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ABSTRACT

Oceans play a vital role in the global climate system. They absorb the incoming solar energy and redistribute the energy
through horizontal and vertical transports. In this context it is important to investigate the variation of heat budget
components during the formation of a low-pressure system. In 2007, the monsoon onset was on 28th May. A well-
marked low-pressure area was formed in the eastern Arabian Sea after the onset and it further developed into a cyclone.
We have analysed the heat budget components during different stages of the cyclone. The data used for the computation
of heat budget components is Objectively Analyzed air-sea flux data obtained from WHOI (Woods Hole Oceanographic
Institution) project. Its horizontal resolution is 1° x 1°. Over the low-pressure area, the latent heat flux was 180 Wm~. It
increased to a maximum value of 210 Wm > on 1st June 2007, on which the system was intensified into a cyclone
(Gonu) with latent heat flux values ranging from 200 to 250 Wm . It sharply decreased after the passage of cyclone.
The high value of latent heat flux is attributed to the latent heat release due to the cyclone by the formation of clouds.
Long wave radiation flux is decreased sharply from 100 Wm 2 to 30 Wm 2 when the low-pressure system intensified
into a cyclone. The decrease in long wave radiation flux is due to the presence of clouds. Net heat flux also decreases
sharply to =200 Wm ? on Ist June 2007. After the passage, the flux value increased to normal value (150 Wm?) within
one day. A sharp increase in the sensible heat flux value (20 Wm ?) is observed on Ist June 2007 and it decreased there-
after. Short wave radiation flux decreased from 300 Wm * to 90 Wm  during the intensification on 1st June 2007. Over
this region, short wave radiation flux sharply increased to higher value soon after the passage of the cyclone.
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that the heat storage of the sea is mainly controlled by
heat change due to horizontal divergence and vertical
motion while the effect of heat change due to lateral ad-
vection is much larger than expected. Shenoi et al. [2]
studied the differences in heat budget of the near-surface
Arabian Sea and the Bay of Bengal during summer mon-
soon season. The influence of heat, moisture and moist
static energy budget, over the Arabian Sea and adjoining

1. Introduction

The Indian peninsula splits the north Indian Ocean into
two basins, the Arabian Sea in the west and Bay of Ben-
gal in the east. In 2007, an organized convection was
formed on 28th May near southeastern Arabian Sea.
Monsoon onset was declared on 28th May treating the
organized convection as monsoon onset surge. This was

converged into a well-marked low-pressure area and
deepened further into a super cyclone, Gonu on 2nd June
2007. It is important to evaluate the different characteris-
tics of ocean during the formation of a low-pressure sys-
tem. Hence an attempt is made to study the different heat
budget components during the formation of Gonu. A
large number of studies were conducted about the heat
budget during the past. Hareesh Kumar and Mathew [1]
examined the heat budget of the Arabian Sea and found
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area (0°N - 30°N and 30°E - 75°E), during the onset and
various epochs of Asian summer monsoon has been ana-
lyzed in detail by Mohanty et al. [3]. Duing and Leetmaa
[4] found that upwelling plays a significant role in cool-
ing the surface layers of the Arabian Sea during south-
west monsoon season. Molinari et al. [5] analyzed the
relative importance of air sea fluxes and horizontal ad-
vection in the variability of sea surface temperature (SST)
for the entire Arabian Sea. In the recent years there were
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some attempts to study the heat budget of the upper 200
m of the Arabian Sea ecither with limited datasets (Has-
terrath and Lamb [6], Lamb and Bunker [7]; Hastenrath
and Greischar [8]) or limited to specific region (Rao [9];
Varma and Kurup [10]). Hsuing et al. [11] estimated the
annual cycle of heat storage and meridional heat trans-
port in the world oceans.

Oceanic heat budget is the changes in heat stored in
the upper layers of the ocean resulting from local imbal-
ance between input and output of heat through the sea
surface. The transfer of heat through the surface is called
the heat flux. The symbol Q is used to represent the rate
of heat flow (measured in Joules per second per square
metre, i.e. Wm2). Etter [12] estimated the heat budget
using an empirical formula,

Qs :QF+QV+QA

where Qg is rate of oceanic heat storage; Qg is the net air
sea heat flux; Qv is heat change due to horizontal di-
vergence and vertical advection and Q, is the heat
change due to horizontal advection. Budyko [13] was the
first to conduct a study on the spatial and temporal struc-
ture of the oceanic heat balance on a global scale. Has-
tenrath and Lamb [8,14,15] have used long term 1° x 1°
averages of surface marine observations to establish a
monthly high resolution climatology of the heat budget
over parts of the tropical ocean. Oshima et al. [16] esti-
mated the surface heat budget of the Sea of Okhotsk
during 1987-2001 and the role of sea ice on it.

