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ABSTRACT. The observed short term variability in the current field of the upper layers of the northern
Bay of Bengal is examined utilising the available time series data sets of current meter records obtained from
mooring lines deployed from USSR stationary ship polygons during MONSOON-77 and MONEX-79 field
eaperiments. Supplementary time series data scts on the vertical profiles of temperature and salinity in addition
to surface winds were also made use of to describe the observed variability and structure of the horizontal velocity
in the upper 200 m water column. Although the thermal regime appeared to be humogeneous within both the
observational arrays, considerable differences weie noticed in the salinity and current regimes. The strong vertical
stratification which is variable in the northern Bay of Bengal appeared to have influenced the observed upper
oceanic flow regime. Evicence for Ekman type of balance was rather weak suggesting the importance of baroclinic
and river driven circulation modes. A clockwise eddy type of circulation was evident only during MONEX-79
but not during MONSOON-77. The vector (ime series of current m :ier records were subjected 1o rotary spectral
analysis to identity the periodicities cf energetic oscillations and to infer the nature of circulation. Three to five-day

oscillations inthe flow regime were noticed during MONEX-79,

1. Introduction

The seasonal reversing monsoons are known to
influence the annual cycle of the near surface circulation
patterns of the northern Indian Ocean. Virtually all
the information on the structure of the upper
ocean flow field in this area was derived mostly from
(i) monthly mean currents based on observations of
ship drifts (KNMI 1952, U. S. Navy 1976, Cutler and
and Swallow 1984), (ii) charts of dynamic topo-
graphy (Varadachari et al. 1968, Duing 1970,
Wyrtki 1971), (iii) physical properties (Gopalakrishna
and Sastry 1986), (iv) satcllite imageries (Rao 1974,
Legeckis 1987) and (v) drift buoy trajectories monitored
by satellites (Molinari er al. 1990). The clockwise
gyral circulation in the northern Indian Ocean during
summer monsoon and its reversal during winter monsoon
(KNMI 1952, Wyrtki 1971), the appearance of the
equatorial jet during both the monsoon transitions

(17)

(Wyrtki 1973, Reverdin et al. 1983), the appearance of
the equatorial undercurrent during the first half
of the year (Knox 1976, Leetma and Stommel 1980)
were broadly identified from these studies. The life
cycle of the Somali current and the associated eddy
field was probed in greater detail (Leetma er al. 1982,
Swallow er al. 1983, Schott 1983) compared to other
important current systems. A few measurements were
made to describe the equatorial jet and undercurrent
at specific longitudes (Taft and Knauss 1967, Knox
1976, Luyten and Swallow 1976, Leetma and Stommel
1980). Practically no direct current measurements
were made in the central and eastern Arabian Sea and
the Bay of Bengal prior to the conduct of summer
monsoon field experiments. For the first time USSR ships
laid current meter moorings in the central Arabjan Sea
(MONSOON-77), northern equatorial Arabian Sea (MO-
NEX-79) and northern Bay of Bengal (MONSOON-77
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Figs. 1 (a & b). (a) Station location map and (b) Mean vertical profiles of mperature, salinity and at oIl the locaiions during

M-77

and MONEX-79) during the summer monsoon seasons
of 1977 and 1979. Using some of these data scts
Gopalakrishna et al. (1988) described the relationship
between daily averaged surface winds and sub-surface
currents. However no studies have been reported
giving a detailed description of the observed ciiculation
regime and its spectral decomposition.

