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ABSTRACT. The intra-seasonal variability noticed in }hc 1hc(muhalinc characteristics in the upper layers
of the Arabian Sea during the summer monsoon season of 1973 is described with the aid of repeat transects
made by USSR and Indian ships along some typical ronal and meridional sections covered during the pre and
post onset regimes of Indo-Soviet Monsoon Experiment (ISMEX-73). An attempt is made to compare this
observed variability during the summer monsoon seasons of 1971, 1972 and 1973 with the limited available data
sets. The observed shott-term variability during the preand postonset regim:s at oag station ( 60°2 ) on the
equator and another station (18° N, 67° E) in tne northeastern Arabian Sea is describzd and discussed to

highlight the uneven response of the Arabian Sca

soonal forcing.

1. Introduction

The summer monsoon produces large scale varia-
tions in the watermass characteristics of the upper
layers of the Arabian Sea. Most of the description
on the observed variability in the thermal regim: of
the upper layers of the Arabian Sea documented by
several workers (Wooster er al. 1967, Wyrtki 1971,
Colborn 1975, Robinson ef al. 1979, Duing and Leetma
1980, Levitus 1982, Molinari er al. 1986, Rao 1988,
Rao et al. 1989) provide information on climatological
annual cycle from multi-year averaged data sets. Rela-
tively few studies (Sastry & D’Souza 1970, Rao et al.
1976, Swallow et al. 1983, Sastry & Ramesh Babu
1985) were carried out to highlight the observed varia-
bility inthe thermal regime of the upper layers of the
Arabian Sea during summer monsoon season. These
investigations were, however, based on observations
made from research ships which usually do not have
space-time continuity., In these studies considerable
smoothing in space-time could have smeared out some
interesting features. Further, sufficient information
isnot available on these aspects for any single year
due to lack of adequate measurements. The corres-
ponding information on the variability in the salinity
field is still meagre due to lack of salinity measure-
ments in the Arabian Sea (Sastry and D'Souza 1971,
Levitus 1986, Rao and Sanil Kumar 1989). The transects
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in its spatial domain to the variable seasonal mon-

repeated during May (pre-onset regime) and July/
August (post-onset regime) were Felw even during
Infernational Indian Ocean Expedition (IIOE) to
discern the temporal changss in the thermal and salinity
fizlds in the Arabian Sea (Duing 1970, Wyrtki 1971).
The field experimentsconducted during the summer
monsoon seasons of 1973, 1977 and 1979 provided
very useful data on the observed intra-seasonal varia-
bility in the watermass structure at some stationary
positions and along some typical zonal and meridional
transects in the Arabian Sea. Different physical pro-
casses with varying importance in the space-time domain
appear to play significant role in producing these
observed variations. Coastal upwelling, lateral advection
from boundary areas into interior of the basin, surface
heat exchange processes, entrainment across the mixed
layer base are all identified as important mechanisms
responsible for the observed changes. Under the mon-
soonal drive,the clockwise gyral circulation advects
high saline waters from the northern Arabian Sea
southward. These high saline waters form a tongue
shaped trajectory with a downward slope towards
south while maintaining its jn situ equilibrium. This
high saline sub-surface core (=> 36 ppt) below the mixed
layer is usually observed in the east central Arabian
Sea before the onset of the monsoon. With the onset
and progress of the monsoon the vertical mixing pene-
trates downwards and destroys this sub-surface salinity
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maximum enhancingthe mean salinity of the upper
layers. The local rainfall and evaporation also modify
the salinity regime of the mixed layer. However, ade-
quate data are not availableto parameterise the relative
importance of various processes which produce the
observed changes in the temperature and salinity
regimes in the upper layers of the Arabian Seca. Some
studies were reported utilising limited data sets collected
during ISMEX-73 (a joint Indo-USSR field observa-
tional programme) to explain the space-time variability
either at a timeseries station or along few sections
(Ramesh Babu et al. 1976, Ramam et al. 1979, Ramesh
Babuet al. 1981. Gangadhar Rao ef al. 1981, Rao
1986b, Rao & Hareesh Kumar 1989). In none of these
studiesan attempt was made to describe the basin
scale response of the Arabian Sea to the variable summer
monsoonal forcing utilising all the available data sets
collected during ISMEX-73.  In the present study
advantage is taken of all the available repeat transects
made along some typical zonal and meridional sections
during ISMEX-73to describe the observed variability
in the thermal and salinity regimes of the upper layers
of the Arabian Sea. Data sets collected along 65 °E
during 1971 and 1972 corresponding to pre and post
onset regimes were also utilised to compare the year
to year variations in the observed thermohaline varia-
bility caused by the variable monsoonal forcing. In
addition, short time series measurements made at one
station on the equator and another in the northeastern
Arabian Sea were also utilised to describe the short-
term variability and to highlight the uneven response
of the Arabian Sea in its spatial domain.

