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ABSTRACT. Bated on MONEX-1979 data over the Arabian Sea, the paper analyses obscrvationally the
structure, development and movement of a vortex which formed during onset of the monsoon around mid-June
near the coast of Kerala. developed into a cyclonic storm at mid-sea and moved towards the coast of Oman to die
out there. Heat budget comutations bring out the differential behaviour of the different quadrants of the distur-
bance and appear to highlight the contrasting features between the northwestern and the other guadrants in re-
gard to vertical distributions of diabatic heating, local temperature tendency, thermal-advection and adiabatic
heating or cooling. The study reveals an interaction of the vortex with two eastward-propagating sub-tropical
westerly troughs which might have contributed significantly 10 its explosive development (decay) through warm
(cold) advestion. Both barutropic and baroclinic energy conversions appear to supply energy to the stcfm, though
there appears to be a dominance of one over the other at different stages of development and at different heights.
Tt seems likely that condensation heating also contributed to developmant of thz storm.

Key words — Morsoon onset, Onset vortex, MONEX-1979. Arabian Sea vortex.

1. Introduction

In June 1979, when the Summer Monsoon Experi-
ment (SMONEX) was in progress over the Arabian

the flow associated with this vortex and concluded
that barotropic energy conversion arising from strong
horizontal shear of the zonal wind might have been the
dominant process in the initiation of the disturbance.

Sea, a vortex formed at the leading edge of the advan-
cing strong westerly monsoon current and was centred
msl near the Lakshadweep islands on 15 June
(depression at estimated central pressure 1000 hPa).
Moving initially north/northwestward and later almost
westward, it developed into a deep depression/cyclonic
storm reaching peak intensity at mid-sea on 18 June
(estimated central pressure 993 hPa) as it headed
towards the coast of Oman and weakened rapidly after
landfall on 20 June.

Several studies (e.g., Krishnamurti et af. 1981, Mak
and Kao 1982) analysed the dynamical instability of

Ramanathan (1981) who used a multi-level primitive
equation model concluded that while the barotropic
processes were dominant in lower tropospheric levels,
baroclinic processes in the upper levels were responsible
for the further growth of the disturbance into a depres-
sion. A number of studies (e.g., Mak 1982) have
emphasized the possible role of moist convection in the
initiation of the vortex.

Unfortunately, as remarked by Mak (1987), a detailed
diagnostic analysis of this spectacular storm has not
yet been reported in literature. The reasons for this
are not known. There are several aspects of this storm
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Fig. I(a). Loagitudinal distribution of zonal temperature anomaly
(C) (deviation from zonal mean tzmoerature) relative to
the voiex ceatre oa 15 June at mel. 850, 700 an|
500 hPa

including its structure and development which have
remained rather obscure, even though the SMONEX
was carried out nearly a decade and a half ago. Clearly,
further studies are required to elucidate some of the
problems. The present investigation may be said to be
an attempt in this direction. In section 2, we describe
data and analysis. The wave structure of the vortex as
it appears in flow and thermal fields at isobaric surfaces
is described in section 3. Results of computation of a
heat budget which may help in understanding the phy-
sical processes within the vortex circulation such as
diabatic and adiabatic heating and cooliag are pre-
sented in section 4. The vortex during its lifetime
interacted with at least two eastward-propagating
sub-tropical disturbances. Some aspects of this interac-
tion believed to be involved in the development and
movement of the vortex are discussed in section 5. Some
aspects of energetics and energy conversions are dis-
cussed in section 6. Section 7 summarizes the main
findings.

2. Data and analysis

Basic data for the study comprise daily 12 UTC
winds and temperatures at msl and standard pressure
surfaces 850, 700, 500, 300 and 200 hPa over domain,
0-40° N, 50-100° E, during period 15 through 18 June
1979. Data sources include the conventional synoptic
maps of the India Meteorological Department (IMD)
and the following special publications of the Interna-
tional MONEX Management Centre (IMMC) avail-
able with the IMD Headquarters at New Delhi

FGGE MONEX Datasets :
No. 1.4. Ships data (FGGE ships)—Upper wind
data,

No. 2.1. Aircraft data — Dropwindsondes.,
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Fig. '(h). Longitudinal distribution of zonal temperature
ancmaly (C) (deviaticn from zonal mean tempe-
rature) relative to vortex centre at msl, 850, 700
cnd 500 hPa on 16, 17 end 18 Junc

No. 2.3. Aircraft data (flight level)— AVRO,
2

No. 2.4. Aircraft data— Dropwindsonde wind
data, and

No. 4.1. Land station data — Upper air observa-
tions.

