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ABSTRACT. The Monsoon Experiment (MONEX-79) has provided an exhaustive data set over
the Indian seas during 1979 monsoon. The USSR research ships recorded upper air data in stationary
polygons formed over the Arabian Sea and the Bay of Bengal. Using these data various parameters
determining the kinematic and thermodynamic structure of the atmosphere from 1000 to 100 mb have
been calculated. The comparison of these parameters during various phases of the monsoon over the
Arabian Sea and the Bay of Bengal brings out interesting contrasts during the onset, active and break

monsoon periods,

1. Introduction

A number of studics have been made on the role
of southern hemisphere in the gencsis of southwest
monsoon, Rao (1964), Pisharoty ( 1965), Findlater
(1969) and Saha (1970) observed a strong cross
equatorial air flow from southern to northern hemi-
sphere near the Somalia coast during southwest mon-
soon. Pisharoty (1965), Sikka and Mathur (1965),
Saha (1970) and Saha and Bavadekar (1973) also
noticed the cross equatorial water vapour fluxes
associated with southwest monsoon. Rao and Desai
(1971) tried to re-establish that the southwest mon-
soon owes its origin to the southern hemispheric
trades which get deflected at the equator and approach
the western coast of India as monsoon. From an
estimation of vapour transport across equator over the
Arabian Sea led Pisharoty (1965) to conclude that
bulk of the water vapour supply during monsoon over
India is of northern hemispheric origin. However, the
later study by Saha and Bavadekar (1973) has shown
that the net cross equatorial flux of water vapour is
only about 30% larger than the evaporation over the
Arabian Sea. Based on larger data sets collected during
Indo-Soviet Monsoon Experiment 1973 (ISMEX-73)
Ghosh ef al. (1978) confluded that the Arabian Sea
plays a dominant role in supplying the moisture to the
southwest monsoon over India. They also postulated
a zonal cell with ascending limb over the west coast
of India and descending one over the western Arabian

Sea. A similar cell with ascending limb over the north-
east India and subsiding limb over the northwest India
was earlier proposed by Das (1962).

Thus we see that the relative countribution of the
Arabian Sea towards the southwest monsoon in terms
of supply of water vapour, heat and mass fluxes still
appears to be an open question. Same is the case with
the Bay of Bengal.

The present study based on data collected ducing
Monsoon Experiment of 1979 (MONEX-79) is aimed
at further investigating the role of the Arabian Sea
and the Bay of Bengal during the southwest monsoon.

2. Data and analysis

During MONEX-79 (1 May 1979 to 31 August
1979), the USSR ships were in stationary polygons
on following days

Polygon T : 16 to 29 May 1979
Polygon I : 2 to 14 June 1979
Polygon I1T : 10 to 23 July 1979

The first two polygons were in the Arabian Sea
and the third one in the Bay of Bengal. The geogra-
phical location of each of these polygons along with
ship positions is shown in Fig. 1. Polygon 1 was
planned to cover the pre-onset phase of monsoon,
polygon IT the onset and advance of monsoon over
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Fig. 1. Stationary polygons

the Arabian Sea and polygon III the active monsoon
phase over the Bay of Bengal. Table 1 gives the
scientific objective planned to be studied by these
polygons and a brief summary of synoptic situations
actually encountered during cach phase. The MONEX-
79 research ships in their stationary positions provided
very valuable set of data on the atmospheric structure
over the Arabian Sea and the Bay of Bengal. In all,
these data consist of over 600 upper air soundings
from research ships in these stationary polygon posi-
tions and have been utilised in this study. From the
data at standard and significant levels, the geopotential
height, dry bulb and dewpoint temperatures, zonal and
meridional components of wind were interpolated at
25 mb intervals between 1000 and 100 mb, thus,
giving data over 37 levels for each sounding. Obser-
vations were taken at main synoptic hours : 00, 06,
12 and 18 GMT. At each of these levels horizontal
divergence and vertical component of relative vorticity
were calculated as flux and circulation per unit arca
respectively over the polygonal region.

Total flux and circulation were calculated by con-
tour integration over the polygon as follows :
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where v, and v,; are the mean normal and radial com-
ponent of wind over the ith side of the polygon and 7;
is the length of the side. To get proper sign for vorticity,
integration was performed in an anticlockwise direction.
In a few cases, when the data from only three ships were
available such integration was performed over the trian-
gle. If data were available from less than 3 ships, they
were not considered for the analysis.