2. Data

Three zonal transects along 8° 30" N, 117 30" N and
16°N latitudes and onc meridional transect along
65°E longitude (Fig. 1) were repeated by 4 USSR
ships during end May 1973 and end June/early July
1973. Hydrographic data at standard depths at an
approximate interval of 1° Lat./Long. were collected
along these transects. From these soundings data at
every 5m depthinterval were generated following cubic
spline interpolation scheme limiting to a maximum
depth of 200m. One Indian ship repeated bathycasts
along a short zonal transect (200 N). Two stationary
positions designated as TSI (0° N, 60" E)and TS2
(18°N, 67°E) were occupied by two USSR ships during

TEMPERATURE (€ )

o BHUNR 2 32 2, £ S Y S Y N A
; ) J}”
100 ' ) 7/
~ 200 . T /
E SALINITY (®he)
T U O3S W 37N 37 37 3% 3 3 W37 3?7
T 0 T T B i T -
= :
S m
200

LONGITUDE

Fig. 4. Vertical profiles of temperature and salivity during pre
(dotted line) and post onset (continuous line) regimes along
16° N

both the pre and post onset regimes. The data sets
collected from the repeat transects were utilised to
describe the basin scale variability in the near surface
watermass characteristics. The shoit time series data
sets collected during the pre and post onsel regimes
were utilised to describe the variations brought about
in the upper layer characteristics with the onset of the
monsoon. These data sets were also utilised to show
the spatial differences inthe nature of response between
the equatorial and northeastern regions.

2. Analysis and discussion
3.1. Temperature variability along east-west direction

In order to gain a comprehensive idea on the changes
brought about in the temperature and salinity fields
in the topmost 200 m water column. all the available
temperature and salinity soundings made during ISMEX-
73 were assembled for pre and post onset regimes.
The composites of these profiles are shown in Fig. 2.
Coolingand deepening of the mixed layer are evident
from pie to post onset regime. These composites suggest
relatively weak horizontal temperature variations in
the upper 30 m water column. The dispersion noticed
in the ncar surface layer is reduced from pre to post
onset regime suggesting the influence of monsoonal
forcing mostly limited to the uppermost layers. The
corresponding variability below 100 m depth is not
perceptible (not shown in the figure).

The smoothed profiles ol temperature corresponding
to pre (dotted line) and post onsect (continuous line)
regimes collected along 20° N zonal transect are shown
in Fig. 3. The origin is shifted to the right for the
stations covered eastward. These profiles werc re-
peated after an interval of about 6 weeks. The temporal
changes observed in the thermal regime are distinct
from this figure. A warming of 0.5 to 1°C within
the mixed layer isnoticed only at the eastern stations.
The temperature of the mixed layer practically did
not show any variation at the western stations, although
the layer deepening was significant. The zonal section
along 16° N (Fig. 4) was repeated over an interval of
only 2 weeks. The variations were practically minimum
in the profiles made off the Arabia coast with a
moderate cooling (0.5°C) and penetrative decpening
of the mixed layer (10-20 m) noticed in the central
Arabian Sea. The profiles along 11"30'N repeated
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Fig. 5. Vertical profiles of temperature and salinity during per
(dotted line) and post onset (contjnuous linz) regimes
along 11° 30 N

