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Fig. 1. Pre-cyclone squall line associated with storm
A, at0528 IST of 4 December 1972. Range
rings in this PPI picture ‘are at intervals of

~ 100 km; Elevation 0°.

0351 IST of 18 October 1976. The spiral arcs
seen in association with storm C, indicate
a centre of convergence south of 13° N while
the synoptically determined centre is at 14° N,
81° E. Range rings are at 100 km intervals.

- Fig. 3.

Precyclone squall lines 300 to 600 km ahead
of the storm were observed in the storms at
A, B, G, and H of Table 1 (e.g., Fig. 1). When-
ever squall lines were observed, the orientation
was toughly perpendicular to the direction of
motion of the storm at that time but no relation
could be established between any parameter of
the squall line (such as length, height, intensity,
duration) and intensity of the storm. The squall
lines when observed can, therefore, be taken as
a rough indicator of the direction of storm
motion. But since they dissipate long before the
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Fig. 2. 1858 IST of 25 November 1975. Spiral bands
with storm B indicate storm centre at 11.5°N,
81.6° E agreeing with synoptic centre.

Fig. 4. 0720 IST of 25 November 1976. Range rings
at 40 km intervals. In association with storm
E a small circulation pattern is seen about 100

km southeast of Madras. The movement of
this pattern could be tracked for a few hours.
But the echoes were too feeble to be considered -
as the core of a tropical cyclone.

storm comes over land their operational utility
as motion predictors is limited.

Some distance behind the squall line follows
in all cases a region of lines of convective cells
of irregular shapes forming the outer convective
activity. Following these are inner bands
-arranged roughly in the form of concentric
logarithmic spirals with areas in between usually
occupied by weaker echoes of the rainshield.

- Whenever the eye of the storm cannot be seen

by the radar the extrapolation of the spiral bands
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 of the system by radar.

“The rainshiel

_ errors in estimating the centre unless cor-
‘roborated by independent synoptic or satellite

- evidence. To establish the reality of a spiral
band, it is useful to check in the initial stages

~ that the individual echoes in the band move anti-
- clockwise along the band. Where more than one

~ band is available the crossing angle usually in-
- creases with distance from the centre, e.g., the
 innermost band may fit best with a 10 degrees
~ spiral, the next one with a 15 degrees spiral and
~ so on. While in the majority of storms the cros-

~ sing angles are 10, 15 or 20 degrees at the lati-
~ tudes of about  10° to 15° N considered in this

- paper, in intense storms the inner bands some-

- times haye still smaller crossing angles, e.g., in

- the “Chirala” cyclone, the crossing angles of the

 first three bands was about 5 degrees.

 Fig. 2 shows a case of spiral bands from which
- centre fix was obtained succesfully in storm B.
~ Fig. 3 on the contrary represents the case of

- storm C, where the apparent centre of conver-

~gence of the visible bands is far removed from by radar. Storms such as C and E may be clas-

~ the synoptic centre. In depressions or marginal
- storms like C and E of Table 1, either the cir-

- culation is poorly developed and the bands do
- not fit conventional logarithmic spiral curves or
~ there are vortices of circulation, sometimes more

_ than one at a time, which do not coincide with
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choes often mask the correct
_ orientation of the bands and it is usually neces-
~ sary to use the iso-echo system of the radar or
an attenuator or gain control to cut out weaker .
~echoes and delineate the band orientations. Often
- the available arcs of these bands are much less
~ than 180° and so the fitting of logarithmic
~ spirals of arbitrary crossing angles can give large

of weak or moderate intensity in the Atlantic
“the storm centre unless cor-

_and south Pacific (Simpson 1954, Barclay 1972
- The existence of such vortices should lead to
~ dissipation of energy preventing intensification .
- the system.

 Fig. 5. Kavali cyclons 1977, Composite of radar
~ cchoesof Madrasand Vishakhapatnam

the synoptic ‘cent‘r,é_ of the system as a whole.

