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ABSTRACT

A dry two-layer linear-balanced model is used to investigate the relative effects of the horizontal
and vertical shears of the zonal flow over the Arabian Sea in the early phase of the onset of the
southwest monsoon in 1979. The basic state is obtained from the MONEX data. Two aspects of
the cyclogenesis which immediately preceded the onset of the monsoon can be adequately
accounted for by the process of dynamic instability mainly associated with the horizontal shear
of the basic flow. These two aspects are the growth rate and the scale selection of the
disturbance. To this extent, the results of this study agree with Krishnamurti et al. (1981). But
the mainly barotropic instability mechanism incorrectly predicts two other aspects of the
cyclogenesis. The maximum intensity of the disturbance is predicted on the southern flank of the
jet and the vertical extent of the disturbance is essentially confined to the lower troposphere.
These discrepancies reflect the limitations of a dry model.

The vertical shear and stratification significantly influence the structure of the disturbance
although their effect on the growth rate is small. The comparison of the linear-balanced model
results with the quasi-geostrophic model results suggests that the full variation of the Coriolis

parameter with latitude should be retained in future modeling of the onset-vortex.

1. Introduction

The past descriptive accounts of the onset of the
southwest monsoon suggest that the usual trig-
gering process is likely to be the formation of a
cyclonic vortex over the south-central Arabian Sea
(Krishnamurti et al., 1981, to be referred as K81).
One such vortex was also observed immediately
prior to the onset of the monsoon in 1979 during
the Summer Monsoon Experiment, MONEX (Fein
and Kuettner, 1980). Such a vortex has been un-
officially referred to as an Onset-Vortex in recog-
nition of its unique role in the onset phenomenon.
It is therefore of general interest to delineate the
nature of its dynamical properties. Since the vortex
was observed shortly after the low level westerly
flow had intensified (see Fig. 8 in K81), it is reason-
able to wonder whether the onset-vortex might at
least partly arise from a dynamical instability
process of the jet. A barotropic model was used in
K81 in conjunction with the most comprehensive
available wind data to explore this possibility.
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These authors specifically examined the stability of
the objectively analyzed zonal wind data in the
850-900 mb layer over the Arabian Sea around the
period of formation of the onset-vortex (June 9 to
June 17, 1979). Their barotropic growth rate com-
putations lend support to the notion that barotropic
instability could be a significant process for the
initiation of that vortex. Unfortunately, no
comparison was made in K81 of the modal
structure of their barotropic model unstable
disturbance with the actual horizontal flow field.
Instead they went on to make a numerical
prediction experiment with a strictly barotropic
model. The 48-h simulation of the 850 mb flow
(from June 13 to June 15) predicts a pronounced
vortex somewhat resemblant of the observed vortex
(see their Figs. 15, 16 and 17). The major
discrepancy is that the simulated vortex is about 4
degrees latitude and longitude to the southeast of
the vortex in the verification map.

To fully investigate the dynamical origin of this
onset-vortex, one logically should examine not only
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the role of barotropic shear but also the roles of
baroclinic shear and moist convection. This type of
general analysis was attempted by Shukla (1978) in
his study of the monsoon depressions. His model
computations support the general notion that moist
convection plays an indispensible role in the
initiation of a monsoon depression. However, the
quantitative effect of moist convection was not
unambiguously demonstrated in that analysis, even
though the complex parameterization scheme of
Arakawa and Shubert (1974) was used. The
growth rate of the disturbance in Shukla’s model
turns out to be monotonically increasing for
decreasing wavelength (see his Fig. 4). Only by
invoking an additional hypothesis could he inter-
pret the results in terms of monsoon depressions.
This puzzling result might reflect the occurrence of
conditional instability of the first kind in the model
rather than conditional instability of the second
kind (Mak, 1981). The nature of interaction
between convective clouds and a large scale system
is still poorly understood. There has been a growing
awareness that an adequate parameterization
scheme for large-scale tropical disturbances should
probably include the effect of momentum transport
by the clouds (e.g., Stevens et al., 1977; Gray,
1979; Mak, 1980). Existing parameterization
schemes do not seem to be sufficiently general for
making a comprehensive study of the moist
convection during the initiation of the onset-vortex.
It might be more fruitful for one to first analyze the
unique MONEX data for the purpose of identi-
fying the dominant features during the interaction
between the vortex and the cloud field.

