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ABSTRACT. In the present study an attempt has been made to compute vertical velocities by a
10-level balanced model in the case of a monsoon depression, Maximum vertical motion of the order
of 107" mb/sec is obtained. A characteristic feature of the rainfall distribution in a monsoon depression
is the occurrence of fairly widespread rainfall in the SW sector. This model depicts a maximum

upward motion in the same sector.

The results have been compared with the computations made by quasi-geostrophic model as well
as kinematic method. The suitability of the balance model in the tropics, has been discussed.

1. Introduction

To derive vertical motion field generally two techni-
ques have been used; namely kinematic method and
by the solution of well known Omega equation.

In India, the first attempt to compute vertical motion
field was made by Das (1962) who computed vertical
motion field for mean monsoon flow by solving the
quasi-geostrophic Omega equation. Saha (1968) used
kinematic method to compute vertical motion field for
monsoon period. A-number of other workers in India
have used quasi-geostrophic Omega equation, with cer-
tain variations in physical processes, to compute vertical
motion associated with various tropical disturbances
(Rao and Rajamani 1968, Das er al. 1970,
Mukherjee and Datta 1973, Sinha 1973, Ramanathan
and Bansal 1975).

In the quasi-geostrophic formulation, there are in-
herent limitations ofits application in the latitudes near
the equator. Attempts have, therefore, been made to de-
velop an Omega equation based on primitive equations.
One such model called a balanced model was used by
Krishnamurti and Baumhefner (1966). Subsequently
Krishnamurti (1968), Baumhefner (1968), Sinha and
Sharma (1981) used the same multi-level balanced
model. Miller (1969) computed vertical velocities by a
similar model with a slight variation in the formulation.

In this paper, we have used the model following

Miller (1969) to compute vertical motion field in the

(135)

case of two monsoon depressions. The vertical motion
field pertaining to the depression of 1 August 1969 is
presentied in detail in this paper. The results have also
been compared with the vertical motion field obtained
by (i) kinematic method and (i) quasi-geostrophic
method (QGM) (Das et al. 1970).

2. Model description

2.1. Basic-equations

The horizontal equations of motion in x, v, p
system are (meaning of symbols in Table 1)

4+-Kg V2u-t-g -aa-% (1)
v +Kg V¥+g ET'; @)

The continuity equation may be written in the form

VV=-—0w[op (3)
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Figs. 1 (a&b). The Horizontal and vertical grids. Short lines
on the boundaries indicate the grid points

et al.

The first law of thermodynamic equation is express-
ed by the equation

20

e, T)6 lj V. 0 |

L/V 8'; w?' = H (4)

where H is the rate of diabatic heating per unit mass
of air. The hydrostatic equation is written as :

o RT
-2 o
and Poisson’s equation as :
6=1 (1000/p)"ic» (6)
The quantity = is written for
s )
and the static stability parameter is written as :

a b
o= —— — 8
) (8)

The shearing stresses 7, & r, are defined at 1000 mb
in terms of the total wind speed, V, and a drag
coefficient C;

Ty o=—pCy Volt (9)
(1o

At the upper level, these quantities are defined by use of
eddy viscosity for vertical mixing K,

Ty, [ "PCJ.VO"

__ Ky ou

T (11}
g op
K, ¢v _
y=— 12
Ty g @ (12)
where, K, is in the (x, y, p) system and is

related to Ky in the x, y. = system as K,—p2g2 Ky.
A constant value of 5 - 107*is assumed léf)r Cy
The value of Kj. a lateral mixing coefficient is taken as
3 w 10° ¢cm2 sec—1 (Barrientos 1964). The value of
K, is used as given by Krishnamurti (1973).

