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ABSTRACT

Using the wind data over the Arabian Sea observed on a typical
southwest monsoon day (2nd july. 1963), the vergence and vorticity
fields and the net convergence of Ekman wind driven layer at the sea
surface have been computed.

Based on Stommel’s model, the depth of no meridional motion
in the central Arabian Sea has been evaluated and is found to vary
from 100m to 1500 m with corresponding ‘o7’ variation from 24-5 to

27-5. The maximum vertical velocities at the depth of no meridional
motion are of the order of -60x107% ¢m sec™. The surface
circulation with reference to the evaluated depths of no meridional
motion shows alternate bands of meridional flows. The thickness of
the surface mixed layer seems to be governed by the field of motion,

INTRODUCTION

Ekman (1905) has divided the oceanic circulation into a shallow wind driven surface
layer of frictional influence and a deeper layer of frictionless geostrophic flow. The wind
over the sea surface produces a net convergence (or divergence) withinthe surface layer
which leads to the formationof vertical velocity atthe bottom of the frictional layer-
Under steady conditions, this would be matched at some intermediate depth by the vertical
motion resulting from the deep geostrophic meridional flows (Stommel, 1956)-

The accuracy of the relative currents largely depend' updn the reference level. This
level for the Arabian Sea has been arbitrarily fixed by the earlier investigators (Swallow
and Bruce, 1966; Diiing, 1970; Sastry and D’Souza, 1971 and Rao, Ramesh Babu,Fernan—
des and Varadachari, 1976). In this paper, the authors present an analysis of the hydro—
graphic data inthe Arabian Sea to deduce the level of no meridional motion(Stommel, 1956)-
Further an attempt has been made to compare the surface circulation patterns derived
by the carlier workers with the circulation pattern obtained with reference to the level of
no meridional motion.-

DATA AND RESULTS OF ANALYSIS

For the present analysis, the wind distribution on a typical monsoon day (2nd July-
1963) is considered. The wind field (Fig. 1) based on the kinematic analysis of Miller and

* Abstract of this paper was presented at the ‘Symposium on Environmental modelling of physical
oceanographic features as applied to Indian Ocean’ held at Naval Physical and Oceanographic
Laboratory, Cochin, February 23-24, 1978.
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Fig. 1. Kinematic analysis of the surface layer wind for 2 July, 1963
(After Miller & Keshavamurthy, 1968). -—--Stream lines
----- Isotachs in knots.

Keshavamurthy (1968) forms the basic data for this analysis and this has been choscn
since this data set is the only available one coinciding with the period of oceanographic
observations (July-August "63). The wind speed and direction were interpolated for 1°
squares- This wind was assumed to be statistically steady and vertically homogeneous over
the layer (0-900 m).

. >
The wind stress T has been computed for each 1° square according to the

>
quadratic equation T = PCpW?%, where P is the density of air, ‘Cp’ the drag cocffi-
cient and ‘W’ the wind speed- According to Deacon, Sheppard and Webb (1936), Cp has
a constant value of 0-0008 in the range of wind speeds 0 to 9 knots, increases linearly
to 0.0024 between 9 and 23 knots and then becomes steady for higher wind speeds-

>
Computations of T were made using the above Cp values- The density of air is
taken as 1-2259x 1072 gm gm”“-

>
The wind stress divergence (Div T) is estimated by

%
DivT = DTy + OTy
DX Dy
=J)[( ( Tx1+Tx4 ) - ( Tx2+ Tx3)+ (Tyl"%'Ty‘z)"' ( T>'3+ T}'.i) ‘]
L AX DY )

where T and T, represeni the zonal and meridional components of the wind stress



Convergence of Ekman wind driven layer 203
respectively- In the finiie difference method, subscripts represent the conventional
grid numbers around the point of computaiion with finite interval of AX of 1° longitude

>
andAY of 1° latitude- The vertical component of relative vorticity (Curl T ) of
the wind stress is computed-

> _ DTy DT

Curl T
DX Dy
=%[VJ(T)'1+Ty4,-(Ty2+Ty3)_(Txl+Tx?)—(Tx3+Tx;)1]
B AX Ay J

The net convergence (or divergencc) at surface of the Ekman wind driven layer,
F(0), is given by

D D
FlO)=——( Ty//) - — ( T/S)
Dy oy
where f 1s the coriclis parameter-

A.  Wind stress divergence, curl and convergence of Ekman layer

Charts showing the wind stress divergence, relative vorticity and the net conver—
gence of Ekman layer over the Arabian Sea are presented in Figs. 2, 3 and 4.

