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An investigation is carried out on the structure of the atmosphere during
suppressed and active period of convection leading to a monsoon depression
over the Bay of Bengal using MONSOON-77 data. The study shows a large
variation in various kinematic and convective parameters during the transi-
tion from convectively suppressed to active period. The low level convergence
and the upward vertical motion are significantly enhanced in the active period
of convection from that of the suppressed period. Further, the convectively
active period is characterized by higher moist static energy and heating rate
due to the release of latent heat and vertical eddy transfer of sensible heat.
It is found that the diabatic heating rate is increased by about 10 °C/day
during the active phase. From these results it is inferred that the cumulus
convection is an important source of energy during the formation of monsoon

depression.
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INTRODUCTION

THe convective activity is a major process in the atmosphere influencing local and
large scale weather in the tropics. The latent heat released by the cumulus cloud
is known to drive the cyclone which on the other hand supplies moisture that
maintains the cumulus clouds—the so called CISK mechanism. The release of
latent heat in the atmosphere plays an important role in the energetics of the global
circulation, particularly in the maintenance of the Hadely cell. The cumulus convec-
tion though being small scale phenomena influences its embedding environment by
interaction through various scales. The existence of the cooperative interaction
between cumulus scale and synoptic scale was first mentioned by Charney and
Fliassen.! The interaction between various convective scales in the tropical distur-
bances as classified in GARP? is viewed as follows :-—

To the smallest turbulent scale kinetic energy pumps heat and moisture from the
surface into the lowest layer of the atmosphere by turbulent exchange process. The
D-scale convective system (1-10km) then forms which distributes thermal and latent
energy through most of the planetry boundary layer. Then the C-scale deep
convection (10-100km) releases the latent heatand transports it along with other
properties such as momentum and vorticity to higher levels which further distributes
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the heat over larger areas B-scales (100-1000m). The B-scale convective system
then energises the larger A-scale waves (1000-10,000km) through interaction
processes.

The objective of this study is to understand the role of cumulus convection in
the development of monsoon circulation and in the genesis of monsoon disturbances.
It is intended to find out the kinematic and convective budgets (thermodynamic
budgets) of an environment over a scale of 100-—1000km during convectively suppress-
edand disturbed period. The individual profiles of the kinematic parameters such as
mean zonal and meridional velocity, the vertical motion, their daily and diurnal
variation and convective parameters such as dry and moist static energy, apparent
heat source and moisture sink etc. have been computed for the two periods.

METHOD OF ANALYSIS

The data for this study consists of six hourly (00, 06, 12 and 18 GMT) upper air
soundings obtained from four USSR ships forming a polygon over the Bay of
Bengal (as shown in Fig. 1) for the period 11-18 August 1977. Missing data for
some of the observations during the period have been interpolated by fitting a
regression equation with time and space as independent variables. The entire
period has been divided into convectively suppressed period from 12-15 August and
disturbed period from 16-18 August based on synoptic charts, satellite cloud
pictures and vertical velocity considerations. A trough had formed over the Head
Bay on 16 August which developed into a depression on 19 August with its centre
at 19.0 °N, 91.0 °E at 0300 GMT (Fig. 2). It further intensified into a deep depres-
sion on 20 August.
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Fra 2 Surface pressure analysis from 12 to 20 August 1977 at 0300 GMT.

Interpolation and Horizontal Derivatives

The MONSOON-77 data have a few missing observations.

627

In order to have a

complete data set in space and time for the entire period, the missing fields were
interpolated by a linear regression method. The meteorological variables were
considered as functions of space (x, y) and time (¢) and the coefficients of regression

were determined by the least square technique.

time a meterological variable S’ was written as
S =Ko+ Ki(ts — D + Ko(Xs — X) + Ks(Yi — 1),

where

Ki(l= 0, 1, 2, 3) are the regression coefficients,
X, T are the coordinates of the centre of the polygon,

Thus, at any pressure level and

(D
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Xy, Y« are the coordinates of the ships, i (= 1,2, ...... , N; N is the total
number of ships),

15 is the time of observations where i (= 1, 2, 3) stands for ¢+ — At, ¢ and
t + At time levels. At is the time interval (6 hours) and

t is the mean time.
The missing observations at any time and space were then interpolated directly from
equation (1) by specifying the time and position.