after aninterval of 7 weeks are shown in Fig. 5. Large
differences in the mixed layer cooling and deepening
are noticed along this section compared to those of
20°N or 16°N. Westof 70°E the deepening was_jstrong
(>50m) while it was relatively weak (<< 30 m)7east of
70° E. One remarkable feature of the pre and post
onset profiles is that the cooling was confined to the
uppermost layers in the central Arabian Sea while
it was evident even up to 200 m depth at the two loca-
tions in the eastern Arabian Sea. Coastal upwelling
off the southwest coast of India (Nuarayana Pillai er al.
1980) appeared to have inhibited deepening of the
layer east of 70°E. Utilising time series data sets collec-
ted during MONSOON-77 observational programme
from end May to mid-August 1977 (Rao 1986a) also
showed a similar upwelling tendency in the thermal
structure at a nearby station (17°N, 71°E). The profiles
along 8°30'N were also repeated during the same
period of the 11°30°N zonal section (Fig. 6). The tempo-
ral differences noticed along this section are comparable
to those of 117 30'N. Layer deepening was maximum
in the central Arabian Seca which decreased eastward
from about 100 to 50 m depth, Deepening of the layer
was comparatively less at the two eastern stations
offthe southwest coast of India, suggesting the influence
of coastal upwelling. Inthe central Arabian Sea, notice-
able warming is observed in the upper thermocline
as warmer near surface waters downwelled in association
withmixed layer deepening and Ekman type of con-
vergence. Such a downwelling phenomenon occurs
in the central Arabian Sea as a dynamic 1esponse
(Yoshida and Mao 1957) to the clockwise wind stress
curl at the surface (Sastry and Ramesh Babu 1979),
Bruce (1982) also showed a good geographic corres-
pondence between the maxima of the surface wind
stress curl and the mixed layer deepening on a seasonal
scale in the central Arabian Sea.

3.2. Temperature variability  along  north-south
direction

The temperature profiles along 65° E (pre-onset)
and 60°E (post-onset) are shown in Fig. 7. As the ship
traversed along 65°E and 60 E longitudes, repeat
transects are not available. In this case the meridional
sections were separated by about 300 nautical miles
and were covered over an interval of 6 weeks. Under
the assumption of weak zonal variationsin the thermal
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2. 7. Vertical profiles of temporature and salinity during pre
(dotted lie) and  post onset (continuous ling) regines
along 65 “E in 1973

response in the central Arabian Sea (i.e.. within 5°
longitude), the profiles made along these two sections
may be compared to evaluate the thermal response
of the central Arabian Sea from the equator to 10°N,
Mixed layer cooling increased [rom the equator (1°C)
o 100 N (2.5°C). On the equator practically no dif-
ference in the mixed layer depth is noticed while the
profiles at 10° N showed an increase of about 70 m
m the layer depth. The deepening of the layer and
downwelling observed in the thermocline produced
significant warming beneath the mixed layer in the
central Arabian Sea.

3.3. Year to year variability along north-south direction

Brown and Evans (1980) have reported large inter-
annual variability in the seasonal surface cooling of
the Arabian Sea. Josephand Pillai (1986) also reported
large differences in the summer monsoonal cooling
between good (1973) and weak (1972) monsoon seasons,
During 1973 the cooling in the western Arabian Sea
was not only wider in extent but also intense compared
to that of in 1972, To gain some insight into the year
to year variability in the Arabian Sea summer cooling,
datasets collected corresponding to pre and post onsel
regimes along 65°E during 1971 and 1972 are analysed
(Fig. 8). During 1971 the ship started from northern
end and traversed southward and then returnzd. Heace
the repeat interval decreased southward with a minimum
of 5weeks at the southernmost station and a maximum
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Fig. 8. Vertical profiles of temperature and salinity during pre (dotled line) and post onset (continuous line) regimes

along 65° E during 1971 (a) and 1972 (b)

of 7 weeks at the northernmost station. The corres-
ponding repeat intervals for 1972 are 6 and 11 weeks
respectively. The mixed layer response was variable
along 65° E. Mixed layer cooling was relatively larger
in the central Arabian Sea around 10°N. The contrast
between the surface cooling patterns due to the dif-
ferential monsoonal forcing during 1971 and 1972
is evident from Fig. 8. Theregion of maximum cooling
shifted northward during 1972 when compared with
that of 1971. The monsoonal performance during
1972 was below normal producing drought conditions
over India (Pharthasarathy and Mooley 1978). A
delay of two weeks in the commencement of cruise
during 1972 at thenorthern end compared to that of
1971 must also be taken into account while inter-
preting the observed differences between 1971 and
1972.

