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Thermodynamics and Dynamics of the Upper Ocean
Mixed Layer in the Central and Eastern Arabian Sea
Part I: Observations and Analysis

C. Gnanaseelan, A. K. Mishra, Bijoy Thompson, and P. S. Salvekar

Indian Institute of Tropical Meteorology
Dr. Homi Bhabha Road, Pashan
Pune-411008

ABSTRACT

Arabian Sea is considered to be a region of specific interest because of its
association with monsoon in general and plays an important role in Indian summer
monsoon in particular. Sea surface temperature over this sea varies from 23° C to 32° C
from NE to SW monsoon. While sea surface salinity of the entire northern Arabian Sea
north of 17° N ranges from 36.2 to 36.8 psu (ppt or parts per thousand) and south of 17°
N it varies from 35 to 36.2 psu. Sea surface currents are caused by monsoonal winds,
during southwest monsoon and they are clockwise, while during northeast monsoon they
are anti-clockwise. Having associated with such higher variability this sea is still
identified as one of the data sparse regions. However in the present study, data obtained
from Woods Hole Oceanographic Institute (WHOI) mooring deployed at 15.5° N, 61.5°
E for a period of one year (Oct. 1994 to Oct. 1995) and the deep sea mooring buoy (DS1,
by National Institute of Ocean Technology (NIOT), Chennai, Department of Ocean
Development (DOD), Government of India) located at 15.3° N, 69.3° E, for a period of
almost an year (Feb. 1998 to Dec. 1998) were used for analysis and understanding the
mixed layer variability and its thermodynamics of the central and eastern Arabian sea
respectively. A well defined diurnal cycle appears to occur in the upper ocean because of
intense seasonal solar heating. Although one year long data set is used for the study,
special attention has been given to understand the processes associated with the 1995
southwest monsoon season. The study has revealed that the strong winds associated with
the SW monsoon appear to have played an important role in the declining of the SST
from a high value of 31° C to 25° C from before onset through onset of Monsoon (June)
to the high peak phase of Monsoon (August) at WHOI Whereas the range variation of
SST over the DS1 location is 30.6°C to 28.2°C. The lowest being observed in August and
highest in May. However, the summer monsoon cooling from May to August at both the
stations is 6°C (WHOI) and 2.4°C (DS1). The plausible reason for cooling of the ocean
surface during the above period is observed to be due to the proximity of these stations to
the climatological axis of the Findlater Jet during the south west monsoon season.
Nevertheless, the DS1 location is comparatively far south to the axis of the above jet.



1. Introduction

Seasonal changes in atmospheric forcing subdivide the Arabian Sea into the
southwest and northeast monsoon and two inter-monsoonal periods. These periods are of
entirely different characteristics. The semiannual reversal of the winds is a special feature
of the Arabian Sea. The annual march of the SST over most of the world ocean shows
warming during the fair weather period of spring and summer and cooling during fall and
winter. In contrast the Arabian Sea SST shows four phases; warming phase from
February to May, cooling from May to August, warming from September to mid
November and cooling from mid November to January (Shetye, 1986). The onset of the
summer monsoon cools and deepens the mixed layer of the Arabian Sea with different
magnitude. In fact in the Central Arabian Sea 4°-5° C cooling (INDEX, 1977) associated
with the maximum deepening (60-80 m) of the mixed layer was observed around 10° N,
60° E (Rao, 1987). He also found that the mixed layer of the Central Arabian Sea cooled
by 2°-3° C and deepened by 55 m with the onset and progress of the monsoon over the
Indian subcontinent in the year 1977. He also concluded that the net surface heat loss is
contributing 3-5 times more in cooling than that of entrainment. Although the
observations by Rao (1986) and surface heat flux climatologies by Hastenrath & Lamb
(1979 a, b) and by Oberhuber (1988) have suggested that the surface heat flux was
negative (a net oceanic heat loss) which drive the convective entrainment and additional
cooling, but the large scale budgets of the Arabian sea during the SW monsoon season
showed that there is a net heat gain which probably be offset by horizontal advection and
upwelling, leading to the net heat loss in the upper ocean layer (Duing and Leetma, 1980,
Weller et al. 1998). It shows that the surface fluxes in the region and their important role
in the mixed layer dynamics are still not completely understood.

It has been proved through several studies that there exists a very good
relationship between SST anomalies and anomalies in monsoon rainfall over India. The
variability of the SST over the Arabian Sea has been linked to the mean rainfall over
India by a correlation study (Shukla and Mishra, 1977). In their study Shukla and Mishra
(1977) found that the surface wind speed over the Central Arabian Sea, mean monthly
SST and mean monthly rainfall over Central and Western India are very well linked with
each other. In a GCM study Shukla (1975) has further shown that the warm anomalies of
Arabian Sea SST results in higher precipitation over India. Although Raghavan et. al.
(1978) questioned the validity of fixing time in an anomaly in the sea surface temperature
which was done in Shukla's computations. Raghavan et. al. (1978), found that the
anomalies are in fact short lived and episodes of strong and weak monsoon rainfall
appear to coincide with the fluctuations of SST in the Western Arabian Sea on time scale
as short as one week. In addition a good correlation has been found between the intensity
of the East African low level jet and Indian rainfall (Findlater, 1969 and Saha, 1974).

Dube et. al. (1990) have studied the interannual variability of the ocean's upper
layer thickness and surface wind stress curl over the central Arabian Sea. Due to the lack
of oceanographic observational data over the Central Arabian Sea region Dube et. al.
(1990) have used the output fields of an Indian Ocean Model (Luther and O'Brien, 1985)
for their study. They found that a good correlation exists between thinner ocean upper
layer with cooler surface waters and better (higher) Indian monsoon rainfall. So, majority
of the scientific community now agree that the sea surface temperature, mixed layer
temperature and the thickness of the mixed layer can play a significant role in
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determining the intensity of monsoon rainfall and its temporal and spatial distributions
over India. Several past studies reflect that SST over the Arabian Sea has been
recognized as an important boundary condition which triggers the onset of the monsoon
and the onset vortex. Singh (1998) found that mean sea level pressure (SLP) over the
Arabian Sea (north of 5° N) during May, and. the mean SST gradient over the Arabian
Sea between 7.5° N and 17.5° N during May hold promise to become potential predictors
for the Indian summer monsoon rainfall.

