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ABSTRACT. A single level quasi-geostrophic barolropic model and a two level guasi-geostrophic
baroclinic model have been integrated to study the beghaviour of monsoonal flow. The data utilised
are those collected during the summer Monsoon Experiment (Monex-79). The movement of monsoon
depressions, an important feature of monsoonal flow, |s studied in particular by these models. The

comparative performance of the models is also examin::I.

1. Introduction

The quasi-geostrophic models are known to
be not very adequate for predicting the detailed
behaviour of atmospheric motion in the low
latitudes. However, Shukla and Saha (1970),
Mukherji and Datta (1973) and others applied
such models to predict the movement of monsoon
depressions with encouraging results. The
present work is to study the behaviour of two
quasi-geostrophic models, viz., a single level
barotropic model at 500 mb and a two level
baroclinic model applied at 250 mb and 750
mb, with wind as the basic input, It is now
well recognised that wind measurements over
the tropics are generally far more reliable than
the observed geopotential height values, parti-
cularly over the southern parts of the Indian
Peninsula, where the spatial gradients of
geopotential heights are rather weak. The wind
fields in these latitudes (below 15 deg. N),
therefore provide a better representation of
synoptic patterns. The models are applied to
two synoptic situations with depression in the
Bay of Bengal and one with depression in the
Arabian Sea during summer Monex-79. Mean
values of the diagnostic parameters, such as the
vorticity, the square of absolute vorticity and the
total kinetic energy etc, are monitored during
the course of integration so as to examine the

invariance of these quantities in the two models.
e relative performance of the two models and
e forecast errors are also discussed.

2[ Model equations

| The formulations of the two models are given
i detail in this section. Symbols used are :
: latitude
: pressure
|z : height in metres
/\y : grid distance in the north-south (y) direction
Ax : grid distance in the east-west (x) direction

‘ = Aycos §
Ap : pressure-interval between levels 0-2 and

| 24 = —500 mb
At :timeinterval =1 hour

V : horizontal wind vector
u,|v : components of V in the xand y directions

i respectively
w : vertical velocity —dp/dt
!;g : acceleration due to gravity = 9.8 metres/sec?
IR : radius of the earth—6371,229 km
Q
F i

ER )

: angular velocity of the earth=7.29 y 10—5/sec
: Coriolis parameter=2 £ sin 6
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?f 2Rcosh

Buimet™= " R

: stream function, defined by V =k x 7y,
where k is the vertical unit vector and 7/
is the horizontal Nabla operator

-

¢ :relative vorticity — 7%
n : absolute vorticity = ¢ + f
¢ : geopotential height — gz
T : temperature
07 : potential temperature
. T N 2 05 a IOg H'p

o : staticstability parameter = 30 ap
72 : Laplacian operator = (ﬁ s :‘)1)

) 2T 92

: da b a b

J (a, b):Jacobian operator_( 3% 3y 3y 2 x)

¢p  specific heat at constant pressure.
Model I : Non-divergent quasi-geostrophic baro-
tropic model
One-level non-divergent quasi-geostrophic model
is based on the simplified vorticity equation :

a 2 F 71

9—,(‘7“#')‘;*—!'\%'7) ()

Model II : Two level quasi-geostrophic baroclinic
model

This model is based on the vorticity equation in
the form :
dw

5‘4‘ (V29) = —T(hn) +1 5, 2

applied at the two levels, i.e., 250 mb and 750 mb
of the atmosphere and the omega equation :

o Via+ 2 on =12 @

¢
— 2 ¥
vii(hgy)  ©
applied at the intermediate level of 500 mb.

While the single level used in the barotropic
model is assumed to represent the whole atmos-
phere, the two levels in the baroclinic model are
assumed to represent conditions respectively in
the upper and lower layers of the atmosphere. The
vertical resolution of the baroclinic medel and the
parameters assigned at different levels are as
follow :

Pressure (mb)  Model parameters Level

wy=0
0 0
o omér I
Wy
500 2
750.. oo ek A 3
wy—0

Eqn. (2) is applied at levels 1 and 3, while Eqn.
(3) is applied at level 2. The vertical boundary

conditions for Eqn. (3) are w—0 at the top and
bottom of the atmosphere. With these boundary

Eondiuons, the vorticity Eqn. (2) for the two levels
ecome :

Level 1 :
2 (V) = —T () —m 2 @
21 1) SO T Ap (C))
Level 3 :
2 &
31 (Vi) =—J () +mpy

and the omega Eqn. (3) reduces to :
T(1m) —J (Y3, 75)

