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Further analysis on the thermal response of the upper Bay
of Bengal to the forcing of pre-monsoon cyclonic storm
and summer monsoonal onset during MONEX-79
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ABSTRACT. The thermal response of the upper oceanic waters at the stationary position 7.5° N & 87.5°E

off Sri Lanka in the Bay of Bengal to the forcings of a severe pre-monsoon

onic storm and of monsoonal

onset is documented with the aid of the data sets collected durin g NEX-79. i t i
storm had a stronger influence compared to that of weak mon.goom]h{gut_ Beglc;wI tm?xgugylamr them

of vertical advective processes in redistributing the heat is highli presence
surface layers on the storm day is attributed to the m:‘i'}mﬁﬁfm mter‘;fi:l

inversion in the
to the Ekman

convergence caused by the storm winds. Fourier analysis of temperature data below 100 m revealed the leakage

of energy from semi-diurnal tide to short period i
(14 May).

1. Introduction

The energy transfer from storms is sufficiently large
to produce oceanic perturbations of significant ampli-
tude. Surface cooling and the deepening of the mixed
layer in the wake of severe tropical cyclones has been
reported for different oceanic areas by several workers.
The response characteristics of the ocean mixed layer
have been found to depend on the size, translation speed,
wind strength at the eyewall etc of the storm. “Several
workers have offered a variety of hypotheses to explain
the observed upper oceanic changes. Francis and Stom-
mel (1955) described how gale winds of 37 knots for
one day increased the depth of homogenous water from
initial values of 10-30 m to depths of 6 m. Jordan
(1964) reasoned that for typical mixed layer depths,
large temperature variations could not be due to the
heat loss to the atmosphere but must originate from the
thermocline layers through vertical fluxes. Leipper’s
(1967) comparison of bathy thermographs (BT) before
and after a storm showed outward transport of surface
water, upwelling in the centre of the storm and cooli
and mixing of the outward flowing water. The aeri

Internal waves from the storm day (5 May) to a post-storm day

survey with airborne expendable bathy thermographs in
combination with conventional data revealed the pre-.
sence of alternating cooler and warmer pools with radius
in the upper layers while the subsurface data tend to show
only a single upwelling cell (Black and Mallinger 1972).
Fedrov’s (1973) analysis on the temperature changes due
to the passage of fourteen storms showed a predominant
type of temperature difference profile of strong cooling
(by 1°-3°C) in the upper 30 m, a warmer (0.5°-2.0°C)
layer between 30 m and 90 m and a cooler layer from
90 m to perhaps 175 m. Fedrov proposed a two-cell verti-
cal circulation in the plane perpendicular to the track of
the storm. The inner cell with upwelling at the centre
and downwelling at about 200 km is consistent with the
observations of Leipper. Consequently, the mixed layer
depth decreases near the centre and increases at larger
radii. The existence Jof the intermediate warm layer is
attributed to convective mixing due to penetrative
deepening of the mixed Jayer, Anthes (1982) summarised
the mechanisms, responsible for the lowered surface
temperatureas, (i) upwelling of cooler water, (i) wind
induced vertical mixing of deep cooler water with the
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Fig. 1. Station location map and tracks of the pre-monsoon
cyclonic storm and of monsoon depressions

surface waters, (iii) horizontal advection of cooler water
by the ocean currents driven by the storm and (iv) loss
of heat to the atmosphere. Because the effects of these
processes are intermingled, the routine observations
cannot completely resolve the magnitude of the contri-
bution of each of these processes.

The information on the resulting thermal changes in
the upper layers of the Bay of Bengal on account of
several pre and post-monsoon cyclones is meagre due to
scarcity of coincident before-after BT soundings at
the same location. The monsoon experiment (MONEX-
79) as a regional component of First Global GARP*
Experiment carried over the Bay of Bengal provided
an unique opportunity to observe the changes in the top
200 m water column at the selected station (7.5°N &
87.5°E) under the influence of a severe pre-monsoon
cyclonic storm. A preliminary analysis with these data
sets was reported by Rao ef al. (1983). In the present
exercise further analysis is made on the observed changes
in the thermal features of the upper layers to the forcing
of a pre-monsoon storm and that of summer monsoonal
onset.

