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ABSTRACT. The effect of large scale moisture and moist static energy (MSE) budget on the
onset and activities of summer monsoon is investigated. The data base for this study consists of twice
daily First GARP Global Experiment (FGGE) level IIIb analysis of temperature, relative humidity,
geopotential and wind fields for a tropical belt from 20 deg. S to 40 deg. N and 0 deg. E to 150 deg. E,
during May-July 1979.

The daily variation, vertical distribution and period averages of the various terms in latent heat
energy (LHE) and MSE budget equation are closcly examined to find out their influence on the
activities of monsoon. The study indicates significant increase in the net LHE, horizontal convergence
of moisture and diabatic moisture sink (indicator of excess condensation than evaporation) about two
week before the onset of monsoon over Kerala coast. Further, a decreasing trend is observed in
horizontal convergence of moisture and moisture sink about one week before the break monsoon
condition, which started over India on 16 July 1979. However, the various terms of the MSE budget
equation do not depict any significant trend with the advance of the monsoon. The vertical distribution,

L period averages and the boundary fluxes also confirm the above findings.

1. Introduction (Riehl 1980; Pisharoty 1965; Saha and Bavade-
+ The present paper is the continuation of the kur|1973; Bunker 1965 etc).

earlier work done by the authors (Mohanty et al. Due to the inhomogeneous moisture distribu-

1982) in order to have the complete picture of
the characteristic thermodynamic structure of the
monsoon circulation. The summer monsoonal
flow is one of the most persistent features of
the earth’s atmosphere. The association of heat
and moisture budgets with the monsoon circula-
tion is well recognised by various investigators

tion in the atmosphere, its analysis is very diffi-
cult| job, especially, in a data sparse tropical belt
monsoon region, Due to the non-availability of
reliable moisture data over the monsoon region,
there appears to be very few number of work
in the literature related to Asian summer mon-
soop, confined to a limited region (Pisharoty
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1965; Anjaneyulu 1969; Saha and Bavadekar
1973 etc). '

In the present paper an attempt has been
made to study the moisture and moist static
energy budget over a large mensoon area with the
help of a reliable and complete data set, obtained
first time over this area. The effect of latent heat
energy and moist static energy on the onset,
maintenance and break monsoon has been
studied by utilising the twice daily analysis for
a period of two months (May - July 1979),
which cover all these aspects of the summer
monsoon.

2. The budget equation 1R

The latent heat energy and moist static energy
budget equations in the flux form in pressure co-
ordinates may be written as :
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where,

h=f’T+gZ + Lg,

L=latent heat of evaporation,

g=specific humidity,

Qp=diabatic heating due to radiative effects,

E=evaporation, C=condensation,

LH and SH=Ilatent and sensible heat flux at
the earth’s surface due to turbulent trans-

fer respectively, and other terms have
their usual meaning,

These equations are integrated over a closed
volume (Mohanty ef al. 1982) leading to the follow-
Ing space averaged budget equations :
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ie., S+ DIV = MS
and

g = _ A A
R A (3 ) A T
10 S+ DIV =RLS

where, the symbol A stands for horizontal average
at the earth’s surface and

S=rate of change of latent heat energy/moist
static energy,

DIV=rate. of outflux of latent heat energy/moist
static energy,

MS—diabatic source/sink ' of latent heat energy

RLS—=net diabatic fluxes ol radiation, latent heat
and sensible heat needed for the balance
of the moist static energy budget equation.

3. Data set and analysis procedore

The data base used for this study is the same
as that of the earlier work of the authors
(Mohanty et al. 1982) for the tropical belt
20 deg. S to 40 deg. N and 0 deg. E to
150 deg. E. As in the earlier work the two
months periods (16 May - 15 July) has been
divided into four phases, each of fifteen days
duration.

The @ - field, required for this budget study,
is obtained from horizontal wind fields by
kinematic method as discussed in the Part I of
the study.

The numerical scheme and analysis procedure
followed in this study has been detailed in the
earlier work of the authors (Mohanty et al.
1982).

