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ABSTRACT

A linear baroclinic stability analysis of the zonal wind representing the mean monsoon situation over
India is performed by the use of a multi-level quasi-geostrophic numerical model. An initial value approach
is chosen to determine the instability characteristics of the wind. The dependency of the growth rate
spectrum on the number of levels in the vertical and on the presence of vertical walls is studied. It is shown
that 20 levels in the vertical are sufficient to realize the baroclinic instability of the monsoon mean wind.

A shorter unstable wave of wavelength 1500 km and a longer unstable wave of wavelength 4750 km
are found to be the most preferred growing waves from the growth rate spectrum. The shorter unstable
wave is essentially confined below 500 mb, whereas the longer unstable wave is above 500 mb. It is also
shown that the removal of wind shear below (above) the level of the westerly (easterly) jet from the
wind profile, shifts the shorter (longer) unstable wave toward higher wavelengths by ~1000 km, with a
significant decrease in the growth rates. ~

The horizontal scale (1500 km), level of nondivergence (900 mb); and level of maximum intensity
(825 mb) associated with the shorter unstable wave are in close agreement with the observed values,
obtained from a composite monsoon depression. The computed phase velocity of the unstable wave is
opposite to the observed westward motion. The computed lévels of cold core, warm core and top of the
wave are at 900, 800 and 500 mb, respectively, which are ~100 mb lower than the observed levels. The
computed phase velocity of the longer unstable wave (=23 m s™!) is found to be very close to the observed
value for disturbances along the easterly jet level. The longer unstable wave has a level of nondivergence

at 200 mb which is supported from the results of barotropic studies obtained by others.

1. Introduction

In recent years considerable efforts have been
made toward a better understanding of two active
disturbances in the summer monsoon flow over
India, namely, westward propagating low-level
monsoon depressions and upper level waves in the
vicinity of the easterly jet. The three-dimensional
structure and dynamics of individual depressions
have been studied by several workers (Rao and
Rajamani, 1970; Krishnamurti et al., 1975, 1976;
Daggupaty and Sikka, 1977), and a composite struc-
ture was made by Godbole (1977). The three-dimen-
sional synoptic and dynamic structure of wave dis-
turbances along the easterly jet is still more or less
unknown. The presence of waves on the 200 mb
surface has been noted by Krishnamurti (1971) in
his observational study.

Many investigations of pure and combined
dynamic instability including CISK (conditional
instability of second kind) of the monsoonal zonal
wind have been reported by several workers
(Shukla, 1977, 1978; Keshavamurty et al. 1978),
in order to explain the existence of monsoon depres-
sions as an in situ formation by the various possible
instability mechanism. Shukla (1978) studied the
combined barotropic-baroclinic-CISK linear stabil-
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ity properties of the mean monsoon zonal wind.
Shukla’s computed phase velocity and growth rate
for the unstable wave of wavelength 2500 km in the
absence of boundary-layer Ekman pumping are in
reasonably good agreement with the respective
observed mean values for monsoon depressions.
His study failed to provide a satisfactory explana-
tion for the observed horizontal scale of monsoon
depressions. His other conclusion, which is relevant
to the present study, is that the dominant mecha-
nism for the growth of monsoon depressions is
CISK and barotropic instability plays a secondary
role, while the flow is baroclinically stable.

Many observed features associated with the upper
level waves along the easterly jet are simulated by
Colton (1973) in a nondivergent, semi-spectral
barotropic model which includes dissipation and a
forcing mechanism for the ultra long waves. He con-
cluded that the unstable synoptic-scale waves are
amplified by drawing kinetic energy from the ultra
long waves by barotropic processes. Tupaz et al.
(1978) have explained the existence and some of the
observed special features of these waves as from
barotropic instability of the zonally varying
easterly jet.

From the above discussion one is tempted to
conclude that the growth and maintenance of upper
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level waves associated with the easterly jet is solely
due to the barotropic instability process and that of
monsoon depressions is primarily by convective
heating (CISK), and that baroclinic instability has
not contributed to the growth of monsoon dis-
turbances. This negative role of baroclinic instabil-
ity, of the summer monsoon flow, in our view, has
arisen due to the lack of interest in investigating this
instability process and this in turn is due to the
following reasons:

1) Chamney (1963) has shown with the help of
scale analysis that the tropical synoptic-scale mo-
tions in the absence of convection are quasi-baro-
tropic to a first approximation, which is quite valid
close to the equator but not around the latitude
(20°N) where most of the monsoon depressions are
formed.

