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ABSTRACT

A standing Rossby wave of wavelength 30° longitude with a finite amplitude along the meridional direction is
superimposed on the zonal mean component of the monsoon flow and the stability of such a flow is examined by a
quasi—geostrophic barotropic, as well as by a quasi—geostrophic combined barotropic and baroclinic model on & beta
plane centered at [8°N latitude. It is found that the growth of synoptic scale disturbance increases with the amplitude
of the meridional wind. The barotrapic stability analysis at 700 hPa pressurg level shows that there is a critieal value
{Uy = 11 m/ 3) of the maximum mean zonal wind below which the computed disturbance moves to Lhe west due to
the wave—wave superposition. For maximum mean zonal wind greater that 11 m /s, the westerly wind dominates and
the disturbance moves to the east. In another analysis the stability of the zonally asymmetric basic flow is studied with
a combined barotropic—baroclinic model where cumulus heating is included. The growth rate, intensity, horizontal
scale and the westward velocity of computed disturbances reasonably agree with those of observed monsoon disturb-
ances. The fastest growing mode has a horizontal wavelength of 2000 kms and the e—folding time is about 3 days,
when the meridional amplitude of the Rossby wave is 4 m / 5 at 700 hPa pressure level. When cumulus heating is in-
cluded in the analysis the intensity of geopotential perturbation at 700 hPa disturbance is —304 m?/ 5%, Energy calcu-
fations show that the kinetic energy of the mean zonal Aow is the main source of energy for the perturbation to grow.
It is also found that the contribution of the kinetic energy of the basic Rossby wave to the growth of perturbation is

morte in comparison 1o the available potential energy.
Key words: Monscon disturbance, Rossby wave, Combined barotropic—baroclinic stability
I INTRODUCTION

The southwest mensoon flow is observed to be westerly in the lower troposphere and
easterly in the upper troposphere. Most of the monsoon depressions are formed over north
Bay of Bengal and they move in the north—west—north direction (Rao, 1976) with a speed of
about 3 m/ s and their doubling time is about 2—3 days (Krishnamurti et al., 1975). The
wavelength of disturbance is about 2000 kms and the intensity (pressure difference} is about 4
to 8 hPa (400 to 800 m* / s? in geopotential). In order to understand the mechanism of forma-
tion of these disturbances many stability studies (Shukla, 1977, 1978; Keshavamurty et al.,
1978: Mishra and Salvekar, 1980; Goswami et al., 1980; Satyan et al., 1980; Dash and
Keshavamurty, 1982; Mishra and Tandon, 1983; Krishnakumar et al., 1992) of the monsoon
flow have been conducted earlier. But in most of these studies only the mean zonal wind had
been considered for mathematical simplicity. These stability analyses showed that the doub-
ling time of the most unstable mode in a barotropic model was around 7 days, the horizontal
wavelength was about 2000 to 3500 kms and the perturbation moaved towards east at lower
troposphere. But when baroclinicity and heating were included, some of these models (Mak
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and Kao, 1982; Moorthi and Arakawa, 1985 and Krishna Kumar et al., 1992 and 1993) show -
unstable growing modes which move towards west at lower troposphere. Combined
barotropic and baroclinic instability analysis with the inclusion of CISK type of heating in the
model enhances the doubling time to about 2 days. The doubling time and horizoatal scale of
computed disturbance reasonably agree with those of observed disturbances (Krishnamurti et
al., 1975) during monsoon.

Krishnamurti et al. (1984) explained that with the inclusion of orography in the model
the simulated disturbances move towards west. Mishra et al. (1985} conducted a primitive
equation barotropic instability analysis of the 700 hPa mean flow, similar to the earlier studies
of Krishnamurti et al. (1981) and Mak and Kao (1982) concerning the monsoon onset voriex.
Their most unstable mode had an e—folding time of 3 days, a wavelength of 3500 kms and a
wesiward phase speed of 2 m / 5. Goswami {1987) hypothesized that due to maximum precipi-
tation in the western sector of the depression, the disturbances move towards west due to
feedback mechanism.

The observed mean monsoon flow (Ramage and Raman, 1972) over India is zonally
non—uniform and has a zonal as well as & meridional component of the wind. The magnitude
of the meridional component though small may have significant effect on the characteristics
of the computed disturbances. The simplest and the most plausible method of including
meridional component of the wind in the basic monsoon flow is to treat the flow as the
summation of the zonal mean wind and a stationary Rossby wave superimposed (Lorentz,
1972) on the former. Studies by Satyan et al. (1977), Keshavamurty et al. (1978). Dash and
Keshavamurty {1982z, b and 1983} over Indian monsoon zone reveal that the amplitude of
the meridional wind controls the growth rate of monsoon disturbance. Dash and Parija (1993}
treated the zonal non—uniform flow as the combination of mean zopal component and &
standing Rossby wave with finite amplitude along meridional direction. The
quasi—geostrophic barotropic stability analysis was conducted at 700 hPa pressure level using
a speciral model. The baretropic growing modes obtained in that study moved Lo the west as
observed monsoon disturbances. This result was clearly different from those obtained in ear-
lier barotropic models.

