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ABSTRACT. A single-level primitive equation model is used to predict the movemznt of monsoon
depressions over the Arabian Sea and the Bay of Bengal. The data used are for the Monsoon Experiment-1979
(MONEX-79). The model formulation is based on shallow water equations. The finite-differencing scheme is
designed to conserve total energy and mass over the domain during the course of integration. The initial input
to the model is the subjectively analysed wind field from which geopotential field is derived through balance wind
relation. Dynamic initialization is used to balance the mass and wind fields consistent with the model equations.
The movement of three depressions has been studied. The model is able to predict their movem:nt to a limited

degree of accuracy. The total energy is conserved well during the course of integration.

1. Introduction

The quasi-geostrophic assumption has been
found to be quite useful for'predlctm.g the be-
haviour of atmospheric flow in the middle and
high latitudes. Over the tropical belts however,
this assumption is not very satisfactory, parti-
cularly for regions close to the equator. There-
fore, the quasi-geost_rophlc model_s are not very
adequate for predicting the behaviour of the tro-
pical atmosphere. A primitive equation model
is comparatively better suited for this purpose.
To predict the details of three dimensional flow,
a multi-level primitive equation model incor-
porating friction, radiation processes, the hydro-
Jogical cycle and air-sea interaction is necessary.
However, verification statistics of models tried
so far appear o suggest that for prediction of tropi-
cal systems, particularly tracks of circulation
systems, a simple barotropic model often per-
forms fairly well. Further, in the tropics, the pres-
sure gradientsare generally weak and often comp-
licated by large obscrvqtlonal errors. For this
reason, the wind which is more accurate and nu-
merous, is preferred to pressure or geopotential

en

as basic input to tropical models. In the present
paper, a simple single-level primitive equation
barotropic model has been used with wind as
input to predict the behaviour of monsoon de-
pressions that formed in the Bay of Bengal and the
Arabian Sea during the period of the Summer
Monsoon Experiment (MONEX-1979).

2. Model equations

Shallow water equations in the flux form, neg-
lecting friction, used in the formulation of the
one-level primitive equation model are outlined
below :

(Symbols used are described in Table 1)
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where, D;( ) is the horizontal flux divergence
operator,
(1 dhu( ), ahv()cosf)j}
*[acow' Y '_)j

Tn this model, we assume a single laver of the
atmosphere resting on the rigid surface of the
earth, where the {ree surface is subject to varia-
tions in height depending on the nature of the
flow. The free surface height in the present study
corresponds to the height of the 500 mb surface
at which the circulation patterns are considered.

3. Computational procedure

The finite difference formulation of the pri-
mitive equations listed above was designed, fol-
lowing Arakawa (1966) and Lilly (1945), to con-
serve momentum and kinetic energy over the
compulational domain. The horizontal flux di-
vergence operator D» (), appearing in the model
Eqns. (1) to (3), may be written in the finite dif-
ference form as :
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The height gradient terms in the finite difference
form are :
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4. Initial input

I" The basic input to the model consists of man-
ually analysed streamline-isotach fields at 500
mb. The seopotential height field is obtain-
ed by solving the non-linear balance equation:

vii-v.(rve )+2(50, 50) 4
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The boundary conditions are the observed
values of geopotential heights at the boun-
daries of the domain. Saha and Suryanarayana
(1971) found that this type of balance relation
described mutually consistent flow patterns in
wind and geopotential fields in the tropics. To
start with, the vorticity field is obtained from
the observed wind field using the relation:
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Taking & = 0 at the lateral boundaries, the
Poisson-type eguation \/%k—{is solved by Lieb-
mann’s succeszive relaxation scheme to obtain
#h—ficld. An over relaxation factor of 1.4
was found to be appropriate for quick conver-
gence of the relaxation process. Five-point Ja-
cobian and Laplacian operators are used to
calculate the right hand terms of Eqn. (4) from
the stream function values computed from
Eqn. (5). Eqn. (4) is then solved using Lieb-
mann’s relaxation procedure to obtain a balan-
ced geopotential fleld.

5. Dynamic initialisation and boundary conditions

The geopotential height fleld obtained in
Section 4, through the non-linear balance equa-
tion, is in a static balance with the non-diver-
gent part of the wind. The geopotential height
pafterns so arrived at, are thus, rather smoother
than the actual observed patterns. In the tropics,
the non-divergent part of the wind may be signi-
ficant and hence, should be incorporated when
arriving at a balance between the mass and
velocity fields at the initial stages of integration
of the model. This is achieved by a process
of dynamic initialisation. For this, the model,
with the observed wind and geopotential field
as obtained in section 4, was integrated for-
ward for one hour, followed by backward in-
tegration for one hour. Euler forward back-
ward time integration scheme (Matsuno 1966)
with a time step of six minutes was used during
initialisation. The time integration scheme con-
sists of two steps :

o X7
gt

X*==X(T)—|—( ).AT

X(T+&T)=X(T)—I-(a—a{:).AT

where X (T)and X(T+ AT) are the values of vari-
able X at time T and T4+ AT, and X* is its in-
termediate value.