Saha, Sanders and Shukla (1981) used clima-
tological evidence to demonstrate that a large
percentage of the lows and depressions that formed
in the Bay of Bengal were associated with predeces-
sor disturbances coming from the east. One might
therefore also wonder if the onset-vortex could be
associated with a predecessor disturbance in the
upstream region, namely off the Somali Coast of
East Africa. Since the data for the region is quite
sparse even during MONEX, it is not possible to
make a definite statement on this possibility. A
more indirect evidence however is known and does
not lend support to this possibility. The Arabian
Sea area-averaged value of the zonal kinetic energy
in a domain from 20° N to 4° S, and from 50°E to
70°E was computed in K81 (see their Fig. 7).
These authors also computed the zonally averaged
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meridional velocity throughout the time period
(see their Fig. 12). Both results indicate dramatic
increase from about June 12, 1979 onward. A
reasonable inference is that even assuming the
onset-vortex was associated with an upstream
disturbance, such a disturbance must have been very
weak and must have experienced a rapid intensi-
fication over the Arabian Sea. For practical
consideration, the incipient onset-vortex disturb-
ance is then more likely an in situ amplifying
disturbance.

This investigation has a relatively limited scope.
We extend an instability analysis such as that in
K81 by considering both the observed horizontal
and vertical shears. We will do so with a linear-
balanced model for reasons to be elaborated on
shortly. The required specification of the basic
state stratification may be determined from the
temperature data measured by the dropwind-
sondes during MONEX. The specific objective of
the analysis is twofold. We aim at determining the
relative roles of the observed vertical and hori-
zontal shears in the absence of moist convection.
We also intend to find out if it would be possible to
obtain a gross estimate of the three-dimensional
structure of the onset-vortex on the basis of the
dynamical model disturbance. Such information
would complement the ongoing observational and
numerical studies of other researchers involved in
the MONEX program. Dictated by the availability
of the analyzed wind fields, we employ a two-level
model for this investigation. The formulation of this
model and the extent of validity of the ap-
proximations are discussed in Section 2. The results
are presented in Section 3.

2. Formulation of the model

The first question to be addressed is whether a
fully non-geostrophic model is needed for analyzing
the onset-vortex. The answer depends largely upon
the range of expected values for the Richardson
number Ri of the basic state. Stone (1966, 1970)
analyzed baroclinically unstable disturbances in a
JS-plane model over a wide range of Ri values. He
showed that the unstable disturbances for Ri as
as small as O(10) are qualitatively similar to the
quasi-geostrophic disturbances for Ri ~ 0(102%).
Only when Ri is of O(1) would basically different
disturbances become most unstable. We can
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readily make a crude estimate of Ri for the Arabian
Sea region during the period of formation of the
onset-vortex. The maximum zonal wind at 850 mb
before June 15, 1979 was about 15 m s~! and that
at 200 mb was about —5 m s~!. The overall
tropospheric vertical shear is therefore about 3 m
s~! (100 mb)~!. The static stability