Supplementary wind data from special observing plat-
forms were obtained from an atlas published by
Krishnamurti et al. (1979). Information regarding
large-scale cloud distributions associated with the vortex
was also obtained from the same source.

The coverage, quality and reliability of the datasets
used, which were obtained from so many diverse plat-
forms, leave much to be desired, though they wet-
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Fig. 2(a). Daily cloud distributions over the Arabian Sea during 15 June 1979
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Fig. 2(b). Daily cloud distributions over the Arabian Sea during 16 June 1879



DIAGNOSTIC ANALYSIS OF MONEX-1979 OVER ARABIAN SEA 322(c)

Fig. 2(c). Daily cloud distributiors over the Arabian Sea during 17 June 1979
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Fig. 2(d). Daily cloud distributions over the Arabian Sea during 18 June 1979
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Fig. 3. Distribution of vertical velozity (unit : 107 hPas™)
at 500 hPa on 15 June. Negative (positive) values
denote upward (downward) motion. U—upward.
D--dowaward

decidedly the best so far that one could aspire to get
on a usually-data-void ocean. Data coverage was
generally poor over the western part of the Arabian
Sea but fairly satisfactory over the eastern part. Barring
a few exceptions, wind and temperature data were
fairly reliable over a major part of the sea. Gupta
et ali (1980) who carried out an intercomparison of
wind  and temperature data obtained from different
observing platforms conclude, inter alia, that wind
direction and speed obtained from satellite-derived
cloud motion vectors agree well with other data when
the wind speed was less than 25 m/s and that dry-bulb
temperature difference between ship and dropwind-
sonde data was generally within +1.5°Cand —1.5°C.

The available wind and temperature data were ana-
lysed to determine some of the characteristics of the
flow and thermal fields associated with the vortex.
The horizontal temperature distribution suggested an
easterly thermal wind over the region practically at
all heights of the troposphere. The resulting analysis
was used to find out the horizontal and vertical structure
of the vortex, work out a heat budget and compute
energy conversions. The analysis was also used to
study a case of interaction of the vortex with travelling
disturbances of the sub-tropical belt.

An examination of large-scale cloud distributions
over the Arabian Sea, reproduced in Figs. 2 (a-d)
reveals the presence of two distinct cloud groups. One
of these which extended along the west coast of India
and over adjoining sea areas appeared to be related to
low-level convergence and orography and lay to the
east of the voriex centre. The other group which appea-
red to be directly associated with the vortex circulation
lay to the west of the centre. As the vortex moved
away westward, the first group which was associated
with monsoon onset extended northward along the

coast and also covered a wider area of the neighbouring
sed,

3. Structure

The vortex reveals a wave structure with well-defined
warm and cold sectors in the east-west direction drawn
through its circulation centre at pressure surfaces
below 500 hPa. This is evident from Fig. 1(a) which
shows the longitudinal distribution of zonal temperature
anomaly  (deviation from zonal mean temperature)
relative to the circulation centre at msl, 850, 700 and
500 hPa on 15 June and from Fig. 1(b) which shows
the zonal temperature anomaly on 16, 17 and 18 June
at different pressure surfaces. Together, they seem to
bring out the following structural characteristics:

(i) The vortex appears to have an M-shaped
thermal structure with a warm sector lying
between two cold sectors in east-west direction.

(ii) The wave-length of the vortex appears to be
in the range 1000-1500 km at msl and 850
hPa and about 1500-2000 km at 700 and
500 hPa.  The temperature amplitude is
about 1 to 2°C at all levels.

(i) A phase difference between the wind and the
temperature fields appears to stand out in
our analysis and undergo change with time
and height as shown in Table 1 (a phase
difference is taken as positive or negative
according as the warmest temperature ano-
maly lies to the west or east of the circulation
centre and as zero when the warmest anomaly
coincides with the centre).

A phase difference of the kind reported in Table 1
was first reported by Saha and Chang (1983) in the case
of a developing monsoon depression over the Bay
of Bengal. In the present case, it is likely that a positive
phase difference at msl and 850 hPa on 15, 16 and
17 June suggests a developing stage of the vortex.
A negative phase difference at all levels on 18 June may
signify the beginning of a dissipating stage.

