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ABSTRACT. The observed short term variability in the current field of the upper layers at selected
locations in the Arabian Sea is examined utilising the availuble short (1-2 weeks) time series of moored
currentmeter records obtained from former USSR stationary ship polygons during MONSOON-77 and
MONEX-79 field experiments. Supplementary time series Jdata sets on surface wind, sub-surface tempera-
ture and salinity were also made use of 10 explain the observed structure and variability of current field
in the upper 200m water column. The thermal regime in the central Arabian Sea showed cooling and
deepening of the surface mixed layer with the onset and progress of the summer monsoon during
MONSOON-77 while the corresponding variability was mamginal in the western and south-central
Arabian Sea during pre-onset regime of MONEX-79. The Ekman balance appeared to be limited to the
mixed layer, only during progress regime of MONSOON-77 and was absent during pre-onset and onset
regimes of MONEX-79 suggesting the imponance of internal ocean dynamics influencing the current
field. Most of the current records showed rich structure with superposed oscillations extending over the
entire 200m water column. During progress regime df MONSOON-77 and at the equatorial station dur-
ing pre-onset regime of MONEX-79. dramatic reduction in the current strength is noticed from mixed
layer 'to thermocline due to differences in the eddy viscosity. During MONEX-79, a strong subsurface
core of southerly flow (~100 cm/s) was noticed at the equator (49°E) even before the onset of monsoon.
The vector time series of current-meter records subjected 10 rotary spectral analysis showed inertial
oscillations in the flow regime more prominently during MONSOON-77 as compared to
MONEX-79.

Key words — Summer monsoon, Currents, MONSOON-77, MONEX-79, Thermocline, Polygon area,
Ekman balance.

A. Introduction

The seasonal reversing monsoons profoundly
influence the annual cycle of near-surface circula-
tion of the northern Indian Ocean. Most of the des-
cription on the spatio-temporal variability of this
near-surface flow field for this area was derived

from (i) historic ship drifts (KNMI 1952, US Navy
1976. Cutler and Swallow 1984, Rao et al. 1989), (ii)
dynamic topography (Varadachari et al. 1968, Duing
1970. Wyrtki 1971, Rao and Sastry 1981), (iif) physi-
cal properties (Gopalakrishna and Sastry 1986), (iv)
satellite imageries (Krishna Rao 1974, Legeckis
1987), (v) drift buoy trajectories monitored by




356 R. R. RAO e al

6— 20 JUMNE 1977

&
30 JUNE -
5 ALY 1977
Q-M JUNE 1979

|70°E

17=31 MAY 1979
17- 24| MAY 1979 160°

Fig. 1. Station location map

satellites (Molinari er al. 1990), (vi) direct measure-
ments at a few selected locations (Knox 1976,
Leetma and Stommel 1980, Leetma er al. 1982,
Swallow et al 1983. Gopalakrishna er al. 1989,
Joseph er al. 1990, Rao et al. 1991, Schott er al. 1994
and (vii) models (Lighthill 1969, Cox 1970, Luther
and O’Brien 1985, Anderson 1992, McCreary et al.
1993). However, prior to the conduct of summer
monsoon experiments, practically no studies were
reported based on direct current measurements in
the central and eastern Arabian Sea and Bay of
Bengal.

One of the major scientific objectives of the sum-
mer monsoon experiments was to understand the
nature of forcing of the summer monsoon and its
impact on the upper layers of the Arabian Sea and
the Bay of Bengal. Accordingly field experiments
were designed for the first time for time series
measurements with current meter moorings from
the anchored buoys in the central Arabian Sea
(MONSOON-77), the equatorial (MONEX-79), the
north equatorial Arabian Sea (MONEX-79) and the
northern Bay of Bengal (MONSOON-77 and
MONEX-79). Using some of these data sets,
Ramam er al. (1982) and Gopalakrishna er al. (1989)
described the observed variability of the surface
winds and subsurface currents. Rao er al. (1991) in
their first part of this study. made a detailed analysis
of the observed current field in the northern Bay of
Bengal during summer monsoon field experiments.
In this paper, which is an extension of the authors’
earlier study (1991). the observed features of near-
surface flow field at all the four polygons in the Ara-
bian Sea and at a western equatorial station are
presented.