The essential idea of the present smdy is (0o examine whether a combined
barotropic—baroclinic model with the simplest type of cumulus heating is able to explain all
the characteristics of observed monsoon depressions such as the horizontal wavelength, mag-
nitude and direction of movement, e—folding time and intensity. In Section II, a
quasi—geostrophic barotropic analysis is conducted at 200 hPa pressure level, The westward
movement of the fastest growing mode at 700 hPa is examined in detail and the energetics at
700 hPa and 200 hPz are computed. In Section III, a two level quasi~geostrophic combined
barotropic and baroclinic spectral model is used so as to include the horizontal and vertical
wind shears in the model, in the presence of cumulus heating. This model is more realistic.
The characteristics of computed disturbances are examined in detail and compared to those
observed during monsoon period, In Section TV, the energetics of the two level model are dis-
cussed. Section V gives concluding remarks.

1. STABILITY ANALYSIS WITH BAROTROPIC MODEL

Details of the formulation of barotropic model have been described in the earlier study
by Dash and Parija (1993). For the sake of completeness, basic features of the model are brief-
ly described here. In this section the stability analysis has been conducted for the upper level
monsoon flow at 200 hPa in order to examine the characteristics of computed disturbances.
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Emphasis has been giveni on the discussion of westward movement of the fastest computed
disturbance at the lower level. Energetics have been computed at 200 hPa and 700 hPa levels.

1. Formnilation

The quasi—geostrophic vorticity equation for barotropic atmosphere can be wrilten as,
i i) i
(a—t)+ua+v~@)(c+ﬁy)—ﬂ. )

Here u and v are the zonal and meridional components of wind, { is the relative vorticity and
B=g{, J being the Coriolis parameter. The vorticity equation is linearized by expressing

vorticity and zonal and meridional compenents of wind in the form,
X=X+x, {2

where X is the basic component and x is the perturbation. The basic flow is zonally non-uni-
form. Hence in the analysis the zonal and meridional components of the basic wind are ex-
pressed by,

u=Uy) 3)
v

and = Vycoskykx. (4)

U(y) represents the climatological mean July zonal wind at 80°E longitude (Fig. 1) and ¥, is
the amplitude of the meridional wind. Here k=2r/ L, and L, is equal to 6D° longitudes
and k, = 2. Thus the wavelength of the basic stationary Rossby wave along the zonal direc-
tion is equal to 30° longitude (Dash and Keshavamurty, 1982b).

The normal mode analysis has been conducted by assuming a solution of the type,

M L s

PayN= L T o )

me =M= -N

for the geopotential perturbation.
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Fig. 1. Variation of zonal monsoon wind with latitude at 80°E longitude.




490 Advances in Atmospheric Sciences Vol.12

Here m and r are integers and { =2x/ L, , L, being equal to 30° latitudes. The stability
analyses have been conducted over the channel 0° to 30°N latitudes with the f—plane approx-
imation centered at 18°N. Here the values of L, and L, satisfy the cyclic boundary condi-
tions imposed on the solution (5). As s and n increase in (5), perturbations of smaller scales
are included in the series, Thus the solution is more general compared to earlier study by
Dash and Keshavamurty (1983).

Using (2} in (1} and then subtracting the vorticity equation in the basic variables from
(1), the perturbation equation will be obtained. Substituting (3) and (4), one can write the
perturbation equations as

] a a
[a_: + U +V, (coskokx)@ ]{’— (Vokok® coskokx )’
2
y

The y—dependent basic zonal wind is also expressed by Fourier series as

W)= L Pe? N
j=0

where P; iscomplex and P, = P, +iP,
Calculating &', v' and {’ from (5) and using (7) in {6) one geis the following equation afier
collecting the coefficients of exp [{mkx + nly + 1))

Vont 7
B}y, +— [kék’ —ln— kYK =0 Ny,
Vynl 7
+—°2r[k§k1 —(m gk =1 @ s k3
5 =
+ ZijkI:jz!z —m K — (= P p
—Mm*E* + 0’ Py, =0 8

When (8) is rewritten in the matrix notation, for an eigen value problem it can be expressed as

(RQ™' — 4D (Q@)=0 (9)
Here [ is the unit matrix, R is a complex matrix and ( is a real matrix. The order of matrices
R and @ are determined by the values of M and N in (5). Here M=/, hence R and Q are
square matrices of order (2N+1). The value of ¥ is varied from 5 to 60 in the analysis. The
eigen value A in (5) is complex and can be expressed by

A=A, 413, (10)

The real part |4, | / 2 gives the frequency, which is multiplied by the wavelength of the
perturbation to compute the phase speed. The imaginary part £; gives the growth rate and the
disturbance will grow when 4, <0, The e—folding time (eft=1/ |A,. |) of the normal mode is
computed from ;. (Q.9) in (9) is the complex eigen vector matrix from which the amplitudes
@, are computed by inverse Fourier transformation. So the real part of the 5™ eigen mode is
given by,

R, s(xp.0) = | o |e" ¥ cosfargps (x ) + 4,1} an
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When the meridional shear is not included in the stability analysis, the constant value of
U over the channel is taken to be 5.8 m / s at 700 hPa and —19.5 m /' s at 200 hPa. Under this
condition, the fourth term in the left hand side of equation (8) becomes equal lo

— Umklm*k* +n* g, , .
2. Characteristics of Computed Disturbances at 200 hPa

In this stability analysis the e—folding time {eft) has been computed for the fastest grow-
ing mode. The variation of eft with M and A is shown in Fig. 2 for different values of the
amplitude I of the basic Rossby wave when meridional shear of the basic wind is included in
the analysis. [t may be nated that the observed meridional monscon wind (Ramage and
Raman 1972} at 200 hPa is northerly and hence in this study the value of ¥ is negative. In
this case, as shorter waves are included the growth rate does not change very much beyond
M = N =130, showing a tendency for saturation. For V; = —1 m /s (Fig. 2) the saturated eft
is about 3.9 days when M = N=>50, When } is increased from —0.5 m /s to -4 m /s, the eft
of the most unstable mode decreases showing a faster growth rate, This result is similar to the
growth rate in the earlier study at 700 hPa (Dash and Parija, 1993). When the basic Rossby
wave is withdrawn by making its amplitude V;=0, the eft of the most unstable mode in-
creases indicating a slow growth rate. Hence the strength of V), controls the growth rate of
perturbation at upper troposphere.

