. This type of strong wind at
the surface in the AS appears to have picked up moisture
from the ocean, injected it into the lower atmosphere in
the open ocean and carried the moisture along the jet core
to deliver rainfall along the west coast of India and
inland, perhaps, during the above period of observation®.
The surface pressure (Figure 3 ¢) appears to be lower dur-
ing the above period of heavy rainfall along the west
coast. During the period of little or no rainfall along the
west coast, the LLJ appears to have either split’ (2 duly, 7
and 8 August; Figure 2g-i) or weakened (4 July, 10 and
12 August; Figure 2j-). During the above-mentioned
days, winds at the WHOI buoy are also weaker and hence
the corresponding TCPW content.

It is important to note here that the rainfall occurred
over the south stations of Mangalore, Karwar and Panjim
during the dry month of May. This rainfall appears to
have occurred in association with some low-pressure (deep
depressions) disturbances in the BOB during 5-6, 8-10
and 14-17 May. All the above systems are reported” to
be deep depressions formed off the Coramandal coast of
India. During the above period (5 to 17 May), the wind
field (U" and V") appears to have increased rapidly (attains
a maximum value 8 and 3 m/s respectively, on 15 May)
and the corresponding TCPW also showed a similar trend.
While examining year-long time series data at WHOI buoy,
Weller et al.™ reported that at the time of the SW mon-
soon the wind speed rose initialy in early May, then be-
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came light, before rising again in early June (Figure 3a
and b). Thisis in agreement with the results of Fieux and
Stommel?® during the years they characterized as having
multiple onset. Recently Flatau et al.** studied the dyna-
mics of double monsoon onset (multiple onset or bogus
onset) over India. As reported in the foregoing discus-
sion, we have seen that the winds attain maximum speed
on 15 May and 9 June at the WHOI buoy. These two dates
correspond to the double/multiple onsets in 1995. Since
they match well with the Fieux—Stommel®® hypothesis,
Flatau et al.** have tried to understand the plausible rea-
sons for the occurrence of the above double onset. In fact,
they have named the first onset as ‘bogus’ onset over the
AS. Further, they have briefly summarized the dynamical
conceptual model as follows. In early May, Madden
Julian oscillation develops in the equatorial 10. Warm
SST anomaly appears to be present in the BOB and in the
western Pacific. In mid-May the equatorial convection
splits, with one branch propagating into the western paci-
fic (warm SST) and another branch moving into the BOB
(warm SST), thus initializing ‘bogus’ monsoon onset.
The descending branch of the Walker cell, related to the
convection in western Pacific, and the Hadley cell related
to ‘bogus onset, suppresses the equatorial convection. In
late May and early June, the BOB convection dies, SSTs
become low in the Bay because of the ‘bogus onset of
the monsoon, but hot and dry conditions dominate over
the land. The real onset gets delayed because of the pre-
viously established conditions. The May rainfall along
the west coast is observed to have occurred due to the
three systems in the BOB, whereas rainfall after 9 June is
purely due to monsoon circulation and the associated
strong LLJ.

The convection in BOB appears to have initiated the
development of the fairly strong southwesterly flow over
the BOB and fairly westerly winds over the AS (14-17
May; WHOI; Figure 3a) and 14 May*, Flatau et al.**
have considered SST, wind velocity (U* and V") and spe-
cific humidity at WHOI buoy to show the time of bogus
onset. But they have removed the perturbations with a
timescale longer than 90 days and shorter than five days.
They have aso shown similar features found in the pre-
sent study.

In order to understand the plausible reason for the oc-
currence of strong westerly winds at WHOI, the 850 hPa
circulation charts for the period from 14 to 17 May (Fig-
ure 5) have been analysed. A core of LLJlike wind field
is seen over the BOB, extending from north India, north
AS to Arabia. The LLJ during the above period intensi-
fies in the wake of a depression that is formed over the
north BOB®. The influence of this system on the 850 hPa
wind field over the AS as seen in Figure 5, as well as on
the surface wind field over the WHOI buoy, has been obs-
erved at the time of recording. This 850 hPa wind field
further shows that the winds in the AS south of the
WHOI buoy are completely westerly and those to the
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north of the buoy are northwesterly, keeping low variable
wind near the buoy. Mangalore received good rainfall due
to the prevailing strong westerly over land, while absence
of rainfall over the northern stations along the west coast
during the same period may be due to the prevailing dry
northwesterly winds coming from the relatively cold AS
surface during 14-17 May. While developing a concep-
tual/dynamical model for identifying the plausible rea-
sons for the multiple onset over the Indian seas (AS and
BOB), Flatau et al.* have concluded that the intra-seasonal
oscillation in convection at the equator, 60°E and its
eastward propagation along the equator up to 90°E, touch
warm SST resulting in monsoon-like meteorological con-
ditions.

This study concludes that LLJ plays an important role
in determining the rainfall variability over the west coast
of India. It is seen that during the active phase of mon-
soon, the LLJ is elongated in west-east direction over the
Indian peninsula. Prior to the break, splitting of the LLJ
takes place due to forced flow from the north; the north-
ern branch of the LLJ disappears and southern branch
passes through the south of the Indian subcontinent tak-
ing all the moisture towards the equator. This is known as
break in monsoon, which was experienced during 4-5
July and 12-15 August 1995. LLJ is a good indicator of
active and break phases of monsoon over the country.
Keeping a constant watch on LLJ, one can get the informa
tion regarding break and active phases of the monsoon well
ahead of time. Air—sea interaction and flux study on the
buoy location prove that the SW monsoon 1995 had strong
winds, cloudy skies and moist air and was accompanied by
sustained oceanic heat gain with strong warming.
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