2) The observed vertical shear of zonal wind in the
monsoon region between the lower and upper tropo-
sphere is generally found to be less than is neces-
sary for baroclinic instability as demanded by the
two-level quasi-geostrophic model, which is not
valid for the general case with more than two levels
in the vertical.

The two-level model seems to be sufficient for a
linearly varying basic state in the vertical; but it
is incapable of realizing fully the effects of a basic
state having considerable variations, as in the case of
the monsoonal basic state. Hence, it may be con-
cluded that the number of levels required in the
vertical are dependent on vertical structure of the
basic-state parameters. The more general necessary
condition for baroclinic instability can easily be ob-
tained as a special case of the condition, derived
by Charney and Stern (1962) for combined baroclinic-
barotropic instability. The computations of Krish-
namurti et al. (1976) and Keshavamurty et al. (1978),
based on observed monsoon data over India, have
shown that the necessary condition is satisfied in the
lower and upper troposphere. The authors feel,
based on the above reasons, that the baroclinic in-
stability of the monsoonal zonal wind may con-
tribute to the formative growth of the disturbances
in spite of negative results obtained so far. Hence,
an attempt is made in this paper to show the im-
portance of baroclinic instability by isolating it
from all other possible instability mechanisms.

2. System of equations
a. Equations of model

Mak (1975) has shown by nondimensional analy-
sis that, for synoptic-scale motion, the quasi-
geostrophic approximation is quite valid around
17.5°N, the region of our interest, because close
to this latitude, monsoon depressions exist to the
north and upper level waves in the easterly jet to
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the south. Therefore, we have considered the quasi-
geostrophic model as initially obtained by Phillips
(1963).

The two governing equations of quasi-geostrophic
adiabatic motion can easily be reduced to a single
potential vorticity equation as

(% s v.u-V)[V”tb +fo + By

e o e

where v, = k X Vi, ¢ is the streamfunction, the
static stability o is a function of p alone, and the
Coriolis parameter f,, and Rossby parameter g are
chosen at latitude 17.5°N. We have assumed rigid
horizontal walls at the top and bottom of the at-
mosphere where w = 0. The vertical boundary con-
ditions obtained by applying the thermodynamic
energy equation at the top and bottom are

at
p =0 and p = py(1000 mb). (2.2)

The linear form of (2.1) as given below is ob-
tained from the usual linearization process by as-
suming that the flow consists of a basic zonal flow
U(p) and a perturbation '(x,y,p,!):
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The presence of rigid vertical walls at y = 0 and
y = D implies v’ = 0 at the walls and the resulting
lateral boundary conditions in terms of ' are

' =0 at y=0 and D.

(2.4)

We consider perturbation as a single wave of
wavenumber k in the zonal direction. The wave
perturbation which satisfies the lateral boundary
condition can be expressed as

' (x,y,p,t) = sinly[(p,t)

X coskx + Un(p,t) sinkx], (2.5)

where | = /D and D is the distance between the
walls chosen as 3000 km.

The final equation as given below for s,(p,t) and
Yn(p,t) was obtained by substituting (2.5) in (2.3)
and equating cosine and sine coefficients separately
to zero:
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The vertical boundary conditions for ¥, and s
were obtained by substituting (2.5) in the linearized
form of the boundary conditions (2.2) and once
again equating the coefficients to zero:
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The governing equation (2.6) and the vertical
boundary conditions (2.6a) complete the initial value
problem. The governing equations.in the absence of
vertical walls can be easily obtained by putting
[ = 01in (2.6) while the vertical boundary conditions
remain unchanged. o' (vertical velocity) was com-
puted from the linearized thermodynamic energy
equation.

p=0 and p = p,.

b. Equations for growth rate and phase speed of
wave '

The wave perturbation (2.5) may be written in the
form
W' = —|y| costkx — &) sinly, Q.7

where |!J!| is the amplitude and 6 the zonal phase
angle (it indicates the position of wave trough), and
are given as

(Wn* + )",
tan™'(—n/—).