2. Data

One Indian ship occupied the stationary position
(7.5°N & 87.5°E) east off Sri Lanka during the periods
5 to 20 May 1979 and 23 to 30 June 1979 in accordance
with the observational schedule of MONEX-79. A
cyelonic storm formed and strengthened in the vicinity
of the stationary position and moved towards the south
east coast of India during the former period (Fig. 1),

*Global Atmospheric Research Programme.

Monsoon set in at the observing station around 10/11
June 1979. The later period of observation approxi-
mately corresponds to post-monsoonal onset. Time series
measurements of routine marine meteorological data
inclusive of global radiation and BT soundings at 1/2
hourly to 3 hourly interval were made during these
periods. However, no data could be collected at the
station during 6 to 13 May due to rough weather
conditions associated with the strengthening cyclonic
storm. But the data collected on 5 May and during
14-20 May provide very useful information on the ob-
served changes in the subsurface thermal structure
under the influence of the severe pre-monsoon cyclonic
storm. A brief weather summary from Mukherjee
et al. (1981) is given below for the storm and disturbances
after the weak onset of the monsoon.

Severe cyclonic storm of 5-13 May 1979

A low is concentrated into a depression on the
evening of 5 May with its centre near 7°N and 90°E
over the southeast Bay. Moving slowly westwards
and intensifying at the same time, the depression attained
storm intensity by the morning of 7th near 7°N and
88°E. The storm took a westsouthwesterly track upto
8th morning while attaining hurricane intensity. After
8th, the storm took a northnorthwesterly course upto
the 11th morning and later moved northwest towards
south Andhra coast attaining its peak intensity on 11 and
12 May. It crossed the coast about 50 km south of Ongole
by the evening of 12th and gradually dissipated by 14th
morning. The temporal sequence of cloud mosaics
observed in the visible band from polar orbiting ESSA
satellites for the period 1-13 May 1979 is shown in
Fig. 2.

Deep depression of 23-26 June

A low pressure area over north Bay concentrated
into a depression on the morning of 23 June with its
centre near 19. 5°N and 88.5°E. The depression became
deep on 24th and moving westnorthwestwards across
Orissa i; weakened into a low by the evening of 26 June
(Fig. 1).

Deep depression of 27 June-1 July 1979

A depression formed on 28 June with its centre near
21.5°N and 90°E. Moving in a northerly direction, it
became deep the next day over Bangla Desh, Moving
northnortheasterly direction this weakened into a de-
pression by evening of 1 July (Fig. 1).

3. Analysis and discussion

The distribution of daily totals of observed net avail-
able insolation after applying correction for albedo
(Q 1), estimates of total heat losses by the ocean (0p),
as the sum of the net long wave radiation followin
Reed (1976), sensible and latent heat fluxes estima
with the exchange coefficient following Kondo (197
and the balance of net oceanic heat gain/loss (Q3
is shown in Fig. 3. Positive values imply gain to the
sea. Values corresponding to 5 May *79 are shown with
a dot in a circle. Missing values for the period 6-13
May may be noted. Lowest Oy value of 55 cal/cm?/day
on 5 May is on account of overcast skies in association
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Fig. 2. Time sequence of satellite cloud pictures over the north
Indian Ocean, 1.13 May 1979

with the depression. During the post-storm period Q;
fluctuated around 500 cal/cm?/day due to clear skies.
After the onset of the monsoon Q; is also of similar
magnitude with the exception on the initial two day
period (i.e., 23-24 June) owing to the formation of a
monsoon depression over the head Bay. The total heat
fluxes to the atmosphere are high on 5 May and 23 June
with an approximate values of — 400 cal/cm?/day
and — 500 cal/cm2/day respectively. Heat losses (Qp)
gradually built up during the post-storm period from
16 May due to the strengthening southwesterlies over the
south Bay. During the post-onset phase the average
value of Qj is — 370 cal/cm?/day. Net oceanic heat
gain (Qy) 1s mostly positive indicating a gain to the sea
with the exception on 5 May and 23 June. Qy varied
between 300 cal/cm?/day and 400 cal/cm?/day during
the post-storm period. During the post-onset phase
Qu varied between — 200 cal/cm?/day and 200 cal/
cmé?/day.

