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ABSTRACT. A global spectral model was used to predict the onset phase of the southwest monsoon
(1979). FGGE III-b and MONEX-79 data sets were used as input. In the 5-day prediction experiment the streng-
thening of the monsoon westerlies along 5°N with maxima around 50°E and 70°E and the formation of the onset
vortex on the poleward side of the monsoon current were in 1easonable agreement with the observations. By
5-day the vortex was correctly predicted to move north and form into a depression. The model output was exa-
mined to gain an insight into the physical mechanisms. The role of condensational heating in monsoon dynamics
was found to be crucial. The adjustment processes between the evolving meridional pressure-gradient and zonal
westerlies was traced in the point diagnostics of the model output at a point 5.0°N, 70°E situated in the monsoon
jet. Energetics and vorticity compulations showed that barotropic instability could not he the sole mechanism
in the formation of the vortex in the model atmosphere.

1. Introduction

The onset of the southwest monsoon (referred to
hereafter as the monsoon) is known as the burst of
the monsoon. Its appearance over the Arabian Sea

is often abrupt with the circulation changes which are

supposed to be the harbingers of the onset occurring
simultaneously or just a few houis before. Two aspects
of this burst of the monsoon make it appear specta-
cular too. One is the strengthening and deepening
of the lower tropospheric westerlies over the Arabian
Sea, The other is the formation of a disturbance north
of the leading edge of the monsoon current, initially
as a trough of low pressure, and later developing into a
depression on many occasions. This vortex moves
north dragging the monsoon current along with it.
This study is aimed at providing some understanding
of the mechanisms governing these important aspects of
the onset phase. The observational studies, based as
they are upon poor data coverage especially over the
oceanic regions, have been unable to provide explana-
tions for the time-scale and intensity of these transition-
al onset features. Even the comprehensive data base
acquired during the monsoon experiment known as
MONEX-79 [Fein and Kuettner 1980] does not seem

adequate. However, such data do provide initial and
verification observations for numerical models and at this
stage, one has, perhaps, to continue to rely on model
studies—numerical and theoretical—to probe further in-
to the mechanisms indicated by the observational studies.
Some success has already been achieved in simulating
the monsoon by general circulation studies (Washing-
ton and Daggupaty 1975, Hahn and Manabe 1975% and
by simpler models [Murakami et al. 1970, Godbole 1973,
Webster and Chou 1980 a, b, Bannon 1982, Krishna-
murti ef al. 1981]. The role of mechanisms such as
differential heating between a heated continent and in-
teractive ocean, hydrological cycle and orographic forc-
ing like that of the Himalayas have been considered in
these studies. The conclusions, however, are at variance.
This may be, perhaps, due to the neglect of processes
in some of these studies so as to keep the models simple.
Murakami et al. (1970) and Godbole (1973) were able
lo simulate the onset of monsoon from a dry model
including only orography. Their study did not indi-
cate that the hydrological processes were essential.
Webster and Chou (1980) on the other hand found that
the monsoon onset could be simulated without orography
including only the hydrological processes in the model
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Fig. 1. FGGE III-b analyses of the wind field on 11 June 1979 at
1200 GMT for (a) 850 mb & (b) 300 mb (units : ms™)