In order to examine the role of wind shear, the above computations are repeated by re-
placing the y—dependent zonal wind with its averaged value U = —19.5 m/ s over the
channel. The results ar shown in Fig. 3 for different amplitudes of meridional wind. No dis-
turbance grows with reasonable eft when Vg is less than —8 m / s. This value of F, is large
compared 1o maximum observed value (Ramage and Raman, 1972) of about 2 m / 3. The eft
atlains its near saturated value at Af = ¥N=155. The saturated eft for ¥y=—8 m / s is 3.7 days.
When V), is increased the eft decreases as in the sheared flow, showing higher growth rate.
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Fig. 2. Variation of e—folding lime of most unstable growing barotropic mode when meridional

shear is included at 200 hPa.
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shear is not included at 200 hPa.

The zonal phase velocities of the computed disturbances for sheared and non—sheared
flow for different values of ¥, are computed and are found to be negative, indicating that the
disturbances move to the west as in case of observed monsoon disturbances. The disturbances
seem 10 be carried away by the easterly wind at upper troposphere. In case of the sheared flow
the zonal phase velocity of computed disturbance is found to be about 1.7 m / s towards west
for Fy=—1 m/ s when N=50. For other values of ¥, there is not any significant change in
the valug of phase velocity.

Figure 4 shows that eft of the computed disturbance depends on its horizontal wave-
length. With the inclusion of meridional wind shear in the stability analysis the horizontal
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wavelength of the fastest unstable mode is found to be 1650 kms for ¥4=—2 m/ s when
M = N=750and 55. This horizontal wavelength is little less than that of the observed monsoon
depressions (Krishnamurti et al., 1975) which is about 2000--2500 kms.

The horizontal structure of the most unstable mode with eft=3.9 days for Fy=—1m s
is computed from equation (11) and is shown in Fig. 5. The horizontal scale of this disturb-
ance is about 825 kms with the geopotential perturbation of about —2.1 m®/ s* at the centre.
This low is located at 18°N latitude and 84°E longitude over the east coast of India. The hori-
zontal scale of the low is less than the abserved scale (about 1000 kms) and the intensity is al-
so very very low compared to that of the observed monsoon depressions (Rao, 1976).

3. Westward Movement of Disturbance at 700 hPa

The barotropic instability at 700 hPa level was analysed in another study (Dash and
Parija, 1993) by using the same spectral model as discussed in Section 2.1 and the characteris-
tics of the computed disturbances were discussed in detail. The e—folding time of the most
unstable mode was about 2.4 days when ¥,= 2 m/ s. The mode moved towards wesl with a
phase speed of 3 m/ s. The wavelength of disturbance was found to be 1650 kms. The
amplitude of the low was —2.2 m® /s>, In the present study some more analyses are conducted
a1 700 hPa with the aim of examining critically the mechanism of westward movement of
monsoon depressions at the lower troposphere where the basic flow is observed to be westerly
(Fig. 1). In almost all the earlier studies with barotropic model except in the primitive equa-
tion model used by Mishra et al, (1985), the computed disturbances are found to move to the
east. Inclusion of cumulus heating (Krishnakumar et al., 1993) in the 3 level primitive equa-
tion model showed westward movement of disturbance. In the quasi—geostrophic model used
in this study, the value of maximum zonal wind Uy,, has been varied from 10.5 m / s upte
15 m / s and also single ntormal mode solution is assumed in (5) instead of the sumgnation of a
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Fig. 5. Horizontal structure {geopotential) of the most unstable growing mode at 200 hPa lor

¥y=—1m /s, with contour interval of 0.2 m’ / 5%,
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number of waves in order to examine the dependence of the direction of movement of dis-
turbance on the strength of the westerly and on the wave—wave superposition.

The zonal phase velocities of the computed disturbances for different values of ¥ are
shown in Table 1 for =30 to 30. The negaiive signs indicate thai the computed disturbances
maove to the west as in case of observed monsoon disturbances. There is a tendency for satura-
tion in the zonal phase velocily as N increases up to 50 and also the phase speed increases with
Vy. The zonal phase velocity of the fastest growing computed disturbance is about —2.8 m /s
for Vy=2m /s at M = N= 150 which reasonably agrees with the observed valve.