“False eyes” have been reported in storms

In the case of .étorm E, a small fand”Wéakg

~tex within 100 km of Madras could be seen
- and (Fig. 4) tracked by radar for a few hours
- on 25 November 1976. However at the first iso-

echo level there was no evidence of this circu-
lation and the RHI showed very poor develop- -

‘ment. One would not except a cyclonic storm
~within - 100 km  of a_ radar, to give such an

appearance. T A o
Kulshrestha and Gupta (1964) and Kulsh-

~restha (1970) have observed that some monsoon
depressions in north India exhibit banded struc-
‘ture and even have a vortex. This appears to be
‘the case also with post-monscon depressions
~and weak storms in the Bay of Bengal but the

banding or the vortices are not sufficiently well
developed or stable to be tracked unambiguously

sified — along with depressions — as immature

~ systems difficult or impossible to track by radar.

The conclusion that a system with false vortices -

~ is not an intense one may itself be a useful in-
~ formation from the radar. Moreover informa-
_ tion on rainfall distribution and cloud structure
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0536 IST of 31 October 1977. Storm F. A
partial eyewall, is seen in the northwest sector
of the. storm ~core. The storm was moving
northwestwards.

Fig. 6.

(sections 7 and 8) can, of course be obtained by
radar observation of such systems.

In relatively well developed systems with good
banding, the initial stage when only spiral bands
‘are seen is still a phase when the accuracy of
radar fix is poor. Acceptable results are obtained
only by co-ordination with satellite and synoptic
evidence. The accuracy of fix in such cases can

be improved considerably by composing toge-

~ ther radar observations from two or more radars
if the pictures can be collected at vne place in
time. Fig. 5 shows an example.

3. Radar observation of the eye

‘Beyond the spiral band region one would
expect to see the wall cloud surrounding the eye
of the storm. In the case of immature systems
there is often no detectable eye. In storms of
moderate intensity such as B and F in Table 1,
the eyewall is often partly formed. In the case
of storm A (a severe one) only an open eyewall
was seen throughout the period of observation.
The open eyewall may sometimes be due to the
radar not being able to see the far side but is
more often real. Simpson and Pelissier (1971)
have reported a case of a hurricane which had
an .open eyewall causing heavy rainfall and wind
damage in the sector of the visible eyewall and
little or no rain in the open sector. They also
observed that when a hurricane is intensifying
and its circulation is not in a quasi-steady state,

“the .isotach maximum. which, normally occurs in .
the right front quadrant apparently tends to mig--
rate cyclonically at a conserved radius.. This can. .

give rise on the radar picture to.a break in the

Fig. 7. 0843 IST of 31 October 1977. Storm F. Com-
pare with Fig. 6. In 3 hours the partial eyewall
has rotated anticlockwise and is seen in the south-
west sector of the core of the system. The
storm started moving westwards.

eyewall or an apparent rotation of the visible eye-
wall. Such a rotation in the case of storm F can
be seen in Figs. 6 and 7. Fig. 6 shows the eye-
wall as a crescent on the far side only as seen
from the radar and Fig. 7 three hours later shows
the nearer side only. This rotation was accom-
panied by a change of direction of motion.

When the eyewall is visible over an arc of less
than 180 degrees it is difficult to locate the geo-
metric centre of the eye. In such cases a -reason-
ably good fix-is obtained by treating the eyewall
as part of the spiral band system and fitting a
small angle spiral. In storm G for example the
small incomplete eyewall (Fig. 10 -of Raghavan
and Veeraraghavan 1979) appeared at one stage
as an extension of spiral band. Also.see Senn
and Hiser 1959). If more than a semi-circum-
ference of the eye is visible the rest of the
circumference can be imagined - and the geo-
metric centre of the .resulting ellipse or circle
taken as the centre. Even a small improvement
in radar receiver sensitivity helps in some cases
to see parts of the eyewall which are not other-
wise seen and thereby obtain a more’ accurate
fix. Besides checking the receiver minimum
detectable signal frequency it is useful to mini-
mise radar head losses by cutting out, now and
then, any component such as PIN modulator
which may be having residual attenuation.

