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Spatial and temporal variability of the heat budget parameters and currents
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Analysis of the thermal structure in coastal waters off Visakhapatnam revealed sub-surface inver-
sions during October. In postmonsoon, a good association existed between wind stress {r) and total
heat loss {Qe+ (s) and between SST and heat content {H) on diurnal scale. Hornizontal eddy diffu-
sion coefficient {Kx) estimated from the horizontal advection equation was 3 10* cm?-s™' during
October. During February 1993, surface currents had magnitudes of 105-126 cm+s™! and the flow

was towards north-east.

Studies on variability of heat fluxes off central
east coast of India' and heat flux divergence in
the coastal waters of Visakhapatnam?® have been
carried out on a limited scale. In the present in-
vestigation, an attempt has been made to study
spatial and temporal variability of the heat budget
parameters, thermal structure and currents in the
coastal waters of Visakhapatnam.

Materials and Methods

Four stations (Fig. 1) were selected off Visakha-
patnam coast for these studies. Time series data
on surface meteorological parameters, tempera-
ture and current profiles were collected for var-
ious periods (Table 1) during 1989-90 and 1993.
The depth at sts 1 and 4 was 30 m and at sts 2
.and 3 was 50 m. The inertial period (T=2a/f) at
the centre of the study area is about 40 h.

Surface meteorological data were collected at
hourly interval and temperature and current pro-
files were taken at 2 hourly intervals. Total dura-
tion of observations was 22 h for periods I to IV
and 10 h for the periods V to IX.

Mechanical bathythermograph (MBT) was used
for temperature profiles and a direct reading cur-
rent meter (Model DNC 3 accuracy: speed 3
em.s™ s direction * 10°) for current profiles at 10
m interval. Dry bulb and wet bulb temperatures
were measured by a Psychrometer and the wind
speed by a portable air-meter.

The heat budget components: Qa (available in-
solation at the sca surface after reflection), Qb (ef-
fective back radiation), Qe (latent heat flux), Os
(sensible heat flux), H (heat content) and Ot (rate
of change in heat content) were estimated'?, from

the above data set. Wind stress {7) was computed
by bulk acrodynamic method,” r=pCdU?, where
o=density of air and Cd is the drag coefficient
evaluated from Kondo’s method* and U is the
wind speed.

Results and Discussion

Spatial and temporal variability of heat budget
parameters—Figure 2 shows the heat budget
parameters for October 1989 (I and I1) and Janu-
ary/February 1990 (Il and 1V). There is a good
relation between SST and heat content {H) (Fig.
2A,B) and with wind stress (7) and total heat loss
(Qe+ Qs, THL) in both the periods {Fig . 2C,D).
Correlation coefficients obtained between f and
SST and between THL and 7 were 0.98 and 0.52
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Fig. 1 —Location map
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Table 1 —Mean meteorological parameters during different periods

*Temperature (°C)

Sampling periods

Ta* Tw
I 17-21 Oct. 89 29.7 238
i 25-29 Oct. 89 29.3 26.1
I 09-13 Jan. 90 25.2 21.7
v 31-04 Feb. 90 26.4 23.8
\Y 18-21 Apr. 90 30.0 27.8
VI 28-31 Jul. 90 29.2 26.9
VI 23-26 Sep. 90 29.5 27.1
VIII 22-25 Feb, 93 25.6 238
IX 28-29 Oct. 93 29.2 26.2
04-05 Nov. 93

U es—eq Ts—Ta

Td Ts (ms ") {mb} (°C}
21.4 296 3.0 15.9 -1
25.1 29.7 29 9.9 0.4
20.1 257 26 9.5 0.5
22.7 27.1 4.2 2.3 0.7
27.1 290 7.0 45 -1.0
26.1 275 4.5 2.8 -1.7
26.3 1297 43 15 0.2
18.8 26.4 3.1 12.7 0.8
25.2 29.4 5.4 8.4 0.2

* Ta=Dry bulb temperature; Tw=wet bulb temperature; Ts=sea surface temperature; U/=wind speed; es— ea=vapour pressure

gradient; 75— Ta=sea-air temperature difference.
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Fig. 2 Diurnal variability of-—(A) SST; (B) heat content; (C,D)

wind stress {7, total heat loss { Qe+ Qs) and effective back ra-

diation ( Qb during October 1989 (I and II} {C) and January/
February 1990 (III and IV} (D)

respectively. The corresponding regression equ-
ations are given below:

H{10°Jm~?)=0.137s-0.206
where Tsis sea surface temperature,

(1)

THL=126.7 t+57.36
(zisindyn.cm 2 and THL in W.m~2)

-(2)

In view of good correlations obtained, the
above equations are useful to estimate A and
THL. on diurnal scale from the satellite derived
winds and SST. However, the validity of above
equations have to be tested for other coastal
areas. Effective back radiation fluctuated between
45-55 W.m~? in January/February 1990 and 50-
65 W.m~ % in October 1989 (Fig. 2C and D).