Ocean currents are the result of wind stress on the surface of the open ocean,
driven by horizontal pressure gradients and differences in density as a result of variations
in temperature and salinity. Based on their causative factors, ocean circulation can be
classified mainly into two groups. They are: (1) wind driven circulation resulted due to
the wind stress, and (2) thermohaline circulation which is due to the density changes
normally occurs due to a change in salinity and/or temperature. During the SW monsoon
season some peculiarities in the circulation of the water masses is already observed in the
Arabian Sea, especially along the African coast. Bruce (1979), has observed the seasonal
development of some large scale eddies which occur during the strong SW monsoon
through series of temperature sections along the Tanker Sea lane off the east of African
and Arabian coast. In the northen Somali basin a large 'prime eddy' is observed
approximately between 4° N and 12° N almost every year. The horizontal dimensions of
this eddy are 400 to 600 Km and it varies considerably during a single monsoon season.
Observations have revealed that an eddy of relatively smaller horizontal dimension is also
one of the interesting circulation features off Socotra between 12° N and 15° N. The
Socotra eddy is mainly evident in July and August (Bruce, 1979). An eddy south of about
5°N and nearby the southern boundary of primary eddy and to the east African coast was
also observed during some years. 'Prime eddy' is observed to be considerably larger and
more energetic than the other eddies formed in the region. It was also observed that
'prime eddy' continues to remain in this location at least for three months after the
complete withdrawal of the monsoon. It appears in the near surface water (0-100 m) in
the late May or early June and continues to intensify until late September or early
October (Bruce, 1979). By December eddies disappear; however, in some years the
'prime eddy' was found in the upper layer as late as January.

Observations indicated that the northwestward flowing alongshore current
(Somali current) is clearly part of the eddy field found in each SW monsoon of the
Somali coast. Each year the current diverges from the coast turning eastward about 9°
N to 10° N, and during some years it turns at 3° N to 5° N forming a southern eddy. It is
observed that the region where the strong coastal current turns offshore experiences the
strong upwelling with reduced sea surface temperature as low as 13°C (Bruce, 1979).
Therefore due to divergence of coastal currents strong upwelling occurs at 9° N to 11° N
and in some years when southern eddy is formed the strong upwelling is also observed
around 4° N to 6° N. During the MONEX (1979) observations period, Mahajan (1986)
found that the satellite observed cloud free area off Somali coast persists throughout the
monsoon season. The upwelled region has a crescent shape and a cold SST pattern that is
mainly due to strong low level winds. In his study Mahajan (1986) also concluded that
the upwelled cold water tends to encircle the eddy to mark its outer boundary. Due to the
clockwise circulation of the eddy this upwelled cold water is then transported to offshore
eastward. The volume transport of the prime eddy towards the east was found to be about
38 - 42 Sv (1 Sv = 1 Sverdrup =10° m® s for the upper layer from 0-400 dbar, The
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volume transport for Socotra eddy found around 11-15° N is of the order of 9-15 Sv.
Therefore there is clear indication of the cold water advection towards the eastern side of
the African/Somali coast. The eastern extent of this transported cold water is still
unknown and more observational evidence is required in this direction to make concrete
conclusion.

Upper ocean response to diurnal variation of solar heating has a long research
history. In the 1980's it has been realised that without a proper parameterization of
diurnal scale of the solar heating and related upper ocean dynamics adequately, it is
impossible to assess the seasonal and longer term mean temperature and mixed layer
depth accurately (Woods, 1984). If we want to compute adequately the seasonal and long
term temperature mixed layer depth in time scales of weeks, months, season or years, a
successful parameterization of the diurnal solar heating at the sea surface is necessary.
Generally, wind stress on the sea surface ieads to turbuient mixing of upper ocean {30-60
m depth) and solar heating causes buoyancy effects (upwelling and sinking of warm and
cold flumes of water). These forcings (wind and solar heating) will have an immediate
consequence upon the sea surface temperature, surface heat fluxes and vertical water
transport and try to modify them in the upper ocean environment. The above modification
also tries to alter and activate the biological echo systems in upper ocean layers (Lee et.
al. 2000).

In the present study an attempt has been made to investigate the diurnal and
seasonal variations in the surface meteorological parameters and related mixed layer
dynamics and thermodynamics. We selected two different observations in the Central
Arabian Sea based on the one year data (from October 1994 to October 1995) observed
by Woods Hole Oceanographic Institute (WHOI) mooring (hereafter we will call WHOI)
and the data collected from the buoy deployed by the NIOT (DOD), Government of
India, at 15.3° N, 69.3° E (hereafter we will refer the mooring as DS1) for the period 1
February 1998 to 31 December 1998. The above study further help us to understand the
effect of monsoon circulation on the SST variability of the Arabian Sea.

2 Data and Methodology

2.1 Data and Observations

Data used in this study were the intensive buoy observations (hourly) at 15.5° N,
61.5° E (WHOI) during October 15, 1994 to October 20, 1995, deployed off the coast of
Oman to collect the near surface meteorological and oceanic data and to prepare its time
series and daily observed data of the deep sea buoy moored at 15.3° N, 69.3° E (DS1),
NIOT (DOD) from February 1998 to December 1998. The details of the above
experiments are given below.