Vertical velccity (w) was obtained by vertical infe-
gration of divergence cquation as,
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Fig. 2(a). Zonal winds (mps)

Fig. 2(b). Meridional winds (mps)

The lower boundary condition was w,=0and the imposed
upper boundary condition was taken as w;,—02at 100 mb.
This was achieved by adjusting the divergence at each
level following O’ Brien (1970) so that the total divergence
between 1000 and 100 mb is zero. While doing such
adjustments the residual divergence was distributed
among the levels proporiional to the mean wind speed
at various levels.

Other parameters calculated were the kinetic encrgy,
dry and moist static energy, precipitable water, zonal
and meridional transpori of water vapour and diver-
gence of water vapour as follows :

1. Dry static energy (SSD) = gh-+-¢, T, ¢, specific heat

al conatant
pressure.
2. Moist static energy — SSD -+ g.Le, Le latent heat
of evaporation.
100
3. Precipitable water = — g dp
1000
100
4. Zonal transport of water 1 =
vapour T g yoag
1000
100
5. Meridional transport of 1 ==
water vapour Tz qv P
1000

6. Divergence of water vapour = v/ .¢ v dp
Mean Kinetic energy KE = } (224 »2)

Where u,v are the zonal and meridional components
of wind ¥, T is temperature. g specific humidity and i
is the geopotential height. The over bar indicate the
polygonal mean of the parameters.

Computations of the above and other derived para-
meters were made for the four synoptic hours every-
day from which time averages were calculated. For
economy of space all the graphs and charts have not
been presented but only selected ones have been
produced.

An examination of the actual synoptic situations
during polygon I (16-29 May) showed that equa-
torial trades intensified and the low level anticyclone
weakened and moved away southwards. During the
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TABLE 1

Scientific objectives and synoptic Summary

Scientific objective Summary of synoptic situations

Polygon I (6.3 N,57.0°E : West Arabian Sea) 16-29 May 1979

To study the vertical
structure of atmos-
phere over the west-
ern Arabian Sea dur-
ing the pre-onset phase

Low level anticyclone centred around
5°N/65° E was preodminant in the
beginning but weakened and shifted
southwards towards the end period.
Weak southwesterly wind prevailed
over Somalia coast. Subtropical jet
%geam was running between 25° and
l
N:

Polygon II (7.0° N,67.0°E: Central Arabian Sea) 2-14 June 1979

To study the onset of Low level anticyclone disappeared on

monsoon over the 5 June and cross-equatonal flow along

Arabian Sea Somalia coast increased, Upper tro-
pospheric ridge established at 200 mb
and elongated. Monsoon current
started establishing over the Arabian
Sea from 9 June. Subtropical westerly
Jet shifted northward to 40° N over
Indian longitudes.  Tropical easterly
jet  appeared over south India.
Somali jet started to form toward the
end of the period.

Polygon ITI (16-0° N, 89.5° E : North Bay of Bengal) 10-23 Jul’ 79

To study the atmos-
pheric structure over
the Bay of Bengal
during active mon-
soon phase including
formation and move-
ment of monsoon de-
pressions and breaks
in monsoon

Monsoon trough shifted northwards
from its normal position, reaching
foot hills by 17 July. No Bay depres-
sion formed during the period, though
a feeble low pressure formed over
north Bay on 13th and weakened
later. Tropical easterly jet broadened
and no distinct maxima could be
traced, Somalia jet was also weak
during the period. Subtropical jet
ran between 40° N and 45° N. Break
monsoon conditions started on 17
July and continued till the end of the
period.

period of polygon II (2-14 June) we see that the low
level anticyclone disappeared and cross-equatorial
flow across equator increased. Monsoon flow with 10-
20 kt southwesterlies established over south Bay of
Bengal. One weak low pressure wave entered Bay
through Burma on 5 June and weakened, Later a
cyclonic circulation appeared over head Bay of Bengal
but soon weakened. The third stationary polygon
represents basically the atmospheric conditions, over
Bay of Bengal, associated with break monsoon condij-
tions, The anticyclogenesis in the equatorial air was
observed around 17 July, heralding 10 day long break
monsoon., Towards the end of the phase the monsoon
trough could be seen to shift from its northern posi-
tion southwards indicating revival of monsoon.