Under the assumption that the wave is growing
exponentially, the growth rate » and the phase
velocity ¢, are calculated from the expressions

1d

]
&
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where KE is the wave Kinetic energy

2 Po
KE = i’ J (W?* + ¥,*)dp.
4g

(1]
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It can be easily shown that relations (2.8) and (2.9)
are identical to the respective relations obtained by
Brown (1969) for the growth rate and the phase
velocity.

r

3. Basic state

During the summer monsoon season of June-—
August, depressions form around 20°N and 90°E and
most of them show the dominating westward com-
ponent in their horizontal motion. The easterly jet,
along which upper level disturbances move west-
ward, is strongest around 12°N and 80°E at 125 mb
during the monsoon season. The common repre-
sentative basic state zonal vertical wind profile for
these two types of disturbances was obtained from
the area average of July mean wind between 10 and
25°N, and 75 and 95°E. Presented in Fig. la with
the dotted line is the vertical distribution of the
observed basic state zonal wind. The observed wind
profile is represented by an analytical function
of the form

2 2
Uip) = —2= S . (3.1)
(p—p1) +a* (p—py) +b?

where p, (125 mb) and «, (35 m.s™') are the position
and magnitude of the upper level easterly jet, respec-
tively, and p5 (850 mb) and u; (12.5 m s~') are those
of lower level westerly maximum. Constants a and b
are related to the surface wind (4 m s=') and the
transition level (450 mb) as shown by Mishra (1979).
This analytical representation of the wind is very
flexible in the sense that it requires only specifica-
tion of these six parameters associated with the
vertical monsoon wind distribution. The computed
wind profile from the analytical function is also
shown in Fig. la. It can be seen on comparing the
two profiles that there is closer agreement between
them in the lower troposphere than in the upper
troposphere. The analytical profile retained the
main characteristics of the observed monsoonal
zonal wind quite realistically.

The second basic-state parameter required in this
study is the profile of inverse static stability which
was obtained from observed data around 17.5°N and
is shown in Fig. 1b.

4. Numerical model and procedure

Initial value problem (2.6) was solved by numeri-
cal integration. To obtain the finite-difference ana-
logue of (2.6), the atmosphere was divided into N
equally spaced layers in the vertical, each of thick-
ness Ap(=p,/N) in pressure as shown in Fig. 2. The
layers are represented by dotted lines at mid-points
of each layer, whereas the interfaces between the
layers are denoted by continuous lines and termed
levels. The layer-averaged quantities representative
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FiG. 1. Vertical profiles of (a) observed mean zonal wind for July (dotted line) and that obtained
from Eq. (3.1) (solid line), and (b) observed inverse static stability.

of their values within the layer are shown along the
dotted lines. The numerical model equations were
obtained after applying Eq. (2.6) at mid-points of
each layer and using the centered-difference scheme
for the pressure derivatives.

In the equations for the top and bottom layers,
the vertical boundary conditions (2.6a) were in-
corporated with the assumption that the basic zonal

flow at the boundaries is equal to the values within
the layers, i.e.,

01;2 = 01 and 0N+uz = [-]N-

It was noted that with this assumption the numeri-
cal model discussed here becomes identical to the
one derived according to the familiar approach of
applying the vorticity equation at the layers and
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thermodynamic energy equation at the levels.
Further, this assumption does not amount to the
additional vertical boundary conditions dU/dp = 0
at p = 0 and p = 1000 mb. The partial differential
equation (2.6) was reduced to a system of 2N
coupled ordinary differential equations in s, (1), . . .,
Uy (N); W (1), . .., Wy (N); which can be written
in matrix notation as

(1) Pre(l)
B d lf»‘.n:(z) = (~T)MkA l!’u;(z)
Yi(N) Yri(N)
Y1) Y1)
i lilLE(Z) = (= 1)“4B'A *I’L.L:(z) @4.1)
Y(N) [ (N)

Here A and B are two N x N matrices, which are
functions of basic-state parameters and wave-
number &k and /. The explicit form of matrices A
and B are not given here, since they can be easily
obtained. For time integration of (4.1), the modified
Euler-backward scheme was used for the first time
step and for subsequent time steps the leapfrog
scheme was used.

At the beginning of each time integration, a
baroclinic neutral wave was prescribed by assuming
Ys(p,0) = 0; and by using a suitable profile for
Yy(p,0), which required a smaller number of time
steps to reach the steady state. To determine the
appropriate initial profile of {,(p,0), we performed
a numerical experiment on dependency of the growth
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F1G. 2. Schematic diagram of the vertical structure
of the N-level model.
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FiG. 3. Vertical profile of the meridional gradient of potential
vorticity for 20-level model.

of perturbation on its initial location in the vertical
(details are not given here). The results of this
experiment show that, in the first few days of time
integration, higher growths are noticed if the initial
perturbations are in the lower (upper) troposphere
for short (long) waves of wavelength smaller
(greater) than 3500 km. However, the steady-state
growth rate and the structure of the perturbation
did not depend on its initial location. Therefore,
for the short (long) wavelengths the profiles of
Yn(p,0) were chosen which remain confined within
the lower (upper) troposphere.

