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ABSTRACT

This paper discusses the meteorological conditions associated with tropical cyclone formation in the north
Indian Ocean during the 1979 FGGE year. Seven developing systems are composited together using FGGE I1I-
b analyses to show the common circulation features surrounding developing cloud clusters. Three systems are
further discussed to show different environmental influences on the low-level buildup of circulation during
formation. The characteristics of these three disturbances’ 200 mb outflow patterns and a general discussion of
north Indian Ocean tropical cyclone activity are also given.

Results show that tropical cyclone formation generally follows the initial increase of strong low-level winds
on one side (either equatorial or polar) of a precyclone disturbance. This early buildup of wind appears to result
from environmentally forced asymmetric wind surge action. Some of this increase appears to result from inward
advection of velocity, but part of the increase seems to occur in situ. These initial strong azimuthal wind
asymmetries are gradually reduced as the winds spread more evenly around the disturbance. A basic cyclone
development process is the evolution of the low tropospheric flow from initial asymmetrical flow (shear vorticity)
to a more symmetrical circulation (curvature vorticity ).
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1. Introduction

About five to six tropical cyclones form in the north
Indian Ocean (N.I.O.) every year. This accounts for
about 7%-8% of the 80 or so tropical cyclones that
form per year about the globe (Gray 1968). In general,
tropical cyclones in the N.I1.O., which includes the Bay
of Bengal and the Arabian Sea, have weaker intensities
than those which form in the northwestern Pacific and
the North Atlantic Oceans (Lee and Gray 1984).
However, because there is a huge, densely concentrated
population that lives and farms along the tidal basins
of the northern portions of the Bay of Bengal, some of
the greatest disasters involving the loss of human life
due to natural causes can be attributed to these N.1.O.
tropical cyclones. In some instances over 100 000 lives
have been lost in these areas (Southern 1979).

There have been many studies regarding the cli-
matology of these N.I.O. cyclones (e.g. Bansal and
Datta 1972; Mooley 1980; WMO IWTC Workshop
1985). Unfortunately, extensive studies concerning the
important large-scale circulation patterns associated
with the formation and intensification of these cyclones
have been scarce. This is largely due to the scarcity of
standard observations in these regions for the following
reasons:

Corresponding author address: William M. Gray, Dept. of At-
mospheric Science, Colorado State University, Fort Collins, CO 80523

© 1989 American Meteorological Society

1) There are few island or land stations to the equa-
torial side of tropical cyclones in the N.I.O. This hinders
the proper analysis of certain large-scale effects from
the south, such as those caused by cross equatorial
flows.

2) Although routinely made in the Atlantic and the
western North Pacific, there has been only one aircraft
reconnaissance flight into a N.I.O. tropical monsoon
depression (Houze and Churchill 1987). Thus, to ob-
tain intensity or maximum wind estimates of N.L.O.
cyclones, one must rely on either estimates from the
Dvorak (1975) satellite technique or from the avail-
ability of surrounding wind and surface pressure data.
In either case, accurate ground truth is rarely obtained.

Over the past decade, rawinsonde compositing tech-
niques have been developed to study the large-scale
characteristics associated with tropical cyclone activities
over the somewhat more data rich areas of the western
North Pacific, the North Atlantic and the South Pacific/
Australian regions (e.g., McBride and Zehr 1981; Hol-
land 1984). However, in the N.I.O. the lack of an
evenly distributed rawinsonde network has made it
impractical to develop composites for this region. For-
tunately, the 1979 FGGE (First Global GARP Ex-
periment) level III-b dataset analyzed by the Euro-
pean Centre for Medium-range Weather Forecasts
(ECMWF) appears to be suitable for a thorough study
of the large-scale characteristics associated with tropical
cyclone activities in the N.I.O. (Bengtsson et al. 1982).
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In this study, we have used the ECMWF analyzed
FGGE III-b data to study changes in the large-scale
circulation patterns associated with N.1.O. tropical cy-
clone formations and intensifications. There were seven
tropical cyclones which formed in the N.I.O. during
the FGGE year, as reported in the best track analyses
of the Joint Typhoon Warning Center (JTWC) Annual
Typhoon Report (ATR) (1979), and a composite
analysis for all seven of these cyclones will be shown.
(JTWC is the official forecast center for the U.S. De-
partment of Defense for all tropical cyclones between
long 180° to the African coast.) Also, individual case
studies will be presented for three of these cyclones.
The focus of this study will be on the upper and lower
tropospheric large-scale divergence and vorticity fields
where the FGGE data appear to be at their best. Sim-
ilarities and differences between individual cases will
be noted.