4. Heat budget

Large-scale convective clouds to the west of the
vortex centre especially over the southwestern quadrant

TABLE 1

Phase difference between wind and temperature fields associated

with the onset vortex at msl and different pressure surfaces (a

phase difference is taken as positive or negative according as the

warmest temperature anomaly lies to the west or east of the circula-
tion centre and as zero when the two coincide)

Pressure Date (June)

surface r —— iy N

(hPa) 15 16 17 18
msl n/3 2n/5 44/15 —2n/5
850 nf3 4z/5 0 —2n/15
700 0 0 —z/15 —n/3
500 0 0 =15 —2n/15
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Figs. 5(a & b). Vertical distribution of horizontally-averaged
values of the terms of the heat budget equation
on 17 June in different quadrants of the vortex :
(a) NE, and (b) SE. V2lues are averaged over 2
9-point grid indicated in the respective diagrams

of the vortex suggest considerable release of latent
heat cver that area. However, a direct measure of this

diabatic heating as well as that arising from radiation

70° 75°E ]

and sensible heat flux across boundaries is difficult to
obtain in the absence of adequate data. In this circum-
stances, we computed diabatic Leating indirectly from
the first law of thermodynamics in the form
T

o («',,f’.e )J( VT = Om) 5p

where. O—The rate ol diabatic heating,
¢,—Specific heat  of
pressure p,

M|~

air at constant

g—Acceleration due to gravity,

T—Air temperature in degrees Kelvin,

V—Wind vector (with components wv
along x, 1 axes respectively),
w—Vertical p-velocity,

o—Static stability parameter

RT T
cand

\ Pf‘p ?'P

R— Gas constant for air,

In the heat budget equation, the right-hand side
constitutes the adiabatic response of the atmosphere
to the diabatic heating or cooling and the three terms
represent respectively the local heating or cooling
tendency, horizontal thermal advection and adiabatic
heating or cooling due to vertical motion. These terms
were evaluated at the standard pressure surfaces 850,
700, 500 and 300 hPa using a 2 degree latitude-longi-
tude grid and a centred finite-differencing scheme in
both space and time. Since we had data for 4 days,
temperature tendency could be calculated for 16 and
17 June only. Vertical p-velocity was computed using
the continuity equation in which the layer-mean hori-
zontal wind ~divergence was integrated in the vertical
from 925 hPa to 250 hPa using the lower boundary
condition, w,— V, 'V p,, where, w is

. vertical
velocity at surface pressure p. The well-known
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TABLES 2(a&b)

Kinetic energy of total How and vortex circulation in different pressure
layers [values are averaged over a 9 9 grid-piint network cen-
tred at the vortex centre (unit @ 10° Jm™2))

Pressure layers (hPa) Whole
Date —mr——————— Ao layer
925-775  775-600 600-400 400-250  925-250
(a) Total flow
15 0,94 1.26 0.59 0.29 3.10
16 1.49 1.35 0,54 0.25 jed
17 2.4 2.53 1.20 0.54 6.72
18 3.05 2.00 2.19 0.77 8.01
(b) Vortex circulation
15 0.3 0.4 0.3 0.2 1.1
16 0.3 0.2 0.2 0.1 0.8
17 0.4 0.6 0.5 0.4 1.9
18 0.7 0.6 1.0 0.3 2.6

O’Brien correction was applied to the computed verti-
cal velocity at the different pressure surfaces so as to
force the magnitude of the vertical velocity at the top
to zero. It was noted that the correction did not mater-
ially alter the direction and magnitude of the vertical
velocity computed by the continuity equation. Since
divergence calculated from observed wind is often
subject to large errors and its vertical integration fails
to achieve adequate mass compensation to explain
observed small pressure tendency at the lower boundary,
the use of continuity equation to compute vertical
motion using observed wind as input has been viewed
with skepticism in the past (e.g., Ramage 1971).
However, in the present study, we were encouraged by
a large measure of consistency between the analysed
wind and temperature fields and a qualitative agree-
ment between the computed vertical motion field and the
distributions of large-scale clouding and precipitation.
Fig. 3 presents an example of the computed vertical
motion field at 500 hPa at 12 UTC on 15 June 1979.
The distribution of total diabatic heating, vertically-
integrated between 925 and 250 hPa, on 16 and 17
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Figs. 6 (a & b). Synoptic situation showing streamlines and
isotherms at 500 hPa at 12 UTC on
(a) 15 June,and (b) 17 Junc

June, is presented in Figs. 4 (a & b) respective’y. It
shows large positive values in areas of strong pene-
trative convection to both west and east of the voriex
. centre, representing respectively the cloud group
associated with the mid-ocean onset vortex and tha.
associated with the regular monsoon onset along ihe
west coast of India. Negative values appear at some
distance to the northwest and the southeast of the
centre. where besides areas ol penetrative convection
some cloud-free areas also appear. In Figs. 5 (a-d),
we show the vertical distribution of the values of the
different terms of the heat budget equation over the
four quadrants of the vortex (values are averaged over
a nins-point grid in the respective quadrant relative to
the voriex centre, as shown in the diagrams) and the
results would seem to bring out the followiag salient
feature

(i) Northeast quadrant [Fig. 5 (a)]

Diabatic heating is positive throughout the tropos-
phere. It appeurs o be compensated by cold advection
anu pz.etrative convection.  There is considerable
local cuuling in he lower troposphere (below 700 hPa),
wiih litile temperature tendency aloft.