The regression equation (1) was also used to compute various space derivative
terms at the centre of the polygon following Thompson et al.,> Reeves et al4 and
Stephens.5 The horizontal gradient of temperature ¥/ T, divergence ¥7.V and relative
vorticity K. 7 x V are evaluated as

Ty A oT A (8T _® 2
(VT)y = i (a—x),, +J (—ay )p = iay + Jas, A2
NN AN AN
(V.V) = (8X>p -+ (——ay)’ = by + ¢ .3
and
T = () — () =, —
KV x V) = (ax)p (ay)p ¢z = ba (@)

where 7, f, & are the unit vectors in the x, y and decreasing p direction and the sub-
script p represents an isobaric surface. The over bar denotes an average over
the polygon. ai, b: and ¢; are the regression coefficients of T, u and v respectively.

Vertical Velocity
The vertical velocity has been computed by kinematic technique using the
continuity equation in p-coordinate
‘w
@ _ _gv &)
op v )

Integration of (5) from pressure level py to p; gives

— - Py
wp, = wp; — JIv.Vil dp -..(6)
Py
where [ ] denotes a layer mean. Using (3) in (6), we get
- - Py
wp, = wp, — | (b2 + c3)] dp. ),
P

The boundary condition in (7) is chosen as

wp = 0 at p = 100mb. -(8)
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At the lower boundary w is computed as the sum of the orographically induced
vertical velocity and frictionally induced vertical motion. Thus,

. K, \1/2
wio00 == — pogV .V H — pg sin 2« (27) V 2, (%)

where
K, is the kinematic eddy viscosity coefficient (10m?2 sec-1),
a is the cross isobaric flow angle (22.5%),
o is the stream function at 925mb taken to be 0.5 (Ys000 + $sso0),
H is the terrain height,
po is the density of air at the sea-surface,
and g is the acceleration due to gravity.

In this study the first term of equation (9) was omitted since H — 0 over the Bay
of Bengal.

Adjustment of Divergence

The vertical velocity is usually estimated by kinematic, adiabatic or vorticity
technique. In the kinematic technique, the estimated divergence at various levels
are used to compute the vertical velocity from equation (7). In this method, we
require that the vertical velocity computed from (7) may satisfy the boundary
conditions (8) and (9). However, the estimated divergence values may not be
accurate due to several reasons for example due to the errors in the wind measure-
ment itself. Therefore, the vertical velocity w: at any level K becomes successively
less acceptable as K increases due to the errors in the estimate of divergence and
thus it may not satisfy the upper boundary condition8 One way to solve this
discrepancy is to force w to be zero at the top level. For this the error in at the
top level is distributed linearly throughout the column assuming that the errors in
divergence are equal and constant at all levels. However, since the errors in wind
are wholly instrumental, then the resulting divergence errors should also increase
with decreasing pressure. The above logic was reasoned by O’Briené who gave .a
more realistic correction in the computed vertical velocity and divergence. We have
used O’Brien’s principle to adjust the divergence values.

The Time Variability of Meteorological Parameters

Any meteorological variable say S(x, y, p, 1) over an area, at a time ¢ and
pressure level p may be expressed as a function of their harmonics using Harmonic
analysis as

/2
St = Ao + z A cos (2—?— t+ 45;) . ...(10)

t=1

where © is the period of series in hours, 7 is the time in hours, 4o is the variable
average, Ax and ¢ are the amplitudes and phase of the kth harmonic. Peddar’ has
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studied the diurnal and semidiurnal variation of kinematic parameters based on the
above formula. However, this method is useful only if the data are of much longer
duration than 7-8 days period and is also continuous throughout. Therefore, the
expression (10) is unsuitable for the present data set. For this an equivalent
technique was used in this study following Omotosho.8 We define at any level ;

S: as the average at a particular synoptic time say, at 0600 GMT only over
all the days. (All such averages (0600, 1200 etc.) are referred to as the
diurnal component);

E,B as the values of 8, averaged over all hours (0000 + 0600 4+ 1200 4 1800
and by definition of S: over all the days) which is the period mean; and
—S—; as the departure at time ¢ of the diurnal component S, from the period
mean i.e.
§, =8 —5°
This is referred to as the diurnal fluctuation.

Finally we let, Sf " as the residual S, — §; which is called the synoptic

component.
Thus, the analogue of (10) may be written as

S =8+ 87 +5 (1)
Based on the above decomposition the diurnal variability of various parameters have
been studied.

Convective Budget Equations
The moist static energy and the equivalent potential temperature are useful
parameters in the study of convection. The moist static energy (k) is defined by
h = CT + gZ + Lg, «..(12)
where ¢ is the specific humidity. Other terms have standard meaning. The moist
static energy remains conserved during both the dry and moist adiabatic processes.
The equivalent potential temperature (8,) is defined as
/C
8 =T (’O;’O) ® eLuC,T, (13)

It also remains conserved with respect to moist convective displacements. The
apparent heat source (Q;) and the apparent moisture sink (Q,) are given by :

Q1—5—+VSV+

aSw

BS'w' ’
+ L(C — e) -5 ...(14)
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and

e (Y, o, s

_Es ﬁ

S UC -+ L, (15)
where

S = CpT + gz is the dry static energy,
L s the latent heat of condensation,
Qr is the radiative heating rate,

C s the rate of condensation,

e is the rate of evaporation

and ¥ and w are the horizontal and vertical velocities.