4. Interpretation of resulis

Daily variation, vertical distribution and period
averages of various terms in the latent heat
energy and moist static energy budget equations
are closely examined to find out their influence
on the activities of Indian summer monsoon.

4.1. Daily veriation of various parameters of
the latent heat energy budget equation

Following are some of the features of daily
variation of the vertically integrated latent heat
energy and parameters of the moisture budget
equation (Fig. 1):

1. The daily variation of the net latent heat
energy decreases form 16-24 May and then
increases steadily upto 5 June (from 95 x 106-
105 > 10%YJm —2). Thereafter, itis almost maintain-
ed tillj the'end of phase IV in the range 102 x 108-
105 x10° Jm—2  This indicates that with the
advance of the monsoon the average moisture
content of the atmosphere increases by about 10
per cent and remains almost unchanged during
monsoon. The main source of moisture in the
atmosphere comes from the evaporation over the
ocean surface through turbulent moisture trans-
port. Since during monsoon season the moisture
distribution close to air-sea interface is almost
invariable and as low level wind speed also does
not change remarkably after the onset of the
monsoon, therefore, the total moisture content
may not be affected very much.

2. There is no distinct trend in the total
moisture storage of the atmosphere during entire
period,
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Fig 1. Daily variation of vertically integrated moisture budget parameters (Latent heat in 10® Jm-%)

3. During Phase I there is net horizontal trans-
port of latent heat from the region. Thereafter,
starting from 3 June to 3 July net horizontal
influx of latent heat to the region with the excep-
tion of two isolated events (not exceeding more
than two days) are observed. This convergence
may be attributed to the strong transport of
moisture from Southern Indian Ocean and
Western Pacific during this period. In the remain-
ing period of Phase IV there is almost horizontal

divergence of latent heat. This feature of strong
horizontal import of moisture in this region
during | the monsoon period (3 June-3 July)
agrees | well with the heat convergence during
the sa.T]e period (Mohanty et al. 1982).

4, The diabatic contribution (source or sink)
of net moisture in the observed atmosphere is
estimated by residual method, Diabatic moisture
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source stands for excessive evaporation compar-
ed to condensation over the entire atmosphere
while diabatic moisture sink signifies the
excessive condensation over evaporation.

During Phase I there is diabatic source of
moisture with the exception 17-18 May, which
indicates excess of evaporation over that of
condensation before the onset of monsoon. In
general, during 4 June to 4 July the net conden-
sation exceeds the evaporation, however, there
are a few occasions when evaporation exceeds
condensation but none of these exceptions con-
tinue for more than a day. Remaining period of
the Phase IV is marked with excess evaporation,
which may be duec to the decrease in condensa-
tion just before the break monsoon condition over
Indian subcontinent.

Characteristically persistent excess condensa-
tion during 4 June-4 July may be attributed
to the active monsoon period, which is also
indicated by other parameters. In particular,
during this period increase in diabatic heating
and enthalpy (Mohanty er al. 1982) confirm the
excess release of latent heat due to con-
densation of water vapour. Strong horizontal
convergence of heat and moisture along with
increased rising motion (Mohanty ef al. 1982)
further supports above conclusions. Tt is interest-
ing to note that each outburst of excess conden-
sation is associated with rapid decrease of mois-
ture storage and vice-versa. Further, during
active monsoon period (4 June-4 July) every
excess storage of moisture leads to an outburst
of condensation/precipitation. The physical
mechanism behind this diabatic process may be
expected in a highly moist (nearly saturated)
lower and middle troposphere where any extra
addition of moisture (increase of storage) may
lead to precipitation.

4.2. Daily variation of various parameters of
most static energy budget equation

Following are some of the features of daily
variation of the vertically integrated moist static
energy and its budget parameters (Fig. 2):

(1) The daily variation of the net moist
static energy (MSC) is almost steady
during the Phase 1. Thereafter, it
gradually increases from 31 May -
10 June (increases by about 0.4 per
cent in 10 days). The MSE is almost
maintained at this high value till
20 June. From 20 - 26 June an increase
of about 0.2 per cent is observed and
in the remaining period it remains al-
most steady. The maximum percentage
difference between lowest and highest
value of MSE does not exceed 1 per

cent, indicating the invariability of the
net moist static energy of the atmos-
phere during monsoon period.