2.1.1 WHOI Mooring: The surface buoy carried two separate, complete meteorological
instrument packages and a third stand alone package that measured just humidity and
air temperature. First set of instrument was Vector Averaging Wind Recorder
(VAWR), recording every 7.5 minute and the other was the Improved Meteorological
Recorder (IMET) recording every minute. The additional Rotronic MP-100 humidity
and air temperature sensor was sampled by a third, independent or stand alone data
logger. Further details about these sensors and their deployment are briefly in Weller
et. al. (1998) and the references therein. It is important to mention that the WHOI
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point considered here is close to the Findlater jet (climatological maximum in the
wind speed) during south west monsoon (Findlater, 1969). Observable parameters
were air temperature, relative humidity, specific humidity, rainfall rate, barometric
pressure, wind velocity and direction, short wave radiation, long wave radiation, sea
surface temperature and salinity, temperature and ocean currents at different depth in
the ocean. Using the observations from IMET and VAWR sensors the best time
series were selected. Further this data is averaged at one hour interval. More details
of the preparation of the year long time series is described in Baumgartner et. al.
(1997). Two separate moorings were deployed for the study of the two monsoons
namely north-east monsoon-1994 and southwest monsoon-1995. The data observed
by the second mooring which was deployed on the 22™ April 1995 is given more
importance in this study for the detailed understanding of the oceans response during
the SW monsoon-1995. Subsurface temperature measurements were made from the
buoy and along the mooring line at 38 discrete depths ranging from 0.17 to 3025 m,
four vector measuring current meters (VMCM) deployed deep (between 300 and
3025 m) providing temperature measurements. Salinity measurements were collected
at 9 different discrete depths ranging from 1.42 to 250 m. Current measurements
were collected at 9 discrete levels ranging from 5 to 750 m. The meteorological
parameters like wind speed, wind direction, air temperature, precipitation and
radiation were collected from the vector averaging wind recorder (VAWR) and the
improved meteorological (IMET) system mounted on the Woods Hole
Oceanographic Institution (WHOI) 3 m discus buoy. Using the observed temperature
profile the mixed layer depth is estimated on the basis of the temperature difference
(0.5 °C) criteria used by Levitus (1982) and Sprintall and Tomczak (1992). The
instruments used at WHOI are discussed in Weller and Anderson (1996), and Weller
et. al.(1998).

2.1.2 DS1 Buoy: The DS1 buoy data are daily data from February 1998 to December
1998 which contains the SST, Sea surface salinity, air temperature, barometric
pressure and the components of the wind and current. SST, air temperature and wind
speed are from the 3-hourly buoy observations. The buoy measured wind speed and
air temperature at a height of 3.2 m and SST at a depth of 2.2 m, wind speed is
extrapolated to 10 m height using a power law (Panofsky and Dutton, 1984). DS1
buoy was not equipped with radiation measuring instruments. The validity of the
buoy data has already been studied in detail by Senan et. al. (2001), and the DS1 buoy
data set were found satisfactory

2.2 Flux computation: The air-sea fluxes at WHOI were computed using version 2.5
of the bulk formulae developed during COARE, described in Fairall et. al. (1996).
Shallowest (0.17 m) temperature observations were extrapolated to the surface to obtain a
skin temperature which is then used for the flux computation. Net short-wave radiation
was computed from incoming short-wave radiation using a variable albedo based on the
solar elevation angle and an atmospheric transmittance of 0.720 (Payne, 1972). Net long
wave radiation was computed by subtracting an estimate of the outgoing long-wave,

LWT =goT* + (1-)LW{ (1)

From the measured incoming longwave, LWV, where the emmisivity (€) was
chosen to to be 0.97, and o is the Stefan-Boltzmann constant (5.67 x 10°% W m'zK'4).
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For the DSI1 point latent and sensible heat flux were computed by using bulk
aerodynamic formulas as described in Gnanaseelan et. al. (2001) and Gill (1982). The
"bulk" formulas for sensible (Q;) and latent (Qg) heat fluxes involve drag (transfer)
coefficients (Cy for latent and Cg for evaporative), the wind speed at a height of 10
meters (Ujo), and the difference in temperature ('T' and humidity 'q") or water saturation
(relative humidity, q), respectively.

The net heat flux can be expressed as the difference of net incoming and net
outgoing heat, which can be represented as

Oner=0sw— Q- Os — Ok 2

where Q. is Net Heat Flux (in Watt/mz) , O is short wave radiation (in
Watt/m?), O is longwave radiation (in Watt/m?). Each term of the Eq. (2) is as follows;
Sensible heat '

Qs = Pair Cp CH Uio (Tu - Ta) (3)

and, Latent heat

Qe=L v E = pair L v Cg Uio (qo— Ga). L ®

where C, is the specific heat of air at constant pressure (1004 ] Kg"'K™), subscript
"o" denotes ocean surface, and "a" denotes air, The best value for Cy ranges from 0.83
x 107 (stable atmospheric conditions) to 1.10 x 10~ (unstable conditions). Cg is estimated
to be 1.5 x 102, L is latent heat of vaporisation (2.495 x 10°J Kg yand vis 0.8.

Outgoing long-wave radiation (OLR) data on daily scale is interpolated at the
DS1 point and then following relations (Shinoda et. al., 1998) were used to calculate the
short wave and long wave radiations as done by Sengupta et. al. 2002.

Oy = 0.93 OLR -1.03 (5)

where Oy, is short wave radiation in Watt/m? , similarly long wave radiation is
evaluated using the relation

0,, =0.9850T*|0.39- 0,05, (,)}"* [1- 0.6n2 )+ 40.985073{T, - T }] (6)
where 7. is the cloud cover, which is estimated using the following relationship
ne=166.39-1.380LR+9.1(10°)(OLR)*-20.87(10°%)(OLR)’

ois the Stefan-Boltzmann constant (5.67 x 10® W m? K™), OLR is outgoing long
wave radiation, T, is SST, T, air temperature and e,(7T,) is the vapor pressure of the
atmosphere in mb, which can be calculated as below;

The wind stress (1) on the ocean surface can be calculated from the square of the

wind speed (at a height of 10 meters; Ujg), the density of air (pair), and a drag coefficient
(Cp) (Wu, 1982))



T = Pair CmUll}u @)

the drag coefficient, Cp is often represented by a constant.
The saturation specific humidity at the sea surface (q,) and the specific humidity
of the air near the sea surface (q,) are estimated as

go=6s(T,)0.622/P4 (8)
qa=es(Tg)0.622/P4 9)

where P,= atmospheric pressure, 0.622 is the ratio of the densities of the water vapour
and dry air, and therefore we can get