Halpern and Reed [17] estimated the heat budgets of
the upper ocean under light winds. Hastenrath [6] derived
the heat budget estimates for the global tropics from re-
cent calculations of the oceanic heat budget and satellite
measurements of net radiation at the top of the atmos-
phere. The local seasonal variation of heat content in the
equatorial Atlantic Ocean is found to be about ten times
larger than the seasonal variation of the heat gain from
the atmosphere through the surface and are not confined
to the upper mixed layer [18]. This annual cycle of heat
content appears to be mainly due to vertical movement of
the thermocline associated with the dynamical response
of the ocean to the seasonally varying winds. The Indian
monsoon is partly driven by this air-sea interaction. Even
though the broad scale features of the monsoon circula-
tion are repetitive, the total monsoon problem, compris-
ing the year-to-year fluctuations and vagaries in the onset
as well as the time space variations in the monsoon activ-
ity, is very complex and demands intensive study and
research [19]. Pisharoty [20]; Das [21] and Mohanty and
Mohankumar [22] showed the importance of the energy
fluxes over the Indian seas during different epochs of the
summer monsoon activity over India. Mohanty et al. [23]
emphasized the importance to understand the connection
between the air-sea fluxes and monsoon activity rather
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than SST anomaly and the monsoon activity. They ex-
amined the oceanic heat budget components and their va-
riability over the Indian Ocean in relation to the extreme
monsoon activity (flood/drought) over the Indian sub con-
tinent using Comprehensive Oceanic and Atmospheric
Data Set (COADS) for the period 1950-1979. Jayakrish-
nan and Babu [24] analysed the different surface marine
atmospheric boundary layer parameters associated with
the evolution of super cyclone Gonu in the Arabian Sea.
They could quantify the variations in association with the
passage of system. In this analysis, the variability of heat
budget components during the evolution and subsequent
intensification of Gonu over the Arabian Sea is studied.

2. Materials and Methods

The data used for the computation of heat budget com-
ponents is Objectively Analyzed air-sea flux data ob-
tained from WHOI (Woods Hole Oceanographic Institu-
tion) project. Its horizontal resolution is 1° x 1°. The net
heat budget equation used here is [1],

QF :Ql _QB_QE _QH

where Qr is the net heat flux, Q; is the incoming short
wave radiation flux, Qg is the effective outgoing long
wave radiation flux, Qy is the sensible heat flux and Qg is
the latent heat flux. In the above budget equation, Q
contributes significantly to the oceanic heat gain whereas
the other terms contribute towards the heat loss from tro-
pical oceanic surfaces. The heat budget components em-
ployed for the study are Latent heat flux, Long wave ra-
diation flux, Short wave radiation flux, Net flux and Sen-
sible heat flux during the period of Gonu (26 May to 7
June, 2007). The evolution and intensification of the low
pressure system during different stages are described be-
low. Figure 1 represents track of the system from 26th
May to 7th June 2007 (On the track, black circles repre-
sent the location of the system before intensification into
a cyclone on a daily basis and blue circles represent that
for cyclone, on a 6 hourly basis).

On 28th May, monsoon onset was declared by IMD
and the onset surge further intensified into a low pressure
system over the location 5°N - 6°N and 74°E - 75°E. The
low developed into a depression and again intensified
into a deep depression at the location 10°N - 11°N and
74°E -75°E. On 2nd June, it developed into a tropical
cyclone with centre 15°N - 16°N and 69°E -70°E. It fur-
ther intensified into a super cyclone Gonu on 3rd June
2007. It moved towards northwest and intensified during
4th and 5th June. At last the landfall occurred on 6th
June 2007 in Oman coast (marked in the Figure) and af-
ter the landfall the system dissipated. Contours of heat
budget components on a daily basis were analyzed from
26th May to 7th June 2007. Also, the area averaged heat
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Figure 1. Track of cyclone Gonu from 28 May to 7 June.

budget components at the location of the system when it
was deepened into a cyclone were studied. For the ana-
lysis of daily variation of heat budget components as-
sociated with the low pressure system, a special type of
Hovmoller diagram is used in this study. The variation of
the parameters at the centre of the low pressure system
can be evaluated using this diagram. For this, we first
identified the location of centre of the low pressure sys-
tem on a daily basis during the period of the low pressure
system from 26th May to 7th June (13 days). Daily val-
ues of heat budget components were extracted at these
locations during the 13 days. Then a Hovmoller diagram
is plotted with the X-axis as location of points of the low
pressure system in the track up to landfall (total 28 points)
and the Y-axis as the days starting from 26th May to 7th
June. Table 1 contains the details of the locations in the
track as obtained from Unisys weather.

