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Diurnal scale variations observed in the vertical thermal structure at 3 stations on the continental shelf (off Cape Com-
orinVizhinjam and Cochin)during May 1985 are analysed with short time series datasets collected onboard R V Gavesha-
ni(cruise 154). Heatingand cooling cycles observed in the surface layer are qualitatively discussed in terms of surface heat
exchange processes. Large amplitude variations noticed in the thermocline suggest the prominence of internal waves. Ver-
tical eddy diffusivity coefficient evaluated at one of the stations showed a value of 72 cm2.sec™!.

Advance knowledge on the short-term variability in
the thermal structure of coastal waters is required for
fisheries exploration, monitoring pollutant dispersal
- as oil slicks, underwater acoustic surveillance oper-
ations, etc. Variability of vertical thermal structure is
known to be prominent on a diurnal scale in the coas-
tal waters due to shallow water columns with high tur-
bidity!.In general, formation of the surface mixed lay-
er is mostly governed by radiative and turbulent heat
exchange processes at air-sea interface while the gra-
dient in the thermocline is known to be controlled by
diffusion of heat and upwelling/sinking processes.
However, the temperature distribution in coastal wa-
ters may not be totally governed by the local surface
heat exchange process alone. Tidal effects and fresh
water discharges may also become more important
onaregional mode. Inaddition, internal waves whose
frequencies range between Brunt-Vaisala frequency
and inertial frequency which propagate along/tow-
ards the coast influence the thermal structure. The
cause of the subsurface oscillations in coastal waters
with periods of the order of hours can be due to inter-
nal wavesZ. These internal waves not only raise and
lower the water layers, but also compress and stretch
them along the vertical in such a way that the vertical
density gradient continuously changes within certain
depth intervals’. These waves occasionally get
trapped and traverse along the coast on the continen-
tal shelf. The vertical temperature profile is therefore
- expected to exhibit complex patterns in the space-
time domains. Information on the variability of the
vertical thermal structure on the diurnal scale off Indi-
an coasts is relatively meagre*>. In the present study
the observed diurnal scale variability in the surface
meteorological elements and the vertical thermal
structure at 3 selected stations off the southwest coast
of India is documented.

Methods :

The time series stations (TS1, TS2 and TS3) were
chosen on the continental shelf off the southwest
coast of India (Fig.1), during cruise 154 of R V Ga-
veshani [8-22 May 1985]. The ship was anchored at
all the stations for observational periods extending
over 12 h. Short time series measurements of stand-
ard surface marine meteorological elements (pres-
sure, wind direction, wind speed, cloudiness, dry and
wet bulb temperatures and sea surface temperature)
and vertical temperature profiles (with the aid of MI-
COM bathythermograph) with sampling intervals of
1 to 2 h were made. The accuracy of MICOM bathy-
thermograph is  0.05°C. The time is reported in
IST.
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Fig. 1— Stationlocations [Depth %m):TSl, 30;TS2,38;and TS3,
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Results and Discussion

Time series st TS1— The observations were made
from noon to mid-night on 12 May 1985 at TS1. The
observed surface marine meteorological elements
areshownin Fig.2. The surface atmospheric pressure
(PR) fluctuated around 1006 mb with minimum
around 1600 hrs and maximum around 2200 hrs ref-
lecting the influence of atmospheric tides. The winds
(D) were predominantly from west southwest with an
average speed (FF) of 20 knot. Cloudiness (CL)

-showed a mild decreasing trend during this period.
Air temperature (DB)dropped by about 2°C. The wet
bulb depression (DB-WB) also registered a similar
drop. The sea surface temperature (SST) cooled by
about 0.25°C. The sea minus air temperature was
mostly positive except around 1300 hrs, implying an
unstable regime during observational period.

The corresponding vertical temperature profiles
from 1200t0 2300 hrs at TS1 areshowninFig.3. The
origin is shifted by 0.5°C towards right for each pro-
file. In general, these profiles exhibited a weak isoth-
ermal layer extending from surface to 20 m depth
capped over a very strong thermocline. The profiles,

from noon to 1500 hrs, did not exhibit well defined
mixing but showed a transient diurnal thermocline
from surface to 15-20 m depth under the influence of
strong solar heating. In the coastal waters, due to high
turbidity, the solar radiation will be mostly absorbed
in the top 10-15 m water column®. After 1500 hrs,
with increasing time cooling due to turbulent heat ex-
change processes has dominated. The diurnal ther-
mocline in the surface layers gradually digappeared
leading to the formation of well defined mixed layer
due to the onset of cooling at the surface. The profiles
for 2000-2300 hrs showed a sharp reduction in the
temperature in 2 to 3 m water column, probably due
to surface cooling.