Table 1. Variation of Zonal Phase Velocity of Most Unstable Mode at 700 hPa with Different Amplitudes of the
Meridional Wind in the Barotropic Model

. ¥y in Zonal phase velocity of most unstable eigen mode inm / 5
Condilion
mss

N=30 N=133 N=40 N=45 N=50
0 -0.41 —0.47 —.51 —-0.52 —0.50
o 2 158 192 -1.27 —2.43 281

With wind shear in the
o . 4 =311 ~3.46 -3.82 —4.19 —4.57

meridional direction

6 -3.92 -4.35 —4.73 =513 ~5.53

corresponding 1o Fig. [
8 ~4.72 —5.20 —5.64 —6.08 -6.50
(4] l —-5.52 —6.04 —6.50 —7.00 ~7.47

In order to identify the mechanism responsible for the westward phase speed of the com-
puted disturbance at 700 hPa, the stability analysis was repeated by removing the summation
over m in (5). The study was conducted for different values of m and the eft and phase velaci-
ties are given in Table 2. The posilive signs of phase velocities in Table 2 show that all the
growing modes move to the east. The disturbance with eft equal to 1.9 days moves towards
east with phase speed of 8.3 m/ s when m=4 for ¥,=2 m / s. This result leads to the infer-
ence that superposition of waves in the solution (5} plays a dominant role in deciding the di-
rection of movement of the disturbance, In another stability analysis the summation over » in
{5y was retained and for ;=2 m / s the value of basic zonal wind profile was changed so that
U, varies from 10.5m /s to 15 m /5. Results (Table 3) show that for U,,,,=10.5m /s and
11 m / s the preferred growing mode moves to the west but when Uy, > 11 m/ s the mode
moves to the east. This result indicates that there exists a critical value of U, above which
the westerly basic flow at the lower atmosphere dominates and the disturbance moves to-
wards east. When U, is less than the critical value, the wave—wave superposition dominates
and the computed disturbance moves towards west.

Table 2. Characteristics of Computed Perturbation at 700 hPa When Single Wave is Considered in the Zonal Direc-
tion in the Barotropic Model for ¥;=2m /s

phase velocity

m e—folding time in days (zonalinm /'s)
2 6.35 7.51
k! 1.08 822
4 183 834
5 129 8.38
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Tabk 3. Characteristics of the Fastest Growing Compured Perturbation at 700 hPa for Different Zonal Wind Profiles
When ¥Fy=2m /s

o e—folding time in days phase velocity
(m /' s) (zonal in m / s)
10,30 740 ey
11.00 AL 230
12.00 4.40 o
13.00 154 —
14.00 1.79 1370
15.00 1.34 +4.00

4. Energetics of the Barotropic Unstable Mode

In this stability analysis a basic Rossby wave of finite amplitude has been superimposed
on the mean zonal wind with shear in the meridional direction. As there is no vertical wind
shear, the source of energy for a perturbation to grow is the kinetic energy of the basic flow
which consisis of mean zonal wind Z/(y) and the basic Rossby wave. The rate of conversion
from kinetic energy of the mean zonal wind and of the basic Rossby wave to perturbation ki-
nelic energy C(K, K’} is calculated from

CK,.KY=CK,.K)+ CK,.K) (12}

where C{K, ,K’) is the rate of conversion from mean zonal wind and C(X, ,K’) is the rate of
conversion from Rossby wave.

Here P
CIK, K)= — é”j""”—g(‘yﬂ dx dy dp (13)
and ’
C(K, . K= wlj_”u’v’ﬁdxd 4 (14)
W I3 3x Yy ap

The iniegrations are over one wavelength of perturbation in both x and y directions and from
p=0to p=p, inthe vertical.

The raie of energy conversions for the most unstable mode are computed for different
amplitudes of the meridional wind ¥, at 700 hPa and 200 hPa. with and without meridional
shear. The results are given in Table 4. Comparison shows that C(K,.K") is greater than
C(X, .K) for all the values of V in the presence of meridional wind shear. [t means that for
the same value of I increases the conversion rates C(K, ,K') as well as C(K, ,K") increase.
For ¥, =2 m/s at 700 hPa C(K_,K")=2.6 1/ s and C(K,,,K)=0.6 I/ 5. Similarly for
Vo=—1m/sat 200 hPa C(K, K"} =28 1/ sand C(K, .K)=0.7 ]/ 5. When meridion-
al shear of the zonal wind is not included in the stability analysis, C(K,, ,K") is the only source
of energy and as shown in Table 4, its value increases with that of Fj Comparing
the values of C(K, ,K") for V=8 and 10 m / s with and without meridional wind shear of
zonal wind, it is interesting to note that the conversion rate from the basic wave is much less
in the absence of meridional wind shear in the zonal wind. Also the conversion rate C(K, .K")
from the sheared zonal wind is more in the presence of basic Rosshy wave. Thus the rate of
increase of kinetic enerpy of perturbation is more in the presence of both the meridional wind
shear of the zonal wind and the stationary Rossby wave together. Presence of any one of these
does not contribute significantly to the growth of the perturbation.
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Table 4. Variation of Rate of Conversion of Kinetic Energy of the Basic State to Thai of the Most Unstable Growing
Mode with Amplitude of the Meridional Velocity ¥,

¥ in Rate of conversion of kinetic energy of basic state
Condition of 10 the perturbation in 104 / s Level
m., §
C(K,.K) CiK . .K') CiK,.K)
0 0.803 0.000 0.803
With 2 2.564 §.554 3118
. 4 542] 1031 6.453
meridional
e 6 5.450 1233 6.683
wind stear 8 5.516 1.865 7.381 700 hPa
10 5.440 3.208 8.649
Without 8 4.000 0.593 0.593
meridional 10 0.000 1.154 1.154
wind shear 12 0.000 1.242 1.242
1] 1.036 0.000 1.036
With -0.5 1.023 0.473 1.49%
L -1 2788 0.719 3,507
meridional
ind sh -2 3.423 1.828 5.251
wing stear -3 5242 2.093 7.335 200 hPa
—4 4.939 5.240 10.180
Without -8 0.000 0.983 0.983
meridional -10 0.000 1.378 1.378
wind shear -12 0.000 1.861 1.861

Il COMBINED BAROTROPIC-BAROQCLINIC TWO LEVEL MODEL
1. Formulation of the Mode!

