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Recurvature of tropical cyclones in the Indian seas

M. S. SINGH and C. L. AGNIHOTRI
Meteorological Office, New Delhi
(Received 17 August 1952)

AT — T 1961 1977 $o 7 qfi=w! ITLUZAIEF § IOHIEEE 1T THATH] F1 Giqawal § qeqaa  azd (1981)
A qEM@ & &2 F 7°-11° gpionRoraT F sf=mmE & 200 gF 900 frsra # fafam e w1 swd 53& somwtzadg
st &1 qoft afs ¥t wmfe w1 oF e fraffo G ar ) @ & sgae 9offafa @ 24 8 36 92 @& TAw A Rord
aRFTET 200 ¥ 900 fasta % 419§ FHATgT 747 GTETT § q2F 418 TAN ATR, AT {1 AT 1 AT ATHFA AT
THATAT o oF S 781 S99 | T SAT) F1 IRiA AT AaaAAr ¥ 24 ¥36 6 q7H 1 qAfE H AT F w4 H
geawTe foear | g 3 fafa 1 g 37 | F st & fae gde frar @ oo fF sfrasar @ 248 36 92 @@
AT T AT A T F AFATG D AAA F 79 (afq § et S swfaw ¥ A awedt §  avry a1 frde sonfagi
a1 a2 & fame 31 sfaat § wmwe § g fafa & ffeea swff & o awdr

ABSTRACT. After study of recurvature of tropical cyclones in the western north Atlantic from
1961 to 1977; Gray (1981) devised criteria for prediction of turning motion of tropical cyclones using
200 and 9060 mb composited winds in a radius of 7 deg.-11 deg. Lat./Long. fromy the centre of the
storm. He showed that the components of vertical wind shear between 200 and 900 mb parallel
to the direction of motion of the cyclone, are different for cyclones moving straight, turning left and
turning right, 24 to 36 hours in advance of the turning motion. These differences he used as a means of
prediction of recurvature of a cyclone 24 to 36 hours in advance. We tested this method for the
cyclones of the Buy of Bengal and found that they are applicable in cases of severe cyclones
which were so 24 to 36 hours in advance of the recurvature and were on the high seas. The results

were less definite in cases of cyclones or weaker systems or systems close to the coast.

1. Introduction

The concept of steering for the movement of tropical
cyclones is an old one (Riehl 1954) but there is a
lot of controversy in defining the basic steering current
that directs the motion. Some of the broad ideas in
vogue (Srinivasan & Ramamurthy 1973) are:
(i) High level flow, i.e., 200-150 mb; (ii) Pressure
weighted mean flow from surface to 300 mb and ex-
tending over a band of 8 deg. of Lat./Long. centred
on the storm; (iii) Average flow in the layer from
500 to 200 mb; (iv) Prognostic 700 mb flow. George
and Gray (1976) showed that winds at 5 deg.-7 deg.
radius around a storm are representative of the close
environmental flow surrounding the cyclone cloud
region. They also found that 500 and 700 mb winds
at this radius correlate best with storm direction for
cyclones with widely different characteristics and
concluded that the middle level large-scale flow is the
primary steering agent for tropical cyclones. In India
some numerical models have been developed (Sikka
& Suryanarayana 1972, Datta & Gupta 1975) for the
prediction of storm tracks using analogue method. It
has also been reported (Srinivasan & Ramamurthy
1973) that pressure weighted mean winds of 500, 300
and 200 mb levels give better indication of the track
of a cyclone.