The depth-time section of temperature field corre-
sponding to TS1 is shown in Fig.4a. Contours are
drawn atintervals of 0.2°C for the top 25 m water co-
lumn. The gradual descent of 30°C isotherm from
noon to 1730 hrs is a clear indication of warming of
surface waters under the influence of solar heating.
After 1900 hrs, the 30°C isotherm has disappeared
and by 0030 hrs, the surface layer has cooled by
0.2°C.Isotherms below 15 m depth showed a packed
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Fig. 2— Diurnal marchof surface meteorological elements (PR - pressure, DB-dry bulb temperature, WB - wet bulb temperature, CL-
cloud amount, FF-wind speed, DD - wind direction, SST-sea surface temperature)
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Fig. 4— Depth-time section of temperatureat TS1(a), TS2(b)and
TS3(c)

Fig. 3— Diurnal progressof vertical temperature profiles

nature due to strong vertical thermal gradient. Thein-
fluence of a propagating internal wave seems tobe ap-
parent with the occurrence of troughs in the iso-
therms around 1400 and 2000 hrs. The amplitude of
the internal oscillation was of the order of 5 m.

The temperature recorded at the surface, 10, 15
and 20 m depths at TS1 are shown in Fig.5. While the
top layer is primarily influenced by atmospheric forc-
ing and probably advective processes, the water be-
low 10 m depth showed a strong signal penetrating
upward from the thermocline into the bottom of the
mixed layer. At 10 m depth, the temperature record
was relatively flat under the weak influence of surface
heat exchange processes. This figureillustrates thein-
fluence of diurnal heating/cooling in the mixed layer
and of internal waves in the thermocline.

For understanding the variability of SST, studying
the heat content to isotherm depths.is a better mea-
sure than that of fixed depths’. The heat content with
respect to 29°and 28°Cisotherms (Fig.6) registered a
steady decrease.It waslowered by 0.7 kcal.cm™~2 over
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Fig. 5— Diurnal progress of isobaths at selected depths
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Fig. 6— Diurnal progress of heat content

the 12 h period. This reduction might have been
caused by the mixing and surface heat losses pro-
duced by the existing 20 knot winds. However, the
contribution from the advective processes probably
due to tidal currents cannot be ignored.

The action of winds and waves and the net deple-
tion of energy at the sea surface leading to convective
overturn cause vertical mixing in the upper layers.
Under fair weather conditions with weak surface
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The increase in MLD at 1400 and 2000 hrs can be at-
tributed to the propagating internal wave.

Time series st TS2— Observations were made from
1000 hrsto mid-night on 16 May 1985. The observed
marine meteorological parameters are shown in
Fig.2. The surface atmospheric pressure fluctuated
around 1004 mb, with maximum around 1060 hrs
and minimum around 1600 hrs. The winds were from
northwest with 12 knot average speed. The cloudi-
ness showed an increasing trend from 1400 hrs to
1800 hrs. The air temperature dropped by about 2°C
and the wet bulb depression did not show any signifi-
cant variation. The SST increased by about 0.5°C and
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reached maximum by 1800 hrs. The sea minus air
temperature was negative up to 1200 hrs and thereaf-

- tershowed a positive trend. The stable regime was re-

placed by the unstable regime around 1800 hrs. The
vertical temperature profiles from 1000 to 2200 hrs
at TS2 are shown in Fig.3. The profiles for 1000 and
1200 hrs showed an increase in temperatures in the
surface layers caused by solar heating. This accumu-
lated heat appears to have been mixed up in the verti-
cal under the influence of strong winds of about 20
knotsat 1400hrs. Coolingin the surface (of about 5m)
water column is evident from the last 3 profiles with
decreasing magnitude. Thermocline occurred at re-
latively deeper depth in the case of 1200 h profile
probably caused by, a propagating internal wave.

The depth-time section corresponding to TS2 is
showninFig.4b. The gradual descent of theisotherms
29.2°C from 1100 to 1800 hrs is a clear indication of
warming up of the surface waters under the influence
of solar heating. After 1800 hrs, the isotherm 29.2°C
disappeared. Isotherms below 10 m depth reflected
strong vertical thermal gradient. The influence of in-
ternal waves was apparent with the occurrence of
troughs in the isotherms at 1200 and 1800 hrs. How-
ever, the amplitude of the waves was much larger at
1200 hrs compared to 1800 hrs. Interestingly this os-
cillation was confined to a maximumdepth of 27 mor
so. Further, the vertical thermal gradient below
28.5°C isotherm was also very weak. The amplitude
of the internal oscillation was around 10 m.

From the observed temperature distribution at se-
lected depths for TS2 (Fig.5), the influence of strong
diurnal signal at the surface and 10 m depth can be
clearly seen. The range of variation increased with
depth under the influence of propagating internal
waves.

The heat content (Fig.6) showed a steady increase
with time. It was lowered by about 1.2 kcal.cm ™2 with
respect to 28°C isotherm and by about 0.2 kcal.cm ~2
with respect to 29°C isotherm. This large difference
suggests that stronger advection under tidal influence
might have been confined to the water column warm-
er than 28°C. Distribution of MLD at TS2 is shownin
Fig.7. MLD fluctuated around 12 m depth with weak
diurnal range.