may be estimated from the temperature data
measured by the MONEX dropwindsondes. We
found that a typical value of S in mid-troposphere
is about 0.027 m? s~2 mb~2 It follows that the
Richardson number is about Ri = §/(du/dp)* ~
30. Hence, if 3 m s7! (100 mb)~! is a realistic
estimate of the vertical shear, the non-geostrophic
effects would not be expected to be large. Another
way of viewing this is that the non-geostrophic
effects would be important only if the local
maximum vertical shear turns out to be about five
and a half times as large as the value estimated
above (i.e., du/dp ~ 16 m s (100 mb)~! would
lead to Ri = 1). Such a large shear is not probable.
Although the non-geostrophic effects due to the
vertical advection of momentum and horizontal
advection of heat and momentum by the divergent
part of the flow are not expected to be strong, it
may not be adequate to use a familiar quasi-
geostrophic model (e.g., Pedlosky, 1979, Section
7.2) for investigating the onset-vortex which was
located at fairly low latitudes. Observations indi-
cated that the disturbance was first found centering
at about 9°N (Sikka and Grossman, 1980).
Considering the horizontal extent of the disturb-
ance, we anticipate that part of it would be over the
equatorial latitudes. Thus, a cross-equatorial do-
main should be used in making a model analysis.
The percentage variation of the Coriolis parameter
with latitudes is large in such a domain. To
specifically take this aspect into consideration, we
adopt the model first proposed by Lorenz (1960).
The variation of the Coriolis parameter with
latitude is retained whenever it appears in the
governing equations. Recent applications of this
model to studying the effects of spherical geometry
on baroclinic instability indicate that the solutions
do not manifest gross distortion over the equator
(Hollingsworth, 1975; Frederiksen, 1978). This
model framework therefore seems to be appro-
priate for analyzing the onset-vortex-like disturb-
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ances. This model is a version of the so-called
linear-balanced model and will thus be referred to
as the LB model in the subsequent discussion.
Counterpart computations have also been made
with a familiar quasi-geostrophic model (QG
model) for the purpose of comparison (Kao, 1981).

Introducing the notation y the stream-function,
x the velocity potential, ¢ the geopotential, T the
temperature and w the p-velocity, we can write the
governing equations for inviscid adiabatic motions
in the LB model as

P
5\72 ==J(y, Py +f)—V-(fV) 8y
T 3
— =W+ 8w @
% __RT ®)
ap D
ow
Vig+—=0 @
o
Vig—V.(fVy)=0 (5

where J denotes the Jacobian, V the gradient
operator, p the pressure as a vertical coordinate, R
the gas constant,

with T the horizontal mean temperature regarded
as being fixed. As pointed out by Lorenz, these
equations conserve the sum of kinetic energy and
available potential energy, but do not describe the
relation between static stability and energy. For the
horizontal dimension of the onset-vortex, it suffices
to use a local Cartesian coordinate for the region
between 20° N and 10° S. Hence, we use

V= ai o 6)
_-é;c- +5j
I=fo+ By )

i and j are unit vectors pointing eastward and
northward. f; is the value of the Coriolis parameter
evaluated at the center of the domain, y = 0 set at
5°N. fis df /dy evaluated at y = 0. The meridional
domain is —Y € y € Y with Y = ry 7/12 where r, is
the radius of the earth. The choice for the
center-latitude is not unique, and turns out not to
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be critical. It was the center of the latitudinal
domain where we could determine the basic flow
with most confidence. It was also somewhat
compatible with the observation that the onset-
vortex was first observed at 9°N (Sikka and
Grossman, 1980). The sensitivity of the results to
the choice of the center-latitude can be readily
checked. It will be commented on in Section 3.

The basic state is characterized by a general
zonal flow & (y,p) and a stable stratification § > 0.
The particular structure of this basic state is to be
deduced from the available MONEX data. It
follows that the basic y, y and ¢ fields are related to
uby

x=0 (8
oy .

a_y = —U 9)
%= —fu (10

In conjunction with this basic state, we consider
small amplitude perturbations which are denoted
by ¥, ¥, ¢, T, and w’. These quantities are
governed by the linearized versions of (1) to (5).
Upon eliminating 7', we obtain (after dropping the
prime notation)