Recently Chan er al. (1980) and Gray (1981)
studied the problem of recurvature of tropical cyclones

in the western north Atlantic during the period 1961-
77 using vertical wind shear between 900 and 200 mb
in the surroundings of the storm as a guide. They
found that the components of vertical wind shear
parallel to the direction of the storm motion between
200 and 900 mb in a radius of 7 deg. to 11 deg. Lat./
Long. of the storm centre are significantly different
for cases of cyclones moving straight, turning left and
turning right, 24 to 36 hours in advance of the turning
motion. They showed that for left turning storms this
component of vertical wind shear is positive and for
right turning storms negative, while it is zero for
straight moving storms. Gray (1981) also noted that
such differences in the tropospheric vertical wind shear
between the three classes only exist 24 and 36 hours
prior to the turn time. Shear differentes disappear as
the storm approaches the turn time., Hence vertical
wind shear between these levels 12 hours prior to the
turn time is not so well correlated with the subsequent
turning motion.

He tested this hypothesis with a number of indivi-
dual cases and found that if the component of wind
shear between 200 and 900 mb parrallel to the storm
motion is :

> 5 m/sec, ¢:yclone will be turning left ; if between
—5 & S5m/sec cyclone will move straight and
<—5m/sec, it will take a right turn,
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TABLE 1
Sector 1 Sector 5 . Sector | Xl= Sector 5 X5= R=
Date Time dd/fi(kt) dd/fi(kt)  Position Stage Vi (ki) (VPang~ Ip (kt) (Vpago . (X1+
(GMT) — — Lat./Long. VPee) == Vi)  X5)
850 200 850 200 (°N/E) Vi VDago 200 850
mb mb mb mb mb mb {Sec)!or mb mb  (Sector
1 5)
(a) Severe cyclonic storm, 3-9 November 1973 (Example 1)
4 00  080/20 160/35 260/15 120/15 7.5/90 D.D. — am ==y = — - .
4 12 100/20 240/35 280/15 060/20 9.5/89.5 D.D. 23.0 17.5 55 —1000 —2.6 —74 _—1.9
5 00  120/30 220/10 300/20 060/30 9.5/89.5 c8 7.7 15.0 —7.3 —15.0 —10.0 —5.0 —12.3
5 12 100/20 260/40 270/15 080/30 11/88 S.CS. 6.9 3.5 34 5.2 0 —52 1.8
6 00 110/25 240/30 280/25 060/25 12/88 S.CS: 15.0 8.6 6.4 —12.5 —43 82 _1.8
6 12 120/15 240/35 300/20 120/20 13.5/88 S5.CS, 17.5 7.5 10.0 10.6 —10.0  20.0 30.0
7 00 090/35 240/25 270/10 150/20 17/88 S.CS. 125 0.0 12.5 173 0.0 17.3 29.8
7 12 160/20 250/35 260/20 100/15 17/88.0 S.CS. 12.0 18.8 —6.8 2.6 3.5 —0.9 —7.7
8 00 S.CS.
(b) Cyclonic storm, 23-28 October 1968 (Example 2)
23 00 12020 150/t5 300/15 120/10 11.0/83 CS. 13.0 0 —3.0 50 —7.5 125 9.5
23 12 100/30 220/20 25%0/25 100/40 11.5/83 C.S. 14.1 5.2 8.9 6.9 8.6 —1.7 7.2
24 00 120/25 240/20 300/20 110/15 13/83 S.CS. 10.0 12.5 2. —2.6 5.1 =7.7 —10.2
24 12 100/30 250/15 260/15 060/10 13.5/83 S.CS. 50 52 —02 —50 26 —7.6 —1.8
(¢) Cyclonic storm, 20-23 October 1970 (Example 3)
21 00 110/15 220/35 300/25 120/15 16.5/87 S.C.S. 26.8 5.0 21.8 7.5 —12.5 20 41.8
21 12 110/20 220/40 280/15 120/30 16.5/87.5 S.CS. 30.6 6.8 23.8 15.0 —1.6 16.6 40.4
22 00 100/15 240/30 330/15 10020 17.5/88 S.CS. 150 26 124 35 —13.0 16.5 28.9
22 12 18.5/89 S.CS.
(d) Cyclonic storm, 22-26 November 1976 (Example 4)
22 00 080/15 150/20 240/15 070/35 8/91 L
22 12 200/20 230/35 180/25 180/50 8/89.5 L
23 00  080/25 160/30 270/15 080/20 8.5/88.5 cs. F10.3 246 —14.3 197 —15.0 347 20.4
23 12 140/10 230/30 220/15 100/30 8.5/87.3 ¢S, —23.0 6.4 —294 295 _32 32.7 3.3
24 00 070/25 120/35 280/10 120/20 10/84 C.S. 30.0 3.4 26.6 170 —6.4 23.4 50.0
24 12 060/20 160/40 300/10 120/25 10.5/83 C.S. 30.5 10.0 20.5 25.0 —10.0 35.0 55.5
25 00 060/15 180/35 290/10 080/25 12/81 CS. 26.0 3.4 226 150 —8.6 23.6 46.2
25 12 070/10 250/20 260/10 090/35 14.5/80.5 C.S. 6.8 0.0 6.8 120 —6.4 184 252
26 00  060/15 220/25 240/10 060/30 15.0/79.5 C.S. 4.2 1.5 =3.5 15,0 —s5.0 20.0 16.7
26 12 080/15 240/30 240/15 040/20 16.0/80.5 C.S.
(¢) Cyclonic storm, 15-19 October 1976 (Example 5)
15 00  060/20 250/10 270/20 100/20 10.5/85 CS.
15 12 100/20 060/30 280/15 120/20 10.5/84.5 C.S. 26.0 -+19.7 6.3 17.3 —14.8 32.1 38.4
16 00  070/20 160/40 280/15 060/20 12.5/83 C.S. 40.0 12.8 27,2 —=3.5 -9.5 6.0 33.0
16 12 020/20 110/40 210/15 080/40 12.5/81.5 C.S. 37.6 6.8 30.6 394 7.5 46.9 71.5
17 00  040/10 140/25 230/20 090/30 12.5/81 C.S. 12.9 6.4 6.5 30.0 —15.3 45.3 51.8
17 12 040/15 160/25 250/20 120/25 13.5/79.5 C.S. 23.6 2.6 26.2 25.0 —6.8 31.8 58 'o
I8 00 150/15 120/15 330/20 130/30 14/81 G5 S 13.0 5.5 19.0 —17.3 36.3 31.8
I8 12 120/20 160/30 290/25 120/35 15.5/82 C.S. —5.2 —13.8 8.6 —21.5 11.2 -32.7 —24-]
19 00  080/20 220/30 320/20 120/30 17/84.5 CS.
19 12 080/10 210/35 320/15 100/35 17.5/85 C.S.
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This scheme, inspite of many approximations in-
volved in it, still provides a numerical method for
forecasting recurvature of cyclones 24-36 hours in
advance and merits further research and refinement.
We have tried in this paper to test this hypothesis for
cyclones in the Arabian Sea and the Bay of Bengal.