14 JUNE 70 127 500 MB WINDS  ,
TV eh N
: VALY *-&..

(b)
RS

1

LV . WL

-
N Ay

Fig. 2(b). FGGE analyses on 14 June 1979, 1200 GMT at 500 mb

Fig. 2(a). Predicted 3 day 500 mb wind field valid for 14 June
1979, 1200GMT
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Fig. 3(a). As in Fig. 2(a) except for 850 mb Fig. 3(b). As in Fig. 2(b) except for 850 mb
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integrations. Hahn and Manabe (1975) found that
both the orographic forcing and hydrological processes
were essential, Without mountains, for example, the
time-scales of the monsoon transitions like the onset
were slower and inconsistent with the observations.
Using the MONEX-1979 data sets Krishnamurti et al.
(1981) calculated that the horizontal shear of the mon-
soon current could provide substantial energy during
the evolution of the onset vortex. The conversion
from zonal to eddy kinetic energy was demonstrated by
them via a simple prediction experiment by simulating
the onset vortex from a barotropic model conserving
the absolute vorticity. Mak and Kao (1981) agreed
that the onset vortex could be accounted for by the pro-
cess of dynamic instability associated with the hori-
zontal shear. His dry two-layer linear balance model,
however, predicted the maximum intensity of the dis-
turbance on the south of the wind maxima in contrast
to the observed position of the vortex on the north side.
His computations were, however, in agteement with the
theoretical work of Kuo (1978) who found that the maxi-
mum intensity of the disturbance would occur on that
side of the jet where the absolute vorticity was small.
The position of the vortex in Krishnamurti ef al. (1981)
was predicted after 48 hours to be at 74° E, 10° N on 15
June '79, 1200 GMT. Though southeast of the observed
position at 71°E, 12°N, it was still north of the predicted
wind maximum (15.7 m/s at 75°E, 3°N). The question
whether the location was predicted on that side of the
jet where the absolute vorticity was small was, however,
not addressed in their study. Bannon (1982) used a
barotropic primitive equation model with bottom fric-
tion to simulate the low level monsoon winds from a
state of rest. A well-developed monsoon was achieved
after a week. No sign of barotropic instability or
vortex generation appeared during the model spin-up.
Bannon (1982) stated that this discrepancy with those of
Krishnamurti et a/. (1981) may be in the use of bottom
friction in his studies and the absence of it in Krishnamu-
rti et al. (1981). These two studies, one a simulation
from a state of rest and the other a short-range predic-
tion with real data are widely different and may lead
to two different monsoon onset flows. It is relevant to
point out that the evolution of the monsoon flow was
not always preceded by the formation of a vortex (see,
Krishnamurti er al. 1981 for a summary of occurrences
of the onset vortex during 1901-1968). In a later
study, Krishnamurti and Ramanathan (1982) examined
the sensitivity of the monsoon onset to initially
imposed fields of differential heating vie a multilevel
primitive equation model. They traced the evolution
of the field of differential heating between land and
sea, the consequent build-up of the divergent circula-
tion and the subsequent flow of energy into the rotational
component of the wind via interactions between the
stream function () and velocity potential (x). Due
to model and data limitations up until now, it has
so far not been possible to design short and medium
range prediction experiments using real time data sets
for the monsoon problem. Since the monsoon is three-
dimensional and of planetary scale encompassing both
the hemispheres with its characteristic cross-equatorial
flow, a global multilevel model becomes a vital necessity.
Another essential requirement is representative data sets
over equatorial oceanic regions over which the monsoon
evolves. With the availability of FGGE III-b data
sets and fast computers, designing such prediction ex-

periments have become recently possible. Krishnamurti
et al. (1983) have reported remarkable success in pre-
dicting the formation of a monsoon depression on 4 day
and its westward propagation up to 8 day, usinga global
spectral model having 11 vertical levels with a horizontal
resolution of 29 waves in a rhamboidal truncation.
The present study is a similar prediction experiment for
the monsoon onset phase during 1979 using FGGE III-b
data sets. The model specifications and the details of
physics are given in section 2. Details of the input data
and computations are in section 3. The synoptic history
and the evolution of the predicted fields are described in
ssection 4. A discussion of the results follows in section

2. The forecast model

(a) General particulars

The global spectral model used in this study is an
extension of that of Daley ef al. (1976). Details of
the specifications and the vertical discretization of the
basic variables are shown in Appendix I. The progno-
stic equations of this model are the vorticity, divergence,
thermodynamic, mass continuity, moisture conservation
and hydrostatic equations. The horizontal representa-
tion of variables is described by a truncated series of
spherical harmonics, e.g.,

J J
b= D o [sina]em M
m=—J [=\m|
where, m is the zonal wave number,
! is the degree of the associated
Legendre function P(sin «).
a is the latitude and A is the longitude.

We use a triangular truncation which assumes that the
variances contained in scales shorter than the given
scales are zero [Baer 1972].  The truncation limit J is set
at 39. Non-linear advection terms are calculated by the
usual transform method. All of the physical effects like
convection and 1adiation and also the vertical advection
terms are computed at grid points of a Gaussian 128 x
60 grid.

The earth’s surface (e=1) is a coordinate surface.
The mountain height field was truncated to the afore-
mentioned spectral resolution of the model. Semi-
implicit time differencing following Robert ef al. (1972)
and a time filtering following Asselin (1972) are used as
in Daley et al. (1976).