The distribution of daily averaged sea surface tem-
perature (SST), mixed layer depth (MLD) and vertical
gradient in the upper thermocline is depicted in Fig 4.
MLD is defined as the depth where the below layer gra-
dient of 1.0°C/10 m persisted in a 30 m water column.
The averaged bulk vertical thermal gradient (°C/10 m)
in the topmost 200 m water column below mixed layer
is shown in the lower panel. The surface cooling of
over 3*Cis quite evident from 5 to 14 May. The retreat
is also significant of the order 2°C/week. If cooling
of 3°C of the 45 m layer (average of pre-and post-storm
mixed layer depths) occurred only through surface heat
fluxes the losses should be of the order of —1500 cal/
cm?/day. Even though such high fluxes are not ruled
out during severe storms (Black and Mallinger 1972
reported an average oceanic loss of —1000 cal/cm?/day)
the resulting post-storm BT profile should reflect a well
developed isothermal layer due to consequential con-
vective mixing, In this case no such pattern is noticed
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gradient

very rapid shoaling of the order of 50 m/week (Fig. 6).
Even the retreat in the layer depth during post-storm
period cannot also be explained in terms of surface heat
exchanges alone. The upwelling below mixed layer
(Fig. 7) might have contributed to the significant shoaling
of the mixed layer. The layer depth varied between 30 m
and 40 m during the post-onset phase. The progressive
reduction of the vertical thermal gradient below mixed
layer after both the events probably resulted due to the
divergence of the isotherms (Fig. 7).

Typical daily averaged BT profiles of the top 200 m
water column are shown in Fig. 5 depicting the condi-
tions during pre-storm (5 May), post-storm (14 May)
and post -onset (30 June). The profile of 5 May shows
a mild positive gradient between 10 m and 30 m in the
surface layers. Significant cooling is seen in the topmost
80 m water column from 5 to 14 May. No prominent
changes are perceptible below 80 m indicating that storm
impact is confined to only topmost 80 m layer or so.
On the other hand, after the monsoonal onset, down-
welling (from 14 May to 30 June) of the order of 0.5 m/
day is conspicuously seen through the upper thermocline.
The large scale negative wind stress curl (Wylie and
Hinton 1982) might have induced the observed down-
welling. Well mixed isothermal layer in the top is
obvious in the profile of 30 June because of wind and
buoyancy mixing. The heat content of the topmost 80 m
layer is lowered by 18.3 K cal/cm? from 5 to 14 May,

The temporal evolution of daily averaged BT profiles
for the pre- and post-storm regimes is shown in Fig. 6.
Hatched areas show waters warmer than 25°C. The
reduction in the heat content with respect to 25°C is
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distinctly seen during 5 to 14 May. During the post-
storm period the values slowly increased. This is in
accordance with the accumulation of heat through Qy.
In the upper thermocline 25°C isotherm ascended by
30 m from 14 to 20 May implying an upwelling rate
approximately of 5 m/day. Relatively weaker ascent is
noticed for 20°C and 15°C isotherms.

