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The nonlinear balance equation was solved for a depression using MONEX-79 data
over the Indian region. The contribution of the beta term was observed to be the feast,
the largest being quasi-geostrophic forcing. Quasi-geostrophic forcing makes a positive
contribution in the upper troposphere, while in the lower and middle troposphere its
contribution is negative. The authors discuss this result in this paper.
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INTRODUCTION

THE observed geopotential fields are not so reliable in the tropics as in the middle and
higher latitudes. The flow patterns in the tropics can be reliably established by an
analysis of the wind. Thus, for diagnostic studies over the Indian monsoon region,
we use the wind to solve the nonlinear balance equation, because deriving the geopoten-
tial from the wind by the balance equation avoids the growth of fictitious disturbances.

Several authors have computed the geopotential by solving the balance
equation!-¢ The balance equation has a number of variations’; one is a geostrophic
approximation to the full balance equation (divergence equation) excluding the tendency
of the divergence term. Lorenz® and Arakawa® have demonstrated an appropriate
form of the balance equation, which is energetically consistent. The vorticity and
divergence equations are dependent on the region under consideration. Ramanathan
et al.'% and Shukla'! discussed the importance of the Jacobian, beta and Laplacian
terms in the balance equation.

In the present paper, the geopotential is computed by solving the balance equa-
tion over the Indian region for a depression over the head Bay of Bengal using MONEX
data with 1.9 deg. lat/long grid resolution.

METHOD OF COMPUTATION

The balance equation for nondivergent flow may be expressed by
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where ¢ is the geopotential, ¥ the stream function and U, is the zonal wind compo-
nent derived from the stream function. The northward of gradient of the Coriolis
parameter is the beta (8) term, f is Coriolis parameter and J is Jacobian operator.
The terms on the right are (f) quasi-geostrophic forcing, (if) the beta term and (fif)
the Jacoban.

The stream function () was derived by solving Poisson’s equation
fviy = 3v/dx - du/dy, ()

where u and v are the observed wind fields. Thus, the stream functior. was derived
from the observed winds.

The area of computation extended from 9.4 to 30°N and 69.4 to 101.3°E. There
were 18 grid points along the zonal and 12 grid points along the meridional direction.
The computations were made at 100, 300, 500, 700 and 900mb. At 900mb, the wind
fields were interpolated using spline interpolation along the vertical axis. The horizontal
grid resolution was 208km. The Jacobian term was evaluated following Arakawa,?
and the Laplacian was computed following the method of Miyakodal®> The details
are summarised in Appendix I. Arakawa’s scheme of Jacobian computation conserves
the areal kinetic energy and the eustrophy in a closed domain, while Miyakoda’s scheme
for computing the Laplacian has the advantage of reducing the truncation errors. Se-
quential relaxation was used to solve the Poisson equation under 0.01% residual limit.
This means that the ratio of the residual to the forcing terms at a grid point is < 0.01.
Computations of the Laplacian and Jacobian were made at one grid point interior
to the boundary and, finally, the computed results were linearly extrapolated to the
outer boundary.

DISCUSSION OF RESULTS

Figs. 1, 2 and 3 show the contours at 300 and 700mb on 4, 6 and 8 July for 12
GMT.

A region of low pressure entered the northeastern part of the Bay across the Arakan
Coast on 4th July. It was stationary without appreciable development up to the 6th,
and then concentrated into a depression on the 7th morning with its centre about 400km
east-southeast of Paradip (20°N, 87°E). Later, it crossed the northern part of the Orissa
coast near Paradip (20°N, 87°E) on the afternoon of 8th July. Moving west north-
westward, the depression weakened into a low over northwest Madhya Pradesh by
the 10th and merged with the seasonal trough on the 11th of July. The monsoon was
generally weak over Assam and its adjacent states and over West Bengal during the
week. It was active to vigorous over Orissa on the 7th and 8th and in Madhya Pradesh
on the 8th and 9th. Moderate heat wave conditions prevailed over many parts of Ut-
tar Pradesh and Bihar on the 7th and 8th.

