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Turbulent fluxes over east-central Arabian sea during M O N E X
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Fluxes of momentum, latent heat and sensible heat at fixed stations in the
east-central Arabian sea during MONEX were studied. Observations at the same
locations at different periods as well as simultaneous observation at different locations
were compared. During the advance of monsoon, momentum flux showed remarkable
increase. Latent heat loss from.sea also increased while sensible heat flux, in general,
changed direction to become a gain by the sea. SST decreased by about 1.5~ and air
temperature decreased by about I~ during the advance phase. A north-south difference
in SST in the study region seemed to be favourable for the genesis of onset vortex of
monsoon. The possible differential effect of this storm at two different locations,
depending upon the SST before the storm, is also discussed.
Abstract.
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Introduction

Air-sea interaction is one of the factors that influence monsoons. Different aspects
of air-sea interaction over Indian Ocean in general and the monsoon regions in
particular have earlier been studied (Colon 1964; Pisharoty 1965; Hastenrath and
Lamb 1979; Reddy et al 1984a; Rao 1984). In the present investigation, based on
MONEX data, turbulent air-sea fluxes across sea surface at fixed locations in
east-central Arabian sea in pre-onset and advance phases of monsoon have been
examined. The possible differential effect of onset vortex at different locations has
been discussed.

2.

Data and methods

The locations and periods of observation and reference numbers used for each set
ef observation are given in table 1 (see figure 1). Surface meteorological data
collected during M O N E X from these locations were utilized for computing fluxes
of momentum (r sensible heat (Qs) and latent heat (Qe) using bulk aerodynamic
formulae
T = p C D U 2,

(1)

Qs = pCHCp(Ts-T,,) U,

(2)

Qe = p CE L (qs--qa) U.

(3)

Here p is the density of air, Cp the specific heat at constant pressure, L the latent
heat of evaporation, T~ the SST, Ta the air temperature at deck level and qs and q,,
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Table 1.

Locations and periods of observations.

Name of
ship

Number

Location

Period of
observation

Phase of
monsoon

Darshak
Darshak
Darshak
Darshak
Deepak
Deepak

I
II
II-A
III
IV
V

9~ 68~
8.9~176
12~ 68~
9~ 68~
15~ 65~
15~ 65~

2.5.79 to 12.5.79
26.5.79 to 3.6.79
4.6.79 to 5.6.79
21.6.79 to 23.6,79
17.5.79 to 8.6,79
19.6.79 to 25.6.79

Pre-onset
Pre-onset
Pre-onset
Advance
Pre-onset
Advance

1t9

6,5*

Figure 1.

India

~

7.5*

S5~

Station location and track of the storm showing the dates.

the specific humidities at these levels. U is the wind speed at deck level, Co the
drag coefficient and CH and CE the exchange coefficients for sensible heat and
water vapour respectively. Fluxes computed at 6 hr intervals were used to obtain
average daily fluxes.
2.1