2. Data and methodology

Four ship stationary polygons. designated as
M1-77 (7-19 June 1977), M2-77 (30 June-15 July

1977), M1-79(17-31 May 1979) and M2-79(2-14 June
1979) were deployed in the Arabian Sea (Fig. 1)
by former USSR during MONSOON-77 and
MONEX-79 field experiments. In addition, a
solitary ship .was also deployed on the equator at
49°F during M1-79. In the following discussion,
the stations at northern, eastern, southern and
western corners of the polygon and the equatorial
station are designated as N, E, S, W and EQ res-
pectively. Currentmeter data collected at 25, 50,
100. 150 and 200 m depths at half hourly intervals
for durations of the order of 1-2 weeks are utilized
in this study. These data were reported at a resolu-
tion-of 1° in direction and 1 cm/s in speed (accu-
racy in direction +10° and in speed £2cm/s).
The corresponding surface wind data at 10m
height were collected at 1 or 3 hourly intervals.
Data collected with bathythermograph and Nan-
sen bottles at 3 or 6 hourly intervals are utilised to
construct mean vertical profiles of temperature,
salinity, density (or) and Brunt Vaisala Frequency
(N) for all the locations.

The observed current records usually exhibit
oscillations of different periods. The rotary spectral
analysis technique is proved to be more appropriate
in determining spectral energy estimates of time
series of vector current measurements compared to
the Fourier analysis of zonal and meridional com-
ponents to identify the sense of rotation (Gonella
1972). The currentmeter records were low pass
filtered (Bloomfield 1976) with a cut off frequency at
0.093 cph (10.66 hr) to remove higher frequencies
and the filtered data were subjected to rotary spec-
tral analysis.

3. Results. and discussion

The overall behaviour of the monsoon during
1977 and 1979 was contrasting. During 1977 the
monsoon behaviour was above normal (Anony-
mous 1978) while it was below normal in 1979
(Awade er al. 1986). Accordingly the summer mon-
soonal forcing over the Arabian Sea is expected to
be different for both the years. During 1977, the
ships occupied the same positions in the central
Arabian Sea during the onset (M1-77) and the pro-
gress regime (M2-77) of the summer monsoon
which provided an unique opportunity to inves-
tigate the response of the upper ocean to variable
monsoonal forcing during both the onset and pro-
gress regimes. However during 1979, the ships
occupied positions in the southwestern Arabian Sea
corresponding to the pre-onset regime and in the
south central Arabian Sea coinciding with the onset
of the monsoon.




VARIABILITY IN THE CURRENT FIELD - - 357

M1-77 (7-19 JUNE 1977)
| SIGMA -T

UNE 1979 )
0 l“ T -. ...:[~. ‘r
-50 LAY . Y
=100 -
- 150} - -
MAY 1979 )
LY T T T
S04 - o | =
- 1001 4k 4 4
0l ) 1L 1L //
~ - i A 1 L i L 1
13 B 7n o 270 w

Fig. 2. Mean profiles of observed temperature, salinity and
estimated ar and Brumt Vaisala Frequency (N) for
MONSOON-77 and MONEX-79

3.1. Observed mean hydrography

The mean distributions of the vertical profiles of
observed- temperature, salinity and estimated ot
(density) and N for all the four polygons M1-77,
M2-77, M1-79 and M2-79 and at a solitary station
EQ-79 duringM1-79 are shown in Fig. 2. The mean
temperature profiles showed deepening and cooling
of the mixed layer from M1-77 to M2-77 with negli-
gible spatial variability across the polygon (Rao
1987). During M1-79 and M2-79 the near-surface
isothermal layer at all locations was warmer
(~30°C) and shallower (~25-30m) typical of pre-
monsoon conditions. However, during M1-77 the
vertical salinity profiles for all the stations showed

some .interesting spatial differences. A well
defined sub-surface salinity maxima was noticed
only at E and S which disappeared during M2-77