3.4. Salinity variability along east-west direction

The composite traces of wvertical salinity profiles
corresponding to pre and post onset regimes are shown
in Fig. 2. Unlike the temperature prof%les, the salinity
profiles show large variance in space during both the
regimes. This spatial variability is generally attributed
to various watermasses, viz., the Arabian Sea watermass,
the southequatorial watermass and the Bay of Bengal
watermass. But the sub-surface maxima noticed during
the pre-onset regime almost disappeared during the
post-onset regime.

The distribution of vertical salinity profiles corres-
ponding to pre and post onset regimes made along 16°N
is shown in Fig, 4, During the pre-onset regime a mild
salinity minimum is noticed just below the isohaline
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layer. This minimum diffused with its depth of occurrence
increasing eastward. This salinity minimum practically
disappeared east of 60°E. Swallow ef al. (1983) suggested
the presence of low saline waters near the surface in
the Somali basin during southwest monsoon of 1979,
It is not clear whether these low saline waters have
encountered any mixing while advecting northeastward.
This minimum disappeared during the post-onset
regime when the isohaline layer deepened due to strong
vertical mixing caused by the monsoonal wind stress.
In general a relative increase is noticed in the mean
salinity profile. The profiles corresponding to pre and
post onset regimes along 117 30" N are shown in Fig, 5.
During the pre-onset regime the sub-surface maximum
in the salinity field is evident. This maximum is attri-
buted to the southward advection of high saline Arabian
Sea watermass (Rochford 1964, Wyrtki 1971). This
maximum disappeared during the post-onset regime
producing an increase in the salinity of the nearsurface
water column. This increase may be viewed as a com
bined contribution from advection of high saline waters
from north and vertical mixing of the sub-surface high
saline waters. The rise in the mean salinity of the near
surface water column showed a decrease eastward,
thus implying the contribution of advection of high
saline water mostly limiting to east central Arabian

diagrams representing the pre and post onset regimes along 8° 30’ N

Sea. This pre-onset maxima descended eastward occu-
pying deepest depth around 72°E and lurther east of
it this maximum ascended under the influence of up-
welling ofl" the southwest coast of India. The profiles
corresponding to pre and post onset regimes made
along 8" 3)'N are shown in Fig. 6. During the pre-onset
regime the sub-surface salinity maxima were less organised
along this section compared to those of 11° 30°N.
During the post-onset regimes the salinity increased
in the near surface water column with deeper isohaline
layers. The sub-surface maxima did not completely
lose its identity but diffused considerably. However.
some very notable differences are cvident at the two
casternmost stations off the southwest coast of India.
Relatively stronger haloclines are noticed probably
produced by the presence of low saline Bay of Bengal/
equatorial Indian Ocean waters in the surface lavers
(Levitus 1986, Cutler and Swallow 1984),

3.5. Salinity variability along north-south direction

The pre and post onset profiles collected along 65°E
during 1973 are shown in Fig. 7. The meridional variation
during the pre-onset regime is reflected in the location
of the sub-surface maximum. In general, the strength
of the maximum increased from the equator to 10°N
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with few exceptions, This sub-surface maximum- dis-
appeared during the post-onset regime. A general
increase in the mean salinity of the water column is
noticed with an increasing tendency towards north.
Variations were minimum at the stations located in the
vicinity of the equator and were maximum around
10°N. The observed halocline below the surface iso-
haline layer also showed a strengthening tendency
towards north. The pre and post onset profiles collected
along 65°E during 1971 and 1972 are presented in Fig,
8. Between the equator and 14°N the sub-surface maxi-
mum with an upsloping tendency towards north is
evident during the pre-onset regime. Under the mon-
soonal forcing this maximum got mixed up producing
deep isohaline layers. The thickness of theisohaline
layer decreased from the equator towards north. The
temporal changes in the near surface salinity regime
were relatively large in a narrow latitudinal belt bounded
by 8°-12°N and these changes decreased either side.
Similarly the relative increase in the near surface sali-
nity field between 8° & 12°N was also larger during
1972 compared to the corresponding increase in 1971,