The prime denotes the deviation from an average. The double over bars denote
average over time and over a horizontal area which is supposed to be large enough
to contain a large number of cumulus clouds, yet small enough so that the area is still
a small fraction of the large-scale environment.?

In the equations (14) and (15), Q, represents the apparent heating rate of the
large-scale system due to radiation, the release of latent heat by condensation and
vertical convergence of eddy transport of sensible heat. (@, is a measurse of the
apparent moisture sink which is due to the net condensation and vertical divergence
of the vertical eddy transport of moisture. Above the levels where cumulus clouds
are absent O, = @, = 0.

RESULTS AND DISCUSSION
Zonal and Meridional Wind

Fig. 3a shows the profiles of the zonal wind (&) and meridional wind (v) aver-
aged over the period 11-18 August 1977. It shows westerlies in the lower
troposphere with a maximum speed of 10m/sec in the boundary layer. The wester-
lies decrease above the boundary layer and turn into easterlies at about 450mb and
then increase with height. Although no maxima in the easterlies were observed, the
wind speed attended a value of 35m/sec at 100mb. The westerlies overlain by the
easterlies is a typical situation during the summer monsoon period. The shear
implied by this may be favourable for the development and maintenance of convec-
tive systems and meso-scale vortices. The profile of mean meridional wind
shows comparatively little vertical shear. It shows, southerly wind in the lower

layers and northerlies in the upper layers. The magnitude of v is much smaller
than # indicating that the flow is mainly zonal.

Fig. 3b shows the profiles of @ averaged during suppressed and fiisturbed
period. The results do not show much difference except that the easterlies of the
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Fio 3 Vertical profiles of (a) zonal wind # and meridional wind v averaged over 11-18 August

1977 (b) u during suppressed and disturbed period (c) v during suppressed and disturbed
period.

upper troposphere are more stronger during suppressed case and westerlies are
stronger during the disturbed period. The profile of meridional wind during
suppressed period (Fig. 3c) shows a strong southerly wind till 500mb and northerly
wind above 300mb. The disturbed case shows a very shallow southerly wind con-
fined in the bourdary layer overlain by northerlies throughout the atmosphere.

Divergence and Vorticity

The 8-days averaged profile of divergence (Fig. 4a) shows a mass convergence
in the lower layers till 650mb. The convergence is maximum in the boundary
layer. Above 650mb, there is divergence in the wind field with a maximum value
between 450-400mb. Above this level there are two shallow convergence and diver-
gence layers having peak values between 250-200mb and 150mb respectively. Since the
vertical mass transport in the convective regime are primarily accomplished by cumulus
convection, it can be summarised that divergence layers are likely regions of outflow
from cumulus tops or towers.> Thus, the profile in Fig. 4@ suggests two main
population of convective clouds with tops characteristically between 450-400mb and
250-200mb.

The 8-days averaged profile of vorticity (Fig. 4a) shows an anticyclonic
vorticity in the lower layers and cyclonic vorticity above this until 200mb. Above
this level, the vorticity again became anticyclonic. The maximum anticyclonic
vorticity in the lower troposphere lay at about 800mb and the maximum cyclonic
vorticity was observed at 300mb. The later may be due to the presence of easterly
jet stream. This profile is similar to the profile of Eastern Atlantic obtained by
Thompson et al3
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Fic 4 Vertical profiles of (4) Divergence and vorticity averaged over 11-18 August 1977
: () Divergence during suppressed and disturbed period (c) Vorticity during suppressed and
disturbed period.

Fig. 4b shows the vertical profiles of the divergence during suppressed and
disturbed period. During the disturbed period of convection, a strong low level
(1000-800mb) mass convergence is observed which is about 5 times that of conver-
gence during the suppressed period. Such enhancement of mass convergence over
the warm tropical ocean Jeads to an increase of convective activity. A secondary
maxima in the convergence is observed in the upper troposphere during both the
periods. The magnitude of this maxima remains almost constant. A thin layer of
divergence is observed between 500-400mb during the disturbed period. This may
be due to the mass outflux from the top of cumulus clouds associated during the
active period of convection.

