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k ABSTRACT. The short term vanabllity of Mixed Layer Depth (MLD) in relation to the e
surface energy exchange processes over northern Bay of Bengal is examined using the data collected

during Phase III of Monsoon-77. The day-to-day variations of the magmtude of MLD seem to depend e

~on the net heat gain at the surface. Meridional gradient in the MLD in the head of Bay of Bengal .

due to boundary processes is highlighted. Daily variations in subsurface thermal structure and variability ,;‘_}' L

: ‘of heat potentlal are discussed ‘in relatmn to the genesis of a monsoon depressxon

' 1. Introducﬁon

During the last few years attempts have been
- rapidly progressing to understand the near-
surface ocean thermal structure for better ap-
plication in the fields of weather forecasting,

~fisheries, and acoustic propagation. ' The exact

thermodynamics of the near-surface ocean are
understood since the atmosphere and
ocean are nnnlmearly coupled in different scales,
both in time and space. In addmon, paucity of
- data further precludes one to investigate these
~ interaction processes over tropical Indian Ocean.
- Even during International Indian Ocean Expedi-

‘tion: (IIOE) (1959-65) subsurface temperature
data collected in Bay of Bengal, during south-

~ west monsoon season were only fragmentary to

‘make use in investigating the short term vari-

ability of the physical processes of the upper

ocean. In the Bay of Bengal, not much is known
about the variations of the thickness of the sur-

 face layer. With the fresh water discharges into
_ the Bay of Bengal, the surface salinities are low
and a strong halocline is present over most of

. the region. Stratlﬁcatlon in the water cclumn is

cons:derably more than that of in the Arabxan
Sea and vertical mixing is very much reduced.
Recent Monsoon-77 experiment has given an
unique opportunity to make an attempt to under-
stand the temporal variability of the thermal

structure of the upper ocean both in dlurnal and L

daily scales.

The cond;tmns in the ﬁrst 150 metre changef .
relatively rapidly, in the rythm of the change =
~ of the driving meteorological force at the surface. :

The Mixed Layer Depth (MLD) may be defined

as the depth of the turbulent surface layer. The
well mixed layer of the ocean usually constitutes

the top 20-100 metres which interacts directly
with the atmosphere on a time scale of hours to

weeks. The depth of the mixed layer is variable -

both in time and space, and devxatmns of upto ;
one-third of its average depth in a given area are
rather common (Wyrtki 1971). The magnitude
of MLD is known to depend on several fact
~as heat exchange at the surface, momentum in.
put at the surface (mixing by wave actlon),
vection by currents and internal waves in a
complex manner But 1t 1s dlﬂiClﬂt to est:lmate

- *Paper presented at the Symposmm on Apphed Ooeanography held at Cochm in February 1978, k

3, National Instltute of Oceanography, Goa.

2, Deparlment of Meteorology & Ooeanography, Andhra Umversxty,iWalta:r
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Fig. 1. Station location map

the individual contributions of these different
physical processes which maintain mixed layer
simultaneously. Heat gain at the surface results
in the formation of a seasonal thermocline lead-
ing to shallowing of MLD and heat loss causes
convective turnover, deepening the MLD. Kraus
and Rooth (1961) found that changes in the
mean depth of the isothermal layer are reflected
in the changes in the heat balance at the surface
at 35 deg. N and 48 deg. W during July to Sep-
tember of 1958 and 1959.

In the present study only the influence of sur-
face heat balance is considered to expain the
short term variability of MLD in northern Bay
of Bengal during Monsoon-77. Further, the
spatial variations in the upper ocean (200 m)
thermal structure over a period of one week
during August 1977 were presented.