Exchange coefficients

Although early studies assumed a single and constant value for Co, CH and CE,
subsequent investigations revealed that a single value is not adequate for
computing different fluxes. Several investigators earlier indicated that Co was not
constant but increased with wind speed (Smith and Banke 1975; Garratt 1977;
Smith 1980; Wu 1980; Large and Pond 1981) which agreed with the suggesti6n by
Charnook (1955) based on theoretical considerations. CD obtained by Smith (1980)
was (0-61 + 0-063 U) x 10 -3. Somewhat similar relationships were seen by Smith
and Banke (1975) and Garratt (1977). Smith (1980) indicated that drag coefficient
appeared to be nearly constant for winds below 10 m sec-1 but increased rapidly at
higher wind speeds. Stability of the atmosphere also influences the air-sea flux and
hence exchange coefficients. Stable stratification inhibits turbulence and decreases
the flux. Under unstable conditions turbulent exchange is enhanced by buoyancy.
Stability is mainly caused by vertical temperature gradient. The effect of moisture
on stability is significant only in near neutral conditions of atmosphere (Launiainen
1979). Smith (1980) found a dependence of Co on stability but a quantitative
functional relationship was not obtained. Kondo (1975) plotted the exchange
coefficients as a function of wind speed and air-sea temperature difference.
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Various workers had suggested that CH = CE. According to most experiments this is still valid (Launiainen 1979). Pond et al (1974) obtained
CH = CE = 1-5 • 10-3 for normal temperature conditions and Smith (1974) got
1.2 x 10-3 for CH and CE. Hicks (1972) found both coefficients to be 1.4 • 10-3.
Ct4 does not depend strongly on wind speed but depends on stability (Smith 1980).
Friehe and Schmitt (1976) found that CE > C/4. Exchange coefficients were
reviewed by Garratt (1977), Bunker (1976), Smith (1980) and Friehe and Schmitt
(1976). Extensive micrometeorological observations made using an automatic sea
mast in the Gulf of Finland and various theoretical aspects of air-sea turbulent
fluxes were discussed by Launiainen (1979).
Bunker (1976) presented Co and CE in the form of tables for different wind
speeds and air-sea temperature differences and suggested that values of CE could
also be used for computation of Qs. For studying wind stress over world oceans,
Hellerman and Rosenstein (1983) developed a polynomial for Co using the values
of Bunker (1976). CE presented by Bunker (1976) was used for latent and sensible
heat computations by Rao et al (1978), Weare (1983) and Reddy et al (1984 a) using
climatological data, and by Reddy et al (1984 b) and Anto et al (1982) using
MONEX data. For the present study also, Co and CE, which varied with wind
speed and air-sea temperature difference, were extracted from the tables given by
Bunker (1976).

3.

3.1

Results
Observations at same locations

3.1a Observations at 9~ 68~ Observations from this location were taken on
periods I, II and III. Observations made (at 12~ 68~ between these observations
are indicated as IIA (table 1).
1 2.5.1979 to 12.5.1979: During this period (figure 2) wind stress was generally low

(< 0.90 dy. cm -2) excepting on the last two days when it increased to about 1.5 dy.
cm-2. Latent heat of evaporation mostly followed the trend of r and varied between
130 and 570 cal. cm -2 day -1. Heat loss by sensible heat ranged between 5 and 45 cal.
cm-2 day-1. The increasing trend of fluxes was due to increase in wind speed
associated with a cyclone in Bay of Bengal. SST varied between 29.8~ and 31-0~
and air temperature was always less than SST by about I~
H 26.5.1979 to 3.6.1979: Calm weather prevailed during this period. Stress was

about 0-60 dy. cm -2 on 26th May and decreased considerably on subsequent days.
Latent heat was generally about 200 cal. cm -2 day -1 except on 26th when Oe was
400 cal. cm -2 day -1. Sensible heat loss of about 30 cal. cm -2 day-1 observed on 26th
decreased on the following days. Both followed the pattern of momentum
variation. SST varied between 30~ and 31~ Air temperature was in general less
than SST.
Observations for the next.two days (IIA-table 1) at 12~ 68~ also showed low
values of ~-, Oe and Qs. SST was about 30.5~ and air temperature also had similar
values.
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Variation of fluxes and temperature at southern station.

III 21.6.1979 to 23.6.1979: These observations were made after the monsoon had

set in, in the wake of an onset vortex which formed east of the station and moved
away, intensifying into a storm. As compared to the earlier occasions, wind stress
was higher (1.1 to 2-5 dy. cm-2). The Russian ships which had formed a polygon
south of this station also experienced an increase in wind speed associated with the
storm (Shajahan 1980). Latent heat on the first day ( - 150 cal. cm -2 day-l) was
similar to those during the earlier undisturbed weather conditions. Low evaporation, despite higher wind speed, was due to the presence of moist air as deduced
from wetbulb depression. While wetbulb depression was about 3.8~ during
undisturbed situation, it decreased to about 1.3~ on 21st June. However, on the
following days wetbulb depression increased to about 2-7~ and this, together with
increasing wind speed, resulted in increase of Qe- On the first day of observation,
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slight gain of sensible heat by the sea was noticed and on the next two days the
sensible heat loss steadily increased to about 30 cal. cm -2 day -~. SST had recorded a
fall from the values of the previous set of observations and was about 28-5~ Air
temperature was slightly greater than SST on the first day and decreased to values
less than SST on the next two days.
3.1b Observations at 15~ 65~ Two sets of observations (designated IV and V)
were made from this station (table 1). As this station was nearer to the track of the
onset vortex, these two observations will show situations before and after the
storm.