(b) Model physics
(i) Boundary layer

The model has an elaborate boundary layer for-
mulation which includes the determination of the plane-
tary boundary layer height at each time step. The surface
fluxes are calculated by a Businger type formulation
based on similarity theory which is discussed by Benoit
(1977). The formulation for stable air is empirical and
based on experimental data. The model has an explicit
formulation for nocturnal inversion based on Delagg
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(1974). The surface fluxes are extended throughoutthe
planetary boundary layer by a diffusive type formula.

(ii) Radiation

Detailed calculation of radiative transfers of short
and long wave irradiances include the effects of cloud
feed-back processes, diurnal changes and determination
of the heat balance of the earth’s surface. The solar
heating rates due to absorption by water vapour,
ozone and clouds and the flux reaching the ground are
calculated using the local zenith angle, cloud distri-
bution and moisture profile. Infra-red fluxes due to
water vapour, surface and clouds are calculated using
transmissivities for single layers only, keeping the num-
ber of operations proportional to the number of levels.
Clouds are diagnostically determined at each level from
relative humidity and height above the ground. The
effect of carbon dioxide is parameterized in the form of
heating rates.

(iii) Convection

The treatment of deep cumulus convection is by the
scheme in Krishnamurti et al. (1976, 1979) which is
based on Kuo (1974). In this method a parameter b is
defined which partitions the available moisture supply (/)
into a large scale moistening part (/b) and a precipita-
ting part [(1—b)I]. The parameter b was found to be
near zero in GATE studies by Krishnamurti et al. (1980)
for the best precipitation rates. In this scheme

Pg
. 1 aq
r___fw_.d 2)
g aw 7 (
Pr

where pp is the cloud base which is identified with the
lifting condensation level (LCL). pp denotes the cloud
top determined from an intersection of the local moist
adiabat (initiated by thelift of air from LCL) with the
cnvii:'onmental temperature sounding. Partitioning [
we have

I=(1-b)I1+1b
=Jp+1y 3
If Q is the amount of moisture necessary to produce

moist adiabatic clouds everywhere inside the grid area
and Qg, Q, the heating and moisture parts, we have

Q — Qs - Qq (4)
where,
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where A7 is the cloud time scale taken as 1800 sec in
the model, The subscript s denotes a moist adiabat. Let

dg = »é%— (7)
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Convection is invoked when 7 is positive, conditional
instability is present and there is upward motion. If b
is defined, the scheme is closed and gy and a, could
be determined so that the large-scale fields are
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A value of b =0.01 was found to give the best precipita-
tion rates. In this formulation very little moisture goes
into storage which is altered mainly by horizontal ad-
vection and surface layer fluxes in the regions where
convection is invoked. The treatment of large-scale
condensation over regions of ascent of stable saturated
air and dry convection follow the formulations of Man-
abe et al. (1965).

3. Input to the model and computations

(a) data

The observed fields of contour heights (Z), wind (u,v)
and relative humidity (RH) were obtained from the
FGGE 1II-b analyses of the European Centre for
Medium Range Weather Forecasts (ECMWF). Input
to the model at the 15 sigma levels (Appendix 1) were
derived from these dats sets.  Details of the ECMWF
data assimilation system and analysis procedures are
desciibed in Bjorheim et al. (1981). The model input was
for 11 June 1979, and the analysed fields for the period
12-16 June *79 were used for verification purposes. Oro-
graphy, soil moisture, ice cover, albedo and sea surface
temperature fields were climatological and were the
same as those used by the Canadian operational weather
prediction model (Daley et al. 1976). The sea surface
temperature field over the Arabian Sea and the adjoin-
ing Indian Ocean was, however, reanalysed using
MONEX-79 data.

(b) Initialization

The model’s initialization scheme was based on the
nonlinear normal mode initialization procedure in
Daley (1979). The number of iterations were limited to
three and only the modes with the five largest equiv-
alent depths were adjusted in these integrations.

(c) Computations

The model was integrated for 5 days from I1 June ’79,
1200 GMT and the output was saved every six hours
for computing diagnostic fields.