2. Utilization of FGGE III-b data

"The major data source used in this study is the
ECMWF FGGE 1II-b analyses of horizontal winds.
These data were extracted directly from the initial
analysis of the pressure levels and have not been sub-

" jected to any vertical interpolation or model initializa-
tion. Satellite imageries from the polar orbiting TIROS
satellite were also available on mosaics twice a day in
both IR and visible images for most of the days during
the period that tropical cyclones were present. The of-
ficial “best track™ as indicated in the Joint Typhoon
Warning Center Annual Typhoon Report (JTWC ATR
1979) was used to determine the position and intensity
of each of the cyclones while for the outer wind fields
the primary source were the flow features and satellite
pictures from the summer MONEX, Quick Look
Summer MONEX Atlas, (Krishnamurti et al. 1980).

The FGGE data, which were initially on 1.875 deg
lat/long cartesian grids at 15 pressure levels, were lin-
early interpolated onto cylindrical grids with grid spac-
ings of 1° lat in radius and 22.5° in azimuth. In order
to study the rotational and divergent flow patterns as-
sociated with the tropical cyclones, the zonal and me-
ridional wind components were converted to radial and
tangential wind components with respect to the moving
cyclone center (as determined by the JTWC best track).
The radial wind was then mass balanced vertically from
100 to 1000 mb at every radius. Although there were
15 vertical levels in the original analyses, this study
used only ten levels (100, 150, 200, 250, 300, 400, 500,
700, 850, and 1000 mb) and relied heavily on analyses
from the upper and lower troposphere where the orig-
inal data were more numerous.

The satellite-derived cloud winds and aircraft data
that went into the upper levels of the FGGE III-b da-
taset appeared to be very useful information. However,
to account for variability of the actual heights of the

MONTHLY WEATHER REVIEW

VOLUME 117

satellite-derived winds and to combine the differences
in heights typically found in the mean outflow layers
from the poleward to equatorial side, the upper two
layers (150 to 200 mb and 200 to 250 mb) were av-
eraged and treated as one single outflow layer. Likewise,
the low-level circulation was represented by the layer
average from 800 to 1000 mb.

By comparing the FGGE analyses with our rawin-
sonde composites in other ocean basins, Lee (1986)
has shown that the FGGE analyses can well represent
the rotational part of the circulation of the tropical
cyclone, especially beyond 4°-5° radius from the cy-
clone center. Furthermore, at the early stages of the
tropical cyclone’s development, the FGGE analyses
seemed to be able to resolve the rotational part of the
circulation as close in as 2° latitude from the cyclone
center. The FGGE analyzed radial winds, on the other
hand, did not appear as good. Reasons for these char-
acteristics are multifold and have been discussed in
many other compositing work. Fortunately, in the up-
per troposphere beyond 4°-5° radius from the center,
the resulting divergent part of the layered-averaged
winds seemed comparable to our rawinsonde studies
and were used in this study. This allowed the FGGE
data to be quantitatively used to study certain large-
scale influences on the tropical cyclones as long as cer-
tain precautions in interpretation were taken.