VZ Wt= _ﬁVZ Wx + ﬁyy Wx—fvzx_ (Wx +Xy)ﬂ

(an

Boe = —Uf,, + U, ¥, — Sw (12)
ow

Vix+—=0 (13)
op

V2—fVy—PBy,=0 (14)

where § = (R/p) S. Relationships (3), (9) and (10)
have been used in deriving (12). The subscripts
above denote partia!l derivatives. Cyclical boundary
condition in the x direction is used for simplicity.
We may then seek a normal mode solution of the
form

a(x,y,p,1) = A(y, p) e*—t (15)

where a can be y, ¢, y or w. The amplitude
functions for these quantities are respectively
denoted as ¥, @, A, and W. They are then to
satisfy the following equations obtained from (11)
to (14):
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Analyzed streamlines and isotahs for the
Arabian Sea region are presently available only at
three levels—200, 700 and 850 mb (Krishna-
murti et al., 1979). We can therefore only use a
two-layer model. To assess how detrimental the use
of this crude vertical resolution might be, we may
consider an analogous analysis by Shukla (1977).
He used a 10-level quasi-geostrophic model to
investigate the stability of the July mean monsoon
flow over the Bay of Bengal. This flow has
strongest vertical shear at about 10°N and
largest horizontal shear at about 25° N above the
mid-troposphere. Shukla’s computations showed
that the model unstable disturbance mainly arises
from barotropic instability processes in the upper
troposphere. The amplitude of the unstable disturb-
ance is confined to a relatively thin layer although
the model has sufficient vertical resolution to depict
a broader structure. One might infer that had he
used fewer levels in the model, he would have
essentially reached the same conclusion provided
that the horizontal shear is adequately represented.

The levels in the model are indicated by an index
J(i=0,1,2, 3, 4) corresponding to pressure p; =
Py — (4 — HAp with Ap = (p, — py)/4. For
energetic consistency consideration, ¥, A and @
are defined at levels 1 and 3 and eq. (17) at level 2.
This leads to seven ordinary differential equations
that govern the seven unknowns: W, and ¥,, A,, ®,
(! = 1, 3). The vertical boundary conditions may be
taken as W, = W, = 0 which imply

A () =—-A ) (20)

Thus, we effectively have six equations to be
solved. We can further eliminate W, among these
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six independent equations, reducing them finally to
a system of five equations as follows.

B} d? _ .
[(ul —0) Ey_z — Kk, —c)+ f~ ui’:l ¥,

dZ
+ |Gy — ) — — Kty — ) + B— i) | ¥, =0
dy?
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where u) = d*u/dy* (I = 1, 3). The lateral
boundary conditions at y = 1Y are prescribed as
follows. For an instability study, we may consider
the meridional domain to be within two rigid
boundaries. We therefore require the meridional
velocity to be zero at y = +Y. Specifically, the
divergent and rotational parts of v are required to
be individually zero at y = + Y. This implies

Y.(2Y)=Y,(+Y) = constant =0 (26)
dA

— =0 (vx)]
dy liy

The boundary conditions for ¢ may be ob-
tained from the geostrophic relation
™ +fv=0 (28)

Since v = 0 at y = 1Y, we then have
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@,(+Y)= ®,(+Y)=constant =0 29)

The five equations (21) to (25) for five un-
knowns with ten boundary conditions (26), (27),
and (29) constitute a two-point boundary value
problem. c is the eigenvalue; ¥,, ¥,, ®,, ®; and A,
together form the eigenfunction. This problem is to
be solved numerically using a grid resolution of
one-degree latitude. We introduce the approxi-
mation of expressing the derivatives in egs. (21) to
(25) in a centered difference form and the de-
rivative in the boundary condition (27) in an
uncentered difference form. The resulting algebraic
equations can be put into a simple matrix form.
They can then be readily solved with the use of a
direct inversion method. With this grid resolution,
we will have to deal with matrices of size 150 by
150. The computer memory requirement for using
this LB model is considerably larger than that for
the QG model. If we had used more vertical levels
in the model, the corresponding matrices would
have been prohibitively large for using the direct
method. An initial value problem approach may
then be more feasible.