By differentiating Eqgn. (1) w.r.t. » and Eqn. (2)
w.r.t. x and subtracting the former from the later,
we obtain the vorticity equation. Similarly divergence
equation is obtained by diffentiating (1) w.r.t. x and
(2) w.r.t. y and by adding both. The Omega Eqn. (J3)
is obtained by operatingby 22/atdp onthe divergence
equation and substituting for (i) term 5L/ar from
the vorticity equation, (ii) terms g2¢/ptop from the
hydrostatic Eqn. (5) and (i) term §6/gt from the
thermodynamic energy Egn. (4).
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As this is a diagnostic study, the time dependent terms
are not considered in calculation. The heating term 1s
also not evaluated. The following are the various terms
of the forcing function :

(X of :T(V.‘?'n )

Differential absolute vorticity advection
(2 #y2(V.V0)

Laplacian of thermal advection
(3) —fKu V2 (enlop)

Horizontal diffusion of vertical absolute vorticity
gradient

— fen2/ap2 El_g)‘)
@ —feadfop ( i st

Effect of frictional stresses

LRI ( 26 )]
0 '\]"[(!’ ) ap \5* ap
Laplacian of differential advection of stability
(6) =V*Rlp(KnV%)
Laplacian of horizontal thermal diffusion
(h —T2 Rip (Hcp)
This consists of the combined effects of latent heat

(H) and sensible heat (Hy) transfer from the water
surface to the atmosphere (H=Hg--H ).

(8) w72 00/ot

Laplacian of local temperature changes,

¢
(%) f‘g,—( En/EP)
Local change of vertical absolute vorticity gradient

Neglecting the time derivative terms, the Omega
equation for dry model becomes :

A a9 1. /an2 f' i _3‘_”-(2
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—V2 Rjp (Kp 20/ap)— 72K/ 0 (14)

Thus the forcing function of the above balance
equation contains 6 terms while the forcing function in
the quasi-geostrophic model contain only the Ist and
4th terms. Though the contribution of the remaining
terms is comparatively smaller, nevertheless, their
inclusion in the equation gives a better insight about the
processes responsible for the resultant vertical motion
which is not obtainable from a quasi-geostrophic
model.

The present model consists of 10 levels starting from
surface to 100 mb at an interval of 100 mb. In the
horizontal, the resolution is 2° Lat./Long. for the area
extending from 10 N to 30 N and 70 E to 90 E. The grids
are shown in Figs. | (a&b).

We used this 10-level balanced model for diagnostic
calculation of vertical motion field in the case of two
depressions. However, in this paper, the study of
depressions of 1 August 1969 is presented as the results
of the study by Q. G. model are available for compa-
rison (Das er al. 1970).

2.2. Boundary conditions for w

The two boundary conditions are w=0 at the top
level, i.e., 100 mb and the w is calculated at the lower
boundary by using Cressman’s formula :

wrp=V. EJ‘PJTPE”[%CD“ Ve %Cn v Va]
(15)

Inclusion of orography : The terrain is also includ-
ed by calculating the lower boundary vertical velocity
at the top of the hills by using the above formula and
below that level w is taken as zero. This means, at the
points within the grid, where wis zero (within the terrain)
forcing is not calculated during relaxation. The smooth-
ed terrain heights as given by Berkofsky and Bertoni
(1960) are used with the exception that the highest
terrain is limited to equivalent of 600 mb.

3. Case study

3.1. Synopticsituation

A depression formed over the north Bay of Bengal on
28 July 1969 and lay centred near about 100 km north
of Pendra at 0300 GMT on | August 1969
The associated cyclonic circulation extended upto 7.2
km above sea level. It weakened into a low pressure area
over southeast Uttar Pradesh and adjoining northwest
Madhya Pradesh on 2nd morning. The surface pattern
is presented in Fig. 2.

3.2. Generation of data set

The quasi-geostrophic models need only one para-
meter, namely the geopotential height, as input. The
balance models, as can be seen from the model descript-
ion in the section 2.2, requires u, v, ¢ and Tat various
levels as input. This makes the problem more difficult,
since these parameters must be mutually consistent and