One important advantage of using the FGGE data
was that continuous time series of any important pa-
rameter could be constructed for each individual trop-
ical cyclone throughout its life cycle. A continuous
trend in time of parameters also added credibility to
the FGGE data. Time series of the 6° radius upper-
and lower-level tangential winds were thus constructed.
These were especially helpful for studying the genesis
period of each tropical cyclone, in a manner similar
to that described by McBride and Zehr (1981). In ad-
dition, time series of upper- and lower-level radial
winds at 6° radius were analyzed in order to study
transverse circulation changes.

3. Favorable environmental setting for N.I.O. tropical
cyclone formation

Unlike tropical cyclone formation in the other ocean
basins which occur sometime in the late summer,
tropical cyclones of the N.I.O form primarily in the
monsoon transitional seasons of spring and autumn
because it is only during these periods that the monsoon
trough is located sufficiently over the open water of
the N.I.O (~5°-15°N) to develop into mature cy-
clones before they make landfall. During the summer
period of late June through early September, the mon-
soon trough is typically located much further to the
north over the Ganges Valley and at the head of the
Bay of Bengal. :

As discussed by Gray (1968, 1979), tropical cyclones
also form only when the tropospheric vertical wind
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shear directly over the incipient disturbance is very
weak. Such small wind shear conditions typically occur
only during the monsoon transitional periods of late
April through June, and late September through early
December (Gray 1968). Although weak vertical shear
is desirable directly over the developing disturbance,
it has been shown that a strong positive vertical shear
in the outflow regions (>6° from the center) away from
the convective centers to the north and a strong neg-
ative vertical shear to the south is also desirable
(McBride and Zehr 1981; Merrill 1988a,b; McBride
1981). This requirement for increased vertical anti-
cyclonic shear over the developing systems was also
found to be true for the tropical cyclones studied in
this analysis.

4. General characteristics of N.I.O. tropical cyclones
during the FGGE year

During the 1979 FGGE year, the JTWC (1979) ob-
served seven tropical cyclones that formed in the north
Indian Ocean. This was higher than the averaged num-
ber of 4.5 which JTWC observed during the period of
1975-85. Only one 1979 cyclone system attained ty-
phoon intensity (¥ max > 33 m s~') and four others
reached tropical storm intensity (V max > 17 m s7').
Table 1 gives a summary of the 1979 N.I.O. tropical
cyclone systems. (Note that TC 24-79 maintained an
intensity of 17 m s~ for only 12 h before it reached
land.) Figure 1 shows a summary of the storm tracks
with maximum wind intensities as indicated.

As is the case for most tropical cyclones that form
in the N.1.O., discussion from JTWC (1979) and sat-
ellite photographs indicated that the FGGE year cy-
clones all originated from cloud cluster disturbances
embedded within the monsoon trough. The initial
zonal and meridional winds for these seven distur-
bances are composited along north-south and east—
west vertical cross sections in Figs. 2 and 3. (These
groupings can be considered to represent the rotational
and divergent parts of the wind respectively.) These
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composites were made from the first reported 1200
UTC time period after their initial best track position
by JTWC. In these figures, the surface southwest flow
to the south and the northeast flow to the north is in
evidence—as would be expected in a monsoon situa-
tion. However, of special interest is the very strong
preexisting surface-to-400 mb cyclonic circulation
about these initial disturbances (Fig. 2). Apparently
those processes which lead to the development of such
a vorticity field are very important. Some of these pro-
cesses—such as cross-equatorial surges (Love 1985a,b)
and wind surges in the trade winds (Lee 1986) for the
western North Pacific, as well as other possible envi-
ronmental forcings—will be examined more closely in
the case studies that follow.

Figure 2 indicates that the incipient cyclone distur-
bance appears to be lying under a relatively weak ver-
tical shear at least up to 400 mb. Above the 400 mb
level of the developing systems, weak southeasterlies
prevail (Fig. 3); however, this type of flow seems to be
favorable for the development of outflow channels
(Chen and Gray 1985) and is considered an advantage
for later-stage cyclone intensification. Figure 2a also
suggests that McBride’s (1981) requirement for vertical
anticyclonic shear at 6° radius from the cyclone’s center
is met for the composite storm, as upper-level easterlies
overlay westerlies to the south of the center and upper-
level westerlies overlay easterlies to the north.