3.6. T-S analysis

Composite 7-S diagrams representing the pre and
post onset regimes for each zonal and meridional
transect are presented in Fig .9. Along 8° 30'N the 7-§
plot shows large scatter during the pre-onset regime
especially in the salinity field suggesting that the upper
waters are more heterogencous before the monsoonal

15 100cl/t 20
TEMP.(°c )

(F)

sivr Ui prz ard post onset regimes along 65° E

onset (Figs. 9 a & b). There is a significant increase
in the density of the upper 50-60 m water column
from pre to post onset regime. The sub-surface high
salinity maxima corresponding to the Arabian Sea
high salinity watermass is observed around 400-440
cljt surface during the pre-onset regime. The whole
upper layer lies around 400-440 cl/t after the monsoonal
onset following an increase in salinity and decrease
in temperature. Similar features can also be observed
along 11°30'N section (Figs. 9 ¢ & d). However, during
the pre-onset regime the 7-S scatter is larger along
this section compared to that along 8° 30" N indicating
a stronger zonal asymmetry in the upper ocean water
characteristics at this latitude. The differences in the
T-S field show smaller vaiiations along 16 N (Figs. 9e
& f) mainly due to short repeat interval between the
samplings (i.2., about two weeks).

The T-S plots along 65° E section during 1971, 1972
and 1973 also show the piesence of the Arabian Sea
high salinity watermass around 400-440 cl/t especially
during the pre-onset regime (Figs. 10 a & b). The scatter
in the salinity field is also large during pre-onset regime.
A closer examination indicates that the upper layer
salinity during the pre-onset regime was lowest in
1971 compared to 1972 or 1973, while the post-onset
salinity was highest in 1972. The overall salinlty change
from pre to post onset regime was minimum in 1973,
Supplementary data sets are not available to explain
the observed year to year differences, '




618 R.R. RAO ¢t al.

3.7. Short-term variability

From the above analysis it is amply clear that the
thermohaline response is of variable nature in the
Arabian Sea. To demonstrate this type of differences
further within the basin, two time series stations were
chosen from the data availability point of view, one
on the equator (TS1) and the other in the northeastern
Arabian Sea (TS2), where short time series measure-
ments were made during pre and post onset regimes.
These data sets provide an excellent opportunity for
comparison purposes. The relevant surface marine
meteorological data were available only for the equato-
rial station.

The mean vertical temperature and salinity profiles
corresponding to pre and post onset regimes at TSI
and TS2 are shown in Fig. 11. Although the mixed
layer cooling was of the same order at both the stations
considerable differences are evident in the deepening
of the layer. The layer did not show any marked deepen-
ing at TS1 whereas at TS2 it deepened by about 50 m.
The deepening of the layer at TS2 was mostly attributed
to Ekman type of convergence in the upper layers in
the wake of a translating onset vortex traversed in the
vicinity of the observational station (Rao 1986 b). This
type of convergence depresses the stratified waters
leading to an increase in the mixed layer depth. Strong
similarity in the thermal gradients beneath the mixed
layer of both the regimes provides adequate support
for this inference. At TS1 the thermocline diffused from
pre to post onset regime. The salinity variations at
TS1 were very small with a mild change of around
0.1 ppt in the upper 100 m water column.

The surface meteorological forcing is foundto be an
important agency which produces variations in the upper
ocean. In order to gain a better description on the
variability of the thermal structure, the observed surface
meteorological and derived heat budget estimates are
analysed only for TS1 (Fig. 12) as no meteorological
data are available for TS2. With the northward propa-
gation of ITCZ the surface pressure (PR) at TSI regis-
tered an increase. Winds (FF) fluctuated between 3 to
8m/s. A marginal increase in the cloud cover (CL) from
pre to post onset regime is evident. Growing saturation
of the surface air with the progress of monsoon is also
clear with the progressive reduction in the wet bulb
depression (DB-WB). The sea minus air temperature
(SMA) was mostly positive suggesting weak unstable
regime. The SST fluctuated between 30° and 30.5° C
during the pre-onset regime. A drop of cver 1° Cin
SST during the intervening period is also evident.
Moderate cooling continued during the post-onset
regime.