The depth-time section of thermal field from 5 May to
30 June, with intermittent discontinuities is shown in Fig.
7. The daily averages of BT data of the top 200 m water
column are contoured at 1°C interval. On 5 May a
subsurface warm slab extending approximately from
15m to 35 m with temperature greater than 30°C is
seen. With the intensification and passage of the storm,
these features are no longer seen on 14 May. Instead
a relatively colder and deeper mixed layer is found. In
the following one week from 14 May through SST
increased by 1.7°C the mean temperature of the top-
most 30 m water column increased by 1°C. This 1°C
rise is possible with a net oceanic heat gain of 430 cal/
cm?/day over a seven day period. With the assumption
that the solar radiation penetrating below 30 m depth is
negligible the estimated net oceanic heat gain (Qy) of
370 cal/cm?/day for this period (Fig. 3) is almost in
balance. Indirect inaccurate estimates of insolation values
for this period by Rao et al. (1983) led them to offer
advection of heat responsible for this rise of tempe-
rature. Solar heating during the intervening period
from 20 May to 23 June might have resulted an increase
of 1°C in the mean temperature of the 30 m water column.
With the progress of the monsoon a corresponding cool-
ing of 0.5°C occurred in the last week of June. In
the upper thermocline very conspicuous changes in
the nature of isotherms slopes are noticed.

During the storm period from 5 to 14 May, the iso-
therms above 80 m depth ascended while there is descent
below. Similar phenomenon is also noticed around 100 m

" depth during the period of post-onset (20-30 June).
The cyclonic wind stress pattern causes the Ekman or
mixed layer transport to be divergent. This divergence

will be balanced by upwelling at the base of the mixed
layer and by lateral convergence below. The ascent of
isotherms in the upper 80 m to 100 m might have govera-
ed by direct wind stress curl while below these depths the
descent of isotherms might have resulted due to baro-
clinic adjustments (Kraus 1972). During the post-storm
period (14-20 May) all the isotherms have shown up-
ward slopes with an average ascending rate of 4 m/day.
The slopes weakened with depth. This strong retreat
might be viewed as a segment of the inertial oscillation
set in the wake of this severe storm (Pollard 1972).
During the period 20 May-23 June all the isotherms
descended of the order of 1 m/day due to the negative
wind stress curl (Wylie & Hinton 1982). During the post-
onset period, the upward slopes of the isotherms in the
top 100 m water column is evident in consequence to
Ehe wind stress curl associated with the monsoonal
ow.

The pattern of heating/cooling regimes with respect
to 5 May in the top 200 m water column is shown in Fig.
8. Positive values indicate cooling with respect to 5
May. Hatched areas indicate cooling greater than 2°C.
The magnitude and vertical extent of cooling is higher
in the case of the storm compared to that of the monsoo-
nal onset. The cooling in the upper layers resulted due to
the combined effect of mixed layer cooling and upwelling
below. In the top 20 m layer the cooling progressively
diminished from 14 to 20 May due to solar heating.
During the same period, below 40 m the cooling pattern
descendpd on account of ascent of colder waters. During
the period of post-onset a warming of 2 to 3°C is
noticed below 70 m mostly on account of sinking.

Cyclone heat potential (CHP) and heat content (HC)
of the topmost 10 m, 100 m and 200 m layers are comput=
ed following Rao ef al. (1983) and the distributions are
shown in Fig. 10. The reference temperature of 28°C
is chosen in estimating the CHP as most of the cyclones
in tropics from when SST > 28°C. A drop of 8 K cal/
cm? is noticed from 5 to 14 May implying a net oceanic
heat loss of atleast — 900 cal/cm?/day (The possibility of
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the occurrence of zero K cal/cm? before 14 May cannot
be ruled out which may even imply a higher net surface
heat loss during the storm weather). Above argument is
valid if other processes as advection and entrainment
are not important. During the post-onset phase the
CHP registered a gradual fall. Significant fall is noticed
in the HC of all the three layers from 5 to 14 May. Dur-
ing the post-storm regime only the HC of top 10 m
layer showed a retreat due to intense solar heating while
those of top 100 m and 200 m layers further decreased
due to upwelling of colder waters from below. During
the intervening period of one month from 20 May, the
HC values again shot up due to sinking of relatively war-
mer waters from above. During the post-onset phase the
HC values registered a fall for all the three layers. How-
ever, the corresponding fall is highest for top 100 m layer
due to the observed upwelling above 100 m. The trend
for top 200 m layer is not conspicuous due to combined
processes of upwelling above 100 m bepth and sinking
below. On the whole, the changes brought out in the
HC values are mostly governed by vertical advective
processes controlled by Ekman and probably geostro-
phic transports.