i————'—
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TABLE 1

Meaning of the symbols used in the equations

Meaning Units and order of
gy magnitude
. ag coeflicient 5x10°
g,d Ep:acgiﬁc heat of air at constant 240 cal/gm/°K
sure
jolis parameter 1074 sec™
} glcf’.-.gn vaf:e of Coriolis para- 1074 sec™?
* meter 4 .
Acceleration due to gravity 980 cm sec?
‘fe[ Total heating function o cal/gm/sec
K A coefficient for Lateral mixing 108 cm?/sec
KH A coefficient for vertical mixing  10% dynes?/sec
4 Pressure dynes/cm® :
‘;g Gas constant 2.86 10 erg/gm/°K
Fl Time ?&C
T Temperature :
T* Virtual temperature : K .
u Zonal component of the wind cm sec”
v Meridional component of the cm sec™!
win =
izontal velocity vector cm sec™!
}r g?s:;mce in E-W direction 2 % 107 ecm
Y Distance in N-S direction 2-107 ¢cm x
a Specific volume 10® cm® gm
B &ffoy 1072 sec™ em™
3 Relative vorticity sec_"
7 Absolute vorticity S‘e]‘(:
ial temperature
. ?Rgl!f]p‘;m B 1 gm™ cm® °K™
ﬂ Density 1x 10": gm c;n*’
A ial 10° cm?® sec™
& Geopotentia & Sec™?
o Static stability 10 ;21 1!0 segn
jzontal shearing stresses 10:t Zm cmi sec—?
A g?:i't vertical p velocity 10 l“mb sec 1
vt Horizontal Laplacian operator l():u cm”
J Jacobian operator 107 ¢cm

istent with the model. A detailed scheme similar
?(l,sfhzogr?;sperowsed by Miller (1969) was used to generate

the data for the model. The procedure is briefly described
below :

3.2.1. Generation of wind field £

iod field is analysed over a larger area comprising
wt}gll: gf India, Pakistan and Burma. Charts are analysed
starting from surface to 100 mb at an interval of 100 mb.
Wind analysis is performed by drawing streamlines and
isotachs. Geopotential field is also analysed to pick up
the east:West and north-south boundary values to be
used in the balance equation, Radiosonde data is aug-
ented with the pilot balloon and aircraft observations.
‘;elow 500 mb, over Himalayan region, the data is
fictitiously fitted to maintain continuity with the surroun-
dings. From these analysed charts, grid point data is
subjec':tively interpolated at 2° Lat./Long. grid points.
This forms the data set for the model. .

The u and v components of the wind were smoothed
once in the horizontal by using a 9-point smoothing
operator and a coefficient of 0.50 (Shuman 1957 b),
aﬁi once in the vertical over three points. Smoothing in
vertical is restricted upto 300 mb level only.

tation of all derived parameters, viz.,
.mg:_gtyco;\lgu geopotential field, this smoothed wind
field is used.

3.2.2. Generation of geopotential field :

Jt is well known that measurements of geopotential

i ical regions,
mperature are less reliable over tropica 1
:l?;‘ntihgfwind field, Tt is, therefore, necessary to derive

the height field from the wind field. This was achieved
by the use of balance equation at all the levels :

T2 =f{—Pu--2J (u, v)

The height values in gpm, at the boundary points are
given from the analysed charts. The relaxation is carried
out for the solution of ¢, with the relaxation coefficient
of 1.40 and to the accuracy of 1 metre.

3.2.3. Generationoftemperature field

The temperature field is obtained from the height field
by using the formula :

dd RT
ap p
The temperature thus obtained is taken as the tem-

perature representing the middle point of the layer.
The temperature at 1000 mb is calculated subject to
the condition that at 1000 mb the temperature should
differ from the mean virtual temperature for the 1000 mb
to 850 mb layer by a constant vilue based on climatology.
Potential temperatures are calculated using Poisson’s
equation, The potential temperature at 100 mb is
calculated from the temperature of 200 mb and using a
lapse rate of 8°C/km (climatological value) between
200 and 100 mb and contour heights of the two levels,

By this procedure temperature, wind and height
fields which are consistent with each other can be obtain-
ed to be used as input for the model.