(i) Condensation heating

Sensible heat, radiation and condensation heating
contribute to the net integrated non-adiabatic heating
in the model. The evaporative heatingis not included
since it undergoes a phase change and hence already
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gets included in the condensation heating. The con-
densation heating obtained from the model precipitation
rates was found to be almost the sole contributor to the
integrated heating. Further discussion on heating is,
hence, focussed only on this type.

(ii) Energy parameters

The basic energy equation follow Lorenz ( 1967) and
Krishnamurti et al. (1976). The time evolution of the
basic energy parameters and their exchanges were com-
puted over a limited area where the vortex formed. For
facilitating comparison the domain chosen was the same
50°E to 70° E and 4° S to 20° N as in Krishnamurti et al.
(1981). This is not an energy budget but the deri-
vation of the local contributions to global exchangcs
during the forecast period. The interpretation follows
from the studies on regional ensrgetics [Smith 1969].
The computations over the domain are through the
depth of the atmosphere from 1000 mb to 100 mb.

(iii) Vorticity
The vorticity equation in isobaric coordinates is
given by

- voltr]-ef—(ttr)ov
(zT) @A) © VA)  ©
+k %}: X Ve -[—(F)
(TLT) an

where the rate of production vorticity (ZT) is contri-
buted by horizontal advection (HA), vertical advection
(VA), generation by horizontal convergence (C), genera-
tion by the tilting of the horizontally oriented com-
ponent of vorticity into the vertical by a non-uniform
vertical velocity (TLT) and friciion (F). These terms
were computed in the sauttwest (SW), northeast (NE),
northwest (NW) and souticast (SE) sectors around the
depression during the forecast period. The zone occu-
pied by each sector is a 8° square adjacent to the depre-
ssion centre (10° N, 70° E).

(iv) Point diagnostics

The three hourly time history of the evolved fields
were saved at a few points over the Arabian Sza for use

in the discussion later.
4. Synoptic history and the evolution of the predicted fields
(a) Synoptic featurcs

According to Krishnamurti cfal. (1981) a dramatic
increase of westerly kinetic energy started to occur
around 11 June 1979 and continued throughout the
5.day period. Their 850 mb analyses for the period
11-16 June’79 show two maxima in the wind field—
one around 50° E in the Somali region and the other
around 5° N, 70° E. The FGGE 1il-b analyses also show
the establishment of a cross equatorial gyre on 11
June ‘79 at 850 mb (Fig. 1a) with maxima, in the
westerlies in the Somali and the central Arabian Sea

regions.

The history of the onset vortex, however, seems diff-
erert in different analyses. To Krishnamurti et al. (1981)
the vortex was evident earlier at the upper levels prior
to its appearance at 850 mb. A closed circulation was
found in the data sets around 11 June 1979 at 300 mb
and around 13 June 79 at 700 mb but it was not evident
at 850 mb until 14 June' 79. Fein and Kuettner (1980)
stated that the onset vortex had some of the characteris-
tics of a mid-tropospheric cyclone in the initial stages.
The FGGE IlI-b analyses used in this study give a
slightly different picture. There is no evidence of any
vortex in the 300 mb wind analysis (Fig.1b) on 11 June
’79. 500 mb analysis (Fig. 2b) shows that the vortex
first appeared on 14 June which was also seen at 700 mb
and 850 mb (Fig. 3b).

(b) Evolution of the predicted fields
(i) Monsoon westerlies

Even in the initial 850 mb chart on 11 June 1979 (Fig.
1a) the cross-equatorial monsoon westerlies had already
become established with two distinct maxima, one in
the Somali region with a speed of 13.6 ms—! and the
other in the equatorial region near Sri Lanka also with
a 13.6 ms—1 maximum along 5°N. The strengthening of
these westerlies was noticed from 3 day onwards. In the
Somali region the maxima at 850 mb on 3, 4 and 5 days
were observed as 18.9ms™1,20.2ms™ ! and 22.3 ms™},
respectively. The predicted maxima were 18.7 ms™1,
20.4 ms—!and 18.7 ms !, Krishnamurti et al. (1981)
observed that the dramatic formation of the onset vortex
was followed by a strengthening of the monsoon wester-
lies on the equatorside. This increase in the wind speeds
was evident in both the observed and predicted 850 mb
charts. The observed 3 day to 5 day maxima were 23.4
ms—1,19.9ms~1and 21.8 ms—! and the corresponding
predicted values were 20.5 ms—! and 24.7 ms—! and
26.4 ms—1. Thus, the 70° E maxima south of the vortex
on 4 and 5 days were of greater strength in the predicted
charts. Also the monsoon westerlies from the Somali
region to 70°E were less continuous and smooth than in
the analysed charts and, perhaps, had more small scales
than in the analysis. The predicted mean sea level pre-
ssure chart on 5 day is shown in Fig. 6. The Mascarene
high around 35° S, 35° E intensified and on 3 daya ridge
bulged equatorwards from that region in the southern
hemisphere. The ridge extended towards the Arabian
Sea on the subsequent days with the formation and
intensification of a disturbance. The closed isobars of
the depression in the Arabian Sea and the monsoon
trough along 20° N to 25° N were the prominent features
on 5 day.