(2) There is no distinct trend in the daily
variation of total moist static energy
storage of the atmosphere during the
entire period.

(3) The MSE budget shows the net hori-
zontal export of moist static energy
from the region. This horizontal
divergence lies in the range of 25-
50 Wm~2  and does not show any
definite  trend. In order to maintain
the net convergence of heat (Mohanty
et al. 1982) and moisture (Fig. 1)
mainly through the lower troposphere
there must be a strong net divergence
from the region mainly through the
upper troposphere. It may be seen that
the net mass divergence increases con-
siderably during active monsoon period
(Mohanty et al. 1982) and therefore
leads to the positive horizontal flux
divergence of MSE.

(4) The diabatic contributions to the net
moist static energy are mainly radiation
and subgrid scale processes such as
turbulent flux of latent and sensible
heat at the earth’s surface, which are
estimated by the residual method. The
net diabatic contribution of moist
static energy is always positive through-
out the period and does not show any
definite trend and lies between 10 -
75 Wm —. Studies of various workers
(Newell et al. 1974) shows consistent
net heating in the tropics during
summer which is in agreement with our
finding of positive diabatic contribu-
tion.

4.3. Time averaged vertical distribution of
various terms of latent heat budget equa-
tion.

Following are some of the features of the
{ime averaged vertical profiles of the latent heat
energy budget parameters in different phases
(Fig. 3):

(1) The local change of moisture (storage)
is very small during all the _phases.
However, its value is significantly
higher in the lower troposphere during
Phase 1. During Phase II the storage
is positive and almost same through-
out the vertical column of the atmo-
sphere. In Phase 1II the storage is
almost negligible which picks up again
in Phase IV. This may be explained
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Fig. 2. Daily variation of vertically integrated moist static energy budget parameters

on the basis that the atmosphere can
not hold moisture indefinitely and in
a saturated atmospheric column any
increase of moisture leads to conden-
sation and thus does not allow any
further increase in storage.

Horizontal convergence of moisture is
confined only to the surface layer
during all the phases. There is trans-
port of moisture from the region in

\
i
\

|

rest of the afmospheric layers with
maximum transport from 700 - 500 mb
layer, But magnitude of low level
convergence is more than the diver-
gence in the remaining layers during
Phases Il and III compared to the
corresponding layer values in Phases I
and IV. There is net convergence in
Phases 11 & 1T and net divergence in
remaining phases. The divergence in
Phase I is almost ten times higher than
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Fig. 3. Time averaged vortical distribution of various terms in moisture budget for tho poriod (a) 16-31 May, (b) 1-15
June, ( ¢) 16-30 June and ( d) 1-15 July 1979. In each pressure layer the various terms : storage horizontal
flux, vertical flux and moisture source/sink are represented by the arrows from the bottom to the top respectively

that in Phase IV. These results indi-
cate that the horizontal flux divergence
plays an important role in monsoon
activity by supplying excess moisture
to the region which releases diabatic
heating in the atmospherc through the
process of condensation.

(3) Unlike the case of heat flux (Mohanty

et al. 1982), the vertical fiux of mois-
ture is higher than the horizontal flux.
However, this difference is maximum
(more than 100 per cent) in the sur-
face layer with minimum difference
observed in 850-700 mb and 300 -
250 mb during all the four phases. In
general, the vertical profile of vertical
moisture flux during entire period
exhibit the same characteristics. In
the lower troposphere (1000-700 mb)
there is upward transport of moisture
while in the remaining layer (700-250
mb) there is sinking of moisture.
Maximum upward transport is obsery-
ed in the surface layer and maximum
downward flux is seen in the 500 -
400 mb layer.

