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Response of the upper layers of the Arabian Sea and the
Bay of Bengal to the southwest monsoon

T.K. RAY
Meteorological Office, New Delhi
(Received 25 August 1984)

aTe — o Fw F A ¥ fafee i § wgrerrd 9 ST o i sfater e wsew e @ weee,
FHRNT ATAGA AT AAGA & A § sqAar arr wataai § qrard qaA o afew v g § i g ggwr =W A )
AT F WA F T F TEUT WAV AZEE T ATT A9 £ ATAT Y | WO F G F WA S0 g 4y waty 7
SATHF AT HOCHE ST S gAY § HAEE WA F1 AT & ARG G0 JATHS WA H A 9T ST A
& | Wi ¥ fafwea il & wfarer s, e e seatax afaw afy sfaasd o feasey wears frand £

ABSTRACT. Response, to the monsoon in its various phases, of the upper layers of the oceans
has been studied in this paper. During pre-monsoon and weak or break monsoon periods the strength
of the easterly current reduces and tends to become westerly. During onsel phase westerly component
increases with depth. While weak positive or negative vorticity predominates during pre-onset or break
periods, strong positive vorticity rules the Arabian Sea during active monsoon. Kinetic energy, diver-
gence and vertical velocity patterns also show interesting behaviour during various phases of monsoon.

1. Introduction

Many changes occur in the surface features of the
Arabian Sea and the Bay of Bengal during pre and
post onset phases of monsoon, Changes on the sur-
face in the form of sea and swell have been studied
by many (Venkiteswaran 1960, Mukherjee and
Sivaramakrishnan 1976). Raghavan (1969) suggested
that a.relation -may possibly exist between weak or
even break monsoon condition with the upwelling of
east Arabian Sea waters off west coast of India. His
explanation was based on the fact that during weak
monsoon surface winds over eastern Arabian Sea are
generally northerly or northnorthwesterly, i.e,, parallel
to the coast; such winds are favourable for coastal
upwelling. La Fond and Borreswara Rao (1955)
observed coastal sinking during October in the eastern
coast of India. But all these studies were based on
limited data. The dynamics and kinematics of the
sub-surface layers display spectacular variations. These
changes that occur in &e depths of the oceans with
the approach of monsoon and later in the season have
not n extensively studied due mainly to lack of
adequate data.

2. Data and analysis

During the monsoon experiment (MONEX-79) in
the summer of 1979 five UYSR ships recorded ob-
servations in the depths of the Arabian Sea and the
Bay of Bengal in three stationary polygon positions.

Flow of water (cm/sec) at depths of 25, 50, 100,
150, 200, 300, 400, 500 and 800 m twice (00 & 12
GMT) daily have been analysed. Mean flow between
tW{:j levels has been linearly interpolated whenever
needed.

In order to keep consistency with air flow, flow of
water also has been considered from the direction it
is arriving instead of the usual way — the direction to
which it is flowing. Westerly and southerly components
have been taken positive while northerly and easterly
are negative,

Analysis of the data and interpretation of results
made in three phases are as follows :
Phase I—16 to 29 May (pre-onset).
Phase II—2 to 14 June (onset),
Phase 1II—10 to 23 July (break-monsoon),

Mean kinetic energy at the locations have been com-
puted in the usual way :

LR —é (al + v!)', where 5 and #

are the mean zonal and meridional components of flow
between two levels within the polygons.

At each level horizontal divergence and vertical com-
ponent of relative vorticity were calculated as flux and
circulation per unit area respectively over the polygonal
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Figs. 1 (a & b.)- Average (a)zonal component and (b) meri- Fig. 2. Average kinetic energy profile
dional component of water flow (¢m sec™)
s0
100
= 180
£ 200
=
v 300
-
S a00
b
< 300
-
3
AvERAGE w € ‘(""‘\(.-('JAY ONSLT MADSD Son
] 0 " | (1]
/) U (ao"_,g/
o0s)) /3% w0 w “11 <18 18 14 <13 <13 ol <10 =0 -8 «f -4 -8 4
- o b -J T T T T T T T T T L3 T T L]
: . M 4! ST Y
s Yaoomoa ~ v | S
. €00 b ke
: " -~
z
x + 300 tcr |
- LS
. 8 400 L PHASE 1,I,E
z 0O GMT
< %00 L - 12 GMT
- ~
* oo L >
o0

Fig. 3. Daily average kinetic energy (cm? sec™®) at onset periods

Fig. 4. Vorticity (107%) at depths during three phases : (a)--I,
(b)—II and (c)—IlI
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Fig. 5. Average divergence (10™5)

Fig. 6. Average vertical velocity (10™ms™)
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regioa. The total flux and circulation were computed
by contour integration over the polygon as follows :

4
Flux = &"n dl = Z vl (N

k=1
4

r &
Circulation = j v, dl = Z Vet It (2)
k=1

where 7, and 3, are the mean flow components
in the normal and radial directions respectively over the
kth side of the polygon and /; is the length of the kth
side. To obtain the proper sign for relative vorticity, in-
tegration was performed in the anti-clockwise direction.
In a few cases, when the data from only three ships were
available, the integration over the triangle was perform-
ed. Data from less than three ships have not been
considered for analysis.

Vertical velocity W was obtained by vertical integra-
tion of the equation :
25

w:jv.'vcm+wo @)
800

The lower boundary condition was taken as W,=0
at 800 m and integration performed for different layers
every day at 00 and 12 GMT hours. However, to save
space, only average values have been presented.