Both the geopotential and wind fields are
frecly allowed to float during the initialisa-
ticn process. No diffusive terms are taken
into account during initialisation, as they re-
present irreversible processes. Tnitialisation extend-
ing upto 8 to 10 hours of model time was
found to be sufficient to achieve a reasonable
balance between wind and geopotential fields.
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Fig. 1. Variation of height tendencies (¢ TEN), u% and
tendencies (uh TEN, ©h TEN) and divergence
field (DIV) during dynamic initialisation

By this time, the height tendencies and diver-
gence field got stabilised, as may be seen from
Fig. 1.

Boundary conditions used were to ensure
that no fluxes of momentum or mass were all-
lowed across the domain boundaries. For this
the east-west boundaries were closed by making
them cyclic. This was done by introducing 7
extra grid points in the zonal direction (Krishna-
murti 1968) on the eastern side, such that
A (1) = A (N+6) and A(2) = A(N+7), where
N is the number of grid points in the unexten-
ded mesh along the zonal direction and A’s
represent data values. With these boundary
conditions, it is anticipated that as far as short
range prediction of slow-moving meteorological
systems are concerned, the errors are confined
to the region outside forecast domain.

To ensure no flux across the northern and
southern  boundaries, meridional  gradients
of v, uh, vh, were made to vanish at these boun-
daries (Shuman and Vandermann, 1966).

6. Time integration

The model was integrated for a number of ty-
pical synoptic situations to produce 24-hour
forecast fields. A centred time differencing
scheme (leap-frog) with a time step of 6 minutes
was used for this purpose. As initially the fields
were available for only one time level, the first
time step was the forward one.

The diffusive terms p/*u and p7*v  were
introduced in the equations for u and v tendencies
(Eqns. 1 and 2). During the integration, with
the diffusion constant p=1x 105 m® sec—".

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

A¥ey = At +0.05 (4% -2 — 24, + A4))

where A* is the filtered value of 4 and the sub-
scripts ¢, t—I1, t—2 indicate time Ilevels.

Except for the above filter, no other smoothen-
ing process was adopted during the course of
integration. The 24-hour forecast output was
found to contain some spurious two-grid wave
noise which was filtered out by designing a Gaus-
sian filter to effectively eliminate such noise
(Shapiro 1970). The filter consists of two scans:

Scan i: Zi = Zj + 1 (Zj—1 — 22Zj + Zj1)

Scan ii: Zj =7 — } (Zj— — 2Zi+ Zit1)
where Z, is the unsmoothed value, Z; is the

smoothed value after the first scan and 7; is the
final value.

It can be shown that the frequency response
of this filter is given by :

i 'merx
R=1—sn (W—L )

Thus the filter removes the two-grid waves com-
pletely without adversely affecting the larger
important meteorological waves. To examine
the energy conserving properties of the model,
area averages of the following elements were moni-
tored : (i) kinetic energy, (KE), (ii) square of
relative vorticity, (TV2), (iii) total energy, (TE),
i.e., the sum of kinetic and potential energy and
(iv) the sum of geopotential height values
(SHGT).

7. Model, domain, grid, and data used

The model was applied to an area extending
from 5.0°N to 35.0°N latitudes and from 60.0°E
to 100°E longitudes with a 2.5° latitude/longitude
grid for computation of the horizontal parameters.
Input to the model was the wind direction and
speed at each grid point obtained from the manual
analysis of streamline-isotach fields at 500 mb.
For the boundary conditions, the actual observed
height values were taken at the grid points that
formed the boundaries of the domain. Using
MONEX-79 data, the model was applied to three
synoptic situations each having a monsoon dep-
ression in the field, centred at 12 GMT of date
as follows :

Date Position of centre of depression
17 June 1979 14.5°N 65.0°E
6 July 1979 17.5°N 88.0°E
13 August 1979 21.5°N 91.5°E
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Fig. 2. Observed wind and height ficlds at 500 mb at 12

GMT, 13 August 1979 (solid lines indicate isobaric
heights in metres)
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Fig. 4. Predicted 24-hour model forecast at 500 mb valid
for 12 GMT, 14 August 1979
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Fig. 3. Dynamically initialised wind and height fields at
500 mb at 12 GMT, 13 August 1979

8. Results

Predicted wind and stream function patterns
are compared to the non-divergent wind and stream
function fields of the following day. Although
the integrations were performed for all the situa-
tions mentioned in section 7, we present here
the results of one situation only, for lack of space.
Figs. 2,3,4, and 5 show the results of forecast
in the case of the synoptic situation at initial
maptime 12 GMT, 13 August 1979. As seen
from Fig. 2, the centre of depression over the
Bay of Bengal lies at 21.0°N 91.5°E. Another
low pressure area lies over the western part of
the country centred at 24.0°N 69.0°E. From
Fig. 3, which represents the field after 16 hours
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Fig. 5. Observed wind and height fields at 500 mb at
12 GMT, 14 August 1979

of dynamic initialisation process, the Bay dep-
ression seems to have slightly shifted to the north
and is now centred at 21.5°N 91.5°E. The
other low has remained nearly stationary over
the western part of the countryand intensified
to a very small extent. From the forecast ficld
in Fig. 4, it may be seen that the Bay depression
has moved to 21.5°N 90.5°E., while the other
low has further intensified and now lies at 25.0°N
71.0°E. Finally, from Fig. 5, which gives the
observed field at 12 GMT of 14 August 1979,
the actual position of the depression over the
Bay of Bengal is at 22.5°N 89.0°E, which indi-
cates a faster movement of depression in a more
northerly direction than the forecast movement