One of the major scientific objectives of the sumimer
monsoon experiments was to probe the role of Bay
of Bengal on the genesis of monsoon depressions
storms. Accordingly USSR deployed four ship
stationary polygons in the northern Bay of Bengal during
MONSOON-77 and MONEX-79 field experiments.
In addition to atmospheric measurements (rom
these research ships, the hydrographic properties
and currents in the upper layers of the sea were monitored
to gain an insight into the physical processes associated
with the genesis of a depression/storm over the Bay of
Bengal, A few diagnostic studies were carried out
earlier utilising these data sets to describe the short
term variability in the observed temperature and salinity
fields (Rao ef al. 1991, Rao and Mathew 1988,
Rao and Sanil Kumar 1991) and the genesis of
meteorological disturbances (Rao and Rao 1986, Ruo
et al. 1987). Utilising the current meter records collected
during MONSOON-77 and MONEX-79 experiments,
the observed leatures of nearsurface flow field for the
northern Bay of Bengal are presented in this paper.

2. Data and methodology

USSR deployed four ship stationary polygons over
the northern Bay of Bengal during MONSOON-77
and MONEX-79 (designated as M-77 and M-79
respectively in the following discussion) field ob-er-
vational programmes, Fig. | (a), Current mete: dota were
collected at 25. 50, 100, 150 and 200 m depths at half
hourly intervals for durations of the order of 1-2 weeks.

and M-79

These data were teported at a resolution of 17 in direction
and | em/s in speed (accuracy in direction 10" and
i speed 2 emys). The corresponding surface wind
data at 10m height were also collected at one hourly
intervitls, The bathythermogiaph  and* Nansen casts
made at 3-6 hourly intervals were utilised 1o construct
mean profiles of temperatute  and stability (Brun:-
Vaisala fiequency) regimes at all locations. In the
following discussion the stations at northern, eastern,
southern and westein corners  of the polygon are
designated as N, E. S and W respectively,

The obierved current  records uswally — exhibit
oscillutions of dificrent periodicitics. The rotary spectral
method more appropriate in determining spectral
energy estimales of time series of vector current mea-
surements compared to the Fourier analysis of scalar
zonal and  meridional components (Gonella 1972).
The rotury spectral estimation is based on the decom-
position of velocity field ¥ w | iv. The Fourier trans-
form for the vector {ime seriesis

o

| )
¥, Vit) e—miy

d |
0

where v and v denote the zonal and meridional compo-
nents. Thecvrrent meter vecords were low pass filtered
(Blocmiicld 1976) with a cul off frequency at 0.08 cph
(12.5hr) to remove frequencies greater than that of semi.
diurnal tide and the filtered data are subiected to rotary
spectral analysis.

3. Results an:d discussion
3. 1. Observed mean hylrography

The behaviour of the monsoon in the present study
years wus contiasting.  During 1977, the monsoon
behaviour was above normal (Anon. 1978) while in
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Fig. 2. Mean vertical profiles of Brunt-Vaisala frequency at
all the locations during M-77 and M-79

1979 it was below normal (Awade er al. 1986).  The
freshwater inputs through rumfall anq river discharges
into the Bay are expected to differ during the monsoon
seasons of both the years. Added to these differences,
the observations during M-79 were collected one month
earlier to those of M-77. The approximate physical
separation between respective corners (i.e., between the
northern locations of both the stationary polygons of
M-77 and M-79 etc) was of the order of about 60 nm.

The mean distributions (co_rrcsponding to the obser-
vational period) of the vertical profiles of observed
temperature, salinity and derived o, (density) for
the polygons of M-77 and M-79 are shown in Fig. I(b).
During both M-77 and M-79, the mean temperature
profiles at N are characterised by a shallow mixed layer
with steep thermocline below. _The mean temperature
profiles at the other three locations showed a relatively
deeper mixed layer with weaker underlying thermocline.
Relatively larger differences are noticed in the corres-
ponding salinity profiles at the nothern and the other
locations. During M-77 the salinity d[ﬂ"crcqce:_; were
relatively larger in the upper layer (~30m) w_lthm the
polygon compared to those of M-79. During M-77
massive river discharges as 'm_ent_mnednqarlner probably