3. Results

According to the Summer MONEX Atlas
(Krishnamurti et al., 1979, pp. 108—140) the 200
mb streamlines and isotahs in the region of interest
indicate a basically broad easterly flow throughout
the period from June 10 to June 18, 1979. A large
anticyclonic system was noted over the Arabian
Peninsula, but it was never over the Arabian Sea
region and was not associated with the onset-vortex
at low levels. Another relevant observational source
is the wind atlas constructed on the basis of the
geostationary satellite images (Young et al., 1980).
The “upper layer” wind (300—100 mb layer wind)
in this atlas also did not show systematic anti-
cyclonic curvature over the Arabian Sea area in the
period of -June 10-18, 1979 (see pp. 41-49).
Hence, both the conventional data and the satellite
data suggest that the disturbance’s amplitude must
be very weak at the 200 mb level. On this basis, we
chose p, = 200 mb as the top level of the
model. The basic flow #, and u; at 400 mb and
800 mb are determined as follows. The values of
the wind direction and speed on a set of 5° by 5°
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grids overlaid upon the region between 10°S and
20°N, and between 50°E and 80°E are read off
from the Summer MONEX Atlas. We do so for the
850 and 200 mb levels in the period from June 10
to June 16, 1979, during which the onset-vortex is
known to form. The zonal averaging of these wind
data for each day gives a daily meridional profile of
the mean zonal flow. The profile obtained on the
850 mb level is directly used as the basic flow level,
u#,. The data are not so precise so as to warrant a
slight modification in order to correct for the
difference between the actual flow at 850 and 800
mb. The profile for u, is obtained by means of a
linear interpolation in pressure on the basis of the
profiles for the 200 and 850 mb levels. Fig. 1 shows
the profiles %, and #, on June 10, 11, 12 and 13 of
1979, and the 4-day average profiles (curves
labelled A and B). The latter may be regarded as
the overall basic flow shortly before the onset of
monsoon began at the southern tip of India on June
13, 1979. Fig. 1 shows a gradual strengthening of
the low level westerly jet. The upper level zonal flow
in this period was easterly and had relatively small
meridional shears. Fig. 2 shows the basic flows on
June 14, 15 and 16. The low-level jet effectively
stopped increasing on those days. The onset-vortex
was noticeable on the weather maps by then. The
maximum speed of the jet is seen to be about 18 m

0 T T T

June 10, 11, 12,13

10°s 0 10 20°N
LATITUDE

Fig. 1. The meridional profiles of the basic zonal flows,
u, (dashed) and #%, (solid) on June 10, 11, 12, 13 (labelled
0, 1, 2, 3)in m s~L The dot curves with labels A or B are
the corresponding 4-day average profiles.
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s7l. As mentioned before, the dropwindsonde
temperature data is used to compute the static
stability parameter S. A mean value of § is found
to be 0.027 m? mb~2 s~2 for the mid-tropospheric
levels.

We first make the eigenvalue—eigenfunction
computations for the 4-day average of the profiles
of June 10, 11, 12 and 13, as shown by the curves
with labels A and B in Fig. 1. Fig. 3 shows the
results of the growth rate and the phase speed as a
function of the wavelength of the disturbance. It is
seen that the flow is weakly unstable with a
maximum growth rate of about 1.5 x 10-¢ s7!
(e-folding time of ~8 days), and a phase speed of
—2 m s~! for a wavelength of about 3500 km. We
next examine the instability properties of the
individual daily basic flows. These computations

-are meaningful to the extent that they would give

us some indication as to how the growth rate of the
vortex might vary during the initial period of
development. Strictly speaking, this methodology is
not suitable for analyzing a time varying basic
state. This procedure would of course be com-
pletely unjustifiable if the variation of the basic flow
is itself a consequence of the feedback effect of the
unstable wave. This is however not the case here
because the progressive strengthenir,}g of the jet
appears to be caused by an upstream meridional
pressure gradient (Kuettner and Unninayar, 1980).
Furthermore, the variations of the basic flow on
June 14, 15 and 16 (Fig. 2) are quite small. Figs. 4a

I T
June 14, 15, 16

20*]'

108 0 10
LATITUDE

Fig. 2. Same as Fig. 1 for June 14, 15 and 16.