2. Data

Fig. 1 shows the location of 4 USSR ship sta-
tionary polygon over northern Bay of Bengal
during Phase III of Monsoon-77. Marine meteoro-
logical parameters collected at 3-hour interval as
surface atmospheric pressure, dry bulb tempera-
ture, sea surface temperature, cloudiness, wind
speed and moisture elements are used to evaluate
the energy exchanges at the surface with the avail-
able empirical expressions. Excepting cloudiness
the rest of the parameters are observed through
instruments while the values of cloudiness are
reported by visual observations. The cloudiness
data may contain subjective error which can con-
taminate the radiation balance components which

in turn affect the net heat gain values at the sur-
face. Sub-surface bathythermograph data collected
at every 3-hour interval are also made use of in
this study to evaluate MLD and other thermal
parameters. Though phase III is commenced just
before noon of 11 August 1977, the present study
is based on the data collected from 0500 IST
of 12th to 0200 IST of 19 August 1977. This
seven day time series data set gives an excellent
opportunity to examine the variability of MLD
in relation to the surface energy exchange pro-
cesses. This study could not be extended to the
eastern location of the polygon as the marine
meteorological data were not available.

3. Methodology

Let Q represent the total heat transfer across
air-sea interface (positive when the sea surface
is gaining heat). Q can be expressed as a sum
of different components:

Q=Qi— QS+ 0 +Q2.+Q:) (D
Qn=Qi—(Q+ Q) @
where,
Q=Net heat gain (cal/cm?/day)
0,,= Net radiation (cal/cm?2/day)

Q;=Net downward flux of solar radiation
(cal/cm?/day)

0,=Reflected radiation (cal/cm?/day)

Op=Effective upward flux of long wave
radiation (cal/cm?2/day)

Q,=Latent heat transfer (cal/cm?/day)
Q;=Sensible heat transfer (cal/cm2/day)

The various components of Q are usually com-
plicated functions of time, cloud cover, latitude,
wind speed, air-sea temperature difference and
vapour pressure. Empirical expressions for these
(Laevastu and Hubert 1970) are given in equ-
ations-(3) to (7) and their limitations were pre-
sented in detail (Ramanadham et al. 1977).

Qi = 0-014 4, 14 (1—0.0006 C3) G)
0. = 0.150; — (0.01 Q)2 @)
0 = (297—1.86 T—0.95 U,)(1—0.0765C)
®
0, = (0.26 + 0.077 V) (0.98 6 — e )L, if
(&w —e) >0
— 0.077 V(0.98 ey—e)L, if (eu—es) < O
(6)
0,=39(0.26+ 007 V) (To—T,) if
(Tw I Ta)>0 ¢
=3 V(Tw—Ta) if gTw —_— Ta) <0 (7)
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where,

A, : Noon altitude of the Sun
#;: Length of the day (min.)
T, : Air temperature (°C)
T, : Sea surface temperature (°C)
Us : Relative humidity (%)
¥ : Wind speed (m/sec)
€ Total cloud cover (in tenths)
e, : Water vapour pressure of the air (mb)

e, : Saturation vapour pressure of the sea
surface (mb)

L: Latent heat of vapourisation

All the energy exchange parameters computed ;e

_ at 3-hourly interval are averaged for a day using

~ the Eqns. (1) through (7). Only for the com-
putation of O: the day time average of cloudi-
‘ness is used. , ol

The quantity heat potenhal (HP) is defined
(Whltaker 1967) as the excess of ‘heat over that ‘
in water at 26 deg. C. To compute at a glven
station, tht foﬂowmg equation is used:

: D“
where, :

p Mem daﬁs:ty of sea watef from sur-
face to Dy evaluate@ from temperatum
- dnd salmxty e

Specﬁic iea.t of sea water at constant
. pressure :

l l; Dy, : Depth of 26°C 1sotherm

- surface. The mean temperature of :
~ is obtained by averaging the temper: :
at different depths of the mixed layer.

while the layer thicknesses at the oth

g i
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e

Fig. 3. Tune-depth section of temperature at 17° N
nd 81°E from 12 to 18 August 197 ;

At Average temperatura dlﬁ'erence a.bove
~ 26°Cfor a given depth increment, and

Az Depth increment (500 cm) _

The product of these quantmes are. then sum- f
med through the layer having temperatures above
26 deg. C to obtain the total heat potentlal at

) the station.