2. Method of analysis

For this analysis, Gray (1981) drew concentric
circles around the centre of a cyclone at 1 deg. Lat./
Long. interval and divided the circles into eight equal
sectors taking direction of motion of the storm as
the central line of the sector 1. Sector 1 he designated
as the front sector and sector 5, the back sector for
the analysis. Gray estimated average wind at 900 and
200 mb in sectors 1 and 5 between 7 deg. and 11 deg.
Lat./Long. radius for each storm under study. From
this average wind the components parallel (Vp) and
normal (¥n) to the direction of the storm motion
were found and used in the analysis, The estimates of
the wind shear were made for the three cases of storm
motion in the following way. Cyclones which under-
went a left or right turn or moved relatively straight
for a period of at least 48 hours were selected. For
each turn classification, wind data for the following
periods were composited : time when the storm started
to turn (turn time-T) and 12, 24 and 36 hours before
the turn time (7-12, T-24 and T-36 respectively).
The turn times (7T) correspond to 00 and 12 GMT
best track positions. For a storm turning between two
standard times (00, 12 GMT), the nearest standard
time before the turn was taken as the turn time. For
a straight moving storm, T was taken as the inter-
mediate time before and after which the storm moved
relatively straight for a period of at least 24 hours.
Gray showed from different studies of storm motion
with respect to average winds in all the eight sectors
around the storm that using the average winds in
sectors 1 and 5, i.e., front and back sectors alone, one
can describe the storm motion only slightly less accu-
rately than the belt average values (using all sectors).