IV 17.5.1979 to 8.6.1979: During this period (figure 3), wind speed was low with
the stress varying between 0.02 and 0.8 dy. cm -2. Latent heat, in general, followed
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Figure 3. Variation of fluxes and temperature at northern station.
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the pattern of variation of stress and ranged between 40 and 350 cal. cm-2 day-1.
Sensible heat exchange was also low and varied between - 1 7 and 13 cal. cm-2
day-1. From 25th May onwards SST showed a slight increase of about 0.5~ and
decreased from 4th June onwards. Air temperature was, in general, less than SST
by about 0.5~ From 25th May onwards air temperature increased suddenly by
about 1.3~ upto 30th. From 6th to 8th June, the air temperature was greater than
SST by about 0-8~ This is because of a fall in SST as well as an increase in air
temperature noticed on these days.
V 19.6.1979 to 25.6.1979: The onset vortex mentioned earlier had passed near the
station two days before this set of observations commenced. Convective weather
was present and the monsoon had set in. Wind stress was high and varied between
4.5 and 8.0 dy. cm-2, with the minimum value on 23rd June. Nyenzi (1980) while
studying zonal time sections of wind along 65~ during MONEX (the present
longitude) had observed high westerly wind from 14th June to the end of the month
with a break on 24th June at 850 mb surface. Latent heat was high and varied
between 480 and 820 cal. cm-2 day-1. Minimum evaporation was observed when the
wind speed was minimum. During this period, the air at this location was generally
less moist (wetbulb depression of about 3~ compared to southerly station. This,
along with very high wiod speed caused high evaporation. Sensible heat varied
between -45 and 55 cal. cm-2 day-1. SST was 29-3~ on the first day of observation
and progressively decreased by about 1.5~ on the subsequent days. Air
temperature was, in general, greater than SST and showed a progressive decrease.

3.2 Simultaneous observations
As seen earlier, there are occasions when observations were made simultaneously
at two locations. To make comparisons easier relevant parts are again presented in
figure 4.
3.2a Observations at 9~ 68~ and 15~ 65~ from 26.5.1979 to 3.6.1979: The
pattern of stress variations was similar at both the locations although slightly higher
values were encountered at the northern location. In general, the variation of latent
and sensible heats at both stations was comparable. SST was greater by about I~
at the southern location on 26th and was more or less equal at both locations on the
following days. The same data at the southern location (Shajahan 1980) also
showed a decrease in SST after 26th. Although the present observations at the
southern station was completed on 3rd June, the observation by Russian ship Volna
at a closeby station (9-2~ 66.7~ presented by Shajahan (1980) indicated equally
high SST. However, the northern location (see w 3. lb) showed a decrease in SST
from 4th June, thus exhibiting a north-south gradient in SST. Air temperature was
in general comparable at both the stations.
3.2b Observations at the above locations from 21.6.1979 to 23.6.1979: As compared
to the previous occasion, stress was greater at both locations. However, of the two
stations, wind energy was considerably higher at the northern station. During this
period of observation, wind stress decreased at the northern station while it showed
a slight increase at the .southern location. The decrease at the northern station is
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Figure 4. Variation of fluxes and temperature during simultaneous observations.
(
southern station and . . . . .
northern station)
associated with the fall in wind speed along 65~ (Nyenzi 1980). The meridional
sections of wind further east, presented by Nyenzi (1980) do not exhibit this fall in
wind speed. The southerly station which was located at 68~ 9thus did not show the
decrease in wind speed. Evaporation was greater at the northern station and at
both the stations, in general, latent heat followed the pattern of wind stress. While
there was a heat gain due to sensible heat at the northerly station on 22nd and 23rd,
there was a heat loss at the southern location. Both SST and air temperature were
higher at northern station.

4.