roduced lowest surface salinities (< 229%,)at N location
5 ducing a strong halocline below the surface. All
tphr: other locations showed relatively higher salinities
with isohaline layers extending from surface toabout
20 to 30m depth. These spatial differences in the
salinity distribution within the polygon are
attributed to the proximity of the station to
the river mouth and local ]neso—sca!e pxrculatlon patterns
causing differential advection of salinity. In the northern
Bay of Bengal a clockwise cnrgulauon(US Navy 1976)
is probably driven by balancing effects between local

id stress, geopotential field and massive river dis-
wl:-nr es. Although the relative importance of these
3a?iogus ‘driving mechanisms is not clear at present due to
inadequate simultaneous measurements of surface
winds, sub-surface currents, geopotential field and
r‘wer' discharges. One cannot, perhaps, undermine the

ntribution of massive river discharge which produce
(l::rge horizontal variability in the near surface salinity
field. Sarma et al. (1988) have shown large spatial

vertical
mainly

variability in the observed salinity field at the head Bay
during M-77 and M-79. The influence of these river
discharges is clearly noticed in the salinity field mostly
limiting to the topmost 30-50 m water column (Levitus
1982). During M-79, salinity was not only higher
than that noticed during M-77 at the polygon corners
but also the spatial differences within the array were
weaker., In addition during M-79 comparatively a
weaker halocline was noticed in the depth range of 10-
50 m at N location and isohaline layer was noticed
in the top 50 m water column at the other three locations.
During both the experiments the salinity profiles
below 50 m depth resembled each other with dimini-
shing spatial differences.

Brunt-Vaisala frequency (BVF) was calculated
utilising the mean temperature and salinities for each
observational period for all the locations (Fig. 2).
Relatively large values of BVF are noticed during M-77
at N and E locations in the near surface layer due to the
development of strong halocline caused by freshwater
discharges from the rivers Ganges and Brahmaputra
at the head Bay. The observed spatial variability of
BVF was also large during M-77 in the upper layers
within the observational array. The variability of
BVF practically became insignificant with depth below
100 m. During M-77, the large valuzs of BVF and a
sharp decrease in the topmost 50 m water column is
prominently seen only at N location (closest station to the
river mouth). In the near surface layers the BVF
values decreased in a clockwise manner suggesting the
reduction of dilution from N to W locations. However,
the situation during M-79 was more or less similar to
that of open ocean conditions with the only exception
at N location due to its proximity to the river mouth
as inferred from low salinity values there.

3.2. Short term variability in the current field

Direct measurements of currents at half hoarly
intervals were utilised to describe the short term varia-
bility in the flow regime at selected depths in the top
200 m water column. These data provide a good des-
cription of the vertical structure of velocity field in the
upper 200 m water column. The current meier data
were filtered to remove the variance with periods less
than semidiurnal (M2) tide, i.e., 12.5hrs (0.08 cph).
The smoothed data are shown as sticks forall the 4 loca-
tions in Figs. 3 & 4 for M-77 and M-79 respectively.
The observed surface wind data were also subjected to
similar processing and the wind sticks are shown in the
topmost panels of Figs. 3 and 4. During M-77, the
surface winds were predominantly from southwest
at all locations with an average speed of 9m/s implying
a near steady wind forcing over the observational array
(Fig. 3). However, the sub-surface current filed showed
some interesting variations in space and time, The
overall flow was towards southeast at N and S locations,
and towards northwest at E and W locations suggssting
convergence in the northeastern sector and divergence
in the southwestern sector. The flow weakened very
rapidly with depth only at N and E locations while the
weakening was moderate at S and W locations. This
rapid downward decay of current strength only at N
and E locations may be attributed to weak downwurd
transport of wind stress due to strong stratification in
the pycnocline,
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Fig. 3. Surface wind and subsurfacc current vectors at all the four locations during M-77

During M-79 the surface winds were also from
southwest at all locations with an average speed of
Tm/s (Fig. 4). The flow at N and W was towurds north-
east while at E and S locations it was towards south-
west. A close examination of the current sticks indicates
the presence of a clockwise eddy tvpe of circulation
extending from 25 m to 200 m depth. From the tem-
perature field at this area Swallow (1983) inferred a
weak clockwise eddy 400-300 km across. centred new
S location where the 20°C isotherm was depressed by
30 m. The reduction in the current speed with depth
at N and E locations is not comparable in magnitude to
that noticed during M-77. This feature perhaps. clearly
demonstrates the importance of local stratification in the
downward transport of wind stress. Flow was strong and
steady throughout the 200 m water column only at the
S location.