4. Solution of Omega equation

The ‘@’ Eqn. (13) is an elliptical equation and is
solved by a standard Liebmann method of over-
relaxation. The finite difference formulation is similar
to the one used for the solution of quasi-geostrophic ‘w’
equation. For the solution to be converging, the condi-
tion of ellipticity has to be satisfied. It tends to deviate
from the elliptic condition when the static stability
parameter becomes negative or the absolute vorticity
becomes negative. [t happens at isolated points. The
programme provide the facility to check these conditions
and whenever these occur, the value of static stability
parameter or the absolute vorticity is replaced by an
average of the neighbouring four points in y-axis. This
procedure has been found to ensure convergence of the
solution. Normally it was possible to get converged
solution correct to 10—* mb sec™1 in about 50 iterations.

5. Discussion of the results

5.1, Vorticity field

In Fig. 3 (a), we present the fields of absolute vorti-
city at 800 500 and 300 mb levels. Maximum absolute
vorticity of the value 1.2 x 10—4sec™! is seen at the
centre of the depression at 800 mb. There is no substan-
tial change in its magnitude upto 500 mb. It reduced to
half of its value at 300 mb. In an intense monsoon depres-
sion, various workers have observed the absolute vorti-
city of the value as high as 2.0 10— sec—1. The value
of absolute vorticity of 1.2x !0 %sec™ of the present
depression may well agree with the intensity of the dep-
ression which is in its weakening stage.

5.2, Geopotential field

Fig, 3(b) depicts the balanced geopotential field at
800, 500 and 300 mb levels, A low is seen at 800 and
500 mb. The circulation is extending upto 7.2 km and
a trough aloft.
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TABLE 2

Contributions to the vertical motion by each of the terms of the forcing functions at different points in the four sectors of the
depression in the lower & upper troposphere (Units : 10”5 mb/sec)

SW NE NW SE  SW NE NW SE
Term sector sector Centre sector sector sector sector Centre sector sector
(22N, (26N, (24N, (26N, (22N, (22N, (26N, (24N, (26N, (22N,
78E) 84E) 82E) 78E) 86E) 78E) 84E) S82E) 78E)  86E)
800 mb 300 nib
— s s A e ey
fafap (V. 1) —3.6 T4 28 &3 21 <33 =32 =86 24 =18%
x A2(V. V0) —9.7 —40.7 —7.1 58 179 05 34 29 0.7 8.7
—f Kn 72 ( onfet) —0.3 —04 —04 —02 03 —07 —03 —04 -03 -—04
2
Sy Ll (O B2 0.5 =01 0.1 -02 —01 1.1 04 05 07 07
S o “ox oy
— 72 [RJp (a_g K, 26/ap )] 0.5 06 09 01 1.2 16 04 06 11 0.8
— 72 Rjp Ky 72 0) 03 05 08 02 00l 07 02 04 03 0.2
Total —13.3 -323 —29 04 204 —41 19 —16 49 2.2

5.2.1. Contribution of the terms

The Eqn. (14) used to evaluate the vertical motion
field consists of 6 terms. In order to evaluate the contri-
bution of each term, we calculated ‘o’ field by consider-
ing one term at a time, as forcing, except the heating and
the time derivative terms. The results of computation
for 5-grid points near and around the centre of the
depression are given in the Table 2 for two levels 300 mb
and 300 mb, representing lower and upper troposphere
respectively. It can be seen that the vorticity advection
and the thermal advection terms are of the same
order while the remaining terms are one order less
than these two, both in the lower and upper troposphere.
In the south of the depression centre, these two terms
are in phase with each other while they are in the opposite
direction in the north and near the centre of the dep-
ression, in the lower troposphere. Contribution from the
thermal advection is more in the lower troposphere while
the vorticity advection predorrpina!es in the upper tro-
posphere. The dominant contribution from the thermal
advection term in the lower troposphere suggests that
the depression is baroclinic.

5.2.2. w-field and precipitation

Fig. 4 presents the vertical motion field obtained for
the cise ul!:det study. The field at 800, S'OO.and 300 mb is
presented. There are two centres of significant vertical
motion, one in the SW sector and the other in the NE
sector. The maximum vertical motion is —13 x 10™*mb
sec—1 at 800 mb level. Downward motion is observed
in the NNW sector and a little away from the centre
in the SE sector. The pattern at 500 mb also shows the
axis of vertical motion is oriented in the SW and NE
direction. At 300 mb, the field is weak upward motion
near the centre surrounded by weak downward motion.