“under the influence of sustained mixing caused

by monsoonal winds (Rao and Sanilkumar 1991).
On the other hand, all the 4 stations during
M2-79 showed (and, to a lesser extent during
M1-79) a well defined subsurface salinity maxima
corresponding  to - pre-monsoon  conditions
(Wyrtki, 1971). In general, the mixed layer at all
the stations deepened by about 25m from M1-79
to M2-79. The EQ showed altogether a different
type of vertical thermo-haline structure during
MI1-79 not typical of the Arabian Sea. The tem-

. perature profile is characterised by layers of (i)

near fsothermal layer in the upper 75m, (i)
strong thermocline.between 75 and.125m depths
and (iii) weak thermocline below 125m depth.
This type of two layer structure is attributed to
upwelling and complex current structure (Luyten

- and Swallow 1976) in the equatorial region. At all

the stations, the shape of the or profiles mainly
resembled temperature. profiles rather than the
salinity profiles, suggesting that the influence of
salinity on or variability was marginal as expected
for open ocean.

The Brunt Vaisala Frequency (V) is a measure
of stratification of the water column. The mean
profiles of N during M1-77 (Fig. 2) showed a
double core maxima suggesting the presence of two
different stratified layers in the thermocline which
merged with the progress of the sammer monsoon
during M2-77 (Rao 1987). Stronger stratification was
noticed in the upper thermocline during both M1-79
and M2-79 (Fig. 2). e

3.2. Short-term variability in the current field

Direct current measurements made at half
hourly intervals were utilised to describe the short
term variability in the flow regime at selected depths
of the topmost 200m water column. The current-
meter data were filtered to remove the variance with
periods less than semi~-diurnal (M2) tide, i.e. 12.5 hrs
(0.08 cph) for plotting as sticks for all the locations
[Figs. 3,4, 5 (a) and (b) and 6 for M1-77, M2-77, M1-
79 and M2-79 respectively]. The observed surface
wind data were also subjected to similar processing
and the wind sticks are shown in the topmost panels
of these figures.

During M1-77 (Fig. 3) the surface winds were
predominantly southwesterly and steady with
speeds generally exceeding 10 m/s. The winds were
stronger at N and W compared to those at E and S.
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Fig. 3. Surface wind and subsurface current vectors at all four locations during M1-77
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Fig. 4. Surface wind and subsurface current vectors at all four
locations during M2-77

Unfortunately the current meter data at N were
available only for 6 days which showed well
defined oscillations about inertial period (~55 h)
with good vertical coherence at all depths. The
current meterg at E and W also worked only for
few days. The currents at E (Fig. 3) were northerly
at 50m with large reduction in$peed with depth.
Unlike those at N the currents at S (Fig.'3) were
mostly  south-southeasterly throughout with
reduced strength and increased oscillatory nature
with depth. At W the flow was southeasterly at 25
and 50m and reversed to northwesterly at deeper

dcpl}i's No Ekman type of flow is noticed at N,
E and W stations close to the track of the onset
vortex (Rao 1987) while S showed some
indications of Ekman balance.

During M2-77 (Fig. 4), the wind field continued
to be southwesterly and showed a pulsatory nature
of the. monsoon flow. In general, at all the stations,
the currents were stronger within the upper 100 m
(mixed layer, Fig. 2; M2-77) with a speed around
40 cm/s and were southeasterly. In contrast to
M1-77, the currents in the mixed layer (upper
100m) showed an apparent Ekman balance.
However, the current speed decreased significantly
below 100m (within the thermocline) due to
differences in vertical eddy viscosityin the ther-
mocline. The flow was also more oscillatory
below 100m.