es(T,,)=10 [9.4-(2353)/To] (10)
es(Ta)zer [9.4-(2353)/Ta] (] 1)
3. Climatology

The monthly mean climatological SST at WHOI (Table 1) and DS1 (Table 2) is
of bimodal type with a primary maximum in May-June (i. e. around 29° C at both points),
a secondary maximum in October (27° C at WHOI and 28° C at DS1) (Hastenrath,
1979a). In response to the summer monsoonal forcing from June to August the sea
surface at WHOI cools by 3.8° C. Similarly the wind speed of the former point infer that
April month experiences less than 1 m/s while at the DS1 it is found to be greater than 3
m/s. From May onwards it appears to be increased to its peak, >15 m/s at WHOI and >
11 m/s at DS1 in the month of July. After attaining the maximum wind speed in July the
wind again started decreasing to a minimum wind of speed 1-2 m/s and 3-4 m/s at WHOI
and DS]1 points respectively in October (see Table 1 and Table 2). Furthermore the air-
sea mterface flux climatology (Hastenrath, 1979b) shows hi 2gh mcommg SW (~ 260
W/m? at both points), net outgomg longwave around 60 W/m® resulting in net all wave
200 W/m® at WHOI and 190 W/m® at DS1. The mean monthly climatology of the net
SW incoming radiation shows that the values are found to be decreased from April to
July (Table 1 and 2). It is clear from the Tables that mlmmum value of the incoming net
short-wave are in July (155 W/m? at WHOI and 150 W/m? at DS1). Thereafter it starts
increasing slowly. Net incoming all wave radiation is also found to follow the same
pattern, with a maximum 200 W/m? in April, minimum 118 W!m in July at WHOI while
at DS1, maximum 190 W/m? in April, and minimum 105 W/m? in July. After the onset of
the monsoon in June, SST is found decreasmg and therefore thc computcd sensible heat
(from Atmosphere to ocean) are found maximum 13 W/m? at WHOI in August, in
contrast to DS1 where the sensible heat (from Atmosphere to ocean) is found only 3
W/m?® while in other months the DS point showed negligible sensible heat. Because of
high wind speed the rate of evaporation are maximum 6.0 mm/day in the month of June
and July at WHOI and 6.8 and 6.0 respectively at DS1, while it is 2.3 mm/day in April
and 2.5 mm/day in September at WHOI. At DS1 the evaporation rate were found to be in
the same trend, only magnitude differs in slightly. At WHOI the month of May, June and
July are associated with latent heat (LH) flux more than 100 W/m?, (112 W/m?, 185




W/m?® and 160 W/m® respectively in May, June and July). The July latent heat flux is
found maximum. Similar variability of the latent heat flux is observed at the DS1 point.

The mean monthly net oceanic heat gain reveals that in the month of April and
May the ocean at WHOI is receiving the energy from the atmosphere, i.e. 115 Wim® &
82 W/m?® respectively (at DSl itis 95 Wfrn & 50 W/m?) while in June and July ocean is
loosing the heat 40 W/m? and 50 W/m? respectively. The net oceanic heat loss is more at
DSI1 (i.e. 80 W/m? in both June and July months) as compared to WHOI. This is because
of high latent heat flux and low lncommg short-wave radiation (SW) observed at DSI,
due to local cloud development. Again in August and September almost 100 W/m?
reductions in LH flux w1th respect to that of June imply that the net oceanic heat gain to
positive value of 40 W/m® & 60 W/m? respectwely at WHOI. Table-3 shows that the
average air temperature for the SW monsoon season is 0.2° C higher at WHOI and 0.3°C
higher at DS1 than the sea surface temperature. Similarly the sensible heat flux at WHOI
for the season is relatively small but of positive sign (ocean gaining heat). The latent heat
flux during the SW monsoon season increased initially with the wind speed but dropped
to zero in July. On comparing the climatology of the two points we found that almost all
the air-sea fluxes at both points are having the similar variability.

SST at the DS1 is 1° C higher in April with higher wind speed, and remained
almost constant at 29° C upto June, although wind as well as other parameters were
varying in the same way as at WHOI (except sensible heat). In April, May and June the
29° C SST shows the presence of climatological warm pool at DS1. At WHOI the SST is
highest (29.2° C) in May and then with the onset of the monsoon it started decreasing
from June onwards and SST was 25.2° C in August, implying that the sea surface cooled
upto 4° C from May to August. SST climatology at DS1 depicts that the SST drops from
and the minimum SST (27° C) is observed in August and September. It is important to
note that drop in SST at WHOI during August is much more than that at DS1.

The climatology of the Arabian Sea at WHOI shows that’ during the monsoon
season the positive curl of the wind stress enhances the upwelling. Espcclally, upwelling
in the coastal area (along the western boundary of the Arabian Scs{), bnngs up the cold
water and then transports to offshore (Shetye, 1986). Since WHOI pomt is considerably
far away from the coast and the observations are available only at the point of interest, it
is very difficult to estimate the contribution of coastal upwelling and its associated
advective effects in quantitative sense. Since the dynamics of the circulation off the
Somalia have received cansiderable attention, sufficient literature and data are available
for the analysis over Somalia region. But in contrast, very little is known about the rest of
the basin. So at present it is very difficult to simulate the sea surfage temperature of the
Arabian Sea realistically during the SW monsoon season unless the ‘thermodynamics and
dynamics are known adequately (Shetye, 1986). Apart from the cold water advection the
local entrainment and surface heat losses also cause the drop in the SST. But thc WHOI
observations revealed that the net heat flux to the ocean was positive (48 W/m? in June
and 56 W/m?* in July) during the SW monsoon-95 (Weller, 1998), which clearly indicates
that the observed cooling is due to the local entrainment resulting to the mixed layer
deepening and advection of cold water from the coast.

Figure (2) and (3) represent the T-S diagrams at WHOI and DS1 points
respectively based on the Levitus (1994) climatological dataset. According to Sverdrup, a
“water mass is defined by a segment of a T-S curve; in other words, a water mass is
characterised by definite ranges of both temperature and salinity, where as “water type” is



frequently used to designate a body of water with fixed temperature and salinity. So
according to definition a water type is depicted by a point on a T-S diagram whereas
water mass may consist of a mixture of two or more water types. The water mass
transport due to the currents at different levels is proved to be important in the Arabian
Sea especially in the monsoon period.