When only the spiral bands are seen, the posi-
tion error could be- 30 to 50" km depending on
the . number of bands, the angle of are, the
range, the inherent azimuth positioning errors of
the radar; and the beam width effects. When the
eye position is fixed by seeing a major portion
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Fig. 8. 0958 IST of 16 November 1976. Storm D. A
closed eye is seen and the total radar echo area is
about 300 km across. Range rings at 40 km
intervals. Off centred PPI picture.

Fig. 9. 1305 IST of 16 November 1976. Storm D. The
eye has opened out. Range ring interval 40
km. Compare with Fig. 8.

ahead of landfall and hence the 24 hour predic-
tion gives an error of about 95 km. In the case
of storm B which not only meandered consider-
- ably but recurved this procedure of extrapola-
tion would obviously fail. The case of storm F
is discussed later. Hence in intense storms, in
which there is no synoptic indication of likely
major changes of the course, extrapolation of
radar track could be considered seriously as ‘a
means of prediction. This could result in restric-
ting the warnings of severe weather to fewer
districts. :

Other radar features considered as prédictors
of storm motion are: (1) The line perpendicular

Fig. 10. 1753 IST of 16 November 1976. Storm D.
The eye has closed again and shrunk in size
suggesting intensification. The total radar echo
area has also diminished (this resulted in rain
and wind damage being confined to small
area). Range ring interval 40 km.

to the orientation of pre-cyclone squall lines
(already discussed in Sec. 2). (2) The direction
with reference to storm centre of the area of
concentration of rainshield and spiral band
echoes (Sadowski 1964, Tatehira and Itakura
1966, Senn 1966 a, b). (3) In the case of
unsymmetrical or open eyes the direction in
which the eyewall is most prominent (Senn 1966
a, b). In all the storms studied the indicator at
(2) is found to be usually misleading. For exam-
ple in the westward moving storm G, the rain-
shield echo was to thé northeast. The indicator
at (3) above is, however, found applicaable to
some extent in the case of storm F. Between 00
and 03 GMT of 31 October 1977 the visible
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as discussed earlier (Sec 3). The storm which
was till then moving northwestwards simultanco-

~ usly changed course and moved westwards. An
“extrapolation of track even 6 hours before land-

fall could not, therefore, have given a predic-

sector and in the direction of motion, but its
oscillations from time to time (Fig. 3-a of Ragha-

- van and Lakshminarayanan 1974) do not correl-

ate well with changes in track. Hence the indica~

i tor (3) is not a rehable means of track prediction.

Assessment of storm mtens;ty

; Eshmatlon of storm mtensntv ‘while ;t is out
at sea is one of the most difficult problems, and
often overwarning or under warning results.

Baynton (1977) has suggested the use of a f'\‘ '

pulsed Doppler radar at the head of the Bay of

i Bengal to obtam the wmdﬁeld in the storm zmd :

.
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Fig. 13. Kavali cyclone of November 1976

thereby determine the storm intensity. It is,
‘however, worth considering how far the conven-
tional radar itself can be utilised to assess storm
intensity.

It is generally recognised that a well-formed
closed eye as seen on radar (or satellite pictures)
indicates an intense storm. However in many
cases the observed eyewall closes and opens repea-
tedly (e.g., Figs. 8, 9, 10). It appears difficult
or atleast operationally impractical to take these

as indication of changes in storm intensity. The
changes in the size of a closed eye (e.g., Figs. 8
and 10), do appear to be related to storm inten-
sity. A recent WMO report (WMO 1977) also
indicates that a reduction in eyewall radius as
seen in satellite pictures is an indication of
intensification. In storms D, G and H the major
and minor axes were measured for every hour
and the eye area calculated (Figs. 11 & 12 and
also Fig. 12 of Raghavan and Veeraraghavan
1979). In the case of storm H (Fig. 12) there
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Fig. 15. Chirala cyclone of November 1977. Eye characteristics.
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Fig. 16. Kavali cyclone of 16 November 1976

observed thaf there is a diurnal variation of acti-
vity associated with Arabian Sea cyclones, the
maximum occurring at night. To eliminate such
effects while considering variation of storm in-
tensity, changes in various parameters should be
observed for several hours before coming to any
conclusion.