3. Results
3.1. Upper winds

. At polygon I, upto 20 May, the low level flow was
light southwesterly or northerly. From 21 May, the
westerly component strengthened reaching its maximum
value on 24 May. Higher level flow was northwesterly
throughout this phase. The average wind profiles for
the four hours show 2-3 mps zonal westerlies upto
650 mb [Fig. 2(a)]. These change to casterlies

having a maximum strength of 8 mps near 400 mb.
Above this level a narrow zone of westerlies is observed
between 275 mb and 125 mb. Southerlies extend upto
850 mb. Beyond this level very weak northerlies pre-
vail upto 250 mb with a maximum strength of 2-3
mps near 300 mb. Between 250 and 150 mb against
a narrow zone of southerlies is noticed,

Towards the beginning period of phase II, west-
northwesterlies were concentrated in the lower layers.
From 5 June the low level flow became westsouth-
westerly, strengthend and deepened reaching maximum
depth upto 350 mb between Y & 11 June. Except this
three day period of deep westerlies, the upper level
flow was generally eastnortheasterly or eastsouth-
easterly, The average meridional wind is shown in
Fig. 2 (b). In the mean, the westerlies prevailed upto
600 mb, and easterlies aloft. Easterlies reached their
maximum strength of 18 mps at 125 mb. As for the
meridional component, weak southerlies prevailed upto
250 mb and weak northerlies aloft,

In the beginning of phase IlI, southwesterlies with
strength 12-14 mps prevailed upto 350 mb. The
southwesterlies, weakened and decreased in depth
continuously till the end of the phase and during the
break monsoon conditions. The spectacular weakening
and narrowing in depth of westerly component during
this phase is seen in Fig. 3. In the mean during this
phase the westerlies extended upto 550 mb with maxi-
mum strength of 8 mps around 850 mb. The easterlies
aloft reached a maximum strength of 35 mps at
100 mb. Looking at the meridional component,
southerlies are noticed upto 300 mb and northerlies
aloft. Strongest southerlies (4-5 mps) are at the
lowest level and the strongest northerlies (4-6 mps)
at 150 mb, ‘

3.2. Temperature distribution

The vertical thermal structure during all the phases
is essentially similar, except that temperatures during
phase 1l are more by about 1 deg. C than during
phase I particularly in the middle and upper (ropos-
phere. Temperatures for phase 111 are also more than
those for phase II nearly by the same amount. Indivi-
dual hourly temperature distribution showed that 06
and 12 GMT temperatures were slightly higher than
those from 00 and 18 GMT throughout the atmos-
phere. Freezing level (0 deg. C) for all hours lay
around 550 mb during all the three phases.

3.3. Kinetic energy

Fig. 4 (a) shows vertical distribution of kinetic
energy during the three phases. The kinetic Chergy pro-
files for individual hours did not show any appreciable
diurnal variations. Hence only mean daily profile of
kinetic energy is presented. During phase I kinetic
energy maximum is observed around 400 mb asso-
ciated with strong easterly flow at this level. A minor
maximum associated with upper westerly flow occurs
around 175 mb. Kinetic energy is minimum around
650 mb where low level westerly flow changes to
upper level easterly flow. During phase II and IIT
Kinetic energy is nearly constant (15-20 m?® sec™?)
for phase IT and nearly double of it for phase III)
upto 300 mb and 500 mb respectively and increased
asymptotically thereafter reaching a maximum value
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Fig. 3. Daily average zonal winds (mps)

of 180 m* sec—2 during phase 1I and of 480 m* sec™ >
during phase 1II at 100 mb. The 100 mb being the
highest level considered in the study, the maximum
apparently is situated at a still higher level.

3.4, Water vapour
3.4.1. Precipitable water

The vertical distribution of mean specific humidity
(gm/kg) for the three phases does not show much
except the fact that there is increase in specific humi-
dity from phase 1 to phase 1I to phase 111 by about
1 gm/kg throughout the depth upto about 350 mb,

The daily variations of moisture in terms of total
precipitable water integrated upto 100 mb have been
computed but for reasons of space the diagram is not
presented here. The main feature of precipitable water
distribution during phase I is a steady increase in its
amount from 4 gm to 5 gm between 18 and 21 May.
Thereafter it continued nearly at the same level till
the end of the phase. Total precipitable water during
the beginning of phase II was about 5 gm and
increased steadly to 6 gm towards the end of the
phase. During phase 11l precipitable water was about
6 gm, with fluctuation between 5 and 7 gm. An impor-
tant feature is the decrease in precipitable water
between 18 and 21 July coinciding with carly part
of break monsoon period. However, from 22 July
onwards precipitable water started incrcasing about 5
days prior to conclusion of break monsoon condition
on 27 July.