The mass transport at the two observational points was studied using the above
traditional T-S plots. The extreme cases were studied in detail. At the WHOI point, each
diagram of Figure 2 depicts the T-S plots for a couple of months in pairs in sequence,
from January to December. Upper left panel of Fig. 2 shows the plots for January (*) and
February (0). Similarly, lower right panel of Fig. 2 shows the plots for November (*) and
December (0). Nevertheless the remaining four figures follow the sequence in between
the above two figures. Fig. 3 is same as Fig. 2, but for the DS1 station. In the above
diagrams the abscissa depicts the salinity (in psu) and the ordinate depicts the potential
temperature in degree celcius. The straight lines sloping upwards from left to right
depicts the isopycnal (lines of equal density) also known as isopleths of density. The
symbols plotted in figures depict the water mass characteristics at 19 standard depths (0,
10, 20, 30, 50, 75, 100. 125, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900 and 1000
m). It is interesting to notice that at WHOI among the months, the October climatology
has shown a sudden abrupt change in the curve with an increasing trend in salinity with
depth from 125 m to 500 m. At 500 m depth the salinity has attained a maximum salinity
of 36.0 psu. It is very difficult to assess the reason for a sudden occurrence of such high
salinities between 125 to 500 m depth. In the top 20 m salinity is found increasing with
depth in October month at WHOI point. Between 20 m and 100 m and at the three deeper
levels (800, 900 and 1000 m) the salinities of September and October are same. The
October climatology has shown a sudden transport of red sea water (RSW) at 500 m
depth in to the point (Fig. 2) and region as well (see Fig. 4). In contrast at the DS1 point
September climatology showed a transport of low salinity water at around 200 m depth.
To understand the source of the water mass, the spatial distributions of water mass
salinity are analysed. Figure 4 further strengthens our statement that at WHOI point;
RSW is found around 500m depth. Figure 5 confirms that the low salinity water observed
at DS1 around 200m is not from Bay of Bengal. It may be caused due to possible river
discharge from the rivers Mandvi, Narmada and Tapti. Figure 6, the time-latitude and
time-longitude sections further strengthen the source of low salinity water entering the
region in September.

4.Results

To understand the complete variability of the mixed layer in diumnal and intra-
seasonal scales, detailed analysis of the observed data is carried out in the present study.
Figure 7 to Fig. 12 show the diurnal variation of the different fluxes and several oceanic
and meteorological observable and estimated parameters for the months April to
September 1995. The radiative fluxes are taken as follows: positive when the ocean is
gaining and negative when atmosphere is gaining. Figure 7 shows the diurnal variation
of (a) Net flux , (b) Mixed layer Depth, (c) Wind Speed (Ws) and wind direction (here
the criteria of wind direction is towards this direction vide ref. Weller et.al.,1998) (Wd)
and (d) Air temperature (Ta) and Sea Surface Temperature (To) at WHOI mooring during
April 1995. Figure 8 to 12 show the same parameters similar to Figure 7(a to d) but for
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May, June, July, August and September respectwely Net flux was found to oscillate
across the average monthly value of 125 W/m® with daytime maxima and nighttime
minima. Maxima m day time have reached upto a high value of 900 W/m® and a low
value of 700 W/m?, while due to radiational cooling during night time the net has flux
reached upto -350 Ws‘m2 or less. Average value of the mixed layer depth for April at the
WHOI point was 12 m, and it was found to vary between 5 m and 60 m. Diurnal variation
in the wind speed was not very significant, mean monthly wind speed was 3 m/s and
mean monthly wind direction was about 70 degrees. Air temperature for the April was
found to oscillate across an average monthly value of 27.5° C, while an average SST in
April 1995 was 28.5° C. It is seen that on an average SST was 1° C higher than the air
temperature. Fig. 8 shows the diurnal variation of the above said garameters during May-
1995. Average net flux for May was found reduced to 100 W/m®, During day time heat
flux was found to be between 700 W/m® and 825 W/m?. The average MLD for the May
was 23 m. Wind speed for the month of May was found varying between 9.5 m/s and 0.5
m/s with average value of 4.25 m/s. Diurnal plot of the Air temperature and SST are
deplcted in Fig. S(d) Difference between average SST (29.8° C) and air temperature (29°
C ) is still high. It is clear that during April and May the day time maxima in net flux
appears to have reached a high valuc around 800 W/m? and during mght time ocean is
found to loose only around 200 W/m?. The diurnal cycle of the wind is in phase with the
MLD (see plot (b) & (c) of Fig. 7 and 8). Large diurnal variation of the MLD is observed
in April. MLD was found to vary from 2 to 30 m in April. Significant diurnal variation in
SST is also observed during April, which is a rare feature over the oceans. In Fig. 8, from
19™ to 30" May, the wind speed was found weak (i.e. approx. 2 m/s) without diurnal
variation, but noticeable diurnal cycle in the MLD (Fig. 8b) was observed which may be
related to the varying wind directions seen in the observation. Thus the large diurnal
variation in the SST observed in May is mainly due to the abnormal variation in the wind
field and radiation, which in turn affect the MLD. In the beginning of May, SST was
found to be around 30° C and started decreasing after 3" May; this is mainly associated
with the observed strong winds. The wind appears to have weakened after 17 May and
continued upto 19 May and became constant at 2m/s during the rest of the period.
Following this change in wind speed the SST started nsmg (inspite of large diurnal rain)
quickly from 30° to 31° C during the same period from 17" May to 31* May.