(ii) The vortex

The vortex appeared on the predicted and the analysed
charts at 500 mb, 700 mb and 850 mb on 3 day (Figs. 2
and 3). The predicted position was north of the leading
edge of the monsoon current. The 850 mb location
was at 8° N, 69° E which was south of the position 11° N,
69.5° E in the analysis. The analysed charts did not show
any significant tilt in the vortex structure with height.
The predicted 700 mb and 500 mb positions indicated a
southerly tilt of the voriex axis with height at this initial
stage. Rao (1976) ascribes this southward slope with
height usually observed in the monsoon depressions
t0 the lowest temperatures in the southwest quadrant.
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Fig. 8. 3-hour plots of the predicted fields at 5°N,70°E in the
monsoon jet. :
(i) Rainfall rates (cm day™),

(ii) Zonal wind (ms™),

(iii) Meridional pressure gradients for the latitudinal
belts 0°-5°N and 5°-10°N and 5°-10°N computed
as difference of mean sea level pressure across
a S-deg. strip (mbx5 deg.),

(fv) Omega ( mb hr™1) at 700 mb and 300 mb.
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Fig. 9(a). Predicted time variations of energy parameters: Zonal
kinetic ,energy (Kz) and eddy kinetic energy (Kg)
for the entire atmosphere

The fresh monsoon air in the southwest sector is sub-
Jected to lifting in the zone of heavy rains and brings
in the lowest temperatures. In the present case the lowest
temperatures and the heaviest rainfall were found in the
southeast sector. On 4 day (15 June ’79) the vortex
was found at 11°N, 71°E in the predicted 850 mb chart
which was slightly south of the observed position at
12°N, 71°E. The barotropic model prediction of Krishna-
murti et al. (1981) was more southeasterly at 74°E, 10°N,
By, 5 day the depression extended upto 300 mb. The
predicted disturbance fields showed a south-north move-
ment from 3 day to 5 day which was more gradual at

a0 3 o
!: (B) Kz Keh PeRelWme 10°)

Fig, 9(b). As in Fig. 9(a) except for the energy exchange para-
meters Kz . Ke and Pe . K (units : Wm™ 1072)

850 mb.than at the higher levels. Such a north-south
movement was not apparent in the analysed charts
during the live day period.

5. Discussion of the results
(a) Evolution of the diabatic heating

It is well-known that the Bay of Bengal branch of the
monsoon generally precedes the Arabian Sea branch
by a few days. Also the tropical adjustments from winter
to summer give rise to widespread thunderstorms in
the monsoon region. Sikka and Grossman (1980)
reported thundershower activity over Burma and the
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djoining regions from 10 June 1979. The resulting
condensational heating forms the bulk of the net in-
tegrated heating of the region and is associated with the
build-up of the differential heating of the monsoon
[Krishnamurti and Ramanathan 1982]. We now des-
cribe the evolution of the predicted model condensa-
tional heating.

On 2 day a strong zone of heating (~ 8° C day™ 1)
was found located in the equatorial regions around 95° E.
Zonally oriented convective cells (~6° C day™!) were
also noticed along the 20°N belt in Burma and the adjoin-
ing Indian regions. A northwest-southeast oriented but
comparatively weaker cell (~ 4° C day 1) was also seen
along 75° E extending from 10° S to 5°N. On 3 day
this 75° E heating intensified ( ~ 12° C day~!) and
extended further north to 10°N and also westwards
to 50° F. The 95° E source was still prominent and it
showed only a slight westward movement. On 4 day
both the 75° E and 100° E zones of healing
showed pronounced meridional orientation. The 75°E
cell had extended further north to 15° N. The 5 day
heating (Fig.7) was less intense ( ~ 6° C day—!). How-
ever, the 75° E zone had reached almost upto 20° N.