3. Results and Discussions
3.1. Latent Heat Flux

On the onset date i.e. 28th May the latent heat flux value
was about 200 Wm ? over the oceanic region adjacent to
south Indian peninsula (Figure 2). On 30th, it increased
to 210 Wm > On 1st June, it intensified with value of
240 Wm 2. On 3rd and 4th June, the latent heat values
increased to 300 Wm* as the system was intensified into
a severe cyclonic storm. Landfall was occurred on 6th
June and the flux values decreased abruptly. Figure 3
gives the Hovmoller diagram for Latent heat flux. The
X-axis gives the location of points on the track of the
system from the well marked low to the landfall. Y-axis
gives the days starting from 26th May to 7th June. From
the figure, it is clear that the system was intensified
intosevere cyclonic storm on 4th, which is at the middle
of the contour and the flux value became 220 Wm .
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Table 1. Location and track of cyclone as obtained from
Unisys weather.

Location

No Date Lat Lon Time Cit;cgl% rg/eof
1 26 May 10N 67E

2 27 May 6N 72E

3 28 May 7N 76E

4 29 May N S8E

5 30 May 1IN 74E

6 31 May 14N 72E

7 1 June 16N 70E

8 2 June 15N 68E

9 2June 15.10N  67.70E 00Z Tl;?gllg\?]“
10 2June 15.30N  67.10E 1272 TE?SIRCQL
11 2June 1540N  66.80E 182 T];?SIIS\?L
12 3June 16.80N  67.40E 06Z Tl;?(l;gj]\? L
13 3June 17.50N  66.60E 122 CYCLONE-1
14 3June 1820N  66.00E 18Z  CYCLONE-2
15 4June  18.50N  65.50E 00Z  CYCLONE-4
16 4June  19.20N  64.90E 06Z  CYCLONE-4
17 4June  1990N  64.10E 12Z  CYCLONE-5
18 4June 20.50N  63.20E 182  CYCLONE-5
19 SJune 20.90N  62.50E 00Z  CYCLONE-4
20 5June  21.30N  61.90E 06Z  CYCLONE-4
21 5June  21.90N  61.10E 12Z  CYCLONE-3
22 S5June  22.10N  60.40E 182  CYCLONE-2
23 6June  22.60N  60.00E 00Z  CYCLONE-1
24 6June  23.10N  59.50E 06Z  CYCLONE-1
25 6June 2390N  59.40E 122 CYCLONE-1
26 6June 2470N  58.80E 182 TE]Q(F)’IIS\//?L
27 7June  25.10N  58.40E 00Z Tl;?gig\? L
28 7June  2490N  58.10E 06Z

Since the system was further intensified, the maximum
latent heat flux value was 250 Wm >, occurred on 5th
June. As the system crossed Oman coast on 6th, a de-
crease in latent heat flux was noticed due to cut off in
moisture supply. However, the system was intensified
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further on 7th June over the Gulf stream (after crossing
the Oman coast) and the value became 280 Wm 2, for a
short period just before landfall in the Iran coast. The
latent heat flux value came back to the normal (100
Wm?) after dissipation of the system.

3.2. Long Wave Flux

In comparison with the latent heat flux, long wave flux
does not show one to one relationship associated with the
clouding. It is observed that in response to the intense
cloud over the region of system, long wave flux is de-
creasing. The exact location of the OLR and long wave

30N
20N
Wm?
10N 300
30N 270
3
2 240
k!
— 20N 1 210
180
10N 1 150
30N 120
90
20N
10N

70E 80E 60E 70E 80E
Longitude

Figure 2. Latent heat flux in the Arabian Sea for various
intensities of the cyclone, Gonu during 28 May to 6 June.
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Location of points on the track of cyclone

Figure 3. Hovmoller diagram for latent heat flux from 26
May to 7 June 2007.
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flux is not matching as in the case of latent heat flux. On
28th, the long wave flux values (Figure 4) were high
(100 Wm ). On Ist June, the value came down to 40
Wm* over the region of the system. The value decreased
further as the cyclone intensified on 3rd (20 Wm™?) and
4th (10 Wm ). After the landfall on 6th June the value
started to increase due to the dissipation of Gonu and
subsequent revival of monsoon and associated clouding
over the Arabian Sea.
Following Waliser and Graham [25]