BEHAVIOUR OF MONSOON DEPRESSIONS 31

*S50r (o)

w 0oy ———————
5 o ‘A_-G—Q——o__c—fr——( -g—-o--o—o.—e—o—o_g_m
«
I-00)

“'M._‘_‘_t‘

b a0 0 B A& & 0 ¢ 3 1 1 5 1 3

= —a TV2
250 oo KE

Wipoip (B

©
—s SHET \M;ﬁﬁ;:?-” E_ E =54

% oo
- 4
G001k S5k
* TR N TR WY T ST T R WSV T 0 SO (A O N Y YIS M WA P ¢
2 4 B [ T S | TR Y M i
b TIME S1EPS

Fig. 6. Percentage change with time step in the area-averaged
values of : (a) kinetic energy (KE) and square of re-
lative vorticity (TV2) — the upper part; and (b) total
energy (TE) and the sum of the geopotential height
(SHGT)-the lower part
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Fig. 7. Comparison of 24-hour forecast with observed posi-
tion of the centre of depression for the three synoptic
situations studied. Date/month of the depression are
indicated near its initial position

The depression has also weakened to some extent.
The Jow over the western part of the country
has also weakened considerably.

The variation of the average values of kinetic
energy, square of relative vorticity, total energy
and sum of geopotential height as the percentage
of their initial values, during the course of in-
tegration, are shown in Fig. 6 (a) and 6 (b),
We notice that there is a decrease of about 6%
in the case of kinetic energy and of about 16%
in the case of the square of relative vorticity
values. A change of 6% in the kinetic energy
is equivalent to a change in wind speed less
than 3%.

An examination of u and v variations separately
shows that large part of this change is contri-
buted by a change in the zonal kinetic energy.
Relatively large changes in the vorticity values
though not well understood may be partly due
to the boundary conditions which do not strict-
ly conserve vorticity and kinetic energy. From
Fig. 6 (b) the variation in the total energy and
the sum of the geopotential height values, follow
caeh other closely in a sinusoidal pattern, but
vary very negligibly above and below their in-
itial wvalues; the maximum increase for tota]
energy is 0.005% and for SHGT is 0.003 % while

. the maximum decrease for TE is 0.005% and for

SHGT is 0.011%.

Fig. 7 gives the comparative performance of
the model for the three synoptic situations studi-
ed. The depression in the central Arabian Sea
on 17 June 1979 shows an unrealistic forecast
movement, as compared to its actual movement,
The prediction for the Bay of Bengal depres-
sion of 6 July 1979 was however quite good. It
may be noted that except for the depression of
17 June 1979, the prediction of the westward com-
ponent of the movement of the depressions agrees
well with their actual movement. Errors lie mainly
in predicting their meridional movements.

9. Conclusions

The study has shown that a single-level pri-
mitive equation barotropic model is able to pre-
dict the movement of monsoon depressions to a
limited degree of accuracy. Inaccuracies in the pre-
diction of movement of depressions or cyclones in
the Indian region may arise out of several factors.
Firstly, from the incorrectness of the analysis of the
initial and verification wind fields, caused prin-
cipally by lack of data. This is so, because
depressions and cyclones generally form over the
open seas, where conventional meteorological data
especially upper wind data, are conspicuously
lacking. Therefore, the initially observed charts
may have large errors. Another important source
of error lies in the large grid spacing. It is
possible that reduction of grid length may lead
to an improvement in the forecast accuracy and
this requires closer examination. Also, a baro-
tropic model cannot possibly give a good rep-
resentation of conditions in a highly baroclinic
atmosphere, such as the monsoon depression field,
where diabatic heating due to the release of latent
heat of condensation is very important.
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TABLE 1
List of symbols

latitude

longitude

height in metres

grid distance in north-south (Y)
direction; 2.5 degree latitude
grid distance in east-west (X) direc-
tion; 2.5 degree longitude

radius of the earth, 6371.229 km.

grid distance in X —direction in me-
tres = acos 8\ A

grid distance in Y- direction in me-
tres == a A0

time interval, 6 minutes

acceleration due to gravity, 9.8 me-
tres/sec?

geopotential height, gz

horizontal wind vector

components of V in the X— and Y—
directions respectively

angular velocity of the earth, 7.29 X
10—5/sec
Coriolis parameter, 22 sin 0

af 22 cosf

oy a

stream function, defined by V=kx
¢ where k is the vertical unit vec-
tor and v/ is the horizontal Nabla
operator

relative voritcity, %

: Laplacian operator =-( o* = E)’)

o T o
J(a,b) : Jacobian operator (?‘_’ b ca @)
ox 0y ¢y ox
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