Discussion

According to the terminology used during MONEX (FGGE 1981) the present
observations can be classified as those during 'pre-onset' and the beginning of
'advance' phases of monsoon. Average fluxes for the two phases are presented in
table 2. Average wind stress increased remarkably during the advance phase to
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Table 2. Averagefluxes during pre-onset and advance phases of
monsoon9
Pre-onset
phase
No. of observations
Air temperature (~
SST (~
z (dy.cm-2)
Qe (cal. cm-z day l)
Qs (cal. cm-2 day 1)

185
29.6
30.0
0.4
219.0
8-0

Advance
phase
38
28-7
28-6
5.3
546.0
-8.0

about 5.3 dy. cm-2. Similar values associated with increase in monsoon activity
were observed in the Arabian sea by Pant (1977). Average fluxes of latent heat and
sensible heat during pre-onset phase were about 220 and 10 cal. cm-2 day-1
respectively. These values, in general, agreed with those by Hastenrath and Lamb
(1979) for May. During advance phase, average fluxes were about 550 cal. cm-z
day-1 and - 1 0 cal. cm-2 day-1 for latent and sensible heats respectively. Daily
average fluxes of similar magnitude were reported from this area by Pant (1977)
during ISMEX. Present fluxes were larger than the climatological average for June
presented by Hastenrath and Lamb (1979) and the average for monsoon months of
certain years by Saha (1970) and Saha and Suryanarayana (1972). This is because
the present observations were made soon after the passage of a storm. Studying
GATE data Senguin and Kidwell (1980) found that synoptic scale fields contained
large fluxes. With the onset of monsoon, SST decreased by about 1.5~ Using
climatological data Rao et al (1976) had noticed a fall in SST of about 1.0~ in
east-central Arabian sea from May to June. Air temperature also decreased after
the onset of monsoon.
During this year, monsoon had set in under the influence of onset vortex which
first appeared as a trough over Lakshadweep on 7th June. After becoming well
marked, it persisted there till 13th June, then intensified into a depression over
east-central Arabian sea by 16th June and later into a cyclone (Mukherjee and Paul
1980). During this period SST distribution in this area also underwent changes. At
northern station from 4th June till the end of observations (8th June) SST
decreased to about 29-2~ and became less than air temperature. SST at Russian
polygon presented by Shajahan (1980) showed higher values (> 30~ at 9.2~
66.7~ and 7~ 66.7~ till 12th June and a decrease at a station further south (4~
66.7~ during this period. The situation in east-central Arabian sea was thus
conducive for higher air-sea exchange at 7~ and 9~ with reduction towards north
and south. This might have been one of the factors that contributed to the
intensification of onset vortex. Mandal et al (1984) had shown that high SST which
can result in large evaporation was one of the favouraNe conditions for observed
intensification of a cyclone in Bay of Bengal. The genesis region of this vortex
coincided with the area where SST exceeded 31~ (Ramesh Babu and Sastry 1984).
Another interesting observation is the slightly higher SST at the northern station
during the first few days (21st and 22nd June) after the storm, explained in 3-2b.
Although northerly station was nearer to the track of the storm (figure 1), both
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stations were under the influence of the storm. Jet-like speeds existed during the
storm over extensive areas (FGGE 1981). Hence a plausible explanation for the
slightly higher SST at the northern station could be the differential impact of the
storm on the locations depending on the thermal structure obtained before the
storm. Elsberry and Raney (1978) had shown that cooling due to storm would be
greater when the mixed layer is shallow and would be less when the mixed layer is
deep. SST in the present study and those recorded by Russian polygon (Shajahan
1980) indicates variation in thermal structure. Observations II at 9~ 68~ recorded
higher SST upto 3rd June. A nearby station occupied by Russian ship Volna (9.2~
66-8~ continued to record high temperature upto 12th June. Present observations
(III) at 15~ 65~ indicated a fall in SST from 4th June onwards. Before stOrm, the
higher surface temperature at the southerly station would have inhibited the
formation of deep mixed layer while the decreasing SST at the northern station
would have induced convection and deeper mixed layer. Ramesh Babu and Sastry
(1984) had shown deeper mixed layer exceeding 40 m at stations close to the
present northerly station (15~ 65~ just before the vortex crossed the area. Such
variations in mixed layer depth might have caused a differential effect of the storm
and resulted in increased cooling and lower SST at the southerly station soon after
the passage of the storm.

5. Conclusions
Wind stress and evaporation increased during advance phase of monsoon. Sensible
heat was less than latent heat by an order of magnitude. While sensible heat was
lost from sea during pre-onset it was gained by sea during advance phase.
North-south SST gradient in early June might have contributed to the formation of
onset vortex. Southerly station, where SST was greater before the vortex, had
registered greater surface cooling as a result of this storm.
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