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Diagnostic study of a monsoon depression
by Geostrophic Baroclinic Model*

K. V. RAO and 8. RAJAMANI
Institute of Tropical Meteorology, Povna
(Received 8 March 1968)

ABSTRACT. Vertical velocities at 850, 700, 500 and 300-1ub surfaces, associated with g Monsoon depression have been
caleulated making use of a 4-level geostrophic baroclinic model. The region of upward vertical velocities agrees well with

the region of rainfall.

The contributions by the vorticity advection and divergence terms in the vorticity equation have been evaluated, and
the importance of the divergence term in formulating a numerical model for the monsoon is brought out.

1. Introduction

The general synoptic features of monsoon de-
pressions have been studied in the past by several
workers (Ananthakrishnan and Bhatia 1960,
Koteswaram and George 1958 and 1960, Kotes-
waranm and Rao 1963, Malurkar 1944 and 1950,
Pisharoty and Asnani 1957 and Rao and Jayaraman
1958). Also, a preliminary attempt to forecast 1he
500-mb pattern in the case of the monsoon depres-
sion by graphical techniques was made by Das and
Bose(1958). In this paper, a diagnostic study of tha
depression has been attempted by numerical me-
thods making use of a 4-level geostrophic baro-
clinic model.

2. List of symbols

Geostrophic wind velocity

Relative geostrophic vorticity
Standard value of the Coriolis parameter
Geopotential

Height of an isobaric surface

N g

Stream function for the nondivergent
component of velocity

dp
w = g Individual change of pressure

a Static stability
[ Potential temperature
o Specific volume

: : 8 . @
Vv Isobaric gradient operator ( i 3 +3 .:'y)

3 _ Pe a?
YR Laplacian operator (—8—.’-':_‘ g 8’}?)

J (4, B) Jacobian operator
( adoB 94 3B )
or oy 9y ox

k Unit vector in the vertical
7 Wind speed in the X-direction
v Wind speed in the Y-direction

3. Basie Equations

As the basic equation of motion, we adopted the
quasi-geostrophic system proposed by Charney
(1948). In this system the Coriolis parameter is
regarded as constant except when it is differentiat-
ed with respect to latitude, several terms in the
vorticity equation (the vertical advection term, the
twisting term) are omitted, the divergence equation
is replaced by the geostrophic relation, and the
measure of static stability in the thermodynamie
equation is treated as a function only of pressure.
Since the Rosshy Number is estimated to be about
0-4 over India, while it is about 0-1 in the middle
latitudes, the quasi-geostrophic system of equations
is likely to yield less acourate resultsin low latitudes
than in the middle latitudes. Still the quasi-
geostrophic system has been used so that it may
serve as a first approximation. The equations used
in this study are as follows.

The vorticity equation is given by —

oL
S+ Y o !
P V(E+[)=Ffo— ap (1)

The thermodynamie energy equation for adiaba-
tic motion is given by —

w ()t v (e @

*Based on Sei. Re, ]r Nu. 64 of the Institute of Tropical Meteorology, Pouna
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| TABLE 1
Values of staticstability o at different levels
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Fig. 1. 1000-mb chart at 12 GMT on 25 July 1966
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Fig.2. Vertical velocity « a- diffierent surlaces, 1200 GMT, 25 July 1966
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e B

o = 2 = . (4)

Static stability o is considered a constant in any
isobaric surface, i.e., 0 = o(p). As pointed out by
Hollmann (see Ref.) when the geostrophic appro-
ximation is applied in the thermodynamic equa-
tion, the horizontal variation of o has to be omit-
ted, so that the enthalpy does not increase with
inereasing kinetic energy.

Using equations (l)’and (2) we obtain the w-
equation —

&' 2
0V2w+fgaa—}ﬂ = f“a_f [V-V ( §+f)]' :

—efuv@)]

Krishnamurti and Baumhefner (1966) in their
study of a tropical disturbance based on a solution
of multilevel baroclinic model have shown that the
differential vorticity advectionand the Laplacian
of the thermal advection (that is, the two texms on
the right hand side of Eq. 5) contrilute about
equally and have the same sign, and contributions
by the other terms in the more elaborate w-squa-
tion, such as the twisting term and the vertieal
advection term, are negligible. Further, as shown
by Eliassen (1956), these two terms may be com-
bined into one, and the w-equation used in the
paper is—

ORI LA TR S

R R

where terms like,

aV ( ,,zqa) av ( 2% )]
B s Ll
[ oz v xJP + Y ¥ Jyap
on the right hand side of Eq. (6) have heen
neglected. According to this equation, ascending
motion occurs in regions where the thermal wind
blows from high to low vorticity, descending motion
where the thermal wind blows from low to high
vorticity. In the monsoon case, the thermal wind is
easterly throughout, though the monsoon current
is westerly. So in the region between the ridge line
and the trough line, the easterly thermal wind blows
from high values of vorticity at the trough region

to the low values at the ridge line, and so upward
motion is to be expected in this region and down-
ward motion in the region between the trough and
the ridge lines.