As no direct measurements of solar radiation ('Qﬂ
are available, an attempt was made to derive Q; with the
aid of Hastenrath and Lamb’s (1979) values calibrated
to the daily observed cloud cover at this station. During
the pre-onset regime the initial and ending days were
relatively disturbed as evident from strong wind speed
and as the derived O; values were also lower. Depen-
ding upon the cloud cover. the Q; mostly fluctuated
between 180 and 280 W/m. The other heat loss terms
such as net longwave rediation (Q,), sensible heat
flux (Qg) and latent heat flux (Q) were derived following
Rao er al. (1985). The Q mostly fluctuated around
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Fig. 11, Phase averaged vertical profiles of temperature and salinity
for the pre (dotted line) and post onset (continuous
lines)regimes at TS1 and TS2

- 40 W/m2 The magnitude of Qg was comparatively
lower which fluctuated around the zero line. The Qp
was large during the disturbed days when winds were
stronger. The surface heat budget term Q was positive
throughout during both the regimes leading to net
accumulation of heat of 0,8 < 108 J/m2 and 0.7 < 108 J/m2
during the pre and post onset regimes respectively.
However, during the pre-onset regime SST showed
practically no variation from 29 May to 5 June, and
during the post onset regime the SST dropped by about
0.4°C from 27 June to 3 July 1973. These observations
suggest the importance of other processes which control
SST. In the present study the colder waters upwelled
off Somalia coast advected eastward might have offset
the surface heat gain producing equilibrium during the
pre-onset regime and cooling during the post-onset
regime. Lack of corresponding measurements on the
horizontal gradients around TSI disabled the estima-
tion of advective and other process.

4. Conclusions

With the onset and sway of the summer monsoon
the watermass modification in the upper layers of the
Arabian Sea varied in the spatial domain. The mixed
layer temperature increased in association with deepen-
ing from pre to post onset regime only in the north-
eastern Arabian Sea (ie., along 20° N).

Cooling and deepening of the mixed layer are evident
over most of the Arabian Sea from pre to post onset
regime. The cooling and deepening of the layers are
maximum in the 8°-12° N belt. However, weak deepen-
ing is noticed in the eastern Arabian Sea (east of 70° E)
and northern Arabian Sea (north of 20°N)as the
seasonal upwelling off' the southwest coast of India
inhibits deepening of the layer in the former region.

At the equator. the mixed layer depth did not show
much variation from pre to post onset regime except
a cooling of about 2°C during 1973 whereas moderate
deepening was noticed in 1971 and 1972,

In the southern and central Arabian Sea the pre-onset
profiles showed a well defined sub-surface salinity
maxima. Under the monsoonaliforcing, this sub-surface
maxima was eroded and the advection from north
enhanced the surface layer salinity. However, in the
northern Arabian Sea the changes in the salinity profile
were minimum. The 7-Sanalysis showed the presence of
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Fig. 12, Daily march of surface meteorological elements and derived heat budget estimates at TS1

Arabian Sea high salinity watermass around 400-440
¢l/t during the pre-onset regime. The salinity field
showed larger scatter during pre-onset regime compared
to that of post-onset regime with some interannual
variability.

At TSl a cooling of about 2° C is noticed between
the pre and post onset regimes. although the layers
deepening was less than 10 m. During both the regimes
the short time series data showed undisturbed conditions
resulting heat gain to the sea, However, the observed
cooling suggests the importance of lateral advections
of cold waters from west to this site. At TS2a cooling
of about 2°C and deepening of the layer by about
50 m from pre to post onsct regime is noticed in the wake
of onset vortex.

The analysis revealed considerable variations in the
watermass characteristics in the topmost 100 m water
column,

Acknowledgements

The authors express their deep sense of appreciation
to all the USSR scientists and technicians for their
data collection and processing effortsiduring ISMEX-73.
The authors wish to record their sincere thanks to Dr.
V. K. Aatre, Director, NPOL, lor all the encouragement
and necessary facilities provided to carry out this
study. The anonymous referee’s comments significantly
improved the presentation of the material in this paper.