0 Vw2 wl(Ap)2=f Ap
1 +yYs hi—ds
—v2J ( 2 Ap ) ©
3. Computational procedure

A five-point finite difference approximation for
the Jacobian operator J;.; (a, b) and the Laplacian
operator /%, ;(a) at grid point (i, ) is used as
follows :

Jt'vj(a: b) — [(al"} 1§ — al"—lsf)(bisf-l-l—bisj-—-l)
— (@i, i+1—@iri—1) (bis1,5 —bi1,3)]1 [4A X Ay

a; s i + a; Ll Rl 2“1'!
‘{"M"bi(a) = o (Aix]); j+

s §+1 + @iy i1 — 2a;,4
T e
The relative vorticity field for both models is

obtained from the observed wind field by using the
relation :

[_ 2 2u
- dx 9y

With zero lateral boundary conditions, the Poisson
type equation 72— is then solved by Lieb-
mann’s successive relaxation scheme to obtain a
stream function field 4. An over-relaxation factor
of 1.4 is used for quick convergence of the relaxa-
tion process. The stream function and the absolute
vorticity » fields so obtained form the initial input
to the model I. In the case of model II, the non-
linear balance equation :
Y Y,
2 - 2 R AT Ly —
V=114 + B +20( 55 55 ) ©®

issolved with observed values of geopotential heights
at lateral boundary as the boundary condition to
obtain balanced geopotential height fields at levels
1 and 3. Saha and Suryanarayana (1971) found
that this type of balance relation described mutually
consistent flow patterns in wind and geopotential
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fields. Using the values of 4, 772 and ¢ so deter-
mined at levels 1 and 3, the omega Eqn. (6) is
solved by a relaxation technique assuming zero
lateral boundary conditions and a constant value
for static stability ¢. The vorticity tendencies
/91 (V2y) at levels 1 and 3 are then obtained
from Eqns. (4) and (5) .

4. Time integration scheme

A time-differencing scheme with the first time
step forward and the subsequent time steps center-
ed is used for integration of both the models.
The sequence of operations leading to the final
forecast may be itemised as follows:

4.1. Model I

(a) From given wind field, the vorticity /%)
and stream functon i are first calculated.

(b) The vorticity tendency [(9/t) (V)] is
then calculated using Eqn. (1).

(c) The vorticity 72p at the first time step is
calculated using the relation :

(Vi) e at = (V2¢) + At(%v‘"ﬁ )‘ )]

(d) The vorticity at subsequent time steps, i.e.,
second and onward, is calculated using the relation:

(V24 )t ot = (V2 Jptn—2) art

o v°4)
4+ 2 At |5 V2 10
4 ( o Vv ¥ t+(n—1) At (19
where, in the subscripts, ‘n’ denotes the number
of time steps and takes integral values equal to,
or greater than, 2.

Steps (a) to (d) are repeated to cover the entire

riod of integration which is of 24 hours duration
in the present case. A predicted vorticity and
stream function field is thus obtained.

4-2. Model II

(a) From given wind field, the vorticity 72y
and stream function ¢ fields are first calculated at
levels 1 and 3.

(b) With the observed geopotential height
values at the lateral boundaries the entire balan-
ced geopotential height field ¢ is obtained by
solving the non-linear balance Eqn. (8) at both
levels 1 and 3.

(c) The omega Eqn.
level 2 to obtain w..

(d) The tendency [(3/dt) (7 2)]is then calculat-
ed at levels 1 and 3 by using Eqns. (4) and (5)
respectively.

(e) The vorticity at the first and subsequent time
stepsis then calculated following the time integra-
tion scheme given by Eqns, (9) and (10) respectively.

(6) is then solved at
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With these new values of /%), steps (a) to (¢)
lare repeated to obtain a 24-hour forecast. Finally,
a predicted vorticity and stream function field is
lobtained at levels 1 and 3 and a predicted vertical
velocity field is obtained at level 2.

To avoid separation of solutions of alternate
time steps arising out of computational mode of
centred finite time differencing scheme, a mild
|[Robert time filter (Robert, 1966) is used in both the
:models during integration. This filter may be written
as :

\
A% =4, +0.05(A%_y—2 Ao+ 4;)

|where A* is the filtered value of 4 and subscripts
|t, t—1, t—2 indicate time levels.

| To examine the energy conserving properties
'of the two models, area averages of the following
|elements were monitored :

| Model I— Kinetic energy (KE), absolute vorti-
|city (TE) and square of absolute vorticity (TE2).

| Model IT — Kinetic energy (KE), available
| potential energy (APE), their sum, i.e., (KE-APE)
| and the total energy (TE), i.e., the sum of potential

energy, gz, internal energy, c¢,T, and the kinetic
| energy, KE; (gz+¢,T+KE).

| 5. Model domain, grid and data used

' Both the models are applied to an area extending
| from 5° N to 35° N latitudes and from 60°
| E to 100° E longitudes with a 2.5° Lat.
‘ Long. grid for computation of horizontal

differencing. Input to both the models are manually
analysed streamline-isotach fields at relevant iso-
baric surfaces. In model I, the pressure interval
A p is taken as — 500 mb and a constant value
of 0.041 m? /sec?®| mb2 is assumed for the static
stability parameter o.