(/1) Southeast quadrant [Fig. 5(b)]

Diabatic heating is positive at all heights though it
reaches a small value at 700 hPa. As over the northeast
quadrant, 1t is compensated by cold adveciion, mostly
in the lower troposphere (below 700 hPa) and also by
some penetrative convection. The local temperature
tendency is negative throughout the troposphere.

(iii) Southwest quadrant [(Fig. 5(¢)]

Diabatic heating reaches high positive values through-
out the troposphere with a maximum (674.7 W m—2)
at about 700 hPa. Most of this heating is compensated
by adiabatic cooling in large-scale strong penetrative
convection. There is some cold advection below about
500 hPa. Local temperature tendency is almost negli-
gible.

(iv) Northwest guadrant [(Fig. 5(d)]

The vertical distribution of the different heat budget
terms here appears to be very diflerent from those
over the other quadrants. Diabatic heating turns out to
be negative throughout the troposphere. There is
strong warm advection especially in the lower tropos-
phere below about 500 hPa. Some adiabatic cooling
appears at the lower levels (below about 650 hPa)
but subsidence warming prevails aloft. Local tempera-
ture tendency appears to be strongly positive throughcut
the troposphere. Possible significance of this strong
warming of the atmosphere in the context of develop-
ment ol the vortex will be discussed in the section
that follows.

5, Interaction with sub-tropical disturbances

In our search for a plausible physical explanation for
the dramatic devciopment and change in direction of
movement of the vortex after 16 June, we examined
the daily synoptic maps and found that there was
evidence of interaction of the vortex with at least two
distinct sub-tropical westetly troughs during its lifetime.
During the interaction with the first westerly trough, a
typicai examplz of which is presented in Fig, 6 (a)
which shows the flow pattern and isotherms at 500 hPa
at 12 UTC on 15 June, warm advection from the north
to the west of the vortex centre was restricted somewhat
by the presence of the cold sector of the deep westerly
trough over the northeastern corner of the Arabian
Sea. It seems likely that subdued development and a
north/northwestward  movement of the vortex were
forced by interaction with this westerly trough. The
sitvation, however, changed dramatically after 16
June. The cold sector of the first westerly trough moved
away eastward making room for the warm sector of
a second westerly trough advancing from the west.
Fig. 6(b) which presents the synoptic situation at
500 hPa at 12 UTC on 17 June shows the vortex
in the grip of this new westerly trough with their warm
sectors well locked up with each other. The coupling
causes strong warm advection from the north to the
west oi'the vortex centre [(Fig. 5(d)]. We wre thus led
to believe that it is this warm advection which might
have contributed signiticantly to the explosive develop-
ment of the vortex.
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As mentioned earlier, the vortex after attaining peak
intensi'y on or about 18 June gradually weakened and
died within 2 or 3 days. What brought abou* this change
in the intensity of the vortex 7 An examination of the
synoptic maps suggests that warm advection to the west
of the vortex centre which is essential for its
maintenance decreases after 18 June as the two distur-
bances move in opposite directions and the vortex en-
counters increasing cold advection from the cold sector of
the westerly trough over the northwestern corner of
the Arabian Sea.

6. Energy for development

The dramatic development of the vortex from 16 to
18 June is well reflected in the change of its kinetic
energy presented in Fig. 7 which shows the daily values
of the kinetic energy of the total flow and the vortex
circulation, averaged over a 99 grid-point network
centred at the vortex centre and integrated from 925 to
250 hPa. The values of kinetic energy of the circulations
in different pressure layers are presented in Tables 2 (a&b)
for the total flow and the vortex circulation respectively.