3. Interpretation of results
3.1, Components of waterflow

Figs. 1 (a&b) show the zonal and meridional com-
ponents of the flow. It is seen ‘hat during phase 1
the strength of the easterly current reduces with depth
and tends to become westerly indicating intense verti-
cal circulation through the upper layers of western
Arabian Sea in May. In phase I we noted the depth
of strongest easterly at 200 m while that for the
westerly it is between 400 and 500 m. In phase 111
(Bay of Bengal) we observe strongest easterly at
100 m, thereafter its strength is gradually redqccd
upto 800 metres. A quite contrasting picture is noticed
in phase II (onset of monsoon over Kerala coast).
Here we note predominantly westerly components
whose intensity increases with depth reaching almost
16 cm/sec at 800 m. From the meridional compo-
nent diagram we can see weak southerly more predo-
minant in phase I and phase IIL In phase II we note
weak northerlies below 50 m depth.

3.2. Kinetic Energy (K.E.)

Kinetic energy profiles through the depths of the
Arabian Sea and the Bay of Bengal have been pre-
sented in Fig 2. From the diagram we note the
following :

(a) During phase I and phase 11T the K.E. de-
creases with depth reaching a minimum value at the
lowest layer considered. Maximum K.E. Is seen in
the near-surface layer between 25 and 50 metres 1n
phase III.

(b) During phase I, tw0 maxima are visible : one
between 150 and 200 m depth. Minimum K.E for
phase I almost coincides with that for phase IIL

(c) Phase II presents a completely different pic-
ture for average K.E. Starting from a small value of
35 cm®/sec? in the upper layers the K.E. sharply in-
creaces with depth until it reaches a maximum value
of 135 cm?/sec® at the lowest layer considered.

The change in K.E, from phase I to phase 1I, where
time difference is only 4 days (last day of phase I
is 29 May and the first day of phase II is 2 June) and
space difference between two polygons is about
1100 km, is noteworthy. This is very interesting in
view of the fact that the southwest monsoon rains
burst over Kerala coast on 11 June 1979. The centre
of the ships polygon II was about 1000 km away
from the west coast of India. : -

From the daily average K.E. chart (Fig. 3) we
note that the highest K.E. in the uppermost layers
are registered on 9 and 10 June. It also emerges
from this diagram that the level of maximum K.E.
rises on the eve of monsoon onset, From 3 June when
conditions start getting favourable for the onset, the
K.E. at deeper layers start increasing and on 9-10 June
the maximum K.E. is noticed around 125 m below
sea surface. This only shows that along with the onset
of monsoon over India, ocean current off Indian coast
also strengthens and grows in vertical extent,

3.3. Relative vorticity

Though basic vorticity patterns remained similar,
minor diurnal variations are noticed and so in Fig, 4
both 00 and 12 GMT profiles have been presented.
From Fig. 4 we note :

(a) Vorticity is negative throughout the depths in
phase I and III.

(b) A complete reversal of vorticity patterns is
noticed during phase II—it being strongly positive
and the 12 GMT values were marg'nally higher than
1the corresponding values at 00 GMT in the upper
ayers,

(¢) In phase III very strong negative vorticity near
surface layers weakens with depth. Strong departure
between 00 and 12 GMT can also be noticed.

From the above one can conclude that during the
build-up or weak/break phases of monsoon, nega-
tive vorticity dominates whereas strong positive vorti-

city prevails during the onset or active phase of mon-
soon,

3.4, Divergence

Average divergence profiles for 00 and 12 GMT
have been presented in Fig. 5. Here also one notices
similarity of patterns between phase I and phase III.
Infact, upto a depth of 400 m both curves almost coin-
cide. Below this level divergence increases very steeply
in phase I while in phase III it reaches a max‘mum at
500 m and then decreases gradually, Qver the upper
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layers strong convergence is noticed in these two
phases and at around 100 m convergence changes to
divergence. Looking at the phase 1I graph one identi-
fies dynamically more active layers, Here we see
upper (near-surface) and deeper layers have diver-
gent flows while the middle layers between 100 m and
500 m have converging flows. Drawing analogy from
atmosphere, we see that the ‘level of non-divergence’
lies at around 100 m in all the three phases.

3.5. Vertical velocity

Mean vertical velocity profile can be seen in Fig. 6.
In phase I we see strong vertical motion (upwelling)
taking place. Strongest vertical velocity (2/10° ¢cm/
sec) in polygon I is seen at 100 m depth. This gradu-
ally reduces in the lower layers to a minimum (1.5/
10* cm/sec) at 500 m depth.

In polygon II which is closer to Indian coast we
note an almost uniform upwelling rate (1/10° c¢m/
sec) throughout the depth considered.

In the Bay of Bengal polygon during break mon-
soon period upwelling is maximum (1.2/10° ¢cm/scc)
at 100 m depth, This reduces sharply, and we not an
upwelling rate of 0.6/10° cm/sec in the lowest layer
considered.

Thus, the upwelling is maximum in polygon I be-
cause of its proximity to eastern coast of Africa. The
upwelling is reasonably high even in polygon II,
which is far away from east Africa coast, due to strong
monsoon current during the onset phase. One other
important fact is that the upwelling is maximum near
100 m in all the three phases of monsoon.

RAY
4. Conclusion .

Though it is difficult (o draw any firm conciusion
based on one year's data, we noticed some response
of the monsoon to the upper layers of the seas. We
found :

(i) Responses for pre-monscon and weak monsoon
are similar,

(ii) Convergence in shallow layers and divergence
in deeper layers.

(ir)  Negative vorticity during pre-onset and weak
monsoon peri0ds with strong po:itive vor.icity during
active monsoon periods,

(iv) Kinetic energy increases with depth in active
monscon period while it decreases with depth
during pre-onset or weak monsoon periods,
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