7. Other operationally useful information obtainable
by radar

The actual distribution of radar echoes in the
storm field should give an indication of the areas
which will be particutarly affected by heavy rain-
fall and other severe weather. For example, a

comparison of Figs. 8, 9 and 10 would show
that the areal extent of storm D gradually dimi-
nished although the storm was coming closer to
the radar. At the time of landfall the damage
was confined to an area of about 50 km across.
In such cases it should be possible to restrict the
warnings to fewer districts than it would other-
wise be done, and get greater credibility for the
warnings. Care has of course to be taken to
allow for the effects of any radar limitations. In-
formation on areal extent is at present indicated
roughly in operational messages by the code
figure for distance between the end of the outer-
most observed spiral band and the eye. Also as
Raghavan and Veeraraghavan (1979) have




Flg 17. 2235 IST of 16 November 1976, Storm D.
i “Streamers” seen to the rear of the storm :

shown the eye of storm G was very small w1th, :
~ few bands immediately to the north of the cen-
- tre. The eyewall was most promment on the
~ southern side. Hence the maximum ddmage oc-.
“curred in a narrow strip close to the point of
| relatively less precipitation occurred

- landfall a
- immediately to themoxth This storm also show-

ho‘m the nght rear sector

- the landfall of the eye and- caused lxeavy rain in o
those areas. The presence. of such an echo
could be used for flood warnings to the partlcular/@

~area a few hours ahead.
Rockney (1956) has obselved that very nar-

- row trailing bands or streamers’ of great in-

tensity often occur in the rear of the storms.
They apparently form part of the spiral band

system but are separated from the centre by 100

km or more of clear area. When they come over
“heavy rain and floods

rritory. Such ‘streamers’

land, they often cause v,
. Over narrow strlps of -

were observed in storms D, F and H well to the

southeast of the centre but dissipated over the
sea. An example is given in Fig. 17. Their non-

observance in the other cases may be due to
radar range limitations. The presence of such

features over the sea if observed for an adequa- ;

tely long perlod .can be made use of while is-

- suing warnings for rain or flood. It may be pos-

" sible to do this even in the case of immature
storms wlnch cannot be located dccur'\tely ‘

po ted Qut by Raghavan (1977), the'

 rainshield area consists of echoes of relatively

T low he1ghts and exhlbltmg brlght band Whlle ‘

- fv‘observed vertical st

~’; features generally associated with a hurricar e
- typhoon. The latter can be tracked by radar ini
 tially from the observed spiral bands and

‘ :Acknowledgemem ; |

r bands suggests |
vater. Thus a detauled

\ ~‘:~‘fmay be either (1) imma
~ developed banding not ca

roperly by radar or (2
ibiting an open or close:

ordinating with satellite and synopti evidence.

~ When a fully formed eye is visible, trackmg be-
 comes more accurate. The usual maximum

range of trackmg is about 300 to 350 km
that in some cases elther due to abnormal :

- gation conditions or unusual storm

longer ranges ar

“able for at least si

- racy, the extrapolated radar track gives
- good ‘prediction of point of landfall

~ there are no synoptlc mdlcatlons of majo

rackmg a storm, radar ,usually
on eye shape and size, eyewall

: 1nfensxty and height, areal extent of the storm,

degree of organisation, cloud structure and areal

 distribution of rainfall. Some of these parameters

can probably be carefully interpreted to assess
storm intensity and others used operatlonally in

. warmngs for severe weathcr and floods.
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