3.4.2. Transport of water vapour

Vertically integrated zonal and meridional {ransport
of water vapour are shown in Fig 4(b). During phase I
water vapour transport is towards northwest during
first four days, but thereafter with the southward shift
of low level anticyclone it becomes southeastwards.
In the beginning of phase II water vapour transport
was southwestwards but from 5 June onwards south-
eastward transport of water vapour started as the
Arabian Sea flow started organising before the onsct
of monsoon which took place towards the end of the
phase. During phase III there was northeastward
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moisture transport throughout the period with a steady
decrease in its magnitude with time, particularly of
zonal transport,

3.5. Static energy — dry and moist

Mean static energy distribution (Fig. 5) does not
reveal much of a variation among the three phases
except the fact that both dry and moist energies at
each level are higher than the corresponding values
in the preceding phase. Dry static epergy increases
almost lineraly with height from 72.5 m® sec 2 at
1000 mb to 83.5 m2 sec™® at 100 mb during all the
three phases. At different levels the dry static energy
marginally increased from phase I to phase 11l through
phase 11.” The moist static energy intially at 83-84m2
sec—2 at 1000 mb decreases to 79-80 m2 sec * at
550 mb, then again it increases to 83-84m2 sec 2 at
100 mb. Moist static energy varies rather widely
among the three phases as compared to dry static
energy. Niita (1980) also observed similar vertical profile
of dry and moist static energy for phase 111

3.6. Horizontal flux of water vapour

For reasons of space only 1200 GM'T horizontal flux
of water vapour (/. ¢ v} is presented in Fig. 6. During
phase 1 we observe divergence at lower layers upto
800-850 mb and convervence above these levels at 00
and 12 GMT, At 06 GMT the reverse order, i.e.,
moisture convergence is noticed at lower levels and
divergence aloft. The water vapour fluxes at 1800 GMT
are very weak as compared to other hours, During
phase Il the patterns of horizontal vapour flux is
similar to that during phase 1, i.e., at 00, 12 and 18
GMT there is general vapour divergence at lower
levels and convergence aloft, while at 06 GMT this
pattern gets reversed, The vertical distribution of
water vapour flux during phase III is very systematic
and similar at all hours, Over a very shallow lower
layer upto 900 mb water vapour divergence is noticed.
Above this layer upte about 650 mb strong water
vapour convergence takes place which has highest
value around 750 mb. Above 600 mb there is again
divergence of water vapour with maximum value
reaching around 400 mb.
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3.7. Relative vorticity

Fig. 7 shows vertical distribution of average rela-
tive vorticity for 00, 06, 12 and 18 GMT for the three
phases. During phase 1 we observe positive vorticity
over the lower layers of the atmosphere at all the four
hours, though vertical extent of the positive vorticity
shows large diurnal variations. At 00 GMT the vorti-
city is positive upto 500 mb becoming negative bet-
ween 475 mb and 275 mb. Above this level vorticity
becomes positive again. Vertical distribution of vorti-
city at 12 GMT also shows nearly similar pattern
though at this hour the extent of negative vorticity
over the middle layers is much larger. At 0600 GMT
vorticity is positive only upto 750 mb and negative
throughout the upper layers. At 1800 GMT the depth
of low level positive vorticity becomes very shallow.
During phase II, the relative vorticity pattern for four
hours show large variations. This ship polygon was at
the onset phase of the monsoon. Sudden changes in
atmospheric flow features could have resulted in large
diurnal variation of the vorticity. During this phase
also we generally notice positive vorticity in the lower

Fig. 8. Daily variation of relative vorticity 10% during
break monsoon
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Fig. 10. Vertical velocity (unit :
107 mby/sec)

Fig. 9. Divergence
(unit : 107°
sazh)

and middle layers and negative vorticity in the upper
layers, though there are large diurnal variations in the
vertical extent of such distribution, Vorticity distribu-
tion during phase III is very systematic and typical of
dynamically active atmosphere. The lower atmosphere
upto about 600 mb is seen to have positive vorticity.
The layer from 500 mb to 200 mb has negative vorti-
city, 300 mb level having the minimum negative
vorticity. Above 200 mb vorticity again becomes posi-
tive. Fig. 8 shows the daily variations of relative
vorticity during phase III It is interesting to note the
continuous reduction in the depth of layer of positive
vorticity at the lower level and increasing negative
vorticity at the upper levels during the break monsoon
period.