The synoptic situations to which the models

are applied have each a monsoon depression in the
field, centred at 12 GMT of date as follows :

‘ Date Position of centre of depression
[ 17 June 1979 15.0 °N, 67.0°E

| 6 July 1979 18.0 °N, 86.5°E

. 13 August 1979 19.5 °N,91.0°E

| 6. Results

Predicted wind and stream function patterns are
compared to the observed non-divergent wind and
stream function fields of the following day.
Results of this comparison may be summarised
as follows :

6.1. Model I

| Figs. 1, 2 and 3 show the results of forecast with
| model I in the case of the synoptic situation at
‘ initial maptime 12 GMT, 13 August 1979. As
| seen from Fig. 1, the centre of depression lies at

19.5° N, 91.0° E. Another low pressure
| area lies over the western part of the country centr-
| edat 24.0° N, 69.5° E. A broad anticyclonic
| circulation is seen to lie over the northern part of
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the domain. From the forecast field in Fig. 2, it is
noticed that the Bay depression has moved to
20.0° N, 87.0° E, while the other low has re-
mained nearly stationary over the western pait
of the country. The anticyclonic circulation has
become diffused to a large extent. Finally from
Fig. 3, which gives the observed field at 12 GMT
of 14 August 1979, the actual position of the Bay
depression is now at 21.5 N, 87.0° E
which indicates movement in a more northerly
direction than the forecast movement. The other
low has become unimportant and now lies as a
week cyclonic circulation centred at 23.0° N,
64.0° E. Another weak cyclonic circulation has
formed over the central part of the country which
has not been predicted by the model.

The variation of average kinetic energy (KE),
absolute vorticity (TE) and square of absolute
vorticity (TE?) as the percentage of their initial
values, during the course of integration s shown in
Fig. 9(a). We notice that the absolute vorticity and
square of absolute vorticity have varied during the
24-hour integration within 1 per cent of their
initial value. The kinetic energy change is however
about 6 percent. This is equivalent to change in
wind speed less than 3 per cent. An examination of
u and » variation separately, showed that a larger
part of this change is contributed by the change in
zonal kinetic energy. Considering other cases
also, it was observed that kinetic energy and vorti-
city were not strictly conserved, although the
conservation of vorticity was better than that for
kinetic energy. This may be due to the boundary
conditions used, in which the vorticity values at the
boundaries are changed at every time step while
extrapolating them for calculating the Jacobian
terms in the model equations. This procedure does
not stiictly conserve vorticity and kinetic energy.

6.2. Model 11

The 250 mb charts havenot been shown here as
the main focus of attention in this paper is the
movement of the centre of depressions which do
not extend to this level. From Fig.4, which gives the
initial position of depression it may be seen that
the centre of depression over the Bay of Bengal
lies at 750 mb at 22,0° N, 92.0° E at 12
GMT, 13 August 1979. The other low pressure
over the western part of the country is centred at
24.5° N and 73.0° E. Fig. 5 shows slight
weakening of the Bay depression in 24 hours
forecast, as seen from the stream function values,
and is now centred at 22.5° N, 91° E.
The low over the western part of the country re-
mained stationary and has somewhat intensified.
A week anti-cyclonic circulation developed over
the southwestern part of the domain. From Fig. 6,
we see that the actual position of the centre of the
depression at this level over the Bay is at 22.0°
N,91.0° E, indicating an actual movement ina
more southerly direction than the predicted move-
ment. Contrary to forecast results the depression
also intensified. The intensification of other low

35°N

Fig. 1. Observed stream function and wind fields at 500 mb
at 12 GMT, 13 August 1979. C—Cyclonic; A—
Anticyelenic (solid lines indicate stream function
values in units 19°* m?cec )
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Fig. 2. Predicted 24-hour barotropic forecast fields of
stream function and non-divergent wind at 500 mb
at 12 GMT valid for 14 August 1979
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Fig. 3. Observed stream function and non-divergent wind

fields at 500 mb at 12 GMT, 14 August 1979
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Fig. 5. Predicted 24-hour baroclinic forecast at 750 mb
valid atf12 GMT, 14 August 1979,
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Fig. 6. As in Fig. 3 except at 700 mb