The quasi—geostrophic vorticity and thermodynmaic energy equation for a baroclinic
atmosphere with fi—plane approximation can be written as,

d ¢ é dw _
(a—t+ua +v5—y)f+ﬁv~f,,$—0 (15)
and .
20 BV e —RE
(61 +u6x +vay)ap +om »C, (16)

where the symbols have their usual meaning. In this two level model one writes the vorticity
equation (15) at levels 1 (200 hPa) and 3 (70C hPa) and the thermodynamic equaticn (16) at
level 2 (500 hPa). [t may be noted that hence forward, subscripts 1, 2 and 3 will be used Lo in-
dicate variables at 200 hPa, 500 hPa and 700 hPa respectively. e, is eliminated to get the po-

.. . d d L
tential vorticily equations at levels 1 and 3. (%),_3 and (E(I‘;! ), are evaluated by finite differ-

ence approximation. Here the vertical boundary conditions used are w,=0 at p=0 and
w, =w, aLp=p,.

Using relations (2), (3) and (4) in equations (15) and (16) with the above conditions at
levels 1 and 2 and then subtracting the corresponding potential vorticity equations in basic
variables, the linear perturbation potential vorticity equations at levels 1 and 3 can be written
as
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¢ d é S
|:§; + Ul(y)‘a_* +Fqy (coskﬂkx)a} [E’l +ﬁ((p13 _ wfl):l

X

+i, [Sz(Voa Vo)V kﬁkzj[ coskkx

Fu iy
+v’,[ﬁ~ 2 fsz{UJLv)—U,(y)}]

5y2
== __RApSZ Q"I 17)
JoraC, (
¢ 4 ail.. .S )
[ﬁ—’ + U3(y')§; + Vm(cosknkx)@] [i’ 3 +ﬁ(¢’3 —@ 1)]
+ u’;[ — Vykok® =8, (Vy — Vu,)] cosk, kx
22U, (r)
v, [13’— ay32 - 5, {Us(n) — U ()}
Sy RApS, 0,
(18)
Ap fgpz CP
2
Here 5, = (f; )2 and o, is the static stability parameter. The value of o, is taken as
F21a2

The normal mode analysis has been conducted to reduce the problem to an eigen value
problem. Wave like solution (5) is assumed for the peopotential perturbation at both the lev-
els.

The y—dependant basic zonal wind is expressed by Fourier series for levels 1 and 3 as in
(7. Considering frictional dissipation (with Ekman layer friction), the vertical velocity w’, al
the lower boundary (p = p,, ) is due only to frictional pumping through Ekman layer (Charney
and Eliassen, 1949). Thus '

o= —08pgNK /25 sin 225)V 6, (19
The factor 0.8 is there due to the assumption that the geostrophic vorticity at the bottom

boundary is 0.8 times its value at the level 3. Here X is the eddy diffusivity (K=10 m* / s) and
%g is the angle between isobars and the surface wind (x;=22.5°). Now taking

F= uaﬁi— FoN K72, (sin 2ag) (20)
one can write
FA ,
o, = 22Ty, (1)

fo

The convective heating is specified only at the mid—tropospheric level. The rale of heating per
unit mass {Charney and Eliassen, 1964) is given by

., P R/C ae
Q' =H;(p)C, (E) ’ Ew’f 22

In (22) H;{p)} is the vertical distribution function for heating and is a measure of the rate of
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precipitation of water vapour. § is the potential temperature. According to Ogura (1964} the
value of H (p) at 500 hPa is taken to be 3.0. In order to examine the sensitivity to this
parameter the analysis is done for H,= 1.5, 3.0 and 4.0.

Calculating «',v" and ¢’ from (5) and using (7), (21} and (22) one can rewrite the linear
potential vorticity equations (17) and (18) at levels 1 and 3. Collecting the coefficients of
expli{mixctnly+ir) one gets the equations,

Bk, + lgnn;k[ylfz —mtet =P -8, P ] Poin-

1 .
T R LT SR R T SR Tl Sy A PYRIN

e LR LT R B SR o AN PrRa

: 1
+ 2 OmES P Wiay + 5 Vot M2 i1

J1=0

1 , :
+ 5 (Vo tlS3)Pp  aypn + IFH,(PY(m* k" + 07 g,
- )_[(mzk2 +0°P + 80, —Squw,] =0 (23)

and

J

i 1
Tk Sy P Wiy + 5 (Vs S 2000m - ky30 T 5 (V025209001 ks

=0
i
(fmK)p),, + J;]mk[ G m*kE— = PP - 8, P) ]q;fm(,,_j)

+%nf[ Vm{kﬁkz —(m —k VK ~n212} — VS, ] Pom— kg1

+%nl[ Vs {kékz —(m + kY K ~n212} —Va sz}fp[’m“um

iRl - H (P 'k + 0’ ) el
S K T80, — Sa0h, | =0 e

Equations (23) and (24) are rewritten in malrix notation so as to reduce the problem to the
form of equation (9). The order of the matrix in the two level model is 2(2N+1). The structure
of the most unstable growing mode at levels 1 and 3 can be computed using equation (11} at
both the levels.