The temporal changes occurred in the cumulative heat
content of topmost 0-10 m, 0-20m, 0-30 m, .., and
0-200 m slabs for both the events is shown in Fig 9.
The pattern of both the curves is similar with differences
in the magnitudes and the depths of occurrence of maxi-
ma. Storm forcing is shown to be much stronger es-
pecially in the surface layers compared to that of mon-
soonal onset. Highest change of 19 K cal/cm? occurred
in the top 90 layer for the storm event while the corres-
ponding value is 8 K cal/cm in the top 120 m layer for
the monsoonal flow. Though the impact is stronger in
the storm event, the downward penetration of the forc-
ing is greater in the later probably due to the differen-
ces in the respective spatial extents.

Marine meteorological data collected at slightly
jrregular intervals (half hour to one half hour) on 5 May
are shown in Fig. 11. These data reflect the near surface
atmospheric characteristics when the pre-monsoon cy-
clonic storm is strengthening. A drop of nearly 4 mb
within four hours from 1000 hrs (LST) is clearly noticed.
This pressure drop could be due to both diurnal
oscillation and storm intensification. Winds fluctuated
around 12 knots. The negative wet bulb depression
throughout indicates super saturation conditions near

the surface. The drop of 1°C roughly coincided with the
period of pressure drop (1000 to 1400 hrs) is mostly due
to the reduction of dry bulb temperature. A similar
pattern in SST minus dry bulb temperature is also evident
but with a reversed nature. The depth of subsurface
maximum temperature progressively deepened from
nearly 20 m to 40 m during this 12-hour period implying
a descent rate of approximately 2 m/hr, probably caused
by Ekman type of transports leading to convergence in
the surface layers. No prominent changes in the sub-
surface maximum temperature are reflected probably
indicating the non-penetration of surface mixing pro-
cesses to these depths. The vertical BT profiles with res-
pect to the subsurface maxima in the near surface
waters on 5 May are shown in Fig. 12. A thermal inver-
sion prevailing in the depth range of 10-30 m water
column is noticed throughout. The resulting instability
will be discussed with the aid of Fig. 13. The subsurface
maxima prevailed throughout from 0800 to 2035 hrs.
The BT profiles are mostly rounded in nature reflect
sinking associated with the storm driven advection.
The surface waters of 30.4°C might have descended
under the influence of the storm. The vertical
gradients are steeper in the lower portion of the inver-
sion layer compared to the upper. This may imply
that mixing might has been initiated to homogenise the
top strata of the water column under the influence of
wind and wave action. With the progress of time, this
can be further inferred from the facts that (7) the tempe-
rature difference of SST and subsurface maxima gra-
dually diminished & (ii) the length of isothermal layer
progressively increased. This clearly reveals that the
mixing time scales of the upper layers of the ocean to the
storm forcing are of the order of few hours (Francis

and Stommel 1955). The stability E (% —f’i) of

0z

the near surface inversion layer is calculated with tempe-
rature and salinity data at the surface and the depth of
subsurface maximum temperature and is shown in Fig.
11. Values of E are negative throughout indicating
unstable stratification in the inversion layer due to
lower density of the water at the base of the inversion
layer. Highest instability prevailed around 1000 hours
followed by progressive fall due to mixing caused by
wind and buoyancy fluxes. The rapidity in the fall of E
is marked from 1000 hrs. Near neutral equilibrium
conditions are attained rapidly in the following 10 hours
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Depth-time field of temperature for the 13-hour  edin the halocline above 100 m depth. Embedded wavy

iod on 5 May is shown in Fig 14. Isotherms are drawn
at ?‘?C interval fvith a few interpolations in Ehe _tcmporal
domain. The subsurface warm layer (>30°C)is shaded
for better perception. Deepening tendency of this warmer
layer can be noticed. Descent of isotherms below the
mixed layer probably under the influence of 'mtemal
tide is also evident. The vertical thermal gradient bet-
ween 40 m and 100 m is double (1 .5°C/10 m) that of
the gradient of the layer between 100 m and 200 m depths
(0.7°C/10 m). Similar strong gradients are also observ-