Time series st TS3— The observed marine meteor-
ological parameters from 0600 to 1800 hrs on 21
May 1985 for TS3 are shown in Fig.2. The surface at-
mospheric pressure fluctuated around 1004 mb with
the maximum around 1000 hrs and the minimum
around 1800 hrs. The winds were from northwest
with 13 knot average speed. Cloudiness showed a
decreasing trend from 0600 to 1800 hrs. Air temper-
ature increased to a maximum value of 29°C around
noonand decreased thereafter. Aminimum of 29.5°C

in SST was noticed at 0800 hrs probably under the
continued influence of nocturnal cooling and weak
solar heating due to clouds. SST increased by 0.4°C
and reached its maximum by 1500 hrs. The sea minus.
airtemperature was positive throughout the observa-
tional period indicating strong unstable regime.

The vertical temperature profiles (Fig.3) exhibited
large variations in the time domain especially in the
thickness of surface mixed layer. The influence of
nocturnal cooling is clearly reflected in the topmost 5
m water column corresponding to 0600 hrs which
disappeared withincreasing time. The reasons for the
occurrence of mild inversionat 1200 hrsare notclear.
Warming under the influence of solar heating is evi-
dent in the 1400 and 1600 hrs profiles. By 1800 hrs,
the layer was well mixed. -

Depth-time section of thermal structure is shown
in Fig.4c. Theappearance of 29.8°C around 1000 hrs
and the deepening of isotherm during the following 4
hindicate theinfluence ofsolar heatingin the top20 m
water column. Very strong thermal gradients were ap-
parent below the surface mixed layer. A well defined
wave regime with its ridge occurring around 1000 hrs
and trough occurring around 1400 hrs was also evi-
dent. The observed pattern of the thermal structure in
the thermocline probably suggests the presence of a
propagating internal wave.

Progressiveincrease of temperature of the ordet of
0.4°C at the surface and of the order of 0.2°C at 10 m
depth is clearly evident (Fig.5) due to solar heating.
The heating appears to have commenced at the sur-
face by sunrise, but the same is noticed with a time lag
of 4 hat 10 m depth. Very large variations are noticed
at 15 and 20 m depths under the influence of a propa-
gating internal wave.

The variability of the heat content with respect to
29°C and 28°C, (Fig.6) appears to have been go-
verned by the vertical displacement of isotherms
caused by the propagating internal wave. However,
the amplitude increased with depth.

Accumulation of heatin the top layers under thein-
fluence of the propagating internal wave is clearly in-
dicated in the observed pattern of MID (Fig.7). The
mixed layer depth varied between 12 and 25 m; the
minimum coinciding with the ridge of the wave and
the maximum with the trough of the wave.

The stabilising effect of solar radiation during day
time, mixing caused by winds, waves and buoyancy
flux are the important processes that occur in the up-
per layers of the ocean’. The surface wind stress pro-
duces turbulence leading to forced mixing while the
surface heat losses produce convective overturn
leading to free mixing in the upper layers. This turbul-
ence is usually manifested in the form of eddies which
characterise the mixing in the vertical. The accumu-
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lated heat in the topmost layers through the absorp-
tion of solar radiation is re¢distributed through this
thermal eddy diffusion mechanism. Two different
methods have been employed to determine the value
of thermal diffusivity (K)at TS3 on 21 May 1985, due
to availability of the data from sunrise to sunset.

Method I: This method follows a scale analysis ap-
proach® K = L*/T. The scale length L is the distance
from surface to the appropriate sensor depth, and the
scale time T is the time lag between maximum SST
and maximum temperature at appropriate sensor
depth.

Method II: Here one dimensional heat conduction
equation is employed”’.

Z'n
=3 In{Tz)/To)}]
where T{0) and T(z) are the amplitudes pf the temper-

ature at the surface and ata depth Z,P = 2%t/®w and
is the frequency of diurnal heat wave. For a diurnal
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Table 1— Computed K Values

Depth (m) Method 1 Method II Average
2.5 10 20 15
5.0 35 60 47
1.5 80 110 95
10.0 70 190 130

heat wave P = 24 h. Although data on one complete
diurnal cycle is required to adopt this method, the da-
tasetcollectedat TS3 was choseninview of the availa-
bility of maximum temperature occurring in the after-
noon and minimum temperature occurring in the
morning hours. The amplitude derived from this 12 h
record fairly represents that of a diurnal wave and ac-
cordingly P was chosen as 24 h.

The computed values of K obtained by both the
methods are given in Tablel. Both the methods
showed a qualitative agreement with a progressive in-
crease of K from surface to 10 m depth. The valve of
K {MethodI)arein generallower than those of K (Me-
thod I). The average value of K for the 10 m water co-
lumn is 72 cm?.sec ™! which coincide with an earlier
estimate®.
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