was also more than predicted. This system moved
in a somewhat easterly diicction. A 'comparison of
the position of centres of both the Bay depression
and the low over the western part of the country
at 500 mb (Fig. 1) and 750 mb (Fig. 4) levels, show
a southwestward tilt of the axis of these low pres-
sure ¢entres which confirms to an important feat-
ures of monsoon depressions. In Fig. 7 and Fig. 8,
the arrows pointing upwards indicate negative
vertical velocity values (w) or rising motion of air,
while those pointing downwards indicate sinking
motion of air. From these, we notice that the up-
ward, vertical velocity field did not show much
change during the forecast period over the Bay of
Bengal. Over the northern and western parts of
the %untry, there is downward motion of airto
the south, and weak upward motion to the north.
Some weakening of the omega-field took place in
the 24-hour prediction in this region. The reason
for the existence of downward vertical velocity over
this region, which is occupied by a cyclonic system
at 750 mb, is hard to find. However, poor vertical
resolution of the model and lack or upper air data
over this region may have contributed towards this
ano{naly.

Fig. 9 (b) shows the variation of average kinetic
energy (KE), available potential energy (APE)
and| the sum of kinetic and available potential
energies (KE+4+APE), The variation of total energy
(TE), viz., the sum of the potential energy, gz,
internal energy, c,T" and kinetic energy, KE is
shown in Fig. 9(c). It may be seen that the kinetic
ene;tlgy increased slightly (maximum increase is of
about 0.7 per cent) during the first half of inte-
gration, and then decreased to nearly its initial
value during the second half of the integration
period. Available potential energy has increased
by about 5.5 per cent in 24 hours and the sum
(KE+APE) increased by 3 per cent. The change
in the total energy (TE), however, is found to be
negligible (an increase of about 0.01 per cent).
Thus the model satisfies its energy conserving pro-
perties fairly well. The increase is APE by 6 per cent
in 24 hours may be due to the unsatisfactory boun-
dary conditions, as already explained in section 6.1.

I
|
?. 3. Comparative performance of the two models
+

comparison of integration of both the models,
for the three synoptic situations studied, is shown
in Figs. 10 (a) and 10 (b). The depression in the
central Arabian Sea on 17 June 1979 showed a
southsouthwesterly movement at 500 mb in
model I, while the actual movement was in a more
n:ghnorthwester]y direction. In model II, the
same depression at 750 mb moved in a westerly
direction, while the predicted movement was in a
westsouthwesterly direction, showing a better
ag*'eement between actual and forecast movemen t
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100

Fig. 7. [Initial omega (o % 10° % mb sec <) field at 500 mb at
12GMT, 13 August 1979

1

N
60°E 70°E

1
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Fig. 8. 24-hour baroclinic forecast omega field at 500 mb
at 12 GMT valid for 14 August 1979

than in model I. The predicted movement of
the Bay of Bengal depression of 6 July 1979 in
both the models was unrealistic as compared to
its actual movement. However, the result of
model II, in this case, is also better than of
model 1. The performance of model II for the
13 August 1979 depression in the Bay of Bengal
is also seen to be better than model L

It may be noted, that except for the depression
of 6 July 1979, the prediction of the westerly
component of the depressions agrees well with
their actual movement in this direction. Thus
the errors in the forecasts can mainly be attri-
buted to errors in predicting their meridional
movements,

7. Conclusion

From above, we notice that a single-level baro-
tropic model and a two-level baroclinic model
is able to predict the movement of monsoon
depressions to some degree accuracy. The
performance of the two level model has been
found to be decisively better than that for the
one-level model. A higher vertical resolution
is likely to further improve the performance of
the quasi-geostrophic baroclinic model. Mon-
soon depressions are characterised by their west-
ward movements which have been well predicted
by both the models. However, the meridional
component of the depression movements, though
small, are found to be in error during model
prediction. The errors in the vertical wvelocity
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Fig. 9. Percenlafe change with time step in the average

values of : r

(a) Kkinetic energy (KE), absplute vorticity (TE)
and square of absolute vorticity (TE?), for
model 1

(b) kinetic energy (KE), a ble potential energy
(APE) and their sum, i¢., (KE+APE), for
model II

¢) total energy (TE), i.e., the sum of the potential

@ energy, £z, internal energy, CfT and kinetic
energy, KB; (gz4cp T+KE), for model IT

3’ r
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Fig. 10_(a). Comparison of 24-hour forecast with observed - 10 (b). Model IT (baroclinic), date/month of the
position of the centre of depression for the three depression are indicated near its initial
synoptic situations studied : (a) model I (baro- position
tropic)

field obtained during integration of model II throughout this study and to Dr. P. K. Das,
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