The quantity heat content (HC) is deﬁned as
the total heat content of sea water in a vols‘ame
of 1 cm® by a chosen depth o

I-IC A=p c;,f sz' . - ©

where the symbols have Stantiard" rﬂe‘ﬁ

In the present study the Mlxed
is taken as the depth at which the tem
1 deg. C different, usually cooler from tha

4. Analysis and &h&‘uhlon S e

~ Figs. 2-5 show the tlma-depth sectmn‘ ) ther- ,
mal field of upper 200 m layer at olir
corners of the stationary polygon.
locations show near isothermal '
magnitudes from the surface.
mixed layer occurred at the north

locatlons are. of sumlar ‘magnitude. Thi;
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Fig. 4. Time-depth section of temperature at 15°N
and 89°E from 12 to 18 August 1977

Fig. 5. Time-depth section of temperature at 17°N
and 91° E from 12 to 18 August 1977

to a stable stratification. The average surface
salinity at the northern location is 23 °/,, and
only at 30 m depth the value increased to
34 °/y, - This vertical gradient in salinity causes
a similar gradient in the pycnocline inhibiting the
erosion of thermocline from entrainment pro-
cesses.

The surface waters at the eastern location are
cooler than all the other three locations as the
28.5 deg. C isotherm is completely absent only
at the eastern location. Further a steady pro-
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Fig. 7. Daily march of surface heat budget compo-
nents and ocean mixed layer depth from 12 to
18 August 1977 in northern Bay of Bengal

gressive deepening of 28.5 deg. and 28.0 deg.
C isotherms and the occurrence of 29.0 deg. C
isotherm leading to further accumulation of
thermal energy can be noticed only at the north-
ern location. This type of growing thermal
contrast in the surface waters between the north-
ern and eastern locations might have infused
baroclinic instability in the overlying atmosphere
which might have resulted in the formation of a
monsoon depression at 0300 GMT on 19th with-
in £ deg. of 19 deg. N and 91 deg. E,

£
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Layer (TML), ocean heat potential (HPT), and Latent heat Exchange (LE) during 12 to‘lS August 1977

; ,“The maximum vertical temperature gradient is

_situated just below the mixed layer where the
‘seasonal thermocline is formed. The thickness of
this seasonal thermocline at the northern location

~ smaller than the corresponding ones at any Gther

i

~ location, i.e., the isotherms below 100 m depth
at the northern location are loosely packed com-

pared to the other three locations. The oscillatory

‘nature of isotherms in the thermocline is common
~at all the four locations.

; These short period
oscillations are generally attributed to the com-

~ bined influence of semi-diurnal tides, internal
waves and inertial oscillations. LaFond (1954)
found similar oscillations in the thermocline off

Andhra coast (central part of east coast of
India) and he attributed their existence to tidal

- forces. He also pointed out that these oscillations

do not maintain a constant phase relation with
the tides. s ~

Fig. 6 depicts the daily variation of subsurface
- thermal structure at the northern, western and

southern locations in Bay of Bengal. At the
northern location the presence of 29 deg. C

~ isotherm is conspicuous in the upper 10 metre
from 16th onwards while the same is absent at
the other two locations. The 28.5 deg. C isotherm
‘appeared throughout the phase both at northern
and southern locations but it can be noticed only

~ from 15th onwards at the western location. The

depth of occurrence of 28 deg. C isotherm is

found to increase with decreasing latitude. In
~ general, isotherms in the thermocline have des-
~ cended at all the three locations from 14th on-

wards indicating the accumulation of heat energy
in the upper layers with an exception at the
southern location on 17th. The depth of 14 deg.
isotherm is minimum at northern location and

maximum heat content at the later

maximum at the western location which

o b Another important feature is the weak

~ horizontal temperature gradient between the
~ southern and western locations. For instance, at
- 100 m depth the average horizontal temperature .

difference between northern and western location

is 4.6 deg. C while the corresponding value bet- .
‘ween the western and southern Jocation is only

0.5 deg. C. This nonhomogeneous horizontal
temperature distribution may result in similar
shears in the motion field. Varadachari et al.

