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ABSTRACT. Methods of prediction of storm tracks in the Arabian Sea and the Bay of Bengal by the use of
a limited area primitive equation barotropic model have been discussed with case-studies. They are (i) the total
flow direct integration method. (i) the point vortext method in which the basic flow is separated from the dis-
turbance and integrated, treating the vortex as a point and advecting the same at each time step by the basie field
and (iif) the modified point vortex method in which the interaction of the disturbance flow with the basic flow

is taken into account in the method in (ii).

1. Introduction

Tropical cyclones occur in the Indian region
during (a) pre-monsoon (April, May and early
June) and (b) the post-monsoon (late September
to early December) seasons. Due to paucity
of meteorological ohservations in and around the
storm fields,the forecasting techniques have largely
so far relied on empirical rules based on the skill
and experience of the synoptic forecasters. With
the advent of highspeed computers and some
improvement in the observing systems, objective
forecasting schemes are increasingly being deve-
loped and tested in actual case studies. These
schemes may be categorised as :

(¥) The storm analogue techniques based on
climatology of past storm-tracks used by Gupta
and Dutta (1971), Sikka and Suryanarayana
(1971) and the statistical methods using regression
equations based on chosen predictors hy Bansal
and Dutta (1974) are in the first category.
(%) Use of numerical weather prediction models
is another promising approach. Sikka (1974)
used a non-divergent barotropical model for the
prediction of storm tracks.

It is well-known that for the prediction of the
movement of tropical and sub-tropical disturban-
ces, the barotropic model is still used largely in
many countries. It is perhaps the experience,
that during the movement, there is little con-
version of potential to kinetic energy and vice-versa
and there is predommantly only a redistri-
bution of kinetic energy among the different
wave components. Therefore the movement of the

disturbances could possibly be treated two-dimen-
sionally by a barotropic model. In this study
application of a Primitive Equation barotropic
model which conserves potential vorticitiy is
discussed.

2. Method of study

2. 1. Phase speed considerations

The waves geunerated by the finite-difference
solution of the numerical models move with a
phase-speed less than that observed in the at-
mosphere. This is especially true of shorter wave
components less than 2,000 km, found in the tro-
pical disturbances. This underestimation is from
the truncation error due to the discretization of the
finite-differencing. It has been found by Bermo-
witz (1969) that tolerable truncation error is
achieved by reducing the spatial grid interval and
increasing the computational resolution. It is,
however, realised that consistent with the avail-
able computational configuration of memory and
speed thereis always a practical limit to the number
of such points. Also this demands a smaller time-
step to ensure compliance with the well known
stability criteria of Courant et al. (1928). Based
on the above considerations, the methods of
application discussed in this study may be cate-
gorized as below :

(¥) Integrations with the field as a whole on
(a) 2-5° and (b) 1-25° grid intervals with
different initial vortex structures.
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(¥) Point vortex advection method wherein
the vortexis separated, and the basic field
is integrated. The vortex considered as a
point is advected by the hasic field
at each time-step.

(1it) Modified point vortex method taking
into account the interactions between the
vortex and basic fields in some wav.

Accordingly section 3 gives brief details of the
model. Section4 givestheresultsof integration on
a 2-5°and 1-25° grid intervals in a number of case
studies. In section 5 some important factors that
govern the movement of stormis are examined.
The point vortez method with a case study is
discussed in section 6. Section 7 deals wih the attem-
pts to incorporate the interactions hetween the
vortex and basic fields in the method in section 6.
The last section besides summing up the results.
presents an outlook for future studies.