Q, =(0.94x(5.67E—8)xSST*
—(—2800.0+(SSTx10.64))

where SST is the sea surface temperature. The long wave
flux is the outgoing long wave radiation flux which is
emitted by the sea surface whereas the OLR is the Out-
going Long wave Radiation on the top of atmosphere.
Since the SST is the forcing function for the long wave
radiation flux and the response of SST to the passage of
cyclone is a slow process, it is difficult to have one to
one relationship between the cloud pattern and associated
long wave flux. This is the reason why the Hovmoller
diagram does not show a similar path corresponding to
Figure 3.

Figure 5 shows Hovmoller diagram for long wave ra-
diation flux. It is clear that the long wave flux values
sharply decreased to 50 Wm™? from 100 Wm ? during the
intensification of cyclone. The long wave flux decreased
due to the passage of the system (associated with de-
crease in SST and increase in cloud cover). Long wave
flux values were 50 Wm 2 during the mature stage of the
low pressure system.

Figure 4. Long wave flux in the Arabian Sea for various
intensities of the cyclone, Gonu during 28 May to 6 June.
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3.3. Sensible Heat Flux

On 28th the sensible heat flux values (Figure 6) increased
from 0 Wm ” to 15 Wm™* and on reaching 30th May and
Ist June it increased to 20 Wm 2. On 3rd and 4th June it
again increased to 30 Wm  over the cyclone center and
after the landfall on 6th June it sharply decreased.

From the Hovmoller diagram (Figure 7) it is found
that the sensible heat flux values were increased from
—-10 Wm™ to 30 Wm2. The maximum values are ob-
served to be on 3rd and 4th June. Sensible heat flux value
during the formation of cloud is 10 Wm ™. When there is
cloud the value increased to 50 Wm ™.

3.4. Short Wave Radiation Flux

The algorithm to predict net surface insolation from OLR

200 Wm™

2 4 6 8 10 121416 18 20 2224 26
Location of points on the track of cyclone

Figure 5. Hovmoller diagram for long wave radiation flux
from 26 May to 7 June 2007.

30N
20Nq &

10N £
30N

1 June _ 3 June

20N 1

10N
30N

20N 1

10N -

EQ T t
S0E 60E 80E

Figure 6. Sensible heat flux in the Arabian Sea for various
intensities of the cyclone, Gonu during 28 May to 6 June.
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Figure 7. Hovmoller diagram for sensible heat flux from 26
May to 7 June 2007.

is based on linear regression of OLR onto Surface Radia-
tion Budget: Shinoda et al. [26]

Q, = 0.93Q,-13

where Qq is the net surface insolation in watts per square
meter, and Q, is the OLR in watts per square meter. Fig-
ure 8 describes variation of short wave radiation flux
from the contour charts. Short wave flux decreased to
120 Wm? over the region of system on May 28th. It was
decreased further to 100 Wm > on 1st June and remained
the same value during 3rd and 4th June. After the landfall
on 6th it increased to value 260 Wm™>. From the Hov-
moller diagram of short wave flux (Figure 9) it is ob-
served that short wave radiation flux also decreased from
300 Wm* to 50 Wm> during cyclone intensification.
After cyclone passage it increased to normal values.

3.5. Net Flux

Over the entire track of the low-pressure system, it is
observed that net flux values (Figure 10) were negative.
On 28th May, the net flux was —150 Wm 2. On 30th, the
value decreased further to —250 Wm > and remained up
to 3rd June. At the centre, the values were below —300
Wm™* on 4th June. After the landfall on 6th it increased
to positive values. By looking the Hovmoller diagram of
Net flux (Figure 11) we can note that the net flux values
were decreasing from 150 Wm ™ to —250 Wm 2 over the
cyclone area. Large negative values are observed over
the centre of the system. It is found that the Net heat flux
is mainly varying due to the drastic variations in short
wave radiation and latent heat flux. These are the two
terms, which are most important and contributing to the
net heat flux. Net flux is found to have large negative
values (—270 Wm ) in the wall cloud region of the sys-
tem. In the absence of low pressure system the net heat
flux value is above 60 Wm .
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Figure 8. Short wave flux in the Arabian Sea for various
intensities of the cyclone, Gonu during 28 May to 6 June.
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Figure 9. Hovmoller diagram for short wave flux from 26
May to 7 June 2007.