(1968) found two anticyclonic cells with a :zoneﬁ' -

of strong cyclonic shear between them in the
western part of central Bay of Bengal during
southwest monsoon season. ; ot

Fig. 7 shows the variation of daily averaged
heat budget components. The input of net solar
energy is above 400 cal/day on most of the days

while the oscillations speak about the fluctuations '

in the cloud cover. The evaporative loss at any
of the three locations on an average is about
300 cal/day and shows a decreasing trend at
northern and western locations, and a mild in-

crease on the last two days at the southern loca-
tion. This dissimilarity in the evaporation in the
north-south direction may be attributed to the

saturation conditions of the atmosphere at the

northern location before the formation of the

depression. The net heat gain values are more or
less positive with the pattern resembling that of

- net radiation. However, the estimation of heat
- budget components is not totally free from error

in view of the unknown accuracy of the empiri-
cal coefficient values used in the Eqns. (3) to

ol TYye

Fig. 8 shows the enlarged version of daily vari-
ation of MLD and surface heat gain, latent heat ;
exchange, mean temperature of the mixed layer
and the heat potential of the upper layers at nor-
thern, western and southern locations respec-

. The phase average mean Temperature ‘df"'k;fﬁe; -
- Mixed Layer (TML) at northern location is high-
er compared to that of the any of the other two

locations. A steady progressive increase i
can also be noticed at all the three locations

with
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Fig. 10. Variation of heat content of ocean mixed layer iﬁ
northern Bay of Bengal during 12-18 August 1977

the minor exception on the last day at the south-
ern location confirming the accumulation of ther-
mal energy in the upper waters before the
formation of the depression. A corresponding
similar pattern can also be seen in the case of
heat potential. The close resemblance between
the mixed layer depth and net heat gain curves
supports the fact that the former is being mainly
maintained by convective mixing processes while
~ the contribution of other process may not be signi-

ficant for the short period variability of mixed
layer depth.

Fig. 9 shows the variation of heat content of
200 m at all the four locations. Highest values
at the western and lowest values at the northern
locations are observed. A mild increasing trend
at western location can also be observed. The
small period oscillations are present at all ‘the
four locations indicating. the influence of vertical
oscillations, One interesting feature is that the
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. Fig. 11, Variation of ocean heat potential in northern Bay of Bengal duting 12-18 August 1977

, oscﬂlatlons at western and eastern locations are

~ approximately in phase while the oscillations at
~northern and southern locations are out of phase
by approximately 180" deg.

~ Fig. 10 shows the distribution of heat content
of the mixed layer at all the four locations. The
~_highest and lowest values occurred at southern

~ and northern locations respectively. This discre--

~ pancy is mainly due to the differences in the layer

~ thickness. At northern location a mild increasing
_ trend is observed from 15th onwards while a
 steady decrease is noticed at the other three loca-

~ tions from 12th onwards. These changes are
mainly due to the variations caused in mixed

- layer depth. The increasing trend at northern

_location from 15th is of meteorological interest
- as a monsoon depression was formed. The out of
. phase relationship in the peaks is also seen bet-

- ween northern and southern locations in the heat

content mixed layer also

- ‘Fig. 1‘1 shows the distribution of heat potential
_at all the four locations. The meridional gradient
- is seen with highest values occurring at southern
_and lowest values occurring at northern locations.

A very prominent feature is the steady progressive

~increase of heat potential at the northern loca-

 tion. This accumulated heat in the surface waters

_of northem location might have had some bear-
ng on the genesis of a monsoon depression.
Similar increasing trend can also be noticed at
_ the western location. Small period oscillations are
alsg seen a,t all the our locations, ,

5. Conclusions

(i) The depth of the mixed layer shows mark-
ed differences between northern and all the other
locations. The lower MLD observed at northern
location is attributed to the boundary effects as

fresh water discharge leading to thermal stratifi-

cation. The depth of occurrence of 28 deg. C
isotherm is found to increase with decreasing lati-
tude. ‘

A

(i) The subsurface thermal structure shows -

both day-to-day diurnal variations in the ther-
mocline. The short period fluctuations in the heat

content of mixed layer, upper 200 m and heat
potential show an approximately 180 deg. out of

phase relationship between northern and southem ‘
locations,

(iii) This case study supports the dependence

- of mixed layer depth on the net heat balance at

the surface over a period of one week.

() A very prominent increase of heat poten—‘
tial observed at northern location might have had

some bearmg on the genesis of a monsoon de- o
- pression over northeast Bay of Bengal at the endir o

of the phase
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