20N
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0 2 4 6 0 2 4 [
L (105 m) L (108 m)

Fig. 3. The variations of the growth rate and phase
speed of the disturbance with wavelength for the 4-day
average basic flow.

and b show the growth rate results as a function of
the wavelength on each day. Figs. 4c and d show the
corresponding phase speed results. The curves
labelled 0 to 6 refer to June 10 to 16. It is seen from
Fig. 4a that the basic flow on June 10 and 11 is
rather weakly unstable (1 x 107% s~! growth rate)
for relatively shorter wavelengths (about 2000 km).
The growth rates for June 12 and 13 are progres-

6 0 2 4 6
L {108 m} .

Fig. 4. The variations of the growth rate and phase
speed with wavelength for the basic flow of each
individual day: (a) growth rate values for June 10, 11,
12, 13; (b) growth rate values for June 14, 15, 16; {c)
phase speed values for June 10, 11, 12, 13; and (d)
phase speed values for June 14, 15 and 16.
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sively larger. Disturbances of longer wavelengths
are becoming more unstable. The results in Figs. 4a
and c are complementary to those in Fig. 1. As
anticipated by the small variations among the
profiles for June 14, 15 and 16 (Fig. 2), we find
correspondingly small variations in the results of
growth rate and phase speed shown in Figs. 4b and
d. The results for one of these individual days may
be interpreted as the results for the average basic
state over the period of developing onset. The
maximum growth rate is about 4 x 10~¢ s~! for a
wavelength of about 3000 km. We have also made
computations with a barotropic model using a basic
flow identical with the u; profiles used in this model.
The eigenvalues in the two models are found to
differ by no more than 10%. The corresponding
eigenvalues obtained with the QG model are also
similar to the results presented above within a few
percent. The small differences in the growth rates
obtained from the three models attest to the fact
that the horizontal shear of the low-level basic flow
is the primary factor in giving rise to the in-
stability. The lack of significance of the vertical
shear for the growth rate of large-scale disturb-
ances in the tropics has also been found by Kuo
(1978) with a variety of shear flows in a primi-
tive-equation model. The basic reason for this is
that the required minimum vertical shear for
instability in low latitudes is large since this
quantity varies with the Coriolis parameter f as
1/f* (Phillips, 1954). However, the stratification
and vertical shear may have significant influence on
the structure of the perturbation even though they
do not significantly affect the growth rate (Kuo,
1978).

o ///j/“

LATITUDE (dearees)

o /.
o

Fig. 5. The structure of the streamfunctions ¥, and
y, for the most unstable disturbance for the June 14 basic
flow (10° m?s~1),

Tellus 34 (1982), 4
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The representative properties of the structure of
the most unstable mode in this model can be
illustrated with that of wavelength 3000 km for
June 14. Fig. 5 shows the upper and lower level
streamfunctions, w, and y,. The eigenfunction is
arbitrarily normalized to give a maximum speed of
S m s~! due to the rotational wind. The disturb-
ance shown in Fig. 5 is mainly confined in the lower
half of the troposphere. , in Fig. 5 has a broad
region of maximum amplitude between 2°N and
5°N which is to the south of the jet center of the
basic flow rather than on the northern flank of it.
This result is an indication of discrepancy between
observation and the theoretical explanation which
attributes the formation of the onset-vortex to the
barotropic instability mechanism. This result is a
manifestation of a general property of a baro-
tropically unstable flow first pointed out by Kuo
(1978). His computations led to the important
conclusion that the maximum intensity of the
disturbance would occur on that side of the jet
where the absolute vorticity is small. In this case,
the southern flank of the jet has smaller absolute

Fig. 6. The structure of the most unstable mode in the
QG model for June 14 basic flow. y, and w, the upper
and lower levels of the streamfunction, unit 10* m? s—';
w, in units of 107% mb s7!; T, temperature in 1072 °K
(taken from Kao, 1981).
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LATITUDE (degrom)

a

Fig. 7. Same as Fig. 5 except for the geopotential fields
¢, and ¢, (m?s72).

vorticity. Therefore, our result is precisely what one
would anticipate on the basis of Kuo’s general
finding. This is also why the numerically simulated
vortex with a barotropic model in K81 is noticeably
to the south of the observed vortex. Our result then
highly suggests that in order to accurately account
for the onset-vortex position, additional physical
processes, presumably the moist convection, need
to be incorporated into the model.