3.6. Analysis of Fluxes from the Area Averaged
Diagrams

Figure 12(a) gives the area averaged latent heat flux
over 17°N - 18°N and 66°E - 67°E. The area was chosen
because the system was intensified into a cyclonic storm
over this location. We can note that the latent heat flux
values increased from 120 Wm > on 26th May to 270
Wm 2 on 2nd June. After the passage of cyclone, the val-
ues decreased to 60 Wm 2. The variation of long wave
flux during the presence of low pressure system is pre-
sented in Figure 12(b). The long wave radiation value is
found to drop from 100 Wm ™2 to 20 Wm ? from 26th
May to 3rd June. It is found that it remained the same
even after the passage of cyclone. The area averaged
short wave flux values (Figure 12(c)) are found to de-
crease in the presence of clouds as they block the incom-
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Longitude

Figure 10. Net flux in the Arabian Sea for various intensi-
ties of the cyclone, Gonu during 28 May to 6 June.

2 4 6 810 1214 16 1820 22 24 26
Location of points on the track of cyclone

Figure 11. Hovmoller diagram for net radiation flux from
26 May to 7 June 2007.

ing solar radiation. It is found that the short wave radia-
tion decreased from 300 Wm ™ to 90 Wm ™~ on 3rd June
after the intensification of the system. The short wave
radiation flux value returns to normal after the landfall of
the system. From the area averaged diagram (Figure
12(d)) sensible heat flux values are found to be increas-
ing due to the formation of clouds over cyclone area. It is
found that the values increased from 5 Wm ™ to 30 Wm >
on reaching 3rd June and after the passage of the cyclone
it again decreased to normal values. From the area aver-
aged flux pattern at the center of the system, it is found
that the average net flux radiation (Figure 13) value de-
creased during the presence of cyclone. The net flux val-
ues decreased from 100 Wm ™2 to —250 Wm > on 3rd June
when cyclone was present. After the passage of cyclone
it again increased to normal values.
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Figure 12. (a) Latent heat flux over the region 17°N - 18°N and 66°E - 67°E; (b) Long wave radiation flux; (c) Short wave ra-

diation flux; (d) Sensible heat flux.

250
200
150
100

N
4

B ¥ /

Net heat flux (Wm?)

v

IJUN 3JUN 5JUN 7JUN 9JUN

25MAY 27MAY 29MAY
2007
Date

Figure 13. Net heat flux over the region 17°E - 18°E and
66°E - 67°E.

Immediately after the landfall and dissipation of the
super cyclone Gonu over the Oman coast, the monsoon
cloud bands started to revive over the oceanic region
adjacent to south Indian peninsula. The revival of mon-
soon organized convection helped the formation of in-
tense clouding which was responsible for the low OLR
values even after the dissipation of super cyclone Gonu.

4. Conclusion

In 2007, a low pressure system was formed over the Ara-
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bian Sea on 29th May and it was developed into a de-
pression on 1st June 2007. It evolved as a cyclone viz.
Gonu and moved towards northwest direction and crossed
Oman coast on 6th June 2007. We have examined dif-
ferent heat budget components over the Arabian Sea re-
gion during the development of Gonu. After analyzing
the different heat budget parameters during the formation
of Gonu, it is found that latent heat flux increased from
120 Wm 2 to a maximum of 210 Wm? over the cyclone
centre. The latent heat flux is increasing due to the in-
tense clouding and associated latent heat release and it is
found that the pattern of OLR and latent heat flux has a
one to one relationship. For the long wave radiation there
is a sharp decrease from 100 Wm™? to 30 Wm > when the
system was intensified into severe cyclone. The long
wave radiation is the emitted radiation from the sea sur-
face and it is a function of SST. Since the SST responses
are a slow process over the ocean, even though the long
wave radiation decreases as the SST decreases, it does
not have a similar pattern corresponding to OLR. Net
flux decreased sharply to negative values, —200 Wm ™~ at
the centre of the system. The contribution to the net flux
is made by the other component fluxes and there fore
there is a corresponding decrease is observed in the Net
flux. There is a sharp increase in the sensible heat flux
value to 20 Wm™2. Short wave radiation flux decreases
from 300 Wm 2 to 90 Wm ? during the formation of cy-
clone. Short wave radiation flux ix being decreased by
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the intense cloud cover due to the presence of system and
a decrease is observed. From our observations it is con-
cluded that the main meteorological and oceanographic
parameters that responsible for the variability in heat
budget components are OLR (Cloud cover), SST, and
wind magnitude.
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