2(a). List of symbols and their explanations

Variable Meangna
u Zonal velocity
v Meridional velocity
m Map scale factor
3 Coriolis parameter
q - Acceleration due to gravity
h Height of the free surface
k Measure of disturbance intensity,
e., the product of maximum
wind speed and distance of its
oceurrence from the centreof the
vortex
y Distance along the longitude
Distance along the latitude
a Constants for defining the shape
b} of the vortex
Vorticity
8, The Model

The model equations in cartesian coordinates
on a mercator projection are :
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Explanations forsymbolsare givensin Sec. 2(a).
For details of finite-difference scheme, houndary
conditions etc reference may be made to the model
used by Ramanathan and Saha (1972) for the study
of western disturbances. The initial input to the
model is derived from observed winds. Initializa-
tion by the balance equation (Ramavathan ef al,
1971, Finizio 1974) was found to be adequate for
the Indian region, and as in Shuman and Vander-
mann (1966) rhr forcing functions given by the
balance equation (3-4).
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On the right side were normalized for two distinet
sets of points to aveid separation of solutions
from the finite-difference equations.

The forecast domain was bounded by longitudes
65°F and 105° E in the east-west and latitudes
3-75°N and 26-25°N in the north-south for 1-25°
arid and by Long. 45°F and 125°E in the east-
west and latitndoq 0°N and 42-5°N in the north-
south for 2-5°rid.

4. Results of integrafion

The model was appliod to a nundber of case
studies in 1970 and the results are summarized
in Table 1. The grid-interval used was 2-5°.

This grid size is sufficient to resolve a wave
length ~1000 km (4 grid lengths) and based on the
considerations ol scales, data density and available
computer configurations, has been commonly
used for the prediction of flow patterns in the
Indian  tropics. Nevertheless this grid size
was too coarse for defining the initial position of the
storm, accurately. Also the stream function fields
became shallow and vortex centres could be
located only in the vorticity and potential
vorticity forecast charts for 24 and 48 hours. The
initial position in the vorticity chart was some-
times in error by as much as 60 km. A cirele was
hence drawn with 0-5° radius around the
realized vortex centre and the error in the fore-
casts was computed, from the forecast position
and the nearest point on the circle around the
realised centre.

The details of storm tracks - actual and forecast
are givenin Figs. 1-5. The average error is
(7) 80 km for 24 hours and (#) 285 lkm for 48
hours. The error is no doubt considerable
in some of the cases especially for 48 hours. Also
there is a bias for moving the storms towards the
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TABLE 1
s
Forecast positions Actual positions Departure (in
Initial position 24 hr 48 hr 24 hr 48 hr km)
S. Date ——r— —— N -~ A 3 IR n A o Bl s —
No. (1970) Lat. Long. Lat. Long. Lat. Long. Lat. Long, Lat. Long. 24 hr 48 hr

(°N) (°E) (°N) (°E) (°N) (°E) (°N) ("E) (°N) (°E) positions positions
1 3 May 150 880 170 890 190 895 18:0  90-0 190 910 110 105
2 4 May 18-0 900 20-0 900 220 912 190 91-0 200 915 110 170
3 5 May 190 01:0 200 92-0 — — 200 915 — — Nil -
4 20 May 15 B 715 180 %06 210 710 175 710 190 68-0 30 430
5 30 May 175 71-5 195 700 22-5 680 190 680 200 64-0 165 455
6 31 May 19-0 68:0 200 655 215 64:0 200 640 200 60-0 110 405
7 1 Jun 200 64-0 205 612 — — 200 60-0 - —_ 75 —_
8 4 Sep 230 82+ 2830 815 240 800 230 800 240 T5-5 83 400
9 5 Sep 230 800 236 785 260 - 730 230 158 235 720 80 220
10 6 Sen 230 756 240 7168 270 40 2356 720 265 715 20 250
11 21 Oct 162 865 200 80 230 80 176 880 216 8O0 300 375
12 22 Qct 176 880 21-6 880 245 880 215 890 240 91-0 60 260
13 23 Oct 215 890 25.0 91:0 — -—- 245 91-0 — — Nil —
14 9 Nov 135 865 145 875 170 855 145 870 16-5. 875 Nil 170
15 11 Nov 16 -5 875 185 88:0 216 895 17-5 880 23-0 920 75 200

west. In the absence of data in and around the
storm field, the vortex in almost all cases was
intially defined as circular symmetric. This type
of initial definition, when the storm was actually
elongated north-south resulted in the reduction
for p=2f/2y value and consequent increase per-
haps of the westward phase velocity of the dis-
turbance.