(b) Mechanisms for the strengthening of the westerlies

Investigations of the atmospheric response to heat sour-
ces in the equatorial and tropical regions show that there
are two distinct physical mechanisms for propagation—
the zonally oriented Walker circulation and merdionally
propagating monsoon cell or Hadley cell [Webster
1983]. The Walker circulation forced by the equatorial
heat source in the mean easterlies such as the one along
95° E in our study was interpreted as Kelvin waves by
Webster (1972).  Studies by Lim and Chang (1983) show
that these transient or pulsating heat sources excite
also Rossby wave disturbances which move slowly
westward and force further disturbed regions as the one
along 75° E. The vertical velocities associated with
these heat sources correlated quite well with the regions
of heating. A possible mechanism according to Webster
(1983) for the northward propagation of the ascending
motion is the modulation of the diabatic heating (which
is proportional to the vertical velocity distribution)
by precipitation and the subsequent changes in the sen-
sible and latent heat fluxes. As the heating moves
north, a meridional cross-equatorial pressure gradient
builds up as is evident from the mean sea level pressure
chart (Fig. 6). Based on trajectory calculations,
Kuettner and Unninayar (1980) suggest that the low level
monsoon jet over the Arabian Sea is an inertial current
streered by the cross-equatorial meriodional pressure
gradient. The theoretical conclusion that the latitude
reached by a particle released at the equator increases
with the pressure gradient is supported by a high correla-
tion between the jet latitude and the different of pressure
across the equator. The low level winds, however, in
reality do not describe an inertial circle but are driven
toward antitriptic balance between pressure gradient,
friction and coliolis force. By 11 June both the cross-
equatorial gyre and a broad meridional pressure gra-
dient from the southern hemisphere to the northern
hemisphere have already been established. The increase
in the strength of the westerlies was an adjustment to
the increase in the meridional pressure gradient and the
northward propagation of the vertical velocity and the

precipitation zone, Fig. 8 shows the plots of the con-
densation heating (precipitation rates) the zonal wind
and the vertical velocities at 300 mb and 700 mb across
5° N, 70° E in three-hour intervals from the model output.
Also seen the Fig. are the meridional pressure gradients
(positive south to north) obtained as differences of the
mean sea level pressure across a S-degree strip in the
latitude belts of 0-5°N and 5°-10° N. The precipitation
and hence the diabatic heating started increasing from
| day and reached a maximum on 3 day. The 300 mb ver-
tical velocities also had a maximum around 3 day but
the 700 mh vertical velocities reached a maximum value
somewhat earlier, This, perhaps, indicated the building
up of shallow and later deep clouds in association with
the rainfall. During this period the meridional pressure
gradient in the 0-5° N belt was greater than that of 5°-10°N
but it showed decreasing trend thereafter,

The zonal wind was steady at 10 m/s. After 3 day the pre-
cipitation at 5° N, 70° E decreased to insignificant values
while the precipitation at 10° N, 70° E started increasing
(figure not shown). The meridional pressure gradient
in the 5°-10° N belt showed large increase. The zonal
wind also increased considerably, perhaps, in response
to it. In this process the area of the largest heating
moved northwards and closer to the axis of the tropo-
spheric warmest air. This facilitated a more efficient
generation of eddy potential energy. The adjustment
mechanism would involve the flow of this energy into
the divergent part of the wind and then to the rotational
part via ¥-i interaction as discussed in detail by Krish-
namurti and Ramanathan (1982).

The model output at 5° N, 70° E further indicated
that the surface fluxes of moisture and the precipitation
rates (verification over the oceanic regions not available)
might have been larger than in the real atmosphere.
This might have been the reason for the larger than ob-
served values of the meridional pressure gradient in the
5°-10° N belt and the zonal wind at 5°N, 70° E in the
predicted 4 day and 5 day 850 mb charts.