The right hand side of Eq. (6) can be shown to be
identical with Suteliffe’s expression for the diver-
gence of the thermal wind when the same is evalua-
ted as a mean value in an isobaric layer (Eliassen
1956). IfV,, {, and V,, {; denote the velocities
and vorticities at two pressure levels p; and p,
(py > pe), and if we write Vg —V, = Vp,
{— {y = {r, then the mean value in the layer
between p, and p, of theright hand side of Eq. (6)
may be approximated by —

—m"_h Vo . VGt Gto)
fo

d
oo Ll R
DLy o (30 G

where 9/3s denotes differentiation in the direction
of Vp. Thus except for the constant factor,
this expression is identical with Sutcliffe’s expres-
sion for the divergence of the thermal wind. But
Eq. (6) is somewhat more general than Sutcliffe’s
though the physical content is the same.

4. Computations

A weak depression formed over the northwest
Bay of Bengal on the morning of 25 July 1966 and
its location on 1000-mb surface at 1200 GMT of
that evening is shown in Fig. 1. Charts for 850, 700,
500, 300 and 150-mb surfaces were analysed only
for the isobaric heights.

The area for which height values were read off at
9-degree grid intervals is marked by the inner
boundary in Fig. 1. The area north of 26°N
was not included partly due to paucity of data in
the Himalayan region and also partly to exclude
the boundary effects of the Himalayas.

The values for static stability o for the various
constant pressure surfaces were computed from
climatological mean values (see Table 1). Compu-
tations of vorticity and advection of vorticity, and
relaxation were carried out with the IBM 1620
Computer at the Institute.

(@) Vertical velocily — The boundary conditions
for w, are w =0 at 1000 and 150-mb and at the
lateral boundary of the region concerned on each
pressure surface. Three dimensional relaxation of
the w—equation was carried out and the computed
values of w at 850, 700, 500 and 300-mb surfaces
are given in Fig. 2. The rainfall amounts reported
for 24 hrs ending at 03 GMT of 26 July 1966 are
shown in Fig. 3.
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Fig.8. Rainfallamounts (cm)for 24-hrending 03 GMT
of 26 July 1966

The region of upward vertical velocities at 850
and 700-mb surfaces lies to the southwest of the low
pressure area at 1000-mb level and agrees well with
the region of precipitation, c.e., the region between
75° and 82°E and 15° and 23°N. It may be pointed
out, however, that the rainfall along the west
coast where the orography plays a dominant role
cannot be explained by this model, since ¢ is
assumed to be zero at 1000-mb level.

Above 500-mb, the wave pattern in the westerlies
has disappeared, and at 300 mb and above, the
flow pattern south of 25°N is easterly. The pattern
of vertical velocity of 300 mb is also different from
those at 850, 700 and 500-mb surfaces.

The V‘dllle Ot‘l X 10-4 Hl])‘,"‘-‘uel_' I,‘()l' w UU“'QHIIOH(IS
roughly to a vertical velocity of 1 mm/sec and
maximum value of about 24 mm/sec occurs for
upward motion at T00-mb surface. This is in good
agreement with the value of 2 em/sec obtained by
Krishnamurti  (1966) in his study of the Tndian
monsoon circulation on 24 August 1961 by the
balanced model.

As may be seen in Fig. 3, largs amounts of rain-
fall reported in some of the stations in the region
under consideration were associated with thunder-
storms and convective activity but the values of
vertical velocity computed do not bring out this
feature, because as pointed out by Charney (loe.
cit.) the vertical velocity calculated by the geostro-
phic models cannot exceed the value of lO_cmjsé.(-_
But it is interesting to observe that convective
activity has occurred in the region of larpe scale
vertical motion indicated by the geostrophic model

According to Krishnamurti (1966) also, orographic
convestive acifivity becomes more intense and
widespread when dynamically produced rising

centres due to large scale motion overlie these
regions. It is also relevant to point out that we have
assumed adiabatic motion and hence have not taken
into account the effect of release of latent heat duc
to condensation on the development of vertical
velocities. The inclusion of latent heat in the
w—equation results in an increase in the magni-
tude of the computed vertical motion as has been
shown by Danard (1966).