TABLES 3(a & b)

Barotropic and baroclinic energy conversions in different pressure
layers [values are averaged over a 9 x 9 grid-point network
centred at the vortex centre (unit : 107 Wm™)]

Pressure layer (hPa) Whole
Date —— e —— layer
925-775  775-600  600-400 400-250 925-250
(a) Barotropic energy conversion
15 19.9 316 7.6 - .32 57.9
16 —15.3 —8.1 —9.5 —-1.2 —34.1
17 —19.6 165.5 34.0 -2.8 177.1
18 11.8 36.9 86.5 8.5 143.6
(b) Baroclinicenergy conversion
15 2.5 —12.4 —57.3 7.1 —60.2
16 —13.5 31.8 55.3 81.8 155.4
17 —48.1 —10.2 98.6 40.2 80.6
18 2.1 —119.5 20.0 —17.8 —115.2

The question as to where the vortex got its energy
from may be well debated. It is not suggested that the
only source of energy for its development came from
the thermal advection from an external source as describ-
ed in the foregoing section, though it might well have
triggered off the development process. Since the flow
had strong horizontal and vertical shear and there was
widespread convection in the field of the vortex, it seems
likely that other energy sources such as barotropic and
baioclinic energy conversions and condensation heating
were also involved. In the past, the relative importance
of these various processes for the growth and maintenance
of a tropical disturbance has been very much under study
but the problem still remains. In the present stucy,
we computed barotropic and baroclinic energy conver-
sions using the formulations (Lorenz 1967):

Barctropic energy conversion

Cxx> = )5l
el L3 el b

Barcclinic enesgy conversion

G {ue)for] o)

wherz, K, K’ and P’ are zonal mean kinetic energy,
eddy kinetic energy and eddy available potential energy
respectively over a cloced domain, the prime denotes a
deviation from zonal average [ ] and the two terms
within the angular brackets denote conversion from the
first to the second and the other terms have their usual
meanings.

Results of our computations with values averaged over
a 99 grid-point network centred at the vortex centre
are presented in Tables 3(a&b) for barotropic and baro-
clinic energy conversions respectively and appear to be
revealing. On 15 June, the barotropic process appears
to dominate, with only a slight contribution from the
baroclinic process at low and high levels. The situation
appears to change markedly on 16 June when the vortex
starts developing. Barotropic energy conversion is
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negative throughout the troposphere whereas baroclinic
energy conversion is very strongly positive in all the
vertical layers except the lowest below 775 hPa. However.
on 17 June, the barotropic and the baroclinic process-
es are both strongly positive, the former between 775
and 400 hPa and the latter between 600 and 250 hPa.
On 18 June, the barotropic process dominates aga n.
while the baroclinic process weakens. )

Current  thinking emphasizes the role of moist
convection in the development and maintenance of tro-
pical disturbances (e.g.. Mak 1982). There is evidence
of strong penetrative convection 10 the west of the vortex
centre, especially over the southwestern quadrant of the
vortex, after its development on 16 June and t seems
likely that through a co-operative mechanism between
the convective clouds and the vortex, generally known
as the conditional instability of the second kind (CISK).
convective heating made a significant contribution to
the development of the vortex.

We are thus led to conclude that while barotropic,
baroclinic and condensation processes might all have
made their respective contributions to the formation
and maintenance of the vortex, its explosive development
and subsequent decay we:e in all probability triggered
by its interaction with a baroclinic disturbance in the
sub-tropical westerlies.

1. Summary

The findings of the present study may be summarized
as follows :

(/) The vortex has a baroclinc structure with well
defined warm and cold sectors in the east-west direction
through its circulation centre.

(if) A phase difference appears to exist belween the
wind and the temperature fields in the lower troposphere
which changes with height and stage of development.
A phase difference is regarded as positive when the warm-
est zonal anomaly lies to the west of the circulation
centre. A positive phase diference appears to be a
characteristic feature of a developing vortex.

(7if) Heat budget computations bring out the diffe;ential
behaviour of the different quadrants of the disturbance
and appear to highlight the contrast'ng features between
the northwe.tern quadrant and the other quadrants
in regard to diabatic heating, heating and cooling.

(iv) The vortex appears to de:ive its energy from
both barotropic and barociin'c ene-gy conve-sion pro-
ces.es, though some degce of complemen arity appexrs
to exist be.ween the two. Wien the vortes s fully deve-
loped. energy conversions firom both the processes are
well in evidence. Condensation heating also appears o
contribute to development of the disturbance.

KSHUDIRAM SAHA axp SURANJANA SAHA

(v) Development of the vortex appears to have
been triggered off by its coupling with the warm
sector of an eastward-propagating sub-tropical westerly
trough which caused large-scale warm advection from
the north to the west of the vortex centre, The vortex
decayed when the coupling ended and cold advection
replaced warm advection. The mechanism appears to
be similar to that found by Saha and Chang (1983) in
respect of monsoon depressions over the Bay of Bengal,
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