Reduction of the grid size from 2+5° to 1-25° was
helpful in positioning the vortex centre initially
more accurately in the chart, but the real im-
provement in the case of the forecasts for 24 hours
resulted by giving a more north-south elongation
to the structure of the vortex, This was usually
done by smoothing out the vortex in the initial
analysis and inorporating an analytical vortex
with the basic field. The rectilinear vortex used
in the study may be defined as follows :

{da])
(4.2)

= azk/(a®%® | b%®)

i

v — bakf(a®z® 1+ b%2)

Figs. 6 (a) and 6 (b) give the forecast posi-
tions for the same case but with a symmetric
structure and elongated orientation (@) straight
axis and (b) incl'med axis respectively, The
improvement in the forecasts compared to Fig. 4
with 2-5° grid may be seen.

5. Assessment of faclors governing the movement of
tropical sforms

5.1. Basic current and the disturbance in-
tensity are two important factors that govern the
movement of storms. Thereisno unique method
by which one can objectively separate a given

total flow pattern into a basic current and per-
turbations. Thecharacteristics of one or the other
must be subjectively specified on empirical or
theoretical grounds. In the next section we use
the double Fourier analysis technique to achieve
this separation.

5. 2. Experiments for assessment

Experiments were performed to assess which
of the two factors — the basic current or the dis-
turbance intensity — plays a more dominant role
for prediction of storm tracks by the model.

_A symmetric rectilinear vortex whose field is
given by
a

wkj(a® + y*)
—yk[(@® +- y*)

(5.1)

v (6.2)
is”embedded at about the centre of a prescribed
basic flow chart and the input to the model is thus
constructed.

(#) The basic October mean chart at 500 mb for
the same area and grid at 2-5° interval as in sec-
tion 4 was prepared and a symmetric vortex with
maximum speed 30 mps at a distance of 1° from
an arbitrary centre at 15°N, 92-5° E was embed-
ded in the basie chart.

This input was integrated for 24 hours over the
model.

(it) The maximum speed was reduced to 20
mps and the integration was performed as in (7).
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It wasfound that the movement of the storm was
practically the same in both cases except that in
(i) the wind field around the vortex was
weaker.

(¢44) In the next series of experiments, a symme-
tric vortex of known intensity was embedded
on a basic uniform westerly flow of kmown
strength. By varying the strength of the basic
flow but keeping the intensity of the vortex the
same in each case, a number of input charts for the
model were constructed. Integrating the various
inputs for 24 hours, it was found that the move-
ment of the vortex given by the model was roughly
proportional to the strength of the prescribed
basic flow.

These findings led us to the development of
the point vortex method given in the next
section.

6. Point vortex method
6.1. Details

Sikka and Ramanathan (1973) reported that
the wind analyses on a normal set of observa-
tions in the Indian region by different analysts
differed only in the representation of a smaller
scales. They concluded that it was only the scales
greater than 3000 km wave length that could be
reasonably assessed with the present netwok
of observations.
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(a) Elongated vortex with vertical axis
(b) Elongated vortex with axis inclined at 45°

In this method, we subjected the input u and
v component fields to double Fourier analysis, For
details refer to Ramanatham and Sikka (1972). All
the wavelengths less than 3000 km were con-
sidered as that due to the vortex and removed.
The residue was taken as basic field and then in-
tegrated for periods up to 48 hours. Treating
the vortex as a point vortex, the centre was advec-
ted each hour by the value of the new w and »
of the basic field during the integration at the
advected centre points. The forecast position of
the centre of the vortex was thus computed,

6.2, Case study

Results of the application of the method in a
typical situation of a storm ce tred at 88-0°F
and 17-5°N on 22 October 1970 are given helow :