2. Characteristics of Computed Disturbances

In this study the climatological July mean zonal wind along 80°E longitude over Indian
tatitudes at 200 hPa and 700 hPa (Fig. 1) pressure levels are used as the basic mean zonal
wind. As in the case of barotropic model, the stability analysis is conducted from 0° to
30°N latitude over India with a f—plane approximation centered at 18°N latitude. The stabili-
ty analysis has been conducted with different valves of meridional wind ¥y, at 200 hPa and
V,; at 700 hPa to examine its role in the instability. In order to examine the role of cumulus
heating, the combined barotropic—baroclinic twe level model has been used with simple cu-
mulus heating (H, = 1.5,3.0,4.0) and without heating (H,;=0).

The e—folding time (eft} has been computed for the most unstable growing mode. Here
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the perturbations at 200 hPa grow steadily when shorter waves are included but the growth
rate does not change very much beyond =30 showing a tendency for saturation with and
without cumulus heating. The variation of eft of the most unstable upper growing mode with
M and N is shown in Fig. 6 for different values of the amplitude of basic Rossby wave
(Vo and V) for He=1.5. The saturated eft of the most unstable upper growing mode is
about 3 days (Fig. 6) as in case of observed monsoon disturbances (Krishnamurti et al., 1975)
when N=30 for I;;=—1 m /s and V=4 m /5. From Fig. 6 it is evident that eft of the most
unstable upper growing mode decreases when amplitudes ¥y, and V; increase at levels 1 and
3 respectively, showing a higher growth rate as in an earlier study by Dash and Keshavamurty
(1982). So the amplitude of the basic Rossby wave controls the growth rate of upper
tropospheric mode. There is no appreciable change of growth rate of upper tropospheric
mode. There is no appreciable change of growth rate (Table 5) of the upper tropospheric
mode when cumulus heating is withdrawn H,=0 or iniroduced {H,=23.0 and 4.0). Hence cu-
mulus heating has negligible effect on the growth rate of the upper tropospheric mode. The
" negative sign of phase velocity (C,) shows that the most unslable upper growing mode moves
to the west (Table 5) as observed in case of monsoon disturbances. The zonal phase speed of
the most unstable growing mode is about 1.1 m /s towards west for H,=1.5 when ¥=30 for
Vor=—1m/sand Vy;=4m/s.

Table 5. Characteristics of the Most Unstable Upper (at 200 hPa) Growing Mode in the Two Level Model for ¥=30

Vertical Vy=-05m/s Va==1.0m/ss Vu=-15m/s Ya=—2m/s

heating Vm=2m/sl \.’03=4m./s,. Vp=6m/s \{03=Bmx"s.

Eftin ¢, in Eftin C, in Eftin C, in Eftin C, in

coeff. Days m/s Days m/s Days m/s Days m/s

Hi=0 3.08 —0.87 3.00 ~L1é 1.50 ~1.60 1.00 -~1.87
H=135 307 —1.13 3.08 ~1.10 1.52 —t.54 (.98 -1.50
H,=30 318 —-1.10 1.56 -1.07 1.52 —1.44 0.93 -1.43
Hp=4.0 322 =111 360 —1.10 1.51 -1.42 0.99 —1.42

The growth rate of perturbations at 700 hPa shows tendency for saturation at N=45.
The results are given in Table 6. It is evident that eft of the mosi unstable lower growing mode
decreases when amplitudes Fy, and ¥, increase at levels 1 and 3 respeciively. So amplitude of
the basic Rossby wave controls the growth rate of lower tropospheric mode also, The satu-
rated eft of the most unstable lower growing mode is about 5.3 days when N=45 for
Vp=—1m/s and Vy;=4 m/ s under the condition that #,=1.5. When the cumulus heat-
ing is withdrawn {#;=0) the growth rate of the lower tropospheric mode decreases and the eft
of the most unstable lower growing mode becomes 8.5 days. Hence the cumulus heating af-
fects the growth rate of the lower tropospheric mode significantly. Following Ogura (1964)
the value of the co—efficient of cumulus heating H, is made equal to 3.0. The eft of the most
unstable lower growing mode becomes equal to 3 days as observed in case of monsoon dis-
turbances. Further increasing the value of Hj to 4.0 the eft becomes 1.7 days. In all these cases
the lower tropospheric modes move towards west, when Vyy=~1m /s and Fy;=4m /s the
westward phase speed (C,) of the growing lower tropospheric mode is 1.3 m /s, 1.4 m /s,
1.5m/sand 3.2 m/ s for H=0, 1.5, 3.0 and 4.0 respectively. Thus the enhancement of cu-
mulus heating increases the westward phase speed and the growth rate of the most unstable
lower growing mode.