Avcrage net heat flux at the ocean surface in the month of June (Fig. 9) was about
50 W/m?, which is one of the most striking features observed Net ﬂux peaks in the
daytime was found to be oscillating between 500 W/m?* and 800 W/m?, while during
nighttime it has varied from -200 to - 250 W/m®. Average MLD was 45 m. The MLD was
found to have 65 m maxima and 12 m minima. Initially, in the first half, the wind speed
had increased and reached up to 12 m/s in the mid June. At the onset of the monsoon
wind speed rose initially in early May, and then became light, before rising again in early
June. Both the timings of rise in wind speed are well matching with that found by Fieux
and Stommel (1977) for the multiple onset years. Year 1995 seems to be showing the
characteristics of the multiple onset years. According to Faiux and Stommel (1977)
multiple onset year is characterized by an early beginning of SW winds followed by a lull
in the monsoon with partial failure of the winds and then resumption of full strength
delayed until about 6" June. Based on the above mentioned criteria Weller (1998)
accepted this year as a multiple onset year. In the second half consistent decrease in wind
speed between 10 m/s and 15 m/s with negligible diurnal variation was observed. On an
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average 10 m/s wind speed and 65 degree wind direction was observed. The SST was
found to have decreased from about 30.75° C to 28.6° C for the first half of the month.
The SST has remained constant during the second half of June. This type of steep
decrease in the SST after the onset of the SW monsoon was also reported by Rao (1987).
Although monsoon induced cooling has affected the air and sea temperatures, still on an
average SST were observed to be 0.05° C higher than air temperature. Mixed layer depth
and wind speed showed similar trend upto mid June. There after an opposite trend. There
were no incidence of precipitation observed in June and the high wind speed has initiated
the mixing process, which resulted in increasing MLD. Fig. 10 shows the diurnal
variation of the same parameters for the month of July. The net flux was found to have
oscillated across the average monthly value of approximately 60 W/m® with daytime
maxima and nighttime minima. Maxima in day time reached upto maximum value of
825 W/m® and minimum value of 700 W/m?, while due to radiational cooling during
night time the net flux reached upto -250 W/m? or less. Average value of the mixed layer
depth for July at the WHOI point was 65 m, and it was found to vary between 30 m and
90 m. Mean monthly wind speed was 12.5 m/s, and mean monthly wind direction was
towards 54 degrees. Previous months decreasing trend in SST and air temperature was
continued in July also. They have reached to 25.25° C and 26° C respectively. Air
temperature for the July was found oscillating across the average monthly value of 27.4°
C, while average SST in July 1995 was 26.8° C. However, in this month the average SST
was 0.6° C lower than the air temperature. The reductions in the net heat flux in July are
explained by analyzing different components of the air-sea fluxes. Increased wind speed
had increased the rate of evaporation and therefore the latent heat (LH) flux which infact
has negatively contributing to the net heat flux. Similarly the presence of clouds could
also reduce the incoming radiation. The previous observations and model studies also
showed that the month of July is associated with the strongest winds, high evaporation
rate and cloudy sky. It is important to note that the air temperature (AT) is greater than
SST in July, while the SST is found greater than AT in the other months. In mid July
wind speed was found increasing up to 16-17 m/s, climatologically it is the seasonal as
well as annual maximum value, again decreased to 9 m/s towards the end of the month.
Wind direction was found almost steady towards 55 degrees. Significant SST reduction
by almost 3° C (May to July) and deepening of MLD were observed in July.

Figure 11a shows that the net flux was varying between -125 W/m’ and 820 W/m?
with an average monthly value of 130 W/m? approximately. Wind speed in August has
varied between 7 m/s and 10 m/s with relatively steady wind direction. The average
mixed layer depth for the month of August was 35 m with diurnal variation ranging from
15 m to 60 m. Air temperature was constant with average 26.5° C, average SST for the
August was 26° C, still lower than air temperature. But SST was found increasing with
the advance of the month, average SST for the August was 26° C, still lower than the air
temperature. The month of September is characterized by the withdrawal of the south
west monsoon from the entire Indian subcontinent. Average net flux for the September
was 125 W/m?, average MLD was 32 m, mean monthly wind speed was approximately 7
m/s with the average wind direction of 70 degree (Fig. 12). The temperature of the sea
surface is now found to increase rapidly. The monthly mean value (27.5°C) is 0.3°C
higher than air temperature. There exists two si%‘niﬁcant bad weather periods during
September. The first period corresponds to 11" September and the second period
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corresponds to 18" September. On both these days the air temperatures seems to have
fallen to 23.75°C and 24.5°C respectively. The reason for the sudden fall of the above
air temperatures is observed to have occurred following an event of rainfall spell in the
wake of convective clouds. It has been observed that on both these occasions the day time
net heat flux and wind speed have decreased substantially as compared to the immediate
neighboring days due to the possible presence of cloud. The plausible reason for the fall
in wind speed is found to be due to an increase in pressure field on these days. Here, one
can anticipate a horizontally moving surface pressure wave (vide Fig. 2 of Weller et. al.,
1998). It is further found that the MLD appears to have decreased during following
consecutive days a rise in SST, on corresponding rise in net radiation and associated
week wind speed.

5.Discussions

In the foregoing section we have described some significant salient features on a
diurnal, synoptic and monthly time scale. It has been observed that the upper ocean seem
to have affected month after month due to the variation of surface meteorological fields
with the growing monsoon conditions. It is not yet clearly known to what extent the
upper ocean has responded to the ongoing activities of the immediate neighbor, i.e. the
atmosphere near the WHOI buoy. To understand the transport of mass and heat in the
different layers of the upper ocean water column, the monthly mean current and
temperature profiles upto 100 m are analyzed in detail. Fig. 13 (a)-(f), shows the above
monthly mean current and temperature profiles at 15.5° N, 61.5° E from April-1995 to
September-1995. For the months of April and May (Fig. 13a, continuous line) the mean
monthly current speed was small. In top 50 m the current was close to 5 cm/s. In April
the surface current was found eastward, while at 10 m depth the watér transport was from
west south-west (approximately 62° from true north). It was from west to east in 20 m to
50 m below that relatively stronger current at around 65 m was observed (west North
West). April SST was around 28.5° C and the MLD was approximately 18 m (Fig. 13c,
continuous line). May current below 20 m depth was almost constant (5 cm/s), however
the direction changed drastically.

May current profile strengthens the role of Ekman drift in the surface upto 40 m
(Fig. 13a, dotted line). Due to the strong winds in June (Fig. 9) the Ekman current (drift)
(i.e. Surface current direction is approximately 45° right from the wind direction in NH)
was observed at the surface. It is a clear indication that the currents are dominated by
Ekman drift during this period. In the top 40 m the currents were found decreasing with
depth but the direction was almost constant at around 110° from true north (i.e. East
south eastward current). In July (Fig. 10) the mean monthly south westerly winds of
considerably larger speed (12.37 m/s) was observed. Average currents at each level were
2.5 times of the June currents (Fig. 13d). Strongest wind supported the Ekman drift,
which resulted in the surface current of 40 cm/s flowing from west to east. During July
the current direction (Fig. 13e) in the top 100 m was almost constant (eastward). Coastal
upwelling along the coast of Oman and the cold water upwelling in the Socotra eddy
region and its possible advection may be contributing a bit in July cooling (Figures not
shown). High wind speed of July (Fig. 10) has supported the wind mixing in the mixed
layer which resulted in deepening and cooling due to the entrainment of the cold water in
the mixed layer. Strong currents in the upper layer can bring the cold water towards the
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point of observation which will result in the cooling of the mixed layer. Mixed layer was
found upto 65-70 m deep in this month with the SST of about 27° C which is around 1° C
less than June SST (Fig. 13c, f). Since the under water currents at DS1 were not
observed, it is of no use to discuss the possible mass and heat transport at DS1 during the
observation period.