Time Actual Forecast Evrror
position position (Fm)

Initial 88-0°E,
17-6°N

24 hr 88-5°E, 88:5°E, 60
21-5°N 20-5°N

48 hr 90-0°E, 91-0°E, 75
24-(0°N 236°N

Though this method gave reasonable forecasts
in many situations, a difficulty arose when it was
applied to the case of the movement of the storm
centre at 92-5°E, 15:5°N on 8 Septmber 1972.
When the vortex was removed by the method of
Fourier analysis, the residual basic flow was
very weak during the integration, and the vortex
centre advection was practically nil. In such cases
non-linear interactions between the basic field and
the disturbance field become very dominant and
the basic field perhaps could not be separated

once and for all from the disturbance field and
integrated. The modified point vortex advection
method for taking into aceount the interactions in
some way, is deseribed in the next section.

7. Modified point-vortex advection method

-~

7-1. ;I.\'.\-Hmplf(mfnr preseribing the vortex field

In this section we make use of the method pro-
posed by Sasaki (1955).  While the vortex was
identified by the minimum contour height value in
their studies, we use the maximum eyclonic vorti-
city value. The following assumptions are involved
in specifying the characteristics of the vortex

field :

(7) The vortex was assumed as symmetric,

(27) The central lowest pressure was prescribed
from ship’s reports and synoptic experi-
ence. The maximum wind speed was then
determined by Fletcher’s formula (Fletcher
1955).

(#7¢) The maxiumum wind occurs at about 10
or 60 nautical miles from the storm centre
in the Indian Seas as determined by Kotes-
waram and Gasper (1956) from climatologi-
cal studies.

7.2. Deseription of the method

Let the point (z,, #p) be the centre of the
storm. The initial cyclonic vorticity S at the
vortex centre (. #,) is an extremum and henece

o]

= JS - \, == H-
= [0, 7 (0), %, (0)] =0  (7.1)
3 S[0,5(0), 9 (0)] =0 (7.2

3y
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After a displacement of the centre in Af secs to the
point [zg( Af), ¥ (Af) ]. since the new point is
also an extremum, we have

:—_x[S{&t:%(At)ayﬂf[k”” =0 (1.3)
= [s{atnn.w@ol]=0 @

We now define the velocity of displacement of
the extremum point as (%, C'yg), where,

_ Limit A%
O = A0 AL (7.5)
_ Limit Ay
wlhere, Az, = %4 (Al) — @ (0) (7.7)
Ao = Yo (AL — Yo (0) (7.8)

We take At a small time interval and hence
Axgand Ay, are also of a small order. Expanding
in Taylor’s series

BAAD = B.(0) + 8(0) AL+ . .
where the suffixes denote differentiation.

S—uﬁ( 0, Ty -+ Amtl: Yo -+ /_\!fo ) =8 ( 0, Tos Yo )
+ ‘Sa';r. (Os Tos Yo ) Az +Sxy (Ox Los Yo )Ay+
b

(7.9)

(7-10)
So that

Sa: [ At; Ty (At): ?/o(ﬁ\’)] == S:n (0, xo'*‘ﬁ\mo)
Yo+ AYe) -+ S8u(0) At+. . ..

= S.'c ( 0: Tos Yo ) -+ Szx ( 0, ot ) Aw +

+ Say (0, o, yo) Ay + Sie (0) At-i-('} 11)

Similarly,

Sy [Al zol Al), ol A)] & Sy (0, Ty, ?/u) -}
Syy (0, zo, Yo) Ay + Spe (0,7, yo)Az+
+ SyO) AL . .. (7-12)

From (7-11) and (7-12) neglecting higher order
terms we have,

S:.r Az + Py Afl + Stz At=10
Sey A -+ Sy Ay + Sy At= 0

(7+13)
(7+14)
and
Cp = Ax|Al=— (1[k) (Sie Syy— Sty Sgy) (7*15)
Cy= Ay|At= — (1) (Sy St — Six Sy) (7.16)

Where, k ’= Syy lgn == quzz (7. 17)

7.3. Method of computation and case study

The input grid-point # and ¢ fields were sub-
jected to double Fourier analysis, as before, to
remove all the scales whose wavelengths were
less than 3,000 km. We get thus a basic # and v
fields and so the basic S field. The area of forecast
in all cases was so chosen to have the initial ob-
served storm centre at about the middle of the
forecast domain. The storm characteristics were
prescribed as in section (7-1.)