(c) Regional energetics

The model predictions show that the onset vortex
was a three dimensional phenomenon extending upto
at least 300 mb by 5 day. To get some insight into the
mechanism let us examine some aspects of the regional
energetics for the Arabian Sea. Fig.8 (a, b) shows the
time variations of the zonal kinetic energy (Kz) and the
eddy kinetic energy (Kg) and the exchange terms Kz.Ky,
and Pp. Kg. Both Kz and Kz showed a monotonic
increase from 2 day. The barotropic exchanges (Kz.
Kg) though always positive were much smaller than
the baroclinic exchanges (Pz.Kp) which showed an
explosive growth from 2 day to 3 day. Initially Pg.Kp
was slightly negative.

The 850 mb energetics showed a different picture (Fig.
10). The K values showed a slight decrease from 1 day
to 3 day during which time the Kp values increased
substantially (Fig. 10 a). During the build-up stage for
the formation of the vortex, some of the Kz were conver-
ted to Kp by the barotropic processes without effecting
the available potential energy. The process was achieved
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Fig. 12. Predicted vertical profilcs

(a) As in Fig. 11 except for the term vertical advection of vorticity (VA) (units ;

1071° 571) and (b) Asin Fig. 11 except for

the termof convergence producing vorticity (C) (units: 10 1 1)

by the horizontal transport of angular momentum by the
eddies and are defined by

- LT - a,v
S, = %J‘{ u'y JF‘."[ 1 ] (12)
m
and
S3 = — I[ u' v ]*—(:Lr[ v ] (13
m
S:, S, contributions were substantial (Fig. 10 ¢) for

Kz. Kgexchanges at 850 mb. However, the Pp. Kz were
always of comparable magnitudes to Kz.Kp (Fig.10b)
during the forecast period. If the atmosphere is model-
led by a single level, e.g., 850 mb without allowing for
any process affecting the available potential energy of the
model atmosphere, it is possible that the barotropic
exchanges provided by the magnitudes of S,, and S,
(Fig. 10¢) could lead to vortex formation as shown by
Krishnamurti et al. (1981). However, in the present study
where the onset vortex is three dimensional and the
Py.Kp term was substantial even at 850 mb, it does not
appear that the initiating mechanism was by barotropic

processes only.

(d) Vorticity computations

An evaluation of the terms of the vorticity Eqn. (11)
in the four sectors of the tegion surrounding the vortex
was made. Of all the sectors the SE sector was the most
active and the NW sectoi the least active in building up
the onset vortex. Hence the following discussion is
confined to these sectors only. Figs. 11 & 12 show the

ertical profiles of the omega, vorticity tendency and
the production terms, vertical advection, convergence
and horizontal advection of the SE and NW sectors.

(i) NW sector (10°-18° N, 62°-70° )

Except on 2 day and 3 day the tendency terms in the
NW sector were insignificant .  Even on these two days,
only the horizontal advection term was building up the
cvclonic vorticity in the lower troposphere.  The absence
of any contributions from the convergence and other
terms involving omega indicate that only the barotropic
processes could have been important in this sector.
The omega values were smaller than those in the SE
sector and on 5 day there was also subsidence above

700 mb.
(i) SE sector (2°-10°N, 70°-78° E)

The SE sector was the most active as indicated by the
vorticity tendency profiles (Fig. 11b). Since most of the
contributory terms were involving omega, let us first ex-
amine the evolution of the omega profiles. Till 3 day
the profile maximum was around 600 mb. On 4 day
the maximum shifted to 300 mb. From 3 day onwards
it appears that deep cumulus convection was dominating
this sector. On 5 day the omega profile (Fig.112) showed
two maxima—one in the lower level around 800 mb and
the other at 300 mb. The omega structure was seen
in the convergence term (Fig. 12b) which contributed
substantially to the vorticity tendency (Fig.11b). The ver-
tical advection term (Fig. 12a) was maximum at 600 mb
and 700 mb and was, perhaps, the mechanism for middle
level cyclogenesis as the convergence term was small
at these levels. The horizontal advection terms (Fig.13)
were small and were even destructive after 4 day. These
computations show no mechanism for the downward
propagation of vorticity from the middle to the lower
levels. Also the barotropic processes were not signi-
ficant in this sector for cyclogenesis. The tipping terms
were very small in all the sectors and hence their profiles
are not shown.
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(¢) Sub-grid scale contribution