Table 1 shows mean surface meteorological
parameters, vapour pressure gradient (VPG) and
sea-air temperature difference (SATD). Dry bulb
temperature (Ta) was maximum (30°C} in April
1990 (V) and a secondary maximum was ob-
served in October 1989 (I and II). Since, there
was no observation during May/June, SST during
the period II (29.7°C) appears to be maximum
and is close to the value reported earlier’. Aver-
age SST for the periods II¥ and IV was 26.4°C
which is close to the computed value {26-26.5°C)
by a model’. Dew point temperature (7d) was
high (27.1°C) in period V and low (20.1°C) in III
which are comparable with those (28 and 22°C)
reported earlier®. Average values of all parameters
during October, 1989 (I and II} are in good
agreement with mean monthly values reported
earlier?, '

Figure 3 represents mean temperature profiles
for all periods I to IX. Sub-surface inversions no-

ticed during the period I seems to be a regular
feature in the coastal waters of Visakhapatnam®.
The layer becomes isothermal by the end of Oc-
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tober (I1). The temperature of the water column
(0-30 m) almost dropped by 4°C from I to IV.
There was not much change in temperature pro-
filc between October 1989 and October/Novem-
ber 1993,

Table 2 shows the mean heat budget parame-
ters and heat content. Net insolation {{a) varied
between 231-326 W.m 2 while effective back ra-
diation ranged between 32-64 W.m 2. Net heat
exchange (@Qn) was maximum in periods V and VI
and minimum in IV and IX. In general, heat con-
tent (/) was maximum in I, I1 and IX while the
minimum was noticed in pcnods 11l and VI

Spatial and temporal variability of the heat bud-
get parameters are shown in Tables 3 and 4. Net
heat advection (v} is obtained as a residual term
{Qv=Qn— Qr) which indicates divergence of heat
from the study arca during the periods I-VIL
Mean values of On and Qv for all periods were
166 and 173 W.m ? (Table 4) respcctively while
the corresponding values based on monthly data
reported carlier” were 114 and 115 Wm ™2

Currents—Table 5 shows mean current speed
and dircction. Abnormally strong currents { > 100
cm.s” ') were observed in the entire layer during
October 1989 (I and 11) with a secondary maxi-
mum in February 1990 (IV) and the flow was di-
rected towards northeast (56°). Cutler and Swali-
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Fig. 3—Thermal structure under different periods, I to IX
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low’ also reported similar strong north-easterly
currents in February in this area based on ship
drift data. Weak currents were recorded in other
periods. The currents during all seasons were
higher than those reported in the atlas’ based on
ship drift data, though the directions were same.
In general, speed and direction of currents were
comparable with thosc reported carlier®?® except
for October and February.

Current measurements in 1993 indicated a
strong northeasterly flow in February (VIII) and
weak southwesterly flow in October (IX). Strong

Table 2—Mean heat budget parameters under different
periods (periods are as in Table 1)

Sampling W.m™? H
periods (10 Jm 7)
Qu b (¢4 Os On
I 274 56 96  —04 122 369
I 261 41 i 1.6 149 62
1] 231 60 S8 1.9 111 3.16
v 245 49 85 4.7 106 329
v 326 32 88  -60 212 3.27
VI 314 12 21 -78 269 3.28
VII 282 33 74 1.0 174 3.58
VIl 257 64 rX] 43 116 3.00
X 256 37 111 1.7 106 3.60

Oa=available insolation at sea surface; (b=cffective back
radiation; Qe=latent heat flux; (s=sensible heat flux;
{In=net heat exchange; H=heat content in (--30m layer.