3. Data

In our study we picked up the storm tracks from
the Indian Daily Weather Report (IDWR) and
studied the corresponding analysed charts of Northern
Hemisphere Analysis Centre, As is well known, there
is great scarcity of data in the cyclone field, parti-
cularly in the upper air. Hence out of a large number
of cyclone tracks of interest, one could get some data
in only a few of them. We have used 850 and 200 mb
winds instead of 900 and 200 mb winds as used by
Gray because 850 mb winds could be directly picked
up from the charts. Even in these cases winds in the
sectors 1 and 5, as required for analysis, were rarely
available. Estimates were made from whatever winds
were available at these levels. Only those cases were
chosen where some reliable estimates could be made.
The method of analysis followed was the same as of
Gray, described ecarlier. We studied cyclones both in
the Bay of Bengal and the Arabian Sea but found
reliable data only for some cases in the Bay of Bengal.

4, Cases stndied

Discussed.below are the cases of cyclones/severe
cyclones which moved straight or turned right or left

during their life histery and where some wind data
could be obtained from the charts at 850 and 200 mb
levels.

4.1. Cases I, I & III (Cyclone of 3-9 November
1973 — Bay of Bengal)

The track of this storm is shown in Fig. 1. It can
be seen that it changed its course from NW’ly to
northerly at 12 GMT of 5 November *73 when it was
a severe cyclonic storm. It moved on this northerly
course upto 03 GMT of 8 November ’73 maintaining
its strength as severe cyclonic storm with a core of
hurricane winds, and then suddenly turned left to
NW’ly direction and crossed Orissa coast in the next
24 hours. This cyclone thus presents three turning
situations : (i) right, at 12 GMT of 5 November '73,
(ii) straight path from 12 GMT of 5th to 03 GMT
of 8th, and (iif) left, at 03 GMT of 8th, all in the
severe cyclonic storm stage. Table 1 (a) gives the
average wind direction and speed at 850 and 200 mb
in sectors 1 and 5 around the centre of the storm
between 7 deg. and 11 deg. Lat/Long. radius from
00 GMT of 4th to 12 GMT of 7 November, From
these wind data, components of wind parallel to the
storm motion (¥p) have been calculated and from
these wvalues vertical shears (Vpw-Vp=) have
been worked out for both sectors, Finally the resultant
Vp(R) from Vps of sector 1 (X1) and sector V (X5)
have been calculated, following Gray. The results
show the following :

(7) For turning right at 1200 GMT of 5 November
1973 (T) :

R at T—24

R at T—36

—1.9 kt (—1 m/sec)

not available as system was
weak (deep depression) and did
not extend upto 200 mb.

(ii) For straight movement from 12 GMT of 5th
to 03 GMT of 8 November *73 — all in severe cyclonic
stage, the intermediate time of straight motion, i.e.,
00 GMT of 7th, was taken as the T time. As per
Table 1 (a), values of :

R at T—24 —1.8kt(—0.9 m/sec)
R at T—36 —1.8kt (—0.9 m/sec)

(iii) For turning left — at 03 GMT of 8 November
1973 in severe cyclonic storm stage (T—00 GMT of
8 November '73) :

R at T—24 29.8kt (15 m/sec)
R at T—36 30 kt (15 m/sec)

Thus we can see that results (ii) and (iii) are
significantly indicative of the desired turning as per
Gray’s criteria. In case (i) the R value at T — 24,
i.e.,, —1 m/sec, is not showing any turning trend and
at T — 36, system itself was not sufficiently strong to
affect 200 mb level. Hence in this case the criterion
fails to predict the correct turning.