The growth rate for each wave was computed
from (2.8) at each time step and its 6 h average g,
was obtained. Similarly, g, was designated as the
average growth rate for the next 6 h. Then the time
integration was continued until the criterion |(g]
— g2)/g;| < € was satisfied, where € = 0.001.

5. The necessary condition for baroclinic instability

The occurrence of baroclinically unstable waves
in the zonal flow U(p) is possible, if it satisfies the
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necessary condition for baroclinic instability (Charney
and Stern, 1962). This condition demands that the
meridional gradient of potential vorticity

g
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must vanish and change its sign somewhere in the
vertical domain [0,p,]. The second term in Eq. (5.1)
is usually called the baroclinic term. The meridional
gradient of basic-state potential vorticity was com-
(5.1) puted at the various levels for the analytical wind
profile and the observed static stability as presented

A e Lt SR
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in Fig. 1. The result of this computation is shown
in Fig. 3. It is clear from the profile of dg/0y that
the baroclinic instability criterion is satisfied around
the four levels —800, 650, 150 and 100 mb. The levels
150 and 100 mb lie below and above the easterly jet
level (125 mb) and the level 800 mb is just above the
westerly maximum level (850 mb).

6. Growth rate

A range of wavelengths from 1000 to 8000 km at
intervals of 500 km was considered for computations
in this section. The growth rate and the phase speed
for 10- and 20-level models, having no vertical walls,
as a function of wavelength are shown in Fig. 4. Com-
parison between the 20- and 30-level models revealed
insignificant differences in growth rate and phase
speed. An important point to be noted from the
growth rate curves is the presence of two wave-
lengths of local maximum growth rate, one in the
short wavelength region (1000 km =< A =< 2500 km)
at 1500 km for both the models and the other in the
long wavelength region (A > 2500 km) at 4750 and
5500 km for 20- and 10-level models, respectively.
It is understood on the basis of instability theory
that the wavelength of maximum growth rate cor-
responds to a possible preferred scale for observed
disturbances. It may be concluded here that as a
result of baroclinic instability there exists one pos-
sible preferred smaller scale near 1500 km and
another possible larger scale near 4750 km for dis-
turbances in the monsoon flow. The observed hori-
zontal scale of monsoon depressions as obtained
by Godbole (1977) from a composite structure is
~1500 km, and by other workers (Krishnamurti
et al. 1975; Daggupaty and Sikka, 1977) from in-
dividual case studies it is ~2000 km. This is very
close to the smaller preferred scale as suggested
here. All previous studies on the instability of the
monsoon zonal wind show that the baroclinic
mechanism has a negative contribution to the growth
of perturbations, and this coupled with their failure
to provide a satisfactory explanation for the ob-
served horizontal scale of the monsoon depres-
sion, lead to the conclusion that only baroclinic
instability can possibly provide an explanation for
the horizontal scale. The growth rate of the unstable
shorter wave is comparable to the value obtained by
Shukla (1978), but the phase speed does not agree
with observations. The computed unstable wave
moves eastward, whereas the mean propagating
velocity of monsoon depressions has a westward
component.

The preferred larger scale of 4750 km is close to
the scale of upper level waves associated with the
easterly jet as concluded by Kanamitsu ez al. (1972)
in their observed 200 mb energetics study, by Col-
ton (1973) in his barotropic simulation experiment
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and by Tupaz er al. (1978) in their barotropic in-
stability analysis. The computed growth rate and
phase speed of the unstable longer wave is sup-
ported by observational evidence afid the values ob-
tained by Tupaz et al. (1978). They obtained phase
speed which is slightly less in comparison to the
values obtained here because the easterly jet which
they considered had a maximum speed of 30 m s™,
while in the present case this value is 35 m s™1.