(4) The residue indicates that the lower

troposphere (1000 - 700 mb) is the
moisture source and remaining layers
act as moisiure sink during the entire
period. The net vertical distribution
indicates that the condensation exceeds
evaporation during active monsoon
period while evaporation exceeds con-
densation in the Phases I and 1I, This
may be a'tributed to the high amount
of precipitation during active monsocn
compared to o'her periods. The verti-
cal distribution shows that the source
of maximum moisture is the surface
layer, while maximum sink is in the
500 - 400 mb layer during all the fiur
phases. The strong condensation in
the middle troposphere and large eva-
poration in the surface layer is mainly
needed to balance the strong vertical
transport of humidity. The maximum
condensation in the 500 - 400 mb layer
coincides with the maximum diabatic
heating in the middle troposphere
(Mohanty er al. 1982), thus confirms
the maximum release of latent heat
due to condensation of water vapour
in that layer.
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Fig 4. Time averagod vortical distribution of various terms in moist sLtic energy balanco for the period (a) 16-31 May, (b)

1-15 Juno, (c) 16-30 June and (d) 1-15 July 1979. In each pro

ure layer the various terms: storage, horizontal flux,

vertical flux and diabatic contribution in the moist static energy balance are represented by the arrows from the

bottom 'to the top respectively

4.4. Time averaged vertical distribution of
various terms of moist static energy
budget equation

Following are some of the features of vertical
distribution of moist static energy budget para-
meters (Fig. 4) :

. (1) The storage of moist static energy is
very small over the entire atmosphere
in all the phases. There is increase
(positive) in local change of MSE in
the lower troposphere and decrease
(negative) in the remaining layers
during Phases I and IV while there is
increase in local change at all the
levels during active monsoon with
maxima in mid-troposphere. Thus, the
net MSE storage is more in phases II
and III than in I and IV,

|
|
1

(2) During phase 1 there is strong import

of moist static energy info the region
which extends upto middle troposphere
in the further phases, with a level of
maximum horizontal divergence in the
upper troposphere (150-200 mb) at
approximately the tropical easterly jet
stream level. The net horizontal flux
divergence of MSE is almost same in
all the phases.

In general horizontal and vertical fluxes
are very large and to a large extent
compensate each other. The difference
between these fluxes is maximum close
to the surface which decreases consi-
derably with height. In the lower tropo-
sphere (1000 - 700 mb) there is up-
ward (ransport in all the phases with
maximum value in the surface layer.
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In the remaining layers there is, in

general, downward transport of MSE,
with maximum in the upper tropo-

sphere at approximately the easterly
jet stream level. The nature of the
vertical variation of this flux is similar
to that of sensible heat (Mohanty ez al.

Swid
DIV =110
MS =134

1982).

The residue which contributes towards
the moist static energy balance in the

atmosphere is positive in the lower
troposphere (1000 - 500 mb) during all
the four phases, This may be due fo
upward transport of latent heat and
sensible heat from relatively warm

ocean and land surfaces through tur-

bulent transfer processes. During phases
I and IV there is a sink of the diabatic

2,

contribution to the MSE in the 500 -
200 mb layer which may be attributed
to the radiative cooling in the upper at-
mosphere. During active monsoon the
upper troposphere serves as a diabatic

C)
u
S=01

DIV =-38
M5 =-37

source to MSE, though the magnitude

1
Usg

of this is very less compared to the
lower troposphere. This contrast in the

upper troposphere during Phases I1 and
III may be due to the absorption of
radiation by excess water conient and
reflection of solar radiation from the
top of cloud cover, which is more

during active monsoon period.

Uz 7

4.5. Space time average of various parameters

of latent heat energy budget equation Fig. 5. Schematic diagrams of the mcan latent heat

Following are some of the features of net

balance for the period (a) 16-31 May, (b) 1-15 Jung

moisture budget parameters over the region (¢) 16-30 June and (d) 1-15 July 1979. Units are in Wm—?