4.2. Cases IV and V (Cyclone of 23-28 October
1968 — Bay of Bengal)

Track of this cyclone is also shown in Fig. 1. It
follows straight northerly path from 03 GMT of 23rd
to 12 GMT of 25 October 1968 and then turns right
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TABLE 2
Predicted  turming
Resultant (including no turning) o
vertical 24-36 hr in advance of Verification
Cyclones wind shear R Turning time 7 turn time 7' System of
A 50 g A —— A amy A \ status result Remarks
Period SNN.  7-36 724 Time Date Left Straight Right
of (GMT)
cases
3-9 Nov 1973 1 - —1.9 12 5 Nov 73 — St —_ D.D.-C.S., Not definitive Storm weak prior .
S.C.S. 1o turning
2 —1.8 —1.8 00 7 Nov 73 —_ St — S.CS. Correct
3 30.0 29.8 00 8 Nov 73 L - —_— S.CS. Do.
23.28 Oct '68 4 495 +7.2 12 240ct68 — St — C.S5./8.C5S, Do.
5 —10.2 —7.8 12 250ct 68 — R S.CS. Do.
20-23 Oct'70 6 41.8 40.4 12 22 Oct 70 L — — S.C.S. Do.
7 40.4 28.9 00 230ct70 L — — S.C.S. Incorrect Storm crossing
coast
22.26 Nov '76 8- 55.5 46.2 00 26 Nov76 L — — C.S. Do. Storm had crossed
coast
15-19 Oct ' 76 9 38.4 33 00 170ct76 L ~ D.D. Do. Storm very close to
the coast
10 71.5 51.8 00 180ct 76 L — — C.S. Do. Storm close to the

coast




when it was a severe cyclonic storm. So in this case,
two situations were investigated : (i) moving straight
and (i) turning right. Table 1 (b) shows these
results :

(iv) For straight motion: (T —12 GMT of

24 October 1968) :

R at T—24 7.2 kt (3.5 m/sec)
R at T—36 9.5kt (5m/sec)

(v) For turning right (7 — 12 GMT of 25 October
1968) :

R at T—24 —71.8 kt (—4 m/sec)
R at 736 —10.2 kt (—5 m/sec)

In this case, for straight motion (N), the indications
are significant, For right turn also, though they are
not fully meeting the criteria of Gray, yet they are
of proper sign, In other words, the persistent negative
shear was indicative of turning tendency towards right.

4.3. Cases VI & VII (Cyclone of 20-23 October
1970 — Bay of Bengal)

Track of this cyclone is given in Fig. 1 and its
wind data and shear values in Table 1(c¢). The cyclone
was in depression stage upto 12 GMT of 19 October
*70 and become a severe cyclonic storm at 03 GMT
of 20th. It took a sudden right turn at 12 GMT of
20th and started moving in a NE'ly direction, At
12 GMT of 22nd it turned left and moved in northerly
direction crossing West Bengal coast at about 03 GMT
of 23rd. Of the three turnings only two could be
investigated (/) at 12 GMT of 22nd when the cyclone
was over the high seas, (i) at 03 GMT of 23rd when
it was crossing the coast, In these cases the following
is the result (Table 1 ¢) :

(vi) Left turn (T — 12 GMT of 22 October *70) :

R at T—24 40.4 kt (20 m/sec)
R at T—36 -41.8 kt (21 m/sec)

The result is highly significant and gives definitive
indication of left turn 36 hours in advance.

(vii) Right turn (T — 00 GMT of 23 October
1970) :

R at T—24 28.9 kt (14.5 m/sec)
R at T—36 40.4 kt (20 m/sec)

This result indicates left turn but the storm turned
right, This is probably because the storm was crossing
the coast and was affected by topography and other
factors. Gray’s criteria were not applicable in this
case.