References

“Interannua! variability of
o In Oceanography froin
L1, Corp. 135-14%,

Browa, O.B. and Evans, R.H., 1986,
Arabian Sea surface temperature
Spuce, JFR Gower (Ed) Plenum Pu

Bruce, 3.G., 1982, *Variations in the thermal structure and wind

field occurring in the western Indian ()rem_t‘ during the m:guoqns.
‘Naval Oceanogr. Office. Tech. Rep. 272, NSTL Station

Bay St. Louis, MS 39522, USA.
e of the Indian Ocearn,

S i 3 5 qamal strie
Colborn, 1.G., 1975, The thern inre of 5% 173 pp.

Fast West Center Press, University
1984, *“*Surface currents ol'dll;lq.lnd_ial}
-ean (o 23 S, 100 E)”, (compiled from archieved historica
g;ta). Rep-187, 8 pp. and 36 charts, Met, Office, U.K lnstitute
of Oceanographic sciences, Bracknell.

i 3 ] " eurr in the Indian

Duing. W., 1970, The monsoott regime of currents i [!
(Lh'vmr. East West Center Press, University of Hawaii, 70 pp.

Duing, W. and Leetma, A. , 1980, ““Arabian Sea :
lIi’cat budget”, J. Phys, Oceanogr., 10, 307-312.
Varadachari
aneadhar Rao, L.V., Ramesh Babu, V. and chari,
Gdn%d.v.ak., 1981, *‘Structure of currents gnd hydroguaph_m
conditions in the western equatorial _lndlap Ocean dun!;g
summer monsoon™, Monsoott Dynamics, Cambridge Univ,
Press, 453-463.

Cutler, A. and Swallow, J.,

A preliminary

Joseph, P.V. and Pillai, P.V., 1986, “AIr sea imcruc-tiun on a’
q;.casional scale over north Indian Ocean-Part I1 : Pdgnthl_sl
mean atmospheric and oceanic parameters during 1972 an
1973”, Mausam, 37, pp. 159-168.




620 R.RRAO et al.

Hastenrath, S.L. and Lamb, P., 1979, Climatic atlas of the Indian
Ocean-Part 1L ; The oceanic heut budget, The Univ. of Wis-
consin Press, 17 pp. and 91 Figs,

Levitus, S., 1982, Climatological atlas of the world ocean, NOAA
Prof, Paper No. 13, US Govt. Printing Press, Washington,
DC, 213 pp.

Levitus, S. 1986, “Annual cycle of salinity and salt storage in the
world ocean™, J. Phys., Oceanogr,, 16, 322-343,

Molinari, R.L., Swallow, J.C. and Festa, J.F,, 1586, “Evolution
of the near surface therma! structure in the western Indian
Ocean during FGGL, 1979, J. Mar. Res., 44, 739-762,

Narayana, Pillai, V., Vijayarajan, P.K, and Nandakumar, A,
1980, QOceanographic investigations off the southivest coast

of India, FAO/UNDP Report, FAO, Rome, 51 pp.

Parthasarathy, B. and Mooley, D.A., 1978 , “‘Some features of a
long homogeneous series of Indian summer monsoon rainfall™,
Mon. Weath. Rey., 106, 771-781.

Ramam, K.V.S., Murthy, P.G.K. and Kurup, C.K.B., 1979,
“Thermal structure variations in the Arabian Sea (May-July
1973)”, Mausan, 30, pp, 105-112,

Ramesh Babu, V., Gangadhar Rao, L.V,, Varkey, M.J. and
Udaya Verma, P., 1976, “Temperature distribution in the
upper layers of the northern and eastern Arabian Sea during
Indo-Soviet Moasoon Experiments”, Iudias J, Mer, Hydrol,
Geophys,. 27, pp. 291-293,

Ramesh Babu, V., Gangadhar Rao, L.V, and Varadachari,
V.V.R., 1981, “Sea temperature variations in the north.
eastera Arabian Sea in relation to the southwest monsoon”,
Monsson Dyaauiics, Cambridge Univ, Press, 481-490,

Rao, D.P., Sarma, R.V.N., Sastry, 1.S. and Premchand, K., 1974,
“On the lowering of the surface temperature in the Arabian
Sea with the advance of the southwes: monsoon”, Proc,
Sym. Trop. Monsoons, Indian lnstitute of Tropical Met.,
Pune, 106-115.