Fig. 4c shows the profiles of vorticity during suppressed and disturbed period
of convection. The figure shows positive vorticity in the suppressed period in con-
trast to the usually observed negative vorticity in this period. However, this profile
is similar to the profiles of transition from suppressed to disturbed period as found
by Omotosho8

Diurnal Variation of Divergence and Vorticity

Fig. 5a shows the diurnal variation of divergence. It is seen that the low
level convergence increases and extends vertically with the progress of the days.
It attains a maximum value at 18 GMT at 950mb. In the middle troposphere
(400-500mb), a zone of divergence appears at about 06 GMT which has its maximum
value between 12 to 18 GMT. Thus, both the lower level convergence and upper
level divergence intensify simultaneously and attain maximum value at 18 GMT.
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Fic 5 Diurnal variation of (@) divergence and (b) vorticity. Contour interval is 2 x 1078 sec—?,

Such a phenomena is a common characteristics of the intensification of the convec-
tive activity. This result is well in agreement with the studies over GATE by
Omotosho 8

Fig. 5b shows the diurnal variation of relative vorticity. It is seen that lower
levels upto 500mb have in general anticyclonic vorticity. This does not favour the
observed deep layer of convergence in Fig. 5Sa. However, the two fields may not
always exist together over smaller scales such as in our study. Studies over the
GATE have also shown such type of results. Fig. 5b suggests that the maximum
anticyclonic vorticity occurs around 0600 GMT but, a deeper layer of anticyclonic
vorticity is observed in the midnight around 1800 GMT. From Fig. 5a it is seen
that, this is the time of peak convective activity. The increased anticyclonic
vorticity at this time may be due to down draft outflow from cumulonimbus clouds.
The cumulus updraft may advect its anticyclonic vorticity upwards at the time of
maximum ascent and convection. Between 750 and 250mb, a cyclonic vorticity is
observed in general. Above this level an anticyclonic vorticity is observed again at
all the times. ‘

Vertical Velocity

Fig. 6a shows the 8 days averaged profile of the vertical velocity. It shows an
upward motion throughout the atmosphere with a maxima at 600mb and a secondary
maxima at 200mb.

Fig. 6b shows the profiles of vertical velocity during suppressed and disturbed
period. The profiles show striking features having stronger upward motion during
disturbed period with a maxima at 650mb. The magnitude of the upward velocity
in this period is about 15 times stronger than that in the suppressed period. Though,
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Fig 6 Vertical profiles of vertical velocity (a) averaged over 11-18 August 1977 (b) during
suppressed and disturbed period.

during both the periods an upward motion is observed over almost entire tropo-
sphere, the vertical velocity is considerably higher in the active period at all levels.
Such a strong upward motion throughout the troposphere during the active period
of convection may be due to the fact that this is the period of formation of monsoon
depression.

Diurnal Variation of Vertical Velocity

The diurnal variation of the vertical velocity is shown in Fig. 7a. It shows that
the upward motion is maximum around 650mb between 12 and 18 GMT. At the
same time a warming of the upper and lower troposphere was seen to occur from
an analysis of the diurnal variation of the temperature (not shown here). This also
coincides almost with the time and level of maximum convergence as seen from
Fig. 5a. From an analysis of the relative humidity it was found that the relative
humidity was maximum between 12 to 18 GMT. Subsidence occurs between 00 and
06 GMT in the 350—300mb layer. The maximum subsidence occurs in the morn-
ing hour (00 GMT) at 300mb as seen from Fig. 7a. These facts lead to the general
conclusion that the convective activities increase considerably in the evening time
(12-18 GMT) from that of the first half of the day. Similar results arealso obtained
from various other studies over Atlantic trade wind zone based on GATE data.

Fig. 7b shows the diurnal fluctuation of the vertical velocity. It gives a clear
picture on the variation of the vertical velocity relative to the vertical
velocity averaged over the period. The figure shows a sharp change in the vertical
motion from forenoon to afternoon hours, the zero isoline being completely
vertical. This suggests an almost simultaneous response of the atmosphere over
these regions to whatever the forcing mechanism might be once the process is
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Fic 7 (a) Diurnal variation of vertical velocity’and (b) Diurnal fluctuation of vertical velocity.
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completed. The radiation-convection may be the forcing mechanism in this case.
From these results it is clear that, rising motion occurs as a whole in the evening
between 12 and 18 GMT and subsidence occurs in the morning.

Dry and Moist Static Energy

Fig. 8a shows the profiles of dry and moist static energy during suppressed
and disturbed period of convection. The dry static energy increases upwards right
from the surface sclely due to the contribution of potential energy. The suppressed
and disturbed period show little difference except at some levels where the values of
disturbed period are slightly higher.