a. The growth rate dependency on the number of
levels in vertical

The growth rate spectrum (Fig. 4) clearly indicates
a general increase in growth rate throughout the
range of wavelength with the increase of levels from
10 to 20. This increase is much smaller in the short-
wavelength region compared to the long-wavelength
region. Further, it may be noted that the wavelength
of maximum growth rate in the short-wavelength
region remains unchanged, while in the long-wave-
length region the maximum is shifted toward shorter
wavelengths with the increase in the number of
levels. To understand this effect, we computed the
average vertical shear of the zonal wind in the lower
and upper troposphere for the 10- and 20-level
models. On comparison it was noticed that the
average wind shear in the upper troposphere for the
20-level model was significantly higher (by ~40%)
than the value computed for the 10-level model. No
significant difference in the corresponding values for
the lower troposphere was found between the two
models. As discussed by Staley and Gall (1977), an
increase in the wind shear in the upper layers without
any change in the lowest layers, increases the zonal
available potential energy in the upper layers; this
can only be realized by the long waves and not by
the small waves because the former have maximum
amplitude in the upper layers, while the latter are
mostly confined to the lower troposphere. This is
why growth rate is expected to increase in the long-
wavelength region, but not in the short-wavelength
region.

b. The effect of the vertical walls

We will now discuss the effect of the vertical walls
on growth rate and phase speed of unstable waves.
The computed profiles of growth rate and phase
speed obtained from the 10- and 20-level models
with vertical walls are presented in Fig. 4 (dotted
lines).

The comparison of these results with those ob-
tained in the absence of vertical walls shows no
appreciable change in phase velocity throughout the
region, but significant changes are noticed in the
growth rate spectrum. The growth rates in the short-
wavelength region more or less remain unchanged,
while they decrease considerably in the long-wave-
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length region in the presence of vertical walls. This
is consistent with the expectation based on scale
analysis that the waves of wavenumber k > [ are
least affected by the presence of walls.

An important feature to be noted in the growth
rate spectrum for the 10-level model with the verti-
cal walls is the presence of a gap in a region of wave-
lengths from 3500 to 5500 km, which was absent for
the case without vertical walls. The wave with a
length of 3000 km is marginally unstable with a growth
rate of <0.1 day™!, while Shukla (1977) has shown
that this wave is marginally stable baroclinically in the
presence of meridional shear. This discrepancy may
be explained by taking into account the effect of
meridional shear of the monsoon wind on the baro-
clinic instability. Brown (1969) has concluded for a
westerly jet that the effect of meridional shear on the
baroclinic growth rate is similar to the effect in-
troduced by an increase in 8. This was expected
because in the middle of channel, where the per-
turbation amplitude was largest, —U,, > 0 and this
resulted in an increase of effective Rossby param-
eter (8 — U,,). In our case the unstable 3000 km
wave has the largest amplitude around the level of
westerly wind maximum (850 mb) and its amplitude
in the upper troposphere is insignificant.

The observed average value of U,,, in our region
of interest in the lower troposphere for July, was
found to be negative. The effective Rossby param-
eter is increased due to the meridional shear of the
monsoon wind in the lower layers. It was found that
the wave of wavelength 3000 km became marginally
stable for B8 corresponding to 10°N. This explains
why Shukla (1977) obtained less baroclinically un-
stable waves in his 10-level model.

c¢. The influence of wind shear near the vertical
boundaries

The low-level westerly wind maximum of the
monsoon wind lies close to the top of the boundary
layer. In this layer non-geostrophic frictional effects
dominate over the geostrophic process, which in-
dicates that a major contribution to the vertical
shear in the layer below 850 mb (boundary layer)
is due to frictional effects. The available potential
energy of the basic state within the layer as implied
by the quasi-geostrophic approximation is an over-
estimate to the actual value. It may be quite rele-
vant to know the modifications in the instability
characteristics of U(p) profile due to the absence
of vertical shear within the boundary layer, as an
extreme case. For this purpose, the growth rate
spectrum (not presented here) was computed for
U(p) with no vertical shear within the boundary
layer, while the wind above this layer was kept un-
chgnged. It was seen from the growth rate curve
that there was a considerable decrease of the growth
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rate in the short-wavelength region, but no signifi-
cant difference was noticed in the long-wavelength
region. Further, it was noted that the decrease in
the growth rate was as high as 50% for a wavelength
of 1500 km, and the maximum in the short-wave-
length region in the growth rate spectrum was shifted
toward higher wavelengths close to 2500 km with a
value corresponding to an e-folding time of 3.5 days.