Cases of two other cyclones which either turned
very close to the coast or after crossing the coast are
also similar. Their results are summarised below :

4.4, Case VII (Cyclone of 22-26 November 76 —
Bay of Bengal)

The track of this cyclone is given in Fig. 2. It
suddenly turned right at 0300 GMT of 26 November
'76 and started moving NE. The turning took place
after its crossing the south Andhra coast but it was
a cyclonic storm before crossing and remained so
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afterwards also. The data and calculations for this
storm are given in Table 1 (d). The result is given
below :

(viif) Right turn (7'— 00 GMT of 26 November
76 :

R at T—24 46.2 kt (23 m/sec)
R at T—36 55.5 kt (28 m/sec)

Thus, turning based on these values would have
been to the left. But actual turning was to the right.
Hence Gray’s criteria are not applicable in this case
also.

4.5, Cases 1X & X (Cyclone of 13-19 October
1976 — Bay of Bengal)

The track of this cyclone is shown in Fig. 2. The
storm was a deep depression at 03 GMT of 15th and
intensified into a cyclonic storm in the next twenty-four
hours moving in a NW’ly direction. After 03 GMT of
16th it moved on a WNW’ly course and weakened
into a deep depression as it came close to Madras at
03 GMT of 17th. Then contrary to all expectations
it turned right and moved in a northery direction upto
0300 GMT of 18th and intensified into a cyclonic
storm again. After 03 GMT of 18th it moved on a
ENE'ly course remaining a cyclonic storm, So it had
two turnings : (i) Right turn at 03 GMT of 17 Octo-
ber 1976 and (if) again right turn at 03 GMT of
18 October *76. The data for this cyclone are given
in Table 1 (e). They show that for :

(ix) Right turn at T—00 GMT of 17 October
76 :

19
R at 724 33kt (16.5 m/sec)
R at T—36 38.4kt(19m/sec)

The results indicate left turn but the storm turned
right.

(x) Right turn at 7—00 GMT of 18 October
1976 :

R at T—24  51.8kt (26 m/sec)
Rat T—36  71.5kt(36 m/sec)

Indications are again opposite to the actual turn-
ing. In this case, the cyclone was weak and also close
to the coast. It is apparent, therefore, that Gray’s cri-
teria are not applicable to cases which are not severe
cyclonic storms and which are not on the high seas,
away from the influence of coast,

5. Discussion

Table 2 gives the score of this analysis. It can be
seen that Gray’s criteria are capable of predicting cor-
rect turnng 24 to 36 hours in advance for severe
cyclonic storms whose circulation extends upto 200
mb, It is not so definitive in cases of cyclones, deep
depressions or depressions which might have intensified
into a severe cyclonic storm only at the time of turn-
ing or about 12 hours in advance. This is because in
these cases the winds at 200 mb, 24 to 36 hours in
advance, were not in the grip of the system. Similai -
is the case for cyclones which turn after crossing the
coast or close to the coast. In both the cases discussed
here the turning direction is opposite of the forecast.

The reason for choosing 900 and 200 mb as the
levels for this analysis, as emphasised by Gray, is that
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these are the levels at which satellite derived winds
will be available in plenty in the cyclone area in
future. Hence these criteria will be quite useful for
the prediction of storm tracks using satellite data,

6. Conclusion

The following conclusions can be drawn from this
analysis :

(1) The criteria developed by Gray (1981) for
the prediction of recurvaturc of tropical
cyclones in the western north Atlantic, are
applicable only to severe cyclonic siorms in
the Bay of Bengal which attain this intensity
24 to 36 hours in advance of the turning
and are on the high seas.

(2) They do not give clear, definitive indication
in cases of cyclones, deep depressions or
depressions and in cases of those scvere
cyclones which attain this intensity cnly at
the time of turning or 12 hours in advance.
This is most probably due to the weaker
systems not extending their influence upto
200 mb which is the upper level under
consideration in Gray's criteria.

(3) It does not also predict correctly the turning
of cyclone's/severe cyclones which recurve
after crossing the coast or close to the coast.
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