During both the experiments the flow regime exhibi-
ted a well defined cnergetic oscillatory nature. These
synoptic scale fluctuations show an excellent corres-
pondence with the local inertial periods. Pollard and
Millard (1970) successfully demonstrated the importance
of local wind forcing on the amplitude of inertial oscilla-
tions beneath the mixed layer. The amplitude of these
inertial oscillations also appeared to be related to the
local stratification.

3.3, Mean wind and current  pattern

The surface wind and sub-surface current data were
vectorially averaged for the total observational period
and the mean vectors for M-77 and M-79 are presented
in Fig. 5. During both M-77 and M-79 the surface
winds were predominantly from southwest with average
speeds of 9 m/s and 7m/s respectively. But the observed
current vectors during both the experiments do not
resemble each other. A well defined clockwise circula-
tion is evident only during M-79 when the flow did not
show any significant voriation cither in direction or in
speed with depth.  Apparently no Ekman type of
balance is noticed duting either of the experiments
with the only exception at S location during M-77.
The forcings produced by thermohaline gradients and
massive river discharges might have been significant in
producing the observed flow patterns in the upper 200 m
water column.

The significant weakening of the flow from the mixed
layer to thermocline noticed at N and E locations during
M-77 was not noticed during M-79 when the pycno-
cline at N and E locations was relatively weaker. On
the other hand. during M-79 the flow was consistently
stronger throughout the 200 m water column at all the
four locations. This feature suggests the importance
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and subsurface current vectors at all the four locations during M-79

TABLE 1
N E S w
— Nttty —y ———A T A = A
i on v ay u alt v ay i On v ay ] ay v oy
MONSOON-77
Wind (m/s) at 10m ht 7 2 6 2 6 2 5 2 6 2 7 1 8 2 6 2
Current (cm/s) at 25m 3 22 =22 19 43 22 —26 32 —8 10 8 17
W = 50m 12 21 27 18 —31 18 27 20 38 18 —12 25 —8 10 10 11
i s 100m 5 22 =7 20 24 13 —14 16 —12 21 =2 24
- ., 150m 7 12 —7 11 =12 10 7 10 20 10 —11 11 —3 13 —3 16
- o 200m 5 10 —8 10 —35 8 5 8 28 10 —16 12
MONEX-79
Wind (m/s) at 10m ht 5 3 5 2 6 p? 4 3 5 3 4 3 5 2 4 3
Current (cm/s) at 25m 29 22 11 26 —25 20 =28 29 —-3 27 --19 27 16 19 11 23
» # 50m 31 21 7 30 —30 24 =26 14 —21 26 —12 29 14 16 11 18
.. . 100m 10 17 10 17 =22 14 =31 12 —16 17 —24 14 2 14 10 15
- “ 150m 13 13 13 14 =31 13 =32 12 —13 16 —16 16 10 12 11 13
> - 200m 14 9 15 10 =22 12 =29 9 —9 14 —10 14 8 10} 9] 11
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Fig. 5. Mean surface wind and subsurface current vectors at all the four locations during M-77 and M-79
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of the strength of pyenocline in determining the vcrli—‘ ‘
B

cal structure of the flow in the mixed layer and ther-
mocline.

also suggests that the centre of the clockwise eddy was
located towards south within the observational array
which is in accord:nce with an earlier inference of
Swallow (1983). This eddy type of circulation is noticed
throughout the 200 m water column. The mean and
standard deviation values of zona! and meridional
compornents of currents and surface winds at all the
locations and denths for M-77 ar! M-79 arc shown in
Table 1.