In Fig. 3 the divergent part of the wind can be seen.
To the south and west of the center, low-level inflow .
is very shallow and appears to have originated from
cross-equatorial monsoonal flow. This will be seen
more easily in the case studies. In the upper levels, net
radial flow is found primarily in the meridional (north~
south) direction which can perhaps be interpreted as
outflow channels towards the pole and the equator.
The prevailing upper-level equatorial outflow branch
appears to correspond to a cross-equatorial return flow.
The transient properties of these mean in-and-out
flowing transverse circulations are examined in section
5 to try to determine the role they play in the devel-
opment of the Indian Ocean tropical cyclones.

TABLE 1. North Indian Ocean 1979 FGGE year tropical cyclones.

Cyclone Calender days Max. sus wind Est. min SLP Number of Distance traveled
designation Period of warning of warning (ms™) (mb) warnings (km)
TC 17-79 6-12 May 7 44 967 26 2346
TC 18-79 18-20 Jun 3 26 985 12 1076
TC 22-79 21-23 Sep 3 13 1000 10 1285
TC 23-79 21-25 Sep 5 28 980 14 2052
TC 24-79 20 Oct-1 Nov 4 8 995 13 1333
TC 25-79 16-17 Nov 2 21 994 8 1013
TC 26-79 23-25 Nov 3 15 995 10 1983
1979 Totals 27 93

* Overlapping days included only once in sum. (From JTWC 1979)
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FIG. 1. The tracks of all 1979 north Indian Ocean tropical cyclones (JTWC 1979).
Location of maximum intensities (m s~') are also indicated.

5. Case studies of three N.I.O. tropical cyclones during
FGGE

As is shown in Table 1, the majority of the 1979
N.I.O. tropical cyclones were relatively short lived and
weak. This makes it a little more difficult to obtain
enough data to ascertain the physical processes that
affected these cyclones. However, the FGGE III-b da-
taset allows us to take a unique look at several of these
tropical cyclones because there exists a higher space
and time resolution than is usually available. This will
be evident after individual case analyses are given for
three of the TC systems: TC 18-79 over the Arabian
Sea, and TC 17-79 and TC 24-79 over the Bay of
Bengal.

It will be shown that each of these three cyclones
developed under slightly different synoptic situations,
with two showing effects from cross-equatorial influ-
ences (TC 17-79 and TC 18-79) and one from influ-
ences of the northeast monsoon (TC 24-79). In spite
of these differences, it will also be shown that the de-
velopment of each of these cyclones had many similar
characteristics.

a TC17-79

TC 17-79 was the strongest tropical cyclone (¥ pax
=44 in ™) in the N.LO. in 1979 (see Fig. 4), and at
the time it was the most destructive cyclone to strike
India since TC 22-77 (Nov 1977). It followed a track
similar to TC 22-77’s, and did great damage to the
Madras area. It caused about 700 deaths. _

The tropical disturbance that was soon to develop
into TC 17-79 was first identified on satellite imagery
by JTWC at 0800 UTC on 5 May 1979. By 1200 UTC
on 6 May, observations from ships participating in
FGGE clearly defined a cyclonic circulation centered
near 7.0°N, 88.0°E with reported wind speeds of 10-
13 m s™'. At 0000 UTC 9 May, satellite imagery in-
dicated that—after a 2.5 day erratic and looping
track—TC 17-79 had attained typhoon intensity.
(During this period another tropical cyclone (TC 16-
79, Kevin) was located in the south Indian Ocean
about 1400-1500 km to the southwest of TC 17-79.)
Following a northwest track, TC 17-79 weakened a
little in the next 24 h and then reintensified to its max-
imum intensity of 44 m s~! with an estimated pressure
0f 967 mb on 1200 UTC 11 May. TC 17-79 then rap-
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FIG. 2. Composited zonal (%) and meridional (v) wind flow in m
s~! about a (a) north-south and a (b) east-west cross section re-
spectively, for all seven north Indian Ocean tropical cyclones in 1979
at their first reported 1200 UTC time period in a fixed geographic
coordinate system. These winds can also be interpreted as the tan-
gential (or rotational) component of the wind.

idly lost its intensity and dissipated when it moved
inland over the Indian subcontinent north of Madras.