During M1-79 (Fig. 5 a), the current measure-
ments correspond to pre-onset regime coinciding
with the formation of the Somali Current System
(Swallow et al. 1983). The oscillatory southerly sar-
face winds were generally weak (~5m/s) during
the entire observational period at all locations
typical of pre-onset conditions. The only exception
was EQ-79 (Fig. 5b) where relatively stronger
winds were noticed. However currents in the upper
50 m water column were against the wind field at
all stations except at N where the flow and wind
directions were almost parallel. In general the
currents were stronger (> 40cm/s) both at 25 and
S0m at all locations. The current patterns also
showed energetic oscillations with periods of 1-3
days at all depths. The currents at 25 and 50m at
EQ (Fig. 5b) were against the steady surface wind
field and registered a dramatic increase in strength
from 40 to 120cm/s within a week. The strongest
currents were observed at 50m depth within the
hear isothermal layer (Joseph er al. 1990). A similar
strengthening is also noticed at 100 m (in the sharp
thermocline) during this period. This observed
strengthening can not be explained due to local
wind forcing but has to be attributed to the
developing eddy field in the Somali Basin. Below
100 m depth a great deal of variability is noticed in
direction as reported earlier (Luyten and
Swallow 1976).

The observations during M2-79 (Fig. 6) repre-
sent the transient period from pre-onset to the onset
regime of the summer monsoon. The surface wind
field at all the four locations is characterised by
pulsatory nature and strengthened to over 10m/s
after the initial few days, when the monsoonal onset
took place. At N and E, the currents at 25m were
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Fig. 5(a). Surface wind and subsurface current vectors at all four locations during M1-79
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Fig. 5(b). Surface wind and subsurface current vectors at equatorial station during M1-79

against the surface winds. The currents at N were
southwesterly down to 200 m with marginal dec-
rease in speed suggesting the absence of Ekman
balance. The currents at S at 25 and 50 m were
mostly southeasterly with superposed oscillatory
nature. Below 50 m. the currents showed a reversal
in direction at all the depths. The currents at 150
and 200 m were towards northeast embedded with
synoptic scale oscillations. At 100m depth. the
currents showed a great deal of fluctuations both
in direction and speed approximately representing
as a transition of two opposing flows. The currents
at W at 50m were oscillatory throughout with a
significant reduction in strength at 150 and
200m depths.

3.3. Mean wind and current patterns

The surface wind and sub-surface current data
were vectorially averaged for each observational

4—168IMD/96

record/ and the mean vectors are presented for
MONSOON-77 and MONEX-79 (Fig. 7). This
figure serves to provide a mean picture of
the observations described above. During M1-77,
M2-77 and M1-79 the surface winds were pre-
dominantly southwesterly with average speeds of
12, 10 and 5 m/s respectively. But during M2-79,
the winds were westerly with a mean speed of
8 m/s. It is to be noted that within each polygon
area (i.e. ~440 X 440 km) the surface wind field is
more or less uniform both in speed and direction
but the currents at each station and at each depth
were mostly different from each other within the
polygon area itself. Thus, the spatially coherent
scales for currents were much smaller than those
of surface winds. Ekman balance seems to have
prevailed only at S during M1-77 and at all
locations during M2-77. These features clearly
demonstrate the dominance of remote and local
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TABLE 1 (a)
N E S w
ou w ov v ou w av v ou g av v ou u av v
MONSOON-77 (PHASE-I)
Wind at
10m height (m/s) 5 1 12 1 4 1 10 2 4 1 9 1 6 1 13 1
Current at
25m depth (cm/s) -5 5 0 0 - - — - — - = — 16 16 -8 8
50m Do -9 9 -1 1 -7 12 2 28 5 33 -39 30 24 24 18 23
100m Do -16 16 [ 6 -3 3 2 2 13 18 -19 20 0 22 18 23
150m Do — — - — -6 6 5 5 1 20 -13 18 -8 8 9 9
200m Do -9 9 3 3 -7 8 6 7 11 19 -5 18 -8 8 6 6
MONSOON-77 (PHASE-IT)
Wind at
10m height (m/s) 5 1 11 3 — —_ — — L1 1 10 3 6 1 12 2
Current at
25m depth (cm/s) 11 47 -10 44 — —_ —_— — 18 4 -17 39 20 31 -13 31
50m Do. 3 36 -14 35 - — — -— — —_ —_ — 30 28 -15 32
100m Do -7 25 -12 25 — — - — — — = — 18 25 -1 26
150m Do -3 11 0 11 — — — — — - - — 13 21 k| 2
200m Do -2 10 0 10 - — - - — - — - 6 11 2 11