Fig- 2 shows the maximum value of divergence (> 30X 1078 dynes cm™%) around 10°N
and 58°E to the east of the region of strongest winds observed (Fig.1)- The divergence

Fig. 2 Vergence field (10-8 dynes cm-3). C-Convergence, D-Divergence.
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Fig. 3. Surface wind stress curl (10-8 dynes cm—3). ----npegative values.

atiains minimum values towards west before increasing again to moderate values
( >20 < 10-8 dynes cm™ off the northern Somalia coast. Near Socotra Island, maximum
convergence (> 40x 107° dynes cm™) is observed and relatively lower values are seen in
the central and north eastern portions of the Arabian Sca as well as off the coast of
Arabia. A zone of divergence is also observed in an arca off the central west
coast of India.

The vorticity field (Fig- 3) shows maximum cyclonic curl (of intensity greater than
60%107® dynes cm-3) off Somalia and Indian coasts (off Bombay). Areas ofl the central
west coast of Indita and Arabia also experience cyclonic curl but with low intensity
(>20X10-8 dynescm~3). The anticyclonic curl is strong { >40 % 10~8 dynes cm-3) in the
central as well as in the south western portions of the Arabian Sea and also off ihe
southwest coast of India.

Maximum negative values of F(0) arc encountered in the southwest Arabian Sea
(>60x107% cm sec™). Of the Kerala coast F(0) has smaller values (>10x10"8
cm sec™ ). The divergence in the Ekman layer is found in the areas off the coasts of
Somalia and south of Bombay- A zoneof divergence in the Ekman layer is situated
in a southwest to northeast direction from 65°F to the central west coast of India

( Fig- 4).
B.  Depth of no meridional motion

According to Stommel (1956),the depth of no meridional motion can be deiermined
by a combination of the usual dynamic method of computation of geostrophic currents
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for a pair of hydrographic stations located on the same latitude and the convergence (or
divergence) of the Ekman layer- i

According to him
‘ pr=¢(z)+C
where

v is the meridional component of the current
P is the density

_ Z Dp_
b= -glf j 20 4

g is the acceleration due to gravity

f is the Coriolis parameter

C:-‘—L e fo ¢(2\dz]

B{g -B

B is the Rossby parameter (D f/Dy)

B is the depth to the bottom
In the present study, B is chosen as the depth for which nearest datato the bottom are
available.

The vertical profile of ‘pW” is derived from pW+F(Z =—B— ° W Z)dZ+C(Z+B)|
2 =14+

where F(Z) is negligible below the frictional layer. The vertical distribution of ¢(Z) and
‘pW' are evaluated for each pair of hydrographic stations situated on same latitude. In
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Fig 6. Depth of no meridional motion (metres).
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Fig. 7. Maximum vertical velocity ‘W’ (10—3 cm sec—1) evaluated at the
depth of no meridional motion. ----negative values.

the present investigation, the station data collected by the US research vessel Atlantis
during the period of July-August, 1963 have been used and the station locations are shown
in Fig- 5. The depth of no meridional motion and the maximum value of ‘P W’ found
at this depth are plotted for each pair of the stations and their distributions are shown
in Figs. 6 & 7- The depth of no meridional motion varics over a wide depth range- A well
defined trough exists in the central portions approximately along 60°E and aridge on
1ts castern side bounded by 200 m and 400 m depih contours on the north and south res-
pectively. Inthe eastern Arabian Sea, the topography of this surface indicates a ridge at
10°N and 69°E- On either side of this ridge, the surface slopes to depths greater than
1000 m.