The computed distributions of w can be under-
stood qualitatively by examining a linearised per-
turbation equation. If the actual motion is thought
of as zonally averaged motion on which the dis-
turbance is superimposed we can separate the obser-
vation into two components, the zonal mean
component denoted by a bar on the quantity,
and the perturbation component by the primed
gquantities

( ) = ._):T f( )a,\J
" |

V4V

w = %4 o f‘ (7)
=

w=w+tao

¢ =¢+ ¢
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Substituting Eq. (7) in Eq. (6) gives —

32
P
=fu;%, (F+V).VI2E+ O +f] 8

o V(B + o) +fo? (& + o)

On picking out the linear perturbation terms, the
differential equation of @’ is obtained as,

. %’
Uvzw ‘!‘fo2 .3__‘;;
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as the second term in Eq. (8 a) vanishes, when wo

assume { = 0% [ gy = constant, If we assume the
solution for @’ to be of the form,
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Fig.4 (e). 500-mb surface

o' = A sin kz sin ( nmwp [ ps )
and if L and P are characteristic values for
length and pressure,
W= =] / L2 H]
then,

& /ap* = —1/ P,

’ fon au
@ =hmrnl?m

/ av'
5, —ﬁLﬁ—EE ] 9)

(Murakami—see Ref.)

The second term due to g-eff.ct is not important
in our cas3, as the wave length of the disturbanca
is of the order 2000-3)00 km. The sign of o’
depends only on the first term 2 (3%/op)v" and
in the monsoon season, 2% /ap is positive since
the westerlies decrease with height. Therefore o’
will be positive or negative as v’ is positive or

negative.

Accordingly, ' is negative in tha region from the
ridge line to the trough line, where v’ is negative;

78" h 82" |

Fig. 4 (d). 300-mb surface
Fig. 4. Divergence at different surfaces at 12 GMT on 25 July 1966

and o' is positive from the trongh to tharidge line
where v is positive. In other words, upward verti-
cal velocities occur where there is warm advection
(i.e., where —v' (91 [ay) is positive), and down-
ward vertical velocities occur in regions of cold
advection. In the monsoon season, a7 /8y is
generally positive from the surface level upward,
and warm advection can take place only in regions
of winds with a northerly component, and hence
upward vertical motion occurs just to the west and
southwest of a low or depression, It may, therefore,
be possible to regard that the monsoon low or de-
pression is a disturbance embedded in a large scale
phenomenon of a wave in the lower tropospheric
westerlies of the monsoon season.

In order to bring out the correspondence hetween
the direction of the thermal wind and areas of as-
oent or descent, the thickness pattem for the luyzr
betwoen 850 and 500 mb is presented in Fig.” b(a).
The geostrophic vorticity pattern at 700-mb is
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Fig. 5 (a). Thickness pattern for 850-500 mb layer at 12 GMT
on 25 July 1966
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Fig. 5(b). Geostrophic relative vorticity at 700-mb surface

at 12GMT on 25 July 1966
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Fig. 6. Vertical velocity, divergence, and geostrophic
relative vorticity at 18°N, 80°E

illustrated in Fig. 5(b). 1t is readily seen from thess
two charts, and also from Fig. 2(b) that upward
vertical velocities occur in regions where the ther-
mal wind blows in the direction of vorticity gra-
dient and downward vertical velocities in regions
where the thermal wind and the vorticity gradient
are oppositely directed.

From the figure for vertical velceity! (Fig. 2),
it is seea that the values of w at 7C0-mb surface are
larger in magnitude than those at 850 or 500-mb
surface. Thus the level of non-divergence (where
8w [ap = 0 and where w will have a maximum or
minimum value ) may be considsred to be close to
700 mb. This seems to be in agreement with the
theoreticol result obtained by Kuo (1953) who has
stated that for disturbances with wavelength
<< 3000 km the level of maximum o will be lowar
than 500 mb.

(b) Divergence — We have computed divergence
with the values of @ by using the continuity equa-
tion V.V = —pw/[@p. The pattsms of divergence
aand convergence (negative divergence) are given in
Fig. 4. The maximum lower level convergence oc-
curs at about 850-mb surface, with corresponding
compensating divergence around 500-mb surface,
with a level ot non-divergence close to but below
700-mb surface. At 850-mb surface, the regioa of
convergence agrees well with the region of rainfall
and the maximum valuz of convergence is 0-79 %
107%/sec at the grid point of 18°N, 80°E. At 700-
mb surface this region has positive divergence and
from thisit can be inferred that the level of noa-
divergencs over this region must lie below 700-mb
surface. At 500-mb surface these values of diverge-
nece have increased over this region. A value of
0+70 % 107%/sec occurs at the same grid poiat 18°N,
80°E, At 300-mb surface the values of divergence
have decreased. Profiles of vertical velocity e,
divergence, and geostrophic relative vorticity at
the grid point 18°N, 80°E, have been illustrated
in Fig. 6.