It is worth noting a difference between the
vertical structure of the y field in the QG model
and that in the LB model. The v field center in the
LB model is located to the north of the y, center,
indicating a northward tilt with height. An oppo-
site tilt is however found in the QG model result as
seen in Fig. 6. Fig. 7 shows the geopotential fields
¢, and ¢,. The magnitude of ¢; is likewise much
larger than that of ¢,. ¢, centers on 8°N and ¢,
centers on 13° N, It should be noted that the center
of ¢, is considerably further north of that of w;. In
the subtropical latitudes the ¢, and y, contours are
nearly parallel to one another. This is not so in the
equatorial latitudes. The significant relative phase
between the ¢, field and the y, field as seen in Figs.
5 and 7 illustrates another pronounced difference
between the LB model and the QG model. In the
latter, ¢ is proportional to y. Since y, > w,, we
would have ¢, > ¢,. It follows that the contours of
temperature field, which is proportional to
(¢, — ¢,), are essentially parallel to the contours of
¥, in the QG model. The temperature field in this
model, shown in Fig. 8, is located significantly
north of the y, field. The warm core of the
disturbance is found to be located about four
degrees of latitude to the north of the stream-
function center. Corresponding to the normalized
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LATITUDE (degrees)

i T
U Y SRS S N JNS N N S S | IR I TR S I A |

0 27
kx

-9

Fig. 8. Same as Fig. 5 except for the temperature field
(°C). .

minimum wind of 5 m s~!, the maximum tempera-
ture is 0.32°C.

Fig. 9 shows the velocity potential field on the
upper level y, and the w, field. It is seen that the
ascending motions are located at about 10° N and
a quarter wavelength to the west of the low level
disturbance center. In contrast, we find that the
upward motion region in the QG model is to the

LATITUDE {degrews)

@

Fig. 9. Same as Fig. 5 except for the velocity potential
on level 1 (10° m? s~') and the p-velocity field on level 2
(1073 mbs71).
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southwest of the disturbance center (see Fig. 6). No
verification can presently be made with observation
since no detailed synoptic analysis of the w field of
the onset-vortex has been reported. The magnitude
of w, in the model is very weak, stemming from the
absence of baroclinic instability. This is to be
expected in a dry model for low latitudes. The
smallness of w, is an a posteriori indication that the
non-geostrophic effects would indeed be small had
they been included in the model.

The energetics of the unstable disturbance in this
model are next examined. Let us denote the
integration of a quantity r over the mass in the
three-dimensional domain within a wavelength in
the x direction by {r), namely

Pbottom Y L
(r)= [ [ [rdxdydplg (30)
pop —Y O

When we multiply (11) by w and integrate the
resulting equation over such a domain, we obtain

d
= V- V) = (i, w, v,y + (fov,) + (ux, B)

€2

In obtaining (31), integration by parts has been
used in conjunction with the boundary conditions.
Likewise, when we multiply (12) by (1/S)(8¢/ép)
and integrate the resulting equation over that
domain, we obtain

d [\ _[Su,
E<E>_< 3 ¢p('//x+)(y)>—<w¢p> (32)

Equations (31) and (32) are the kinetic energy and
the available potential energy budget equations res-
pectively. (wg,) and ( foow, + wyx,B) are expected
to be equal, representing the conversion from the
wave available potential energy to the wave kinetic
energy. This can indeed be shown to be so by
making use of (13) and (14). We can write

{fov, + Bux,)
= {(fow), + V- (fuVy) — V- (V1) — (o), + w9,
={(wd,> o (33)