The moist static energy profile shows that the suppressed period has lower
energy than the disturbed period throughout the atmosphere. Both the profiles show

a conditionally unstable atmosphere ( — % <0 ) Comparison of thedry and

moist static energy profiles show that, the moist static energy is much greater than
the dry static energy in the lower troposphere owing to the presence of moisture. In
the upper troposphere both the values approach to same.

Equivalent Potential Temperature

Fig. 8b shows the profiles of equivalent potential temperature in the suppressed
and disturbed period of convection. Although, 8, is seen to be little higher during
the disturbed period in the lower and middle troposphere, both the profiles coincide in
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the upper troposphere. The profiles also show a favourable condition for the release

—aea’p<o) is

of latent heat since the criteria for moist convective instability (

satisfied.

Apparent Heat Source (Qy)

The profiles of Q; (Fig. 9a) show that O, increases with height until 500mb
where it has a maximum value of 12 °C/day during the convectively active period.
It decreases sharply above that level reaching minimum at about 200mb. During
the suppressed period of convection it varies little with height and the heating is only
of the order of 1 °C/day. The remarkable increase in heating from about 1 °C/day
to nearly 12 °C/day is mainly due to latent heat release and vertical transport of
eddy heat by cumulus clouds. This profile is similar to that of Yanai® and
Thompson et a/.3 Ramanathan!! using a one day data of 7 June 1977 at 00 GMT
found a maximum warming of 45 °C/day at 400mb over the Arabian Sea. Sucha
high heating rate however, may be due to only one day data of a particular time,
he considered for the study.
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Apparent Moisture Sink (Q>)

The profiles of @, (Fig. 96) show its maxima during the disturbed period of
convection at 650mb, which is little lower than that of 9,. The maximum value of
Q- is about 10 °C/day. In suppressed period, Q, is only of the order of 1-2 °C/day.
This profile is also similar to that of Yanai efal9 and Thompson et al3
Ramanathan!! found the maximum value of O, in his study to be 34 °C/day which
seems to be unusually high.

A recent study on large-scale heat and moisture budget during - different phases
of monsoon was carried out using 1979 FGGE level IIIb data set by Mohanty ez al.12
The results of this study show that, there is substantial increase in heating rate
(mainly due to the latent heat release) in the middle troposphere during the onset and
active monsoon phases. It may be noted that, the onset and active periods of
monsoon are marked with intense convective activities. The present result is in
agreement with the result obtained by Mohanty et al.12
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Fic 9 Vertical profiles of (a) apparent heat source ‘Q,’ and (b) apparent moisture sink ‘Qy’ dur-
ing suppressed and disturbed period.
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during suppressed and disturbed cases. It is seen from the Fig. 106 that during the
disturbed period, the main contribution for the apparent heat source is from the
vertical advection which produced a warming throughout the troposphere with a
maximum of about 11.2 °C/day at 550mb. Under suppressed condition (Fig. 10a)
however, all the terms are of about equal magnitude.

CONCLUSION

Based on the results discussed above, the following general conclusions are
drawn :(—

The strong vertical shear observed in the wind components may be an
important factor in the development and maintenance of convective and meso-scale
systems.
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The vertical velocity increases rapidly from suppressed to disturbed period.
The maximum value of disturbed period is about 15 times stronger than that
observed during the suppressed period. The maximum upward motion occurs in
the evening between 12 to 18 GMT at 650mb. The downward motion is seen to
occur in the morning hours.

A strong low level mass convergence is observed in the disturbed period,
which is about 5 times than that of the suppressed period. The maximum conver-
gence 1s observed at 18 GMT which coincides with the time of maximum upward
motion. A general warming and moistening is also observed at this time in the
lower and upper troposphere.

The moist static energy and the equivalent potential temperature are observed
to be slightly higher in the disturbed period of convection. Both the profiles show
a condition favourable for the release of latent heat.

The apparent heat source increases with height and the maximum heating rate
of 12 °C/day is observed in the layer 450-500mb during the active period of
convection. In the suppressed period, the heating is only of the order of 1 °C/day.
This remarkable increase in heating is mainly due to the latent heat release and the
vertical transport of eddy heat by cumulus convection just before the formation of
depression.

The maximum heating by apparent moisture sink due to the net condensation
and vertical divergence of the eddy transport of moisture is of the order of 10 °C/day
during the disturbed period of convection. This heating rate is only of the order
of 1-2 °C/day in the suppressed period. This shows that the heating due to the
cumulus convection is a dominant source of energy during the formation of mon-
soon depression.
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