(¢) Vorticity — A comparison of the values of
divergence obtained by this method, with the
values of geostrophic relative voriteity—figs. 4(b)
and 5(b) — shows that the values of large scale
divergence are one order of magnitude less than
those of the geostrophic vorticity, as isto be ex-
pected.

(d) Direction of movement — The vorticity equa-

_tion (1) with the geostrophic assumption can be

written in the form —
9 o ¥ _ g ow
2 A4 o VE+L)+1f ” (10)
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Fig.7. 24-hr height change (gpm) of 850-mb surface due to (a) Vorticity adveetion and (b) Divergence terms
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where 7 = {4 f, and the symbol 2 represents
ralaxation of the quantity following it. The first
term on the right side of Eq. (11) is obtained by
computing the geostrophic advection of % from
the initial data of the height field, and then re-
laxing it. The second term. is evaluated with the
values of @ computed for the various constant pres-
sure surfaces. The height change for 24 hrs is cal-
culated at one step.

The first term represents the change in height
of an isobarie surface due to the advection of ab-
solute vorticity by the geostrophic wind at the
isobaric surface. As positive valuas of absolute
vorticity in the trough region will be advected
eastward by a westerly current, the trough in the
westerlies will move eastward due to this effect
of the first term in Eq. (11). Since the monsoon dep-
ression is situated in the westerly current in the
lower troposphere, the effect of this term at each
isobaric level should be to make tne depression
move eastward. As is well-known, the monsoon
depression moves westward and it is therefore to be
surmised that the effect of the second term should
actin tha opposite sense, and predominate over that
of the first term at each isobaric level, when the
depression moves westward. Hence it is important
to estimate the effect of the second term, that is,
the term of divergence of horizontal velocity
(8w [op) in the monsoon cass. Gambo et al.
(1956) have discussed the effect of this term for the
middls latitude svstems.

The 24-hr changes in the height of 850-mb sur-
face, caused by these two terms were computed
from Eq. (11) and are presented in Fig. 7 as ap
illustration. It is interesting to find that except

for a small region between 86° to 92°E and 12° to
18°N, the height change due to the divergence
term is opposite in sign to that due to vorticity
advection. It may be stated that from 1200 GMT
of 25 July to 1200 GMT of 26 July 1966 the low had
a small northwestward movement and became less
marked by the morning of 27 July 1966.

The divergence term thus plays a crucial role
in determining the dircetion of motion of the monp-
soon depression. As the vertical velocity in the
divergence term depends on the thermal wind
advecting the absolute vorticity (Eq. 6), we may
infer that the thermal wind, or in other words,
the baroclinicity of the atmosphere is an importarpt
factor to be taken into aceount.

From an undorstanding of the physical signi-
ficance of these two terms it will bs possible to
make a few inferences.

(1) When the monsoon westerly curreat is very
strong and when the monsoon depression is still
stationary the divergence term in Eq. (11) should
also have large and opposite values in order to
compensate and predominate over the vorticity
advection term. This in turn would require larger
values of upward vertical motion and hence the
precipitation should be relatively heavier than
when the monsoonwesterly currentis not so stroag.

(11) When ths monsoon current is strong, a
fast westward moving depression will give heavier
precipitation than in case (¢).

(¢is) Tn the case of a weak monsoon current,
ifa low pressurc area or depression were to give
widespread precipitation at will be moving faster
than when the current is strong.

(t) If the monsoon low or depression has to

mov: eastward faster than the monsoon westerly
current the divergence term in Eq. (11) should act
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ir the same sense as the vorticity advection term.
In such a situation. we should expect convergence
in the lower troposphere. upward vertical velocity
and rainfall to the east and northeastern sector of
the depression. It is known that the rainfall belt
shiits from the southwest sector to the northeast
sector when the depression begins to recurve and
move eastward.

In oraer that there is upward vertical motion
to the east of the depression, it follows from the
discussion of Eq. (9) above that the westerlies
should increase with height (and the easterlies
should decrease with height), v’ being positive to
the east of the trough, This means that the de-
pression now gets embedded in a region where the
thermal gradieat is airected from the sonth to the
north instead of being directed from the north to the
sonth as in the mosoon field. Thus recurvature aad
eastward movement of a depression are possible
only when there are extra-tropical westerlies per-
vading over the region whers the depression is situ-
ated. This would maaa that the more favourahle
time for recurvature and eastward movement of a
depression, will be towards the latter half of the

K. V. RAO axp S. RAJAMANI

monsoon seasomn.

From the time th: westward moving depression
begins *o slow down to the time it has started mov-
ing eastward, we should expect the effect of the
convergence term ta decrease slowly and later chan-
ge its sign, and therefore we should expect a de-
crease in the upward vertical velocities and con-
sequently the intensity of raintall should also
decrease during this transition period.
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