The structure of the most unstable growing modes are computed from Equation 11. Re-
sults show that some growing modes are predominantly lower tropospheric and some are
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mainly upper tropospheric. The dominant lower tropospheri¢ modes have maximum intensity
at 700 hPa and less intensity at 200 hPa and the reverse is true for the dominant upper
tropospheric modes. The horizontal structures of the most unstable upper growing mode at
the two levels are shown in Figs. 7 and 8. Fig. 7 shows the horizontal structure at 200 hPa of
the upper growing mode with eft=23.5 days (Table 5) for };;=—-1m /s and Vy;=—4 m/s.
The horizontal scale of disturbance is about 1000 kms which corresponds to a wavelength of
2000 kms. The amplitude of the maximum geo—potential perturbation of the low is about
—44m’ / s* and its centre is located at about 20°N latitude and 88°E longitude over the Bay of
Bengal. Fig. 8 shows the structure at 700 hPa of the upper growing mode with eft=3.5 days
(Table 5) for Vy;=—1m /s and Fg;;=4 m/ s. The horizental wavelength is 2000 km and the
amplitude of the maximum geo—potential perturbation of the low is about —36 m® / s%. Its
centre is located at about the same place as in the case of 200 hPa, The horizontal structures
of the lower growing mode are shown in Figs. 9 & 10. Fig. 9 shows the structure at 200 hPa of
the lower growing mode with eft=3 days (Table 6§) for Vy=—1m /s and V=4 m /5. Asin
case of upper growing mode the horizontal scale of disturbance is about 1000 kms which cor-
responds to a wavelength of 2000 kms. The amplitude of the maximum geopotential
perturbation of the low is about —108 m* / s* and its centre is located at about 20°N latitude
and 91°E longitude over the head Bay of Bengal. Fig. 10 shows the horizontal structure at 700
hPa of the lower growing mode with eft=3 days (Table 6) for Fy=—-1 m/ s and
Vys=4 m 7 s. The horizontal wavelength of disturbance is same as in the case of 200 hPa. The
amplitude of the maximum geopotential perturbation of the low is about —304 m®/ s and is
seen at 20°N latitude and 92°E longitude over the head Bay of Bengal where most of the de-
pressions are observed. The intensity of the disturbance at 700 hPa for the lower tropospheric
growing mode agrees well with that of observed monsoon depression. It may be noted that
300 m® / s* geopotential is equivalent to 3 hPa pressure drop.

Table 6. Characteristics of the Most Unstable Upper (at 700 hPa) Growing Mode in the Two Level Model for N =45

Yp=-03mss Vy=—10m/s Vy=-15m/ss Vo=—2m/s
Vertical . _ _ _
heat; Vp=2m./s Vy=4m/s Vi=06m/s Vyp=8m/s
eatin
8 Eftin C,in Eft in C,in Eftin C,in Eftin C,in
co—ell.
Days mss Days m/s Days m/s Days m/ s
H=0 9.28 -1.30 849 -1.32 525 —1.51 3.29 ~1.60
H=15 6.66 —1.40 533 —1.40 3.02 —1.55 1.42 -1.70
H=130 is —1.42 3.06 —1.49 1.32 —1.89 0.99 -3.07
H=4.0 1.97 —3.00 1.67 —3.24 1.00 —3.63 0.90 ~5.70

V. ENERGETICS OF THE TWO LEVEL MODEL

In this analysis the sources of energy for the growth of perturbation are the available po-
tential energy and the kinetic energy of the mean zonal flow and the basic Rossby wave and
also the cumulus heating. The rate of energy conversions for each case are calculated to exam-
ine the dominant scurce of energy.

The rate of conversion of kinetic energy of the basic mean zonal wind to perturbation ki-
netic energy and the rate of conversion of kinetic energy of the basic Rossby wave to
perturbation kinetic energy. are given by expressions (13) and (14) respectively.

The rate of conversion of available potential energy of mean zona! wind to perturbation
energy is

”o _J_ ’ !@
Cld,.,4") gJIIJV :xay d.\i dy dp (25)
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Similarly the rate of conversion of available potential energy of the basic wave to

perturbation energy is,

ne 1 r 00
ClA g AN = ga“‘jud’axdxdydp

(26)

The rate of conversion of heat encrgy to the perturbation energy is given by the following

relation.

cutpr= |1

0%

P

o'dx dy dp

7
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The terms on the right hand side of relations (13), (14), (25), (26) and (27) can be evalu-
ated to get the conversions. In the above equations the integrations are over the domain of
one wavelength of perturbation both along x and ¥ directions and over the depth of the at-

mosphere.
The total rate of change of kinetic energy from the basic state to the perturbation is

C(Ky K)=C(K7 K+ C(Ky . K) (28)
and the total rate of change of available potential enmergy from the basic state to the

perturbation is
Cldg,A)=Cldz,A)+ {4 wrAd") (29
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Fig. 10. Horizontal structure {geopotential) of the most unsiable upper growing mode at 700 hPa
for ¥y =—1m 7 sand V=4 m /s when A,=3, with contour interval of 25 m® 7 ™.

The rates of conversion of energy from the basic state (o the perturbation are given in
Tables 7, 8 and 9 for different amplitudes of the Rossby wave. It is clear from the tables that
{he energy of perturbation increases with the increase of the amplitude of the Rossby wave.
These results indicate that the amplitude of the Rossby wave affects the energy conversions
from basic state lo the perturbation as found in barotropic model, The contribution of zonal
wind to the kinetic energy conversion is much more than the contribution of the basic Rossby
wave. From Table 7 one gets the ratio, C(K;.K")/ C(K ,K) = 53 when Vo =—1m /s, and
Vypy=4m/s and H,=0. In the presence of heating H,= 3, this ratio reduces to 16.