Rao, R.R., 1986 (a), “On the thermal response of uppsr castern
Arabian Sca to the summer monsoonal forcing during MON-
SOON-77", Muusam, 37, pp. 77-84.

Rao, R.R,, 1984 (b), “The observed thermal response of upper
northeastern Arabian Sea te the onset of the summer monsoon
during ISMEX-73", Mausam, 37, pp. 429-434,

Rao, R.R., 1988, “Scasonal h=at budget cstimates of the upper
layers in the central Arabian Sea”, Muuwsam, 39, pp. 241-248,

Rao, R.R. and Hareesh Kumar, P.V., 1589, ““A case study on the
short-term variability in the observed temperature and
currents in the upper layers of the northeasterii Arabian
Sea during the pre-onset phase of ISMEX-73", Indian 7. Mar.
Sci., 18, 189-194,

Rao, R.R., Ramam, K.V.S., Rao, D.S, and Joseph, M.X., 1985,
“Surface heat budget cstimates at selected areas of north
Indian OCcean during MONSOON-77", Mausam, 36, pp.

2j-32.

Rao, R.R. and Sanil Kumar, K.V., 1989, “Salinity wvariability
in the upper layers of the Arabian Sea and Bay of Bengal
during summer monsoon experiments (submitted to Proc.,
Indian Acad, Sci.)

Rao, R.R., Molinari, R.L. and Festa, J.F., 1989, “Evolution of the
climatological near surface thermal structure of the tropical
Indian Ocean | : Description of mean monthly mixed layer
depth, sea surface temperature, surface current and surface
meteorological, fields.” J. Geoaplys. Res., 94, ¢S5, 10801-10815.

Robinson, M.K., Baur, R A, and Schrocder, E.H., 1979, Atlas of
north Atlaniic-Indian Ocean monthly mean temperature ond
mean sulinities of the surfuce layer, Naval Oceanographic
Office, Reference Publication 18, Dept. of the Navy, Wash.,
D.C. 20373, 213 pp.

Rochford, D.J., 1964, “Hydrology of the Indian Ocean, Water-
masses of the upper 500 in of the southeast Indian (Xcean,
Aust. J. Mar, Freshwat, Res., 15, 2555,

Sastry, LS. and  D'Souza, R.S., 1970, “Oceanography of the
Arabian Sea during southwest monsoon season-Part | : Thermal
stracture”™, fndian J. Met, Geophyvs., 21, pp, 367-382,

Sastry, J.S. and [XSouza, R.S.. 1972, “Occanography of the Ara-
bian Sea during the southwest monsoon season. Part 111 -
Salinity™, Indiau 1. Met, Geaphys., 23, pp. 479-490,

Sastry, 1.S. and Raresh Babu, V., 1979, “Convergence of Ekman
wind driven layer and surface circulation in the Arabian Sea
during southwest monsoon™, Malasasar, 12, 201-211,

Sastry, LS, and Ramesh Babu, V., 1985, “Summer cooling in the
Arabian Sea. a review,” “Proc. ludian Acad. Sci. (Farth &
Planetary Sei.), 94, 117-128,

Swallow, JLC,, Molinari, R.L., Bruce, 1.G., Brown. O.B. and
Evans, R.H., i983, “Development of nzar surface flow
patterit and wateriass distribution in the Somali Basin in
response 1o the southwest monsoon of 1979, J. Phys,
Oceanogr., 13, 1395-1415.

Wooster. W.S., Schacfer, M.B. and Robinson, M.K., 1967,
‘Atlas of the Avabian Sea for Fishery (?r'c‘.'ma.."nw.’r_n:, IMR
Reference, 67-12, Univ, of California, La Jolla, California,
LISA.

Wiyrtki, K., 1971, Oceanozraphic Atlas of the I’mcrm.!.ricwai Tndian
O van Expedition, ™National Science Foundation, Wash.,
DC, 531 pp.

Yoshida, K. and Mao, 1.L,, 1957, A theory of upwelling of
large Korizontal extent,” .J. Mar. Res., 16, 40-54,