The interesting point about this sequence of events was (a) an initial northward
movement followed by (b) rapid westward movement of the depression. There was
considerable difference in the position of the cyclonic vorticity maximum on 4th July
between 700 and 300mb. But, later this tended to even out.
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Fig. 2 Observed contours in Gpm at 300mb (dashed lines) and 700mb (solid lines) on 6 July, 197912 GMT)
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l'ig. 3 Observed contours in Gpm for 300mb (dashed lines) and 700mb (solid lines) on 8 July, 1979 (12
GMT)

Fig. 4 shows the different forcing terms of the balance equation at different
latitudes and at different isobaric surfaces. We found that the contribution from quasi-
geostrophic forcing was the highest throughout the atmosphere over India.
Ramanathan'" and Shukla'' also found that the highest contribution was by quasi-
geostrophic forcing. Further, we note that at 100mb the quasi-geostrophic forcing made
a positive contribution, except at 15°N and between 87°E — 101°E on 4th July, and
at 300mb at 26°N it also made a positive contribution. But, it had a negative contribu-
tion from 4th to 7th July, 1979 at 15°N. Subsequently, it had a negative contribution
between 500mb to 900mb in the lower and middle troposphere, except over the west
coast of India. During the different phases of the depression, we note that the amplitude
of the geopotential in the balance equation due to each forcing term gradually increased.
It was at a maximum during the active phase, namely, 7th and 8th July.

Ramanathan er al.'® and Shukla'' found that the Jacobian term made the least
contribution to the balance equation. Their analysis was based on a 2.5° grid resolu-
tion, and the data sets were not as good as of MONEX-79. In the present analysis,
the data were obtained from level 3b MONEX analysis; this had better input fields.
We note that the least coniribution to the balance equation was by beta term, and
not the Jacobian as suggested by earlier investigators at all pressures over the Indian
region. The Jacobian forcing contributed about 25-30% of the quasi-geostrophic for-
cing during the active phase of a depression. However, the beta term was almost negligi-
ble when compared with quasi-geostrophic forcing.
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¥ig. 4 Effect of different forcing terms for the balance equation at different isobaric surfaces on 6 July
1979, 12 GMT

CONCLUSIONS

(/) The maximum contribution of each forcing in the balance equation was observed
around 92°E and 20°N in the lower troposphere. But, at 15°N, these forcings
are quite significant.

(i) At alow latitude 15°N, the contribution of the Jacobian and beta terms in the
balance equation are in opposite phase upto 300mb. Further, with increasing
latitude at 20°N and northwards, these two terms are in the same phase. They
are generally negative.

(iii) Generally, the contribution from quasi-geostrophic forcing is the highest and
the beta term is the lowest.

(/v) The quasi-geostrophic forcing makes a positive contribution at 300mb north
of 20°N, and at 100mb over India, but at other pressures in the lower and mid-
dle troposphere it makes a negative contribution.
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Appendix I

Following Arakawa'?, the finite difference expression for Jacobian is as follows (refer-
ring to Fig. 5):

J(A.B) = (‘]l + JZ + J})/3,

where
Jy = {(Ay - Ay) (B - By) - (A; - Ay (B, - By)}/4 dx dy
Jy = [A\(Bs - By) - As(Bg ~ By) - Ax(Bs -~ Bg) + Ay(Bg - By)}/4 dx dy
J3 = [As(By - By) - Ay(Bs - By) + Ae(B; - By) - Ag(B, - By)}/4 dx dy

6 2 5

dy

l

7 4 8
Fig. 5 Grid points for the finite difference scheme for the Laplacian and the Jacobian

The finite difference scheme for the Laplacian following Miyakoda is as
follows: 1}

v¥ = (al; + BL)/ (e + B),
U+ ¥ - 2y N Va2 + ¥a - 2 ,

where L, =
l dx? dy?
Ly = (bs + Y6 + V7 + Vg - 4Yg)/2d7,
PN N

2
a and B are constants.

As pointed out by Miyakoda, '? the choice of « and 8 determines the magnitude
of the reduction of systematic and orientational truncation errors. The authors have
chosen the value @ = 2.0'and 8 = 1.0 after Shukla."
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