The physical processes controlling the SST in August (Fig. 11 d) attracts its own
importance. Eventhough the wind speed (Fig. 11c) was reduced to 9.33 m/s but still
strong enough to stir the ocean. Ekman component of the current is found to be very
weak in this month (Fig. 13d). Current profile of the month of August (Fig. 13d) reveal
that the strongest surface current of 55 cm/s eastward (Fig. 13e) was observed at the
surface, the current was found decreasing with depth but maximum currents speed is
found during this month at all levels, the direction of the current was almost constant
around 140° from true north (i.e. southeastward). In August (Fig. 12f) SST reduced by
1° C, while the mixed layer depth shallowed (approximately 32 m). Since mixed layer
shoaled in this month, SST cooling is not due to wind mixing but only due to advection.
The speculation attracts much attention when we found that the August (Fig. 5) current
was also favoring the cold water entering the region from the coast of Oman. However,
some more observational evidence is essential to conclude the role of advection. In
September with the retreat of the monsoon winds (Fig. 12c) were decreased.to a low
value of 6.82 m/s coming from SW, current (Fig. 13d) was decreased to around 20 cm/s
at the surface and the direction (Fig. 13e) of the current was less than 50° from true north
(i.e. coming from SSW). Fig. 13 comprises the daily mean plots of the air-sea interface
transfer fluxes at WHOI for the monsoon season (i.e. 153 days starting from 1% April to
2" September). This Figure has clearly shown that with the onset of the southwest
monsoon, the short wave radiation reduced, which may be due to the possible presence of
clouds (Weller et. al., 1998) over the observation point. Although the other fluxes are also
contributing towards the net heat flux (Fig. 14) the short wave radiative flux is found to
have controlled the net heat flux (dotted curve) during the monsoon season. Steep
decrease in net flux on around 15" June, 22™ July and around 12" August was in phase
with that in short wave radiation. Similarly peaks of the both fluxes on 23" June, 12"
July, 18" July and 10" August are also due to the short wave radiation. Since latent heat
loss and the effective long wave radiation over the ocean are reduced during the monsoon
season and found varying between 50 and 100 W/m? and around 50 W/m® respectively,
therefore only short wave flux henceforth is controlling the net flux.

Further Fig. 15 shows the mean monthly sea surface temperature, net heat flux,
sensible heat flux and latent heat flux at the point WHOI buoy with the available
climatology from different sources. The only variable that almost all the climatologies
could match well is sea surface temperature (Fig. 15a), however, the NCEP (Reynolds,
1998) SST (SST OI V2) is very well matching with the observations for all the months.
Net heat flux at the point (Fig. 15b) was compared with that of Oberhuber (OBH)
climatology and Southampton Oceanographic Center (SOC) climatology. It was found
that OBH climatology was quite low for the entire monsoon season, while SOC values
were in good agreement, except in the month of August where it was very low as
compared to the observation. Sensible heat flux at the point is very well matching with
the climatology, except during monsoon season, the climatology estimated from the
Florida State University data set (1960-1980) and SOC climatology is not in good
agreement during monsoon season, however, the OBH is well matching (Fig. 14c).
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Similarly the latent heat flux is also compared with the FSU, OBH, SOC climatologies
but none of them could reproduce as the observed high peaks of around 200 W/m? in the
month of December and the low value of 70 W/m? in August. It shows that none of the
climatology is in good agreement with the observation. Weller et. al. (1998) suspected
that the year 1995 was a typical monsoon year in terms of its heat exchange and wind
stress forcing, but due to limited availability of such data the fact is not verified. Fig. 15
shows the time depth variation of Levitus (1994) monthly climatology and observed
temperature and salinity and found that the observed temperature profile at the point is
well comparable with the Levitus, 1994 (a,b), but salinity profile was not in good
agreement. It is important to note that the Levitus climatology is the latest and it is
available at finer resolution exactly (1 ° x 1°), which is comparable with the observations
(grid is coinciding with the observation point). Thus one can conclude that none of the
climatology could give the real picture in this part of the ocean, especially the fluxes are
most difficult to reproduce. Although, our study confines to observation points only (Fig.
1), and the climatology which is compared is linearly interpolated from the available grid,
the chances of errors can not be ruled out, but still the variation is too large to be
discussed on this ground. So a better climatology for this region is still required. The
study shows that the old climatologies are loosing their significance and climatologies
based on the data of recent years are very much essential for better understanding of the
climate.

Figure 17 shows the SST and the flux computed at the DS1 location. Observed
Sea surface temperature at DS1 is in good agreement with the NCEP (Reynolds, OI,
version 2, data of 1998). SST (Fig. 17a) climatologies like FSU and OHB are not well
matching with the DS1 observations. On the other hand Fig. 14 shows that the same
climatologies were in close agreement with the WHOI observed SST. NCEP concurrent
data is very well matching at both points. Validation of SST and wind speed observed at
the DS1 using TRMM data has already been done by Senan et. al. (2001), but older
climatologies are not matching with the observations. Thus one can easily come to
conclude that the warm pool region of the eastern Arabian Sea is warmer than the
climatology throughout the year. Different components of the heat fluxes are estimated
using the formulae discussed earlier. It is observed from the Fig. 17 (b-d) that all
climatologies are well matching among them, but none of them was found capable
enough to match with the observation throughout the year,

Geographically WHOI and DS1 buoy points are falling on the same latitudinal
belt, however, the longitudes and the period of observations are differed. Fig. 18 shows
the mean monthly (a) SST (°C), (b) wind Speed (m/s), (c) barometric pressure (mb) and
(d) air temperature (°C), at both WHOI and DSI buoy points. Fig. 19 depicts the
comparative plots of mean monthly (a) zonal wind (m/s), (b) meridional wind (m/s), (c)
and (d) zonal and meridional currents (in cm/s) respectively at the above same points. As
discussed earlier air-sea flux climatology of the points (Table-1 and Table 2) show almost
similar variability during April to October. e.g. both the points are attaining maximum.
As it is clear in the Fig 17 that the abrupt termination of spring warming (Sengupta et. al.
2002) at Arabian Sea DSI buoy in late May and early June is due to the passage of the
Tropical Cyclone 03A and 02A (Climate Diagnostic Bulletin of India, IMD, New Delhi)
close to the position of the buoy. Similar changes in the wind speeds and the surface
currents were also observed with the appearance of the cyclonic disturbance.
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6. Conclusion