Table 3--Rate of change in heat storage {Qf Wm™") at 4
stations during 1989-90

Sampling St 1 St.2 St.3 St. 4 Mean
periods

[1-1 - 137 ~ 191 - 107 32 =10
II-11 -077 =066 - 069 -72 -071
Iv-I11 068 K82 099 26 069
V-1V - 006 012 020 -16 003
VIV 015 -7 -027 16 =003
VII-VI 055 063 063 65 061

Table 4—Advection {QvW.m ™~} during 1989-90

Period On (8] Qv
i T&II 135 — 101 236
& 11 130 —-071 201
ma&Iv 109 069 040
IV&v 159 003 156
V& VI 240 —003 243
VI & VII 222 061 161
Mean 166 -007 173
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Table 5—Mean current profiles during the year 1989-90 and 1993

Sampling periods (as in Table 1)

Layer
{m) 1 I 1 v A VI VIl VIII X

S D S D S D S D S D S D S D S D S D
0-10 119 300 131 242 29 182 73 56 21 036 18 238 26 227 93 65 19 236
10-20 106 299 125 242 17 203 50 55 09 16 23 191 36 249 6 67 15 126
20-30 095 297 128 230 M 171 39 95 (3 205 28 192 34 252 60 106 16 177

S—current speed {em.s ~'); D—current direction

currents generally observed off east coast of India
during October/November and February could be
the best evidence for the existance of boundary
currents off the central east coast of India as re-
ported earlier'*!2,

Horizontal eddy diffusion coefficient (Kx)—Rate

of heat advection (Qv) is directly computed using
oH H

the relation, Qv= —|u—+ v—|, where H is
ox dy

heat content and u and v are the zonal and meri-
dional components of currents in the 0-30 m lay-
er. Advection of heat has been computed applying
this relation for periods 1 and II where the data
was available for 8 days. Values of Qv obtained
were 245 and 363 W.m 2 for periods [ and 11 re-
spectively. Mean value of Qv obtained as a resid-
ual from the heat budget equation (Qv= On— Q1)
was 236 Wm ™ which is comparable with the av-
erage computed value (304 Wm ) for periods 1
and 1. The difference in Qv is quite obvious in
the coastal waters where the physical processes
are complex with space and time'4.

Making use of Qv (236 Wm 3) and the hori-
zontal temperature gradient, Kx is estimated from
the following equation:

aT

Qv=p(f,,Kxa -(3)

Horizontal eddy diffusion coefficient (Kx) is
found to be 3 X 10* cm?s~' during October {post-
monsoon seasoin). This value is more than double
of the earlier reported value of 1.3 % 10* cm?-s™!
from dispersion studies'* off Gangavaram for No-
vember. The difference in Kx could be due to
general calm conditions prevailing in November.
From the data collected during October/Novem-

Table 6 —Comparison between observed and computed heat
fluxes during 1993 {THL in Wun"? and Hin 10° J'm 3

Sampling THL H
period
1A 1B 2A 2B
VIII  22-25Feb. 93 75 77 3.23 3.00
X 28-29 Gct. 93 119 13 362 360
04-05 Nov. 93

tA=computed from Eq. (1)
2A=computed from Eq.(2)
1B, 2B = estimated from observed data

ber 1993 {IX}, using Kx as 3% 10° cm?-s™!, the
computed value of Qv from Eq. (3)is 129 Wm 2,
while from the observed data Qv(Qn-— Q1 is
about 148 W.m ™2,

Total heat loss (Qe+ Qs), wind stress {1} and
heat content (H) was estimated from the data ob-
tained during February 1993 (VII) and October/
November 1993 (IX} (Table 6). Computed and es-
timated values of THL and H (from Egs. 1 and 2)
are also shown in Table 6. The observed and
computed values are very close to each other in
all cases except in the heat content during Febru-
ary 1993. It may be stated that Egs. (1) and (2}
are useful for estimating A and THL on diurnal
scale. However, their validity is yet to be tested
for other coastal arecas.

Surface meteorological parameters and heat
budget componcnts exhibit changes with space
and time. Sub-surface inversions at the end of QOc-
tober seems to be a permanent feature in the
coastal waters of Visakhapatnam. Mechanism for
the formation of strong currents {100 cm.s~'} dur-
ing February and October/November, is yet to be
identified. A good correlation was observed be-
tween 7 and THL and SST and H, on diurnal
scale. The computed value of horizontal eddy dif-
fusion coefficient was 3x10° em®s~! for the
coastal waters of Visakhapatnam. This value is
useful for numerical modelling studics.
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