(Fig. 5) :

(1) The net local change of moisture in
the region decreases during the Phases
II and III in comparison to Phase I
and again an increasing trend is seen
during Phase IV, This may be attri-
buted to the fact that during active
monsoon period the atmosphere remains
almost saturated and does not exhibit
any fluctuation. The residue values
show that the net condensation exceeds
the evaporation during active monsoon
while the net evaporation dominates

moisture during Phases I and IV. There
is net influx of moisture through the
southern boundary and net outflux
through western boundary during entire
period. The import of moisture through
southern boundary increases consider-
ably after the onset of monsoon and
does not show any decreasing trend just
before the break of monsoon, There is
influx of moisture through the eastern
boundary during active monsoon and
there is outflux of moisture during
Phases I and 1V,

the region during Phases I and IV. This 4.6, Space time average of various parameters
result is in agreement with the fact of moist static energy budget equation

that there is excess precipitation during
active monsoon period. Further, this

Following are some of the features of net

result agrees well with the sensible heat moist static energy budget parameters over the

badget which indicates the increase in region (F:
diabatic heating and rising motion on (1)
the average during the same period

(Mohanty er al. 1982).

There is net horizontal convergence of
moisture into the region during Phases
Il and III but there is net outflux of

ig. 6):

The net storage and the diabatic con-
tribution to moist static energy is
more in Phases Il and III than in
Phases I and IV. These features are
similar to those seen in sensible heat
budget (Mohanty er al. 1982).
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(2) There is net export of MSE from the
region during all the four phases and
does not show any remarkable change
from phase to phase. During all the
four phases there is net outflow of
moist static energy across the eastern
boundary while the fluxes through
other lateral boundaries are similar to
that of sensible heat (Mohanty et al.
1982).

5. Conclusions

On the basis of the above results, following
general conclusions may be drawn :

() The various parameters of the mois-
ture budget over a large area depict
the real picture of the different im-
portant phases, e.g., onset, active and
break monsoon periods, similar to
that of heat budget parameters
(Mohanty et al, 1982).

(i) Daily variation of latent heat energy
shows an increasing trend from 4 May-
5 June and thereafter maintained

| almost at this level, whereas, horizon-
| tal import and diabatic sink of mois-
‘ ture show an increasing trend from
\ 3-6 June and thereaiter maintained

at a higher value until 3 July. The
‘ increase in the values of these para-

meters, which are the characteristic
‘ indicators of monsoon activities, staris
‘ about 2 week before the onset of
monsoon over Kerala coast and per-
sists at high values during active mon-
soon period.

(i) After 5 July there is net transport of
moisture from the region and increase
of moisture source, which may be due

to decrease in precipitation over a
| large area under consideration. Thus
| the daily variation of these parameters
indicate a weakening of monsoon

‘ about 10 days before the break mon-

soon prevailed over Indian subconti-

| nent and thus confirms the earlier
| results on heat budget parameters

(Mohanty ez al. 1982).

() Similar to the large scale heat budget
‘ parameters, the moisture budget para-
| meters are reliable indicator of mon-
| soon aclivity over Indian subcontinent.
< This study also confirms the earlier
‘ results that the southern hemispheric
‘ tropical circulation plays an important
. role in the mnorthern hemispheric
i summer monsoon,

| (v) From the results of moisture budget
1 and the earlier study on heat budget
- it may be seen that the daily variation

of these budget parameters are consis-
tent and exhibit similar characteristics
in different phases of monsoon. It may
‘ therefore be inferred that the diagnostic
| studies have potential for medium
‘ range forecast of the monsoon activity,
| such as, the date of onset and break
monsoon over Indian sub-continent

| from the day to day nature of heat and
; moisture budget parameters. 3
|

. (vi) The net moist static energy remains

almost steady for the entire period as
‘ the maximum percentage difference of
‘ this value does not exceed 1 per cent.
‘ The horizontal flux of MSE is also al-

most constant (mean == 38.1 Wm—2
and standard deviation = 1.7 Wm—2
. from phase to phase.

(vii) The daily variation of the MSE budget

'; parameters do not show any definite

w trend. It may, therefore, be concluded

that the MSE is invariant over a large

. area of the tropical belt during diffe-
rent phases of monsoon activity,
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The above conclusions are drawn on the basis
of heat, moisture and moist static energy budgets
carried out by one year data set (FGGE). How-
ever, all these different budget studies are con-
sistent and are in conformity with each other
which encourages the validity of above findings.
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