Vorticity computations were made in the same way as
in Daggupaty and Sikka (1977) to assess the role of the
sub-grid scale processes in the vorticity balance. The ob-
served tendencies were computed from the FGGE
IlI-b data sets. For the computed tendencies these
authors used the omega values from a linear balance
model. In our case the model omega values were utili-
zed. The tendencics from observations in both the cases
showed significant vorticity generation throughout the
troposphere. But the computed tendencies in their
case showed vorticity depletion in the middle and upper
levels. This descrepancy stressed the existence of an
additional sub-grid scale process of the transport of the
cyclonic vorticity by deep convective clouds. In the
present case the sub-grid scale processes did not appear
significant. The onset vortex was like the tropical
disturbances in which the net result of the role of con-
vection is to increase the large scale vertical motion with
height and thereby increase the cyclonic vorticity. The
differences in their structure, the onset vortex over the
ocean with a deep layer of convergence and large vertical
velocities, and the monsoon depression in the other case
over the land with a shallow layer of convergence below
850 mbanda dec&layer of weak divergence above, per-
haps, emphasize this point,

6. Concluding remarks

A global spectral model with 15 vertical levels and 39
waves was used to predict the onset phase of the south-
west monsoon 1979 in a five-day prediction experiment,
FGGE III-b and MONEX-79 data sets were used as
input to the model. The strengthening of the monsoon
westerlies, the formation and the northward movement
of the onset vortex were reasonably well-forecast, The
role of condensational heating appeared to be crucial.
Though barotropic exchanges at the lower levels could
be significant for the formation of the onset vortex in a
single level integration, in the model the vortex was three
dimensional and the Py.Kp exchanges were comparative
to Kz.Kg even at 850 mb. Barotropic processes alone
did not, therefore, seem to be the sole mechanism, The
importance of the external forcings such as orography,
convection and diffusive processes, the magnitude of

50¢ 70¢E Q0E

Fig. 14. Predicted 4 day condensation heating (Deg. Day™)
for the no mountain case

which could be critical in the equatorial regions [Web-
ster  1972] have not been separately addressed in this
study. Sensitivity experiments on a short or medium
range forecast are different from those performed in the
general circulation experiments. The data on 11 June
1979 already had many features of the monsoon such as
the cross-equatorial gyre and the westerlies over the neart-
equatorial Arabian Sea. Integration of the model without
orography or non-adiabatic heating could not be ex-
pected to bring drastic changes. Nevertheless (Fig. 13)
which is the 3 day and 4 day 850 mb wind field predicted
without the mountains is interesting. The onset vortex
formed on 3 day north of the monsoon westerlies but
in the west-central Arabian Sea far from the Indian coast
and moved towards Arabia rapidly. The associated
4 day condensation heating (Fig. 14) was also close to
the Arabian coast and showed a more westward pro-
pagation than in the mountain case. It appears that
surface hydrology could be enough for the observed
features but orography seems necessary for the proper
location and movement. These questions will, however,
be the subject-matter for a later study.
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APPENDIX 1
15 Level Spectral Model

Analysis v, T-Td

Pmb Sigma
010 0.043
020 0.088
030 0. 143
050 0. 208
070 0.279
100 0.3506
150 0.437
200 0.519
250 ) 0.601
300 0.6581
400 0.758
500 0.828
800 0.891
350 0.944

1000 0,985

Prediction &, £, D, 1-Tud

1. Independent variables Aot

2. Dependent variables T (from ¢), &, D, 1-Td, 5, T+
3. Diagnostic variables v, o

4. Integration domain Global

5. meshwidth Triangular truncation al wave
number 39

60 Gaussian latitudes

and 128 longitudes

¢. Grid

7. Finiic dillerence Stageered n the vertical

8. Horizontal difTusion vionD, {, T, T-Fd

9. Time-integration Semi-implicit (A7=20 min)

10. Earth surface Surface roughness geographically
prescribed.

Seu surface temperature, sotl mo-
isture, snow cover, sca-ice, al-
bedo  and deep-soil tempera-
tures analysed for each forecast
but constant during the in-
tegration

11. Orography Included consistent  with
spectral truncation

12, Physical paramelerization

(/) Boundary layer fluxes of
heat, moisture and mo-
mentum

(i1) Kuo’s scheme for convec-
tion

(i) Large scale precipitation
(/¥) Radiation and clouds
(v) Diurnal cycle,

ga

relative vorticity

divergence

dew point depression