My =77

55000

é@é@@@
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Fig. 7. Vector averaged surface wind and subsurface currents at
all polygons during MONSOON-77 and MONEX-79

ocean dynamics rather than the local wind forcing
alone, in the evolution of the sub-surface current
field in the central Arabian Sea during the
pre-onset and onset regimes of the summer
monsoon.

The vector mean and standard deviation of
zonal and meridional components of surface
winds and subsurfac= currents at all depths and
locations for MONSOON-77 and MONEX-79 are
shown in Tables 1 (a & b). The resultant of u and v
shows the mean speed and direction of the flow
(Fig. 7). The currents at 25m are considered here
as the near-surface currents for a comparison with
the climatological ship drift vectors. The present
observations showed different current regimes at
different locations during M1-77 and M2-79 (first 3
weeks of June) which are not in conformity with
the climatological flow (nearly easterly) in the cen-
tral Arabian Sea during June (Wyrtki 1971, Cutler
and Swallow 1984, Rao er al. 1989). This mismatch
is attributed to highly time varying near-surface
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TABLE 1(b)
N E S w
ou I av v ou u ov v ou u ov v ou u av v
MONEX-79 (PHASE-D
Wind at
10m height (m/s) -1 3 -1 2 =1 i =2 2 -3 2 -2, 2 -3 3 -3 2
Current at
25m depth (cm/s) — — — — - — — — -1 21 -2 19 11 12 -3 M
50m Do 7 19 24 14 -27 17 =16 22 — — — — -2 20 ~-14 2
100m Do 4 17 12 15 - 18 12 -18 16 -3 18 3 17 -1 16 4 17
150m Do -6 17 B 16 -2 14 -16 15 — - — — 0 14 6 16
200m Do -10 15 -4 15 — - — - -6 12 4 14 -6 13 9 16
MONEX-T9 (PHASE-1I)
Wind at
10m height (m/s) —4 5 0 -3 -6 5 0 =3 -5 4 0 -3 -7 3 0 -3
Current at
25m depth (cm/s) — 10 13 =13 14 -16 21 -24 19 18 24 -27 28 — —_ _ —_
50m Do. - — — - -11 18 2 19 11 23 =15 28 -21 17 1 2
100m Do -9 11 =13 14 - — - — 1 20 -4 19 —_ —_ — —
150m Do -7 12 —-10 11 — - - — 10 15 15 16 -4 17 3 14
200m Do -8B 9 =9 10 — — — — 12 14 12 12 2 10 =6 10
EQUATORIAL STATION
Wind at
10m height (m/s) 1 2 5 2 - — —_ —_ -_ _— - -_— _ -— -— —
Current at
25m depth (cm/s) —10 29 =51 22 - - = - - - = - - = = -
som Do -4 2 -68 27 - - - = - = = - - - = =
100m Do -8 23 21 19 — - — — - - - -— -— - - -_
150m Do -3 16 -1 12 - - = = - - = = - - - -
200m Do -32 18 17 1 - - = = - - = = - - - -

current field in the central Arabian Sea during the
onset regime of the summer monsoon. During May
1979, the surface winds were almost southerly with a
speed of ~Sm/s at EQ-79. in agreement with the
climatological wind field at this location (Rao e al.
1991). However, the near-southerly current (speed
52 cm/s) at 25m depth did not compare well with
the climatological easterly currents at the surface
(Cutler and Swallow 1984. Rao er al. 1991). During
M2-77 (July), the observed current directions were

in agreement with the climatological values imply-
ing a near-steady state conditions.