1) TIME SERIES OF WIND PARAMETERS

In the first two curves of Fig. 5, the time series of
best track maximum sustained surface wind inten-
sity, Vmax and the low-level tangential outer circula-
tion (700-1000 mb ¥,, in m s}, at 6° radius) are
shown. (A 3-point, 12-h interval, running mean was
taken to smooth out diurnal and other short time-scale
variations on all V, and ¥, time series shown.) It is
interesting to note that the low-level outer 6° radius
tangential circulation ( V), appears to strengthen prior
to JTWCs initial report at 0800 UTC 5 May. However,
from 5 to 7 May, while ¥, increases from 8 m s™! to
17 m s~!, ¥, remains virtually the same. Finally, the
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low-level outer circulation resumes its build up on the
eighth and attains its peak magnitude at 0000 UTC 10
May, two days before TC 17-79 reaches its maximum
intensity.

The third curve in Fig. 5 shows the mean upper-
tropospheric radial outflow ( V,) between 150 and 250
mb at 6° radius. Note how this upper-level outflow
increases significantly just before the system is officially
reported by JTWC. Another major increase occurs be-
tween 1200 UTC 7 May and 1200 UTC 8 May when
the system is undergoing its maximum intensification
rate. There is a noticeable break in the increase of V.«
between 0000 UTC 9 May and 0000 UTC 10 May,
possibly associated with the initial weakening of the
upper-level outflow. However, the continued increase
in Viax after this period would suggest that the upper-
level outflow—at least averaged over a 6° radius (sim-
ilar to the low-level outer tangential circulation })—and
the intensity are not directly correlated. It is hypoth-
esized that perhaps both (V,) and (V) at 6° radius are
more closely related to total convection within the
larger 6° radius area and that maximum intensity
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FIG. 3. Composited meridional (v) and zonal (%) wind in m s™*
about a (a) north-south and (b) east-west cross section, respectively
for all seven N.I.O. tropical cyclones of 1979 at their first reported
1200 UTC time period in a fixed geographic coordinate system. These
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FIG. 4. Best track of TC 17-79 (JTWC 1979).

would be better correlated with these quantities if they
were present closer in to the cyclone’s central region
(~1-2° radius).

2) EARLY STAGE

Between 0000 UTC 3 May and 0000 UTC 5 May,
satellite imagery showed a broad cloud region asso-
ciated with the monsoon trough located between the
equator and 10°N and from 60°E to 90°E with loosely
organized cloud clusters spread over the entire region.
As is seen in Fig. 5, a significant change in the monsoon
flow during this stage is suggested by the strengthening
of the low-level outer circulation, V;, of the pre-TC 17-
79 disturbance. The ECMWF analyses during this time
show a westerly wind maximum (or surge) along the
equator that appears to be coupling the development
of TC 17-79 to the north with TC 16-79 (Kevin) to
the south (Fig. 6). Figure 6a for 1200 UTC 4 May
shows the westerly wind maximum and the position
of TC 16-79, which had just reached tropical storm
intensity, at 6°S, 87°E (DeAngelis 1979). During the

next several days the westerly winds near the equator
and just-south of TC 17-79 increase substantially as
the Southern Hemisphere cyclone continues to inten-
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FiG. 5. Time series for TC 17-79 of its intensity (V) m s™', low-

level (700-1000 mb) 6° radius outer circulation ¥, in m s7! and
upper-level (150-250 mb) outflow ¥V, at 6° radius in m s™.