3.8. Divergence

Fig. 9 shows the distribution of vergence. Although
there is sufficient diurnal variation in the divergence
patterns, some significant features are apparent in its
distribution. All the three phases have dominantly
divergent field at the lower levels. During phase I,




422 T. K. RAY axp H. S. BEDI

tht level between 750 and 650 mb is found to be the
level of ‘non-divergence’. Between 630 and 300 mb
convergence dominates; maximum convergence occurr-
ing around 350 to 400 mb leveis. At upper levels
again divergence is noticed. During phase II, weak
divergence or convergence is noticed at lower levels
upto 800 mb. Between 850 and 600 mb generaily
divergence occurs with its maximum value around
700 mb. Between 600 and 300 mb levels again weak
divergence/convergence is noticed. At higher levels
convergence is noticed beyond 300 mb with its maxi-
mum occurring around 200 mb, The divergence field
for phase IIl represents break monsoon condiiions.
The lower troposphere upto 500 mb is dominaied by
sufliciently strong divergence; in case of 00 and 12
GMT, convergence is noticed between 800 and 600
mb. Vergence values are minimum around 500 mb
which could be regarded as level of non-divergence,
Beyond this level convergence is noticed upto about
150 mb, with maximum convergence taking place
around 200 mb level. At higher levels the ficld again
becomes divergent. An examination of daily diverzence
field showed progressive decrease in convergencs over
lower layers (800-600 mb) and deepening of the layer
of upper level convergence with the approach and
during break monsoon conditions.

The divergence field during all the three phases
represents weak monsoon conditions. Another impor-
tant feature noticed is the level of non-divergence
which at the west Arabian Sea during phase I is
around 700 mb shifts to 500 mb at the north Bay of
Bengal during phase III.

3.9. Vertical velocity

The distribution of vertical velocity during three
phases can be seen in Fig. 10. During phase I, down-
ward motion dominates the lower troposphere upto
about 450 mb, except for 18 GMT which shows up-
ward vertical motion at all the levels. The reason for
such difference in vertical velocity at 18 GMTI and
other hours is not clear. A carcful examination of the
initial and derived data could not reveal any crror.
In the upper trosphere generally upward motion is
noticed. Phase II is dominated by weak downward
motion at all levels at 06 and 18 GMT while at 00
and 12 GMT upward motion is noticed upto 700 mhb
levels and downward vertical velocity aloft. During
phase IIl downward vertical motion is noticed upto
200 mb at 06, 12 and 18 GMT. The sirengest down-
ward motion is noticed between 500 and 300 mb levels,
The vertical velocity field at 00 GMT is rather weak
though in this case also downward motion dominates
the lower layers. An examination of daily vertical velo.
city patterns during phase 111 showad that the strongest
downward vertical motion in the middle troposphere
occurred during the break monsoon period starting
from 17 July.

4. Conclusion

The 1979 summer monsoon was a typically weak
monsoon practically throughout the country. The
thermodynamical and kinematic structure brought out
above on the basis of data collected by rescarch ships
thus correspond to general weak monsoon conditions.

The first phase during the pre-onset phase shows
rather weak flow with dominantly subsiding motion
and low moisture contents over the Arabian Sea. The
second phase shows increase in kinetic energy as well
as moisture contents and rising motion in the lower
layers over the Arabian Sca in association with onset
of monscon. The results during third phase corres-
pond typically to break monsoon conditions over the
Bay of Bengal. Though the atmosphere has large
kinetic energy, there was substantial decrcase in mois-
ture contents of the atmosphere, increase in divergence
in the lower levels and convergence in upper levels
and dominantly downward motion throughout the
troposphere. Substantial decrease in the atmospheric
moisture contents was also observed during carly days
of break monsoon period. Another factor noticed was
the height of the level of non-divergence which over
the Arabian Sea during pre-onset period was around
700 mb and over the Bay of Bengal during the estab-
lished monsoon period was around 500 mb.
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