The last step follows from the fact that each of the
other four terms is a divergence of a flux, and
individually vanishes by virtue of the boundary
conditions. Based on (31), (32) and (33), we can
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then write the energy budget equations for our
model as

1d
3 2 (Vv Yl + [V - Vi)

= [&ly Wlx V/ly] + [afiy st %y]

[ 1
+ _m (g3 — A ] (34)
1df1{¢-¢YV
24| s\ 2
[ r@,—ay)
= Lm (¢ —9)) (wy + st)]
- i 24p w,(f; — ¢1)] (35)

where the square bracket denotes integration over
one wavelength in the x-direction and the whole
meridional extent. Each term on the right-hand sides
of (34) and (35) is computed with the eigenfunction
of the most unstable mode on June 14. It is found that
the term [u,;, v, vy,] is two orders of magnitude
larger than the other terms. This is the energetic
manifestation of the barotropic nature of the
instability on the low level. From the horizontal tilt
of the streamfunction field, one can infer that this
kinetic energy transfer from the basic flow to the
disturbance takes place strongly on both flanks of
the jet. There is also a net conversion from the
wave kinetic energy to the wave available potential
energy. This reflects the stabilizing effect of the
static stability in conjunction with the vertical shear
of the basic flow. Such a consequence can be seen
from the net out-of-phase relationship between the
—w, and the temperature fields in Figs. 8 and 9.

To check the sensitivity of the results to the
choice of the center-latitude of the domain, we have
repeated the computation using 10°N as the
center. Essentially similar results are obtained. We
have also repeated the computation using an upper
level basic flow based on the 700 and 200 mb data:
essentially the same results are also obtained.

4. Concluding remarks

This analysis agrees with the finding of Krishna-
murti et al. (1981) to the extent that the growth
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rate and the preferred length scale of the onset-
vortex are largely dependent upon the instability
process due to the horizontal shear of the basic
flow. Our results however reveal some definite
discrepancy with observation. The mainly baro-
tropic instability mechanism predicts the maxi-
mum intensity of the disturbance to be on the
southern flank of the jet, rather than on the
northern flank as observation seems to indicate.
This theoretical result is a particular manifestation
of a general finding of Kuo (1978) in a primi-
tive-equation model. He found that in situations
where barotropic instability prevails the disturb-
ance is located mainly on the side of the jet where
the absolute vorticity is small. A discrepancy of
similar nature is actually also present in the result
of a numerical simulation in Krishnamurti et al.
(1981).

The results also indicate that although the
vertical shear and stratification do not strongly
affect the growth rate, they significantly influence
the structure of the model disturbance. In parti-
cular, the disturbance is confined to the lower
troposphere. The disturbance is located at such low
latitudes that the required vertical shear for
triggering baroclinic instability far exceeds the
estimated vertical shear. Thus, uncertainty in the
actual vertical shear should not be a critical factor.
While it would be desirable to do an analysis with
better vertical resolution than that which we have
done, the lack of fine resolution does not qualita-
tively dictate the results. The non-geostrophic
effects are small as evidenced a posteriori by the
smallness of the vertical velocity field. The linear-
balanced model yields a noticeably different meri-
dional tilt with height in the structure of the
disturbance than that in a quasi-geostrophic model.
The full variation of the Coriolis parameter with
latitude should be retained in future modeling.

One can hardly over-exaggerate the need of
modeling the moist convection in this problem.
Without it, the model cannot correctly predict the
meridional position and vertical extent of the
onset-vortex, although the growth rate and scale
selection aspects can be accounted for by the
barotropic instability process. It may well be that
the barotropic instability process and the moist
convection exert complementary effects in much
the same way as they do in producing an
Intertropical Convergence Zone as some models
have indicated (e.g., Bates, 1970).
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In a broader perspective, the onset-vortex for-
mation should be considered in conjunction with
the timing of the intensification of the low level
westerly jet over the south-central Arabian Sea.
The latter is in turn suspected of being dependent
upon a number of possible planetary scale factors
which have yet to be investigated quantitatively.
This study only addresses one facet of the complex
onset phenomenon.
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