A similar computation was carried out with the
basic wind having no vertical shear above the level
of the easterly jet. The growth rate spectrum com-
puted for this case indicated a maximum decrease
of 25% in the growth rate for wavelengths around
5000 km, and no significant difference in the short-
wavelength region was noticed; this shifted the
growth rate maximum toward longer wavelengths
close to 6000 km. The longer unstable wave in this
case has an e-folding time of 1.8 days.

7. Structure of the unstable waves

In this section we will discuss the structure of the
shorter unstable wave of wavelength 1500 km and
that of the longer unstable wave of wavelength 4750
km for the 20-level model without vertical walls. It
is obvious from the growth rates that the model
without vertical walls requires less integration time
to reach a steady state compared to the model with
vertical walls. It may be noted that by this choice
no further physical reality is lost as evident from
following discussion. Either of the lateral boundary
conditions considered here does not reflect the true
atmospheric situation which is somewhere between
the infinite and finite channel in the meridional direc-
tion. Differences noticed between the structure of
the unstable waves for the model with and without
vertical walls are of little consequence.

It is expected that the computed structure of un-
stable waves obtained here should agree more
closely to the observed structure of composite dis-
turbances than that of the individual disturbances.
The dominating role of diabatic heating due to con-
densation in the development of a monsoon depres-
sion over land areas has been shown by Krishnamurti
et al. (1976) with their numerical prediction experi-
ments. Therefore, it is natural to assume that the
growth of monsoon depressions by the baroclinic
mechanism may be at least a dominating factor in
their formative stage over the sea where the upward
vertical velocity associated with depression may be
small. The vertical velocity field associated with the
unstable baroclinic wave may lead to further growth
of the depression by wave-CISK. The structure of
the depression in the formative stage is not very well
known because the formative growth of the depres-
sion takes place over the sea. The next alternative
is to compare the observed structure of mature
monsoon depressions moving across land. Hence,
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FiG. 5. Vertical structure of amplitude (a) and phase (b) of perturbation streamfunction ({+), vertical velocity (&) and temperature
(T) for the unstable wave of wavelength 1500 km.

the computed structure of the unstable wave of
wavelength 1500 km is compared with the structure
of the composite monsoon depression as obtained
by Godbole (1977). The vertical profile of the ampli-
tude of ', @' and T' are presented in Fig. 5. These
profiles indicate that the vertical extension of the
wave only reaches 500 mb, whereas the monsoon
depression extends at least up to 400 mb. This
discrepancy may be due to the neglect of diabatic
processes in this study. As shown by the vertical
distribution of the amplitude of ', the maximum
intensity of the wave is at 825 mb level which is quite
close to the observed level of 800 mb. The ampli-
tude at the surface is comparable to its maximum
value. The surface value may become closer to the
observations if the surface friction is included
in the model. The vertical profile of the amplitude of
vertical velocity shows two maxima at 800 and 900

mb of nearly equal magnitudes and a minimum in
between, but the phase angle profile of ' shows a
minimum at the 900 mb level only. Thus, the level
900 mb is the level of nondivergence for the un-
stable wave. The observed level of nondivergence
is near 500 mb as obtained by Godbole using the
kinematic method for w. The level of nondivergence
for monsoon depressions as computed by other
workers (Krishnamurti et al., 1975; Daggupaty et
al., 1978) with the help of a nonlinear w equation is
generally found to be near 850 mb which is close to
the level obtained here.

The wave has westward tilt with height in the
1000-850 mb layer and small eastward tilt in the
850-775 mb layer and no vertical tilt further aloft.
Observational studies as carried out by various
workers on the structure of monsoon depressions
failed to indicate any definite vertical tilt. From the
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vertical profile of phase of o', it is clearly seen that
maximum upward motion in a horizontal plane takes
place to the west of the trough above 900 mb and it
is to the east below this level. It may be noted from
the vertical profiles of amplitude and phase of o’
presented in Fig. S that divergence takes place in the
1000-900 mb layer with convergence in the 900-800
mb layer; further up divergence takes place in the
layer above 800 mb. It is clear that the presence of
the lowest layer of divergence and the absence of
a strong and deep enough middle layer of con-
vergence are responsible for not contributing suf-
ficiently large westward propagation, in order to
counteract the eastward propagation due to the ad-
vection by the basic-state westerly wind of the lower
troposphere; this must eventually result in the west-
ward propagation of the wave.