The total flow
U= # 4 v*
'u_:—e'a-—k v¥

T(7.18)
andso S= 8 + 8

where u*, v* and S* due to the vortex field were
kept constant during the forecast period. Initially
Se*, Sa* and Sy,* were computed at the
centre point and then preserved for use in each
time-step.

Hence  Sy,=8y and 8, — §;, (7.19)

The basic ﬁc_lﬂ was ir_l_ii_egra.ted and at each time-
step, new S,y, S,, and S, values were compu-
ted. By adding the preserved S,,* S_.* and
Szy*  due to the vortex we get Sy, S, and Sey
at the centre point for the time step. The values
of Sy and S in equation (7-19) were also com-
puted for each time-step. Thus knowing all the
terms in the right-hand side of equations (7-1 5),
(7+16) and (7-17) the vortex point speed (C,, C))
was computed at each time-step. The vortex
centre was now advected with respect to €, and C,
to get a new centre point for each time-stop,
The movement of the point vortex for forecast
periods upto 48 hours was thus computed.

This method was applied to the storm centred
at 15-5°N and 92-5°E on 8 September 1979,
This was the case study for which the method in
last section failed.

The forecast statistics were as below :

Time Actual Forecast Erroy
position Pposition

Initial 15°5°N,
92.5°E

24 hr 16.5°N, 16.2°N, 20 n.
88.5°E 88.5°R mile

48 hr 18.0°N, 17.0°N, 110
853.5°E 87.0°E i

Though the forecasts by this method improved
over the point vortex method for this case study.
it was noted in other cases that the vortex move:
ment was generally slow compared to the actua)
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cases, One difficulty usually experienced during
the application of this method was that the values
of Sz S:yand S,y in the equations (7-15),
(7-16) and (7-17) become very small for some
time-steps. As the equations in such cases be
come indeterminate for the computation of C,
and Cy the vortex at these time steps were moved
according to the values of C, and C, for the
previous time step.

Summing up and outlook for the future

The use of a limited-area primitive equation
barotropic model for the prediction of storm
tracks was examined. The grid used was 2-5°
and the reduction to 1-25° enabled more accurate
positioning of the vortex centre and also improved
the forecasts. In most of the cases the storm had
to be treated as a circular symmetric vortex due
to data sparsity in the vicinity of the storm centre.
These affected the forecasts, especially when the
storm was actually moving more towards the
north than west. From experiments with ana-
[ytical symmetrical vortex embedded on pres-
cribed basic flows, it was realized that the basic
flow could be more vital for the movement than
the disturbance intensity: The basic flow was
then separated from the disturbance flow by

Y. RAMANATHAN
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double Fourier analysis techniques, and inte-
grated treating the vortex as a point and ad-
vecting the point along with the basic flow.
Though there were successful forecasts, by this
method, soon it became apparent that the inter-
action of the disturbance flow with the basic
flow had to be taken into account during inte-
gration. The modified method was more succe-
ssful but forecasts were still understimated in
some cases.

It is perhaps necessary to reduce the grid-size
to 55 km which will reduce the truneation error
and increase the accuracy of the phase speed.
Also the initial structure of the storm needs
to be more accurately defined.  Aircraft re-
connaissance data and special observational net-
work during some storm seasons will be helpful.
The possibility of developing satisfactory methods
for separating out the basic flow from the
disturbance needs to be explored.
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