3.4, Rotary specira

Rotary spectra were computed to examine the distri-
bution of velocity variability over a range of frequencies
both positive, corresponding to velocity vectors that
rotate anticlockwise with time, and negative. corres-
ponding to velocity vectors that rotate clockwisc with
time. These clockwise (continuous line) and anticlock-
wise (dashed line) speciral estimates for all the locations
and depths for M-77 and M-79 are presented in Figs. 6
and 7 respectively. The most striking ature of the
rotary spectra is the dominance of the clockwise com-
ponent over anticlockwise component during both M-77
and M-79, especially in the low frequency band. In
general, the spectral energy is about an order of magni-
tude higher in the clockwise spectra compared to the
anticlockwise spectra. The peaks in the clockwise
spectra mostly correspond to inertial, diurnal and
semi-diurnal periodicities while the inertial peak is
insignificant in the anticlockwise spectra as the inertial
flow is known to be clockwise in the northern hemi-
sphere.

In general, a spectral peak of 128-hr period is domi-
nant in the clockwise spectra while another peak of 85-
hr period is noticed in the anticlockwise spectra at N,
E and S locations during M-79. These peaks corres-
pond to approximately 3-5 day oscillations inthe cur-
vent field. Such periodicities in the observed wind field
ol the lower troposphere in association with the pro-
pagating meteorological disturbances during summer
monsoon seasons were reported earlier.  However,
these peaks could not be resolved for W location during
M-79 and for all locations during M-77 due to short
data lengths. During M-79, the inertial peak in the
clockwise spectra was prominent ar E and S locations
compared to other locations. During M-77 and M-79 the
peaks corresponding to diurnal and semi-diurnal periods
are well resolved in both clockwise and anticlockwise spe-
tra revealing the importance oftidal foicing in producing
these oscillations. However, these peaks were less
prominent at E and S locations. At N location where
the stratification was strongest multiple peaks in the low
frequency band are noticed both in the clockwise and
anticlockwise spectra only during M-79. The absence
of such a feature at N location during M-77 may be
attributed to low resolution of spectra due to short
data length (6 days).

4. Conclusions

During M-77 and M-79, the vertical thermal strac-
ture in the upper layers of the northern Bay of Bengal
was nearly homogencons within the observational array

The clockwise eddy type of circulation can !
also be inferred from the mean flow field only duringl
M-79. The stronger flow regime noticed at S location®

‘fare  within  the

with the only exception of N location, However, large
differences noticed in the salinity field of the upper 100 m
array. The ‘upper layer salinity
was relatively lower during M-77 compared to that of
IM-79. especially at N location. The observed flow in the
upper layers was not in Ekman balance during both
M-77 and M-79. The flow regime during M-79 suggests
the presence of a clockwise eddy while such a feature
was not noticed during M-77. The decay of the flow
with depth appeared to be strongly related with the
local stratification. The flow weakened rapidly with
depth only during M-77 when the stratification was
larger particularly at the northeastern sector of the
polygon comparcd to the corresponding features obser-
ved during M-79. Relatively stronger flow was noticed
throughout the top 200 m water column at all locations
during M-79 compared to that of M-77. The rotary
speetra indicated that the energy levels wasabout an order
of magnitude higher in the clockwise spectra compared
to the anticlockwise spectra suggesting the dominance
of clockwise flow during both M-77 and M-79. The
inertial, diurnaland semi-diurnal frequencies were also
prominent in the clockwise spectra during M-77 and
M.79. The inertial peak is insignificant in the anti-
clockwise spectra as inertia! oscillations are known  to be
clockwise in the northern hemisphere. The spectral
peaks at periods 128-hr in the clockwise spectra and 85-
hr in the anticlockwise spectra during M-79 suggest
approximately 3-5 day oscillations in the flow field.
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