Both the ou and ov exhibited a variation within
the average range of +29 cm/s with higher values
within the near-surface isothermal layer. The direc-
tion of the zonal flow (i7) at all depths was westerly
with higher magnitudes at 150 and 200 m depths.
On the other hand. the direction of the meridional
currents (V) changed intermittently below 50m
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Fig. 8. Rotary spectra at all locations during M2-77. Clockwise and anticlockwise
spectra are represented by continuous and broken lines respectively

depth (southerly in the upper 50 and at 150 m depth;
northerly at 100 and 200 m depths). At EQ-79, the
opposing currents below 100m depth appear to
have produced stronger mixing causing a weaker
thermocline/pycnocline between 125 and 200m
depth (Fig. 2).

34. Rotary specira

Rotary spectra were computed to examine the
distribution of energy over a range of frequencies,

positive corresponding to velocity vectors that rotate
anti-clockwise with time and negative correspond-
ing to velocity vectors that rotate clockwise with
time. The clockwise (continuous line) and anti-
clockwise (dashed line) spectral estimates are pre-
sented in Figs. 8, 9 (a & b) and 10 for M2-77, M1-79
and M2-79 respectively. Due to short length of

‘current meter records during M1-77, the rotary spec-

tra could not be computed. During M2-77 the rotary

“spectra showed greater energy in the clockwise band

compared to the anticlockwise band (Fig. 8). The
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Fig. 9. Rotary spectra at all locations during M1-79. Clockwise and anticlockwise spectra are represented by

continuous and broken lines respectively

estimates of the clockwise spectra showed peaks
mostly corresponding to inertial, diurnal and
semi-diurnal periods while the inertial peak is
absent in the anticlockwise spectra as the inertial
flow is clockwise in the northern hemisphere.

In general the inertial peak is dominant in the
clockwise spectra at all locations during M1-79,
(Fig. 9). However. the spectral energy was lower
during M1-79 and M2-79 (Fig. 10) except at EQ-79
(Fig. 9) where the inertial flow is absent. Pollard
and Millard (1970) successfully demonstrated the
importance of local wind forcing on the amplitude
of inertial oscillations beneath the mixed layer.
During both MONSOON-77 and MONEX-79, the
peaks corresponding to semi-diurnal periods are
well resolved in both clockwise and anticlockwise
spectra revealing the importance of tidal forcing.
In addition to these, peaks corresponding to 16-21
hrs are also noticed both in the clockwise and
anticlockwise spectra during both MONSOON-77

and MONEX-79, although their forcing mecha-
nisms remain unknown.

4. Conclusions

In general, although the surface wind field
was steady across the polygons, the subsurface
current field showed a great deal of variability
superposed with energetic oscillations correspond-
ing to semi-diurnal, diurnal and inertial periods. A
great deal of coherence in the vertical was noticed
on these time scales although the current strength
decayed with depth at certain locations due to dif-
ferences in the stratification. During the onset
regime, Ekman balance was not noticed between
the surface wind field and near-surface flow field
suggesting the importance of internal ocean
dynamics both local and remote. A clear Ekman
balance was noticed only during the progress
regime of the monsoon when the near-surface flow
field was adjusted to summer monsoonal forcing.
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Fig. 10. Rotary spectra at all locations during M2-79. Clockwise and anticlockwise spectra are
represented by continuous and broken lines respectively

Fluctuations in the flow field were dramatic at the
equatorial station under the influence of developing
Somali Current System with its rich eddy field. The
rotary spectral analysis indicated the dominance of
inertial period in the clockwise spectra. while the
semi-diurnal period is prominent in both clockwise
and anticlockwise spectra during both MON-
SOON-77 and MONEX-79.
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