Fig. 6 shows the computed vertical profile of tem-
perature along the trough of the unstable wave. The
profile shows a warm core from the surface to 925
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mb and a cold core between 925 mb and 825 mb with
maximum intensity at 900 mb and a second warm
core above 825 mb with maximum intensity at 800
mb. But the observational study shows a cold core
at 800 mb and a warm core at 600 mb. This dif-
ference may be due to the fact that the computed
wave does not extend sufficiently deep in the verti-
cal; this is why the wave moves in the wrong direc-
tion. The surface warm core is generally not ob-
served over land. A surface warming is considered
to be favourable for convective activity over the
sea. The cold core tilts eastward (Fig. 5) with
height up to 900 mb and then westward, while the
observed tilt is eastward only.

Fig. 7 shows the vertical distribution of amplitude
and phase of ¥, w' and T' for the unstable longer
wave of wavelength 4750 km. The amplitude of '
has a maximum at the easterly jet level and very
small values in the lower troposphere. This cor-
roborates observational evidence that upper level
disturbance in the vicinity of easterly jet is gener-
ally not detected in the lower troposphere.

From the phase and amplitude distribution of '
and i, it is clear that vertical upward motion oc-
curs to the west of the trough of ' up to 125 mb and
downward motion aloft. Vertical upward motion
reaches a maximum value at 200 mb and has no tilt
around this level, i.e., this corresponds to the level
of non-divergence for upper level disturbances. In-
cidently, this also explains why the phase velocity
obtained here agreed so closely with the values ob-
tained by barotropic studies of 200 mb flow as dis-
cussed in the previous section. It is expected from
theoretical consideration that the steering level of
the wave must be above the level of nondivergence,
but very close to it. On comparing the U profile and
the phase velocity, the steering level comes out to
be at 170 mb, which is quite close to the level of non-
divergence. Convergence of the wave field is to the
west of the trough up to 200 mb, and aloft is a layer
of divergence up to 50 mb. Convergence is a
dominant factor for westward propagation of the
wave below 200 mb, while advection and the g ef-
fect are dominating factors above this level.

8. Conclusions

The intention in this paper has not been to provide
a complete explanation to the problem of develop-
ment of monsoon depressions and upper level per-
turbations in the easterly jet, but to bring out the
important contribution of the baroclinic instability
of the mean monsoon flow to this problem. It has
been shown by a linear, quasi-geostrophic, baro-
clinic stability analysis, using an initial value ap-
proach, that the mean monsoonal zonal wind is
baroclinically unstable provided sufficient vertical
resolution in the numerical model is ensured.
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FiG. 7. As in Fig. 5 except for the unstable wave of wavelength 4750 km.

The most interesting and significant result of this
study is the presence of two maxima in the growth
rate spectrum at wavelengths comparable to the
observed horizontal scales of monsoon depres-
sions and the upper level waves. The view that,
although the vertical coupling between the tropical
upper and lower troposphere over the monsoon
region is weak, they are baroclinically active in-
dependently, is supported by the results obtained
in this paper. '

The baroclinic instability mechanism is a primary
process for selection of the horizontal scale of dis-
turbances in the lower troposphere. Growth due to
baroclinic instability plays an important role, at least
in the formative stage of a monsoon depression and
in determining its structure. This is evident from the
close resemblance shown here, in many aspects,
between the computed structure of the shorter un-
stable wave and the monsoon depression. It is not
suggested here that the baroclinic instability mecha-
nism alone is sufficient to evolve monsoon depres-
sions from their formative to mature stages, because
the available potential energy of the mean mon-

soonal flow in the lower troposphere is not suf-
ficient for conversions to potential and kinetic
energy associated with observed mature monsoon
depressions.

It has been suggested that the baroclinic in-
stability mechanism is also sufficient to explain the
existence and development of upper level disturb-
ances in the vicinity of the easterly jet. It has been
indicated that their westward motion above the level
of nondivergence is mostly controlled by the advec-
tion of basic zonal wind and below by convergence
associated with the waves.

It has been pointed out that the inviscid, adiabatic
and linear baroclinic dynamics of the wave in the
zonal wind is not sufficient to explain the westward
component of propagation of monsoon depressions.
This is consistent with the findings by other workers
that westward propagation of monsoon depressions
is due to the overriding contribution by strong
convergence in the lower layers occuring mostly
due to convection, which is not considered here.
It seems that to explain the complete northwest
propagation of monsoon depressions, further studies
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on baroclinic instability of the combined zonal and
meridional fiow in the presence of convective heat-
ing is required.
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