Fig-7showsthat the vertical velocity is directed upward at the depth of no meridional
‘motion, in'the regions off Somalia and north-western Arabian Sea whereas in the south
western part, the motion is downwards predominantly.- Maximum velocities of the order
©of 25%107% cm sec™? were encountered at 5°N about 300 miles from the Somalia coast-
An interesting feature is the presence of strong gradient in the areas of downward vertical
velocity ( >60 x 1072 cm sec™ ) between the stations 127 and 128.

C. Surface circulation

The surface flow pattern relative to the "c'llepth of no meridional motion is presented
in Fig- 8. The isolines are drawn at intervals of 25 dynamic centimeters- It shows that the
circulation basically consists of several clockwise and anticlockwise gyres-
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Fig. 9. Density (‘T't ) at the depth of no meridional motion
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The net flow pattern at the surface could be conveniently divided into two general
meridional flows with alternate dircctions, one moving northward in the region westof
60°E and another moving southward east of it- In the western portion, a clockwise gyre
south of Socotra and an anticlockwise gyre further south centercd around 5°N and 55°E
are clearlyseen. The flow in the eastern region consists of two large gyres-onc cyclonic and
another anticyclonic (north and south of 10°N respectively) merging with the cyclonic
circulation nearthe Lakshadweep Islands- Thedistribution of ‘Ot at the surface of no
meridional motion shows large variation from 24- 510 275 (Fig- 9).

In order to study the processes which maintain the surface mixed layer, the distri-

- bution of vorticity with reference to the g-planc [F(O)xg] is shown in Fig- 10.

Maximum values (+4.ve and -ve) of the order of 12x 10° cm? scc-1 arc observed at -
stations 61, 62 and 66; 67, 93 and 94 respectively-
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Fig. 10. Distribution of F(0) Xé (10% cm? sec-1)

When F(0) x % values are compared with the distribution of the depth of surface

mixed layers (Fig-I1) it is seen that a relation seems to exist between the two in the
northern Arabian Sea- .

DISCUSSION

The earlier studies on the surface water circulation duririg the southwest monsoon
season, utilizing the same hydrographic data are those of Bruce (1968), Diling (1970) and
Sastry and D’Souza (1971)- They have used different reference levels fixed arbitrarily and
the surface circulation derived by them comprises of several cyclonic and anticyclonic cells
over the Arabian Sea- The flow between 5°N and 15°N is found to consist of alternate
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Fig. 11. Thickness of surface layer {metres) (After Sastry & D’Souza, }970).

mzridional flows surrounding these cclls. The surface circulation derived in the
present study shows featurcs similar ¢ thosc derived by the above authors in general.
For example, the cyclonic circulation around Lakshadweep [slands and the anticyclonic
circulation south of Socotra are clearly secn in these studies- The contour interval is 25
‘dynamic centimetersin Fig-8 and hence the surfacecirculaiion docs notappear ascomplex
as given by Diiing (1970) and Sastry and D’Souza (1971)- The basic differencein the present
pattern as compared to that of Diiingis the occurrence of a large anticlockwise gyre in
the central Arabian Sea-

Sastry and D’Souza (1970) have studied the nature and variation of thickness of
the surface mixed layer and concluded that it is rclated more closely to the surface circu-
lation than with the wind distribution- They point out that the mixed layer (120 m) is well
developed in the clockwise gyre than in the anticlockwise gyre (40 m)-

Since the circulation, as derived here, is based on the Ekman convergence (or diver-
gence) at the surface and geostrophic flow, it is reasonable to think that convergences
and divergences at the surface play a pronunent role in the development of surface mixed
layer. Keeping in mind that the data on wind stress pertains to a single day and the hydro-
graphic data over a period of twoe months, these data sets could not be compared for a
realistic assessment of the varjations on the mixed layer thickness and the wind stress curl.

+
However, it may noted that in the zones of negative curl T, the mixed layer depth is larger

S
compared with those in the zones of positive curl T. Further investigations arc needed to
establish the relationship-
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