nature of isotherms is seen throughout with some diffe-
rences in depth. Above 100 m depth approximately
four peaks are seen while the number of peaks diminished
with depth. This shows higher perturbation frequency in
the stronger stratified layer above 100 m depth under the
storm forcing from above. In addition, the average
wave amplitude increased with depth. The correspond-
ing depth-time field of temperature on 14/15 May is
shown in Fig. 15. In the well developed near surface
mixed layer, day time heating is manifested with the
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Fig- 17. Fourier line spectra of temperature at selected depths
on 5and 14/15 May

transitory appearance of 27°C isotherm, On the whole
increased wave number is noticed throughout compared
to that of 5 May.

The standard deviation of temperature with depth
for these two days is shown in Fig. 16. On 5 May two
distinct modes are noticed around 40 m and 80 m depths
where vertical thermal gradients are also high leading to
enhanced internal wave activity. With the passage of the
storm, i.e., on 14th the upper mode of 5th disappeared
with the deepending of the mixed layer while the lower
one slightly descended. At this depth (~ 85 m), the
. isotherms have shown opposite slopes (ascent above 80
m and descent below 80 m) from 5 to 14 May (Fig. 7).

Following Jenkins & Watts (1968), Fourier analysis of
time series of mean removed temperature data of 5 and
14 May 1979 has been made at selected depths 25,50,100,
150 and 200 m. The corresponding line spectra are shown
in Fig. 17. The average power is depicted in percentage
for easier comparison. The fundamental frequency
(13-hr period) corresponding to semi-diurnal internal
tide is quite prominent at all the depths on 5 May, while
on 14 May this feature persisted only upto 100 m depth.
Below 100 m depth there is a shift in the maxima to the
first harmonic (6. 5-hour period) corresponding to quar-
terdiurnal tide. This first harmonic is also stronger at
25 m depth on 5 May. The second harmonic (4.3-hr
period) is relatively stronger on 5 May compared to 14
May in top 100 m layer. This may imply that an internal

wave of this period is prominently developed only under
the influence of storm on 5 May. With the passage of
storm this 4.3-hour wave might dampened out by 14
May. Further, relatively higher spectral power is found
with the higher sub-harmonics below 100 m depth on 14
May compared to those of 5 May. Larsen (1969) re-
ported an interesting case of possible generation of short
period internal waves by a storm.

4. Summary and conclusions

(i) Cooling and deepening of the mixed layer is more
prominent during the storm event compared to that of
the weak post-onset regime of the monsoon. The cooling
is of the order of 3°C and 1°C respectively. The deepen-
ing is 30 m in the former event. The retreat during the
post-storm period is of the order of 2°C and 50 m per
week. Data are inadequate to resolve the contributions
of various processes responsible for the observed
changes.

(i) Distinct upward/downward tendencies are noticed
in the depth-time field of temperature as a consequence
of vergence due to Ekman and probable geographic
transports. These resulted strong thermal changes of
2° to 3°Cin the temporal domain.

(iii) Temporal changes in the bulk integral of heat
content of the upper layers is larger for the storm event
(19 K cal/cm? in the top 90 m layer) compared to that
of post-onset (8 K cal/cm? in the top 120 m layer).
This implies that stronger redistribution of heat to have
taken place in the vertical during the storm event.

(iv) During the storm day a thermal inversion is
present approximately embedded between 10m and 30 m
depths. Subsurface maximum temperature of 30.4°C
is present due to the descent of surface warm waters
caused by Ekman type of convergence.

(v) Analysis of temperature in the high frequency
domain revealed the presence of internal waves. Leakage
of energy from semi-diurnal internal tide to the short

riod waves is noticed below 100 m from the storm
day (5 May) to the post-storm day (14 May).
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