In the context of the Indian summer monsoon one question is often asked: "How
important is the initial state of Indian Seas, particularly of the Arabian Sea, for the
subsequent Monsoon?” The present study was an attempt to understand the importance
and physical processes occurring in the region using the available data sets. The study
reveals that wind speed is the controlling parameter of the mixed layer depth, both on
diurnal scale and monthly scale. The wind directions are also equally important in
determining the mixed layer depth. In most of the cases the frequent changes in wind
direction was the reason for increase in the mixed layer depth and its significant diurnal
variability associated with less wind speed was observed in many occasions. Different
climatologies were compared with the observed data and it was found that year 1995 was
a typical southwest monsoon season in terms of the onset, heat exchange strength and
different wind forcing during the two monsoons. In the first week of May wind speed was
found to increase and the direction has changed to southwesterly. On 18" May the winds
were reduced to the magnitude 2-4 m/s after attaining the speed of 9m/s on 15® May.
Wind directions were also found changing between 50 degrees and 175 degrees.
Afterward, in first week of June wind started increasing gradually and reached to more
than 10 m/s on 9" June accordingly the wind direction had also changed to southwesterly.
The year 1995 was a multiple onset year with an early onset (around 10" May) followed
by a lull (after 18" May) and then resumption of second monsoon onset to its full
strength on 9" June. Strong advective currents in August is found to be responsible for
bringing cold water mass in the region and resulting strong SST cooling. Also in August
Ekman component of the current is found weakening, which was strong in May, June and
July. The SST in the region warms by 3-4° C in the spring season, (April May). Surface
and subsurface observations in the WHOI show a net surface heat loss of about 100
W/m? in spring with SST rising 4° C from mid February to mid May. Upper ocean
processes in spring are primarily found to be one-dimensional with the warming being a
response to surface heat flux minus penetrative radiation flux. However, the oceanic
processes during the southwest monsoon are found to be more complex and more
observations are essential for understanding the processes in detail. The DS1 observations
were analysed mainly to compare with the WHOI, as they are incidentally fallen on the
same latitude. This study further stresses that the eastern Arabian Sea (near DS1) is
highly warmer throughout the year during 1998as compared to the normal monthly SST
(Fig. 17a). Although the above result s true and confined to only one-year observation, it
is too early to come to a conclusion that this warming phenomenon repeat every year.
Therefore further studies on the mixed layer physics using more available marine
meteorological data of NIOT buoys are required to be analysed to see weather the above
warming phenomena is occur in other years also.
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Table -1: Climatological ( Hastenrath, 1979 (b)) Surface Heat fluxes at WHOI

Month

Net

O

April 260
May 245
June 178
July 155
August = 185
Sept. | 180
Oct. 220

: Net
sw¢T) (LWN)
(Wim ) (me )

(i)
60

55

|

ation

(in mm -

H;O!day)
23
3.8
6.0
6.0
33
2.5
2.8

Fluxes at 15.5° N 61.5°E

I Net All ' Sensible Latent
wave ! Heat Heat |
(W!m ) | (Wim? ) (W!m )
G- '

200 |_ 0o | 80 |
184 | 0 | -2
135 | 2 -185
18 © 9 -160 |
130 . 13 95
135 | 5 | -8
150 | | -80

| Evapor- | '

i
1

_ | SST | Wind |
‘Net
. Heat- | (°C) | Speed
(g?ﬁ‘) (s,
115 | 28 | <1
82 | 292 | 3-4
40 | 284 | 11-12
50 | 262 | >15
4 | 252 |11-12°
60 | 25.6 | 6-7
70 | 274 | 12

(15.5°N, 61.5° E) - Prepared from the Atlas
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Table -2: Climatological ( Hastenrath, 1979 (b)) Surface Heat fluxes at DSI
(15.3°N, 69.3° E) - Prepared from the Atlas
Month Fluxes at 15.3°N 69.3°E “‘T"'§S_T"T“7ind'

Net Net  Net All 'Sensible Latent Evapor-  Net
(SW-LT)|{LWT~L) wave Heat Heat . ation | Heat- (C) - Speed .

(Wim?) = (W/m?) (Wim?) (Wm?) (W/m?) | (in mm - Gam | (ms) |
S a@ | @ [B:0/day)| (Wim?)
April 260 57 190 0 80 © 34 95 | 289 | >3
May 230 - 168 © 0 -8 | 4 | S0 | 29 | 3-4
June 160 - |18 0 19 | 68 | 80 | 291 | 89
July 150 | 34 . 105 \ 0 - -160 | 60 | -80 | 281 | >11 |
Augist 160 | - 120 | 3 20 | 4 | 0 | 27 | 89
Sept. 8 | - 125 | 0o | 80 | 3 40 | 27| s
Oct. | 198 | 49 l 135 l 0 ‘ 80 | 3 | 40 | 28 | 34
(41=i mcommg -outgomg, TJ— outgoing- incoming) N
Table-3 Average value of observables and air-sea fluxes during
SW monsoon (June- September)
Parameter ~~ Wind | Temperature I' " Heat Flux (Watt/m?)
l_mliéa""ﬁr 'SST | SH | LH | SW | LW | Net
- L(m!s) (deg) | (°C) 1 O | (net) | (net) | Flux |
WHOI - 1995‘ 10. % 5‘1""_27'."54 | 27.34 -| 53 |-110 [2202] -26 | 89.5
DSl 1998 | 752, i __:__:'”2‘819“3 l[ 2’8.551I 4.6 [-148 [222.8]-22.8| 56.5
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Seplember

56 58 G0E 6 G4E G6C GBE FO0E 7E 74E  T6E  7BE
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&)

Oclober
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Fig. 4: Levitus climatological Salinity (in psu) at 500 m depth
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Fig. 5: Levitus climatological Salinity (in psu) at 200 m depth
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1 35.2 35.3 354 35.5 35,6 358 358 36 6.1 36.2 36.3
November

59 36 36.1 36.2 36.3 364

438 35 36.1 Jb.4 365 38.6 35.3°35.4 355 358 357

Fig, 6: Vertical section of Levitus climatological Salinity (in psu), left panel shows
zonal variation & right panel meridional variation along DS1 point
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