In Fig. §, we have presented the rainfall distribution
as recorded at 0300 GMT on 2 August 1969. In general,
the areas of upward motion agree well with the area of
precipitation. Point of special interest is that the region
of maximum vertical motion in the SW sector of the

depression (at 800 and 500 mb levels) is in close agree-
ment with the area of the heavy rainfall which is typical
of monsoon depressions. Even in the NE sector, where
there is a second maximum of upward motion, the rain-
fall distribution is fairly widespread,

5.2.3. Study of cross-sectionof w-field

The zonal vertical cross section along 24 N which
runs close to the centre of the depression,is presented in
Fig. 6. Upward motion is found in the central region
with the downward motion both to the east and west of
the system. Maximum vertical motion is located to the
west of the centre. Another maximum is seen in the
middle troposphere above the depression centre between
600 and 500 mb. Similar results were also obtained by
Rao and Rajamani (1975). who used Q.G. model to
compute vertical motion, and Sreerama Daggupaty &
Sikka (1977).

5.2.4. To further examine the structure of the w-field,
we also prepared the vertical distribution of its field
at 3-grid points pertaining to (1) near the centre of the
depression, (2) over a point of upward motion (SW
sector), (3) over a point of downward motion (NW
sector). These are presented in Fig. 7. The w-field at
the point, and the average of surrounding grid points are
compared and presented in the above figure. The full
curve represents the values at the point and dotted
curve represents the average of the surrounding 4 points.
Both the curves show similar patterns. At the centre,
the upward motion prevailed at all the levels with initial
increase in the magnitude upto 500 mb level and gradually
decreasing later. At the other two points, w changed
its sign near about 700 mb and reached a maximum
positive or negative value at 500 mb. This indicates
that there may be two levels of non-divergence one at
about 700 mb and the other at about 500 mb (at the
maximum and minimum of vertical motion).

Comparison of results with other studies

Das et al. (1970) presented the vertical velocity field
for the same depression by a ten layer Q.G. model,
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Vertical motion field at 800 mb of their calculations is
presented in Fig. 8(b).

We also computed vertical motion for the same case
by kinematic method by integrating the continuity

Eqn. (3). The divergence is calculated by the for-
mula :

cu av . e

-WFI_ Fy =Dw¥

The divergence at each level is adjusted such that the
net divergence in the vertical column is zero (O" Brien
1970). These values are used during the integration to
compute the value of @ at each level using the following
boundary condition for the lower level.

app=V.77Pps

The results for 800 mb level are presented in Fig. 8(c).
Comparison of the results with Das er al. (1970) and
kinematic method with the present model shows
that the vertical motion with the balance model agrees
best with the rainfall pattern. The kinematic method gives
higher values while the Q.G. model under estimates the
vertical motion. Moreover. the maximum vertical motion
in the Q.G. model is obtained not in the SW sector but
in the west of the depression. The kinematic method
shows downward motion near the centre of the de-
pression, while the balance model and Q.G. model
indicate upward motion. The input data for computation
of vertical motion field in all the methods was subjectively
“analysed. The difference in performance to some extent
may be related to the input data but, we believe largely
the improvement.in the performance is technique de-
pendent. '

‘More cases aré being run on real time basis to study
the use of balance model for operational purposes.

6, Summary .
- The following conclusions are drawn :

(i) The vertical motion pattern calculated by a
diagnostic ypalanced model depicts better agreement
with the rainfall distribution than® with any other
method. In the tropical regions this model suits better
for diagnostic studies.

(ii) The level of non-divergence is located between
800 & 700 mb in the lower troposphere. In the lower
levels, frictional forces play a significant part in the up-
ward motion.

(iii) Though the Laplacian of thermal advection and
differential vorticity advection are the dominating
terms in deciding the vertical motion, the contributions
from the other terms are also important. The predo-
minance of thermal advection term in the lower tro-
posphere suggests that the depression is maintained by
baroclinic forces.
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