Table 7. Variation of Rate of Conversion of Kinetic Energy of Basic Stale to Periurbation Epergy

Condition ¥y Fis C(K 5. Ky in 1073/ s

inm/s nms C(K,, K CK . K Total
H=0 ~0.5 2 7.07 0.05 712
Upper -1.0 4 1170 0.22 11.92
growing -1.5 6 14.80 0.73 15.53
mode —2.0 8 35.30 3.08 38.38
H=30 —0.5 2 6.47 0.05 6.52
Upper -0 4 841 0.17 8.58
growing -1.5 6 12.03 0.24 12.27
mode -20 8 2330 0.35 23.65
H,=30 —0.5 2 3.94 0.45 4.39
Lower -1.0 4 7.88 0.50 8.38
growing -1.5 6 8.26 (.55 8.81
mode -20 8 9.17 0.62 2.79

From Table §, it is seen that the rate of conversion of available potential energy of the
basic state to perturbation of the upper growing mode increases with the inclusion of cumulus
heating. As in case of conversion of kinetic energy (Table 7) the rate of conversion from avail-
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able potential energy is less for the lower growing mode compared to the upper growing
mode. The contribution of zonal wind to the rate of conversion of available potential energy
is more than the contribution of the basic Rossby wave. From Table 9, it is clear that more
amount of heat energy is converted to perturbation energy in case of lower growing mode
compared to the respective upper growing mode. From this discussion it is clear that the
periurbation gets maximum energy from the kinetic energy of the basic mean zonal wind in
the presence of cumulus heating.

Table B. Variation of rate of conversion of kinetic energy of basic state to perturbation energy

Condition Vo Vos ClAy, AN in10°3 /s

inm/s nm-ss Cld,. A) Cld . A% Tatal
H=0 -0.5 2 2.3 0.06 226
Upper ~-1.0 4 2.50 1.40 3.90
growing -1.5 [ 5.lo A 7.80
mode -2.0 8 9.40 7.30 16.70
H=30 0.5 2 5.10 0.30 5.40
Upper -1.0 4 6.60 240 2.00
growing -1.5 6 9.30 6,70 16.00
mode -2.0 8 14.30 12.80 27.10
H=30 -0.5 2 .70 0.20 1.90
Lower -1.0 4 5.80 1.50 7.30
growing -1.5 6 6.40 330 9.70
mode =20 8 8.20 5.20 13.40

Table 9. Variation of Rate of Change of Heat Energy to Perturbation Energy for Hy=3.0

Vi Vi Cldy, 4D in10"in) /s
inm/s inm/s upper growing mode lower growing mode
—0.5 2 0.26 1.72
-1.0 4 1.59 247
-1.5 6 3.5 7.73
-2.0 8 5.75 17.30

V.SUMMARY AND CONCLUSIONS

A zonally asymmetric wind profile is considered for the stability analyses by superposing
a Rossby wave on the mean zonal wind. Barotropic models at 200 hPa and 700 hPa levels and
a combined barotropic—baroclinic two level model are developed and used for the study. The
growth rate, phase speed, direction of motion, wavelength. intensity and energetics of dis-
turbances are computed and compared to those of observed monsoon disturbances. The re-
sults show that the growth rate and phase speed of disturbances depend very much on the
amplitude of the meridional wind. In the barotropic study the wind has horizontal shear both
in the zonal and meridional directions. At 200 hPa for northerly meridional wind amplitude
of 1 m/ s, the e~folding time of the most unstable prowing mode is about 3.8 days with a
westward phase speed of about 1.7 m / s and horizontal wavelength of 1650 kms. The intensi-
ty of perturbed geopotential is —2.2 m® / s°. The e~folding time and phase speed of the most
unstable perturbation are comparable io those of the observed mensoon disturbances. The
phase speed of perturbation of the barotropic growing mode of 700 hP'a is towards west. 1t is
found that when the maximum value of zonal wind at lower level {U/,,,,} is changed from 11
m/sto 12 m/ s, the direction of motion of perturbation changes from easterly to westerly.
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Hence the results of baroiropic analysis indicale that there exists a critical value (U, =11
m / s} of the monsoon mean zonal wind at the lower troposphere below which the wave—wave
superposition becomes dominant and the perturbation moves Lo west as in most of the ob-
served monsoon disturbances. When U, > 11 m /s, the perturbation is carried to the east by
the dominant effect of westerlies.

In the two level model, the vertical wind shear is included along with the horizoatal wind
shear in zonal as well as in the meridional direction. The growth rate and phase speed of
perturbation obtained in the two level model also depend very much on the amplitude of the
Rossby wave. The fastest growing mode at both upper and lower levels moves to the west
with phase speed equal to 1.1 m/ s and 1.3 m/ s respectively. There is no change in the
growlh rate and phase speed of the upper growing mode when cumulus heating is included.
But the growth rate of lower growing mode increases and the e—folding time becomes 3 days
when simple type of cumulus heating with vertical heating function H,=3 is introduced in
the model. The fastest growing mode has a phase speed of 1.5 m / s to the west. The westward
phase speed increases with the increase in heating co—efficient and becomes 3.2 m/ s for
Hy=4. The horizontal wavelength of upper and lower growing modes are 1650 kms when cu-
mulus heating is not included but it becomes 2000 kms at both the levels with the introduction
of cumulus heating of co—efficient H,=3. The intensity of perturbation is low at both the lev-
els without the cumulus heating but it enhances to reasonable value when H,= 3. The intensity
of the lower growing mode is —108 m® / s* at 200 hPa and —304 m” / s* at 700 hPa. The com-
pulations of energetics in the barotropic model and barotropic—baroclinic two level model
show that the rate of conversion of kinetic energy and available potential energy of the mean
zonal wind to the perturbation energy is more than those of basic Rossby wave. The kinetic
energy of the basic zonal wind in the presence of cumulus heating is the main contribuling
factor for the growth of perturbalion in the lower level. In brief this study shows that the
barotropic model can explain the growth rate, phase speed and direction of motion of the
monsoon disturbances reasonably well, but in order (o get the right intensity and wavelength
of monscon disturbances it is essential to use combined barotropic—baroclinic model with
appropriate cumulus heating.
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