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Summary

Changes in the frequency of tropical cyclones developing
over the Arabian Sea and the Bay of Bengal have been
studied utilizing 122 year (1877-1998) data of tropical
cyclone frequency. There have been significant increasing
trends in the cyclone frequency over the Bay of Bengal
during November and May which are main cyclone months.
During transitional monsoon months; June and September
however, the frequency has decreased. The results have
been presented for five months, i.e., May-November which
are relevant as far as tropical cyclone frequency over the
Arabian Sea and the Bay of Bengal are concerned. The
tropical cyclone frequency in the Arabian Sea has not
shown any significant trend, probably due to small normal
frequency.

The frequency time series has been subjected to the
spectral analysis to obtain the significant periods. The
cyclone frequency over the Bay of Bengal during May has
shown a 29 year cycle. A significant 44 year cycle has been
found during November. Over the Arabian Sea significant
cycles of 13 and 10 years have been observed during May-
June and November, respectively. The tropical cyclone
frequency in the North Indian Ocean has a prominent El
Nifio-Southern Oscillation (ENSO) scale cycle (2-5 years)
during all above five months. The annual cyclone frequency
exhibits 29 year and ENSO scale (2-4 years) oscillations.
There is a reduction in tropical cyclone activity over the
Bay of Bengal in severe cyclone months May and
November during warm phases of ENSO.

Examination of the frequencies of severe cyclones with
maximum sustained winds >48 knots has revealed that
these cyclones have become more frequent in the North
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Indian Ocean during intense cyclone period of the year. The
rate of intensification of tropical disturbances to severe
cyclone stage has registered an upward trend.

1. Introduction

Tropical cyclones are most fascinating weather
events of the tropics. They have significant
impact on the weather and climate of tropical
countries (Riehl, 1979). Thus, the trends in their
frequency and intensity in the North Indian
Ocean are very important for the maritime
regions of South Asia.

Most of the severe cyclones of North Indian
Ocean form during November and May and
strike coasts of India and Bangladesh. These
cyclones cause considerable loss of life and
property every year in this region. There is a
growing feeling that increase of sea level in
response to global warming may enhance the
risks of coastal flooding due to increased
frequency of tropical cyclones. Most of the
studies pertaining to the tropical cyclones of
the North Indian Ocean have dealt with the
prediction of their intensity and movement (e.g.,
Sikka and Suryanarayana, 1968; Neumann,
1981). Although there have been some climato-
logical studies (e.g., Mandal and Neumann,
1976) but none of these have looked into the
long term changes in the monthly frequencies of
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tropical cyclones forming over the Arabian Sea
and the Bay of Bengal.

The main objective of the present study is to
find out the trends and oscillations in the monthly
frequencies of tropical cyclones of the Arabian
Sea and the Bay of Bengal during past century.
The trends and cycles would certainly provide
long-range indications of the expected frequen-
cies of occurrence of tropical cyclones in the
North Indian Ocean.

2. Data and method of analysis

The frequencies of tropical cyclones forming
over the Arabian Sea and the Bay of Bengal
during the period 1877 to 1989 have been
obtained from the storm atlas published by the
India Meteorological Department (IMD, 1979).
The data for recent years 1990-1998 has been
obtained from IMD records.

The monthly linear trend coefficients for the
cyclone frequencies have been calculated for the
Arabian Sea and the Bay of Bengal separately.
The correlation coefficients have been computed
between the cyclone frequencies and the years.
Obviously the linear correlation coefficients
should be significant, if a time series has to have
any trend. The significance of correlations has
been tested using two-tailed t-test. The trend
analysis has been performed using method of
least squares. The power spectrum analysis
(Blackman and Tukey, 1958; Panofsky and Brier,
1985; Jenkins, 1961) has been applied with
different lags to find out the significant periods
in the frequencies of tropical cyclones. The
significance of periods has been tested using x?-
test.

The trends in the intensity of cyclones during
intense cyclone seasons have been obtained by
computing the changes in the intensification rates
of tropical disturbances to severe cyclone stage.
As maximum number of North Indian Ocean
intense cyclones form in pre- and post-monsoon
seasons during May, October and November the
trends in the frequency of severe cyclones with
maximum sustained wind >48 knots have been
obtained separately for these months.

3. Results

The results of trend analysis have been presented
in Table 1. The significance level of correlation
coefficients (CCs) pertaining to Bay of Bengal
range from 90% to 99% during the months May,
June, September and November. The CC for
October is not significant. It may be remarked
that due to very high degree of freedom (N-2, N
being the number of years in the time-series,
which is 122 in this case) even smaller CCs
become highly significant. Further, linear CCs in
such long time-series of cyclone frequency are
not expected to be very high as the time-series
contains the periodical oscillations in addition to
the linear trend. Generally, the CCs with 90%
level of significance should draw attention. The
highest positive trend of cyclone frequency, e.g.,
+0.67 per hundred years has been observed
during November followed by +0.27 per hun-
dred years during May. The highest negative
trend of —0.31 per hundred years was found
during June followed by —0.24 per hundred
years during September.

The tropical cyclone frequency over the
Arabian Sea has not shown any significant trend

Table 1. Results of trend analysis performed on the monthly frequencies of tropical cyclones over the Bay of Bengal and

Arabian Sea for the period of 1877-1998

Bay of Bengal Arabian Sea North Indian
Ocean

May June September October November May June September October November Annual
Correlation  +0.168 —0.207 —0.157 —0.025 +0.244 —0.098 +0.009 +0.076 +0.11 +0.091 —0.112
coefficient
Level of 0.90 0975 090 NS 0.99 NS NS NS NS NS NS
significance
Trend per  +0.27 —-031 —0.24 —0.05 +0.67 —-0.11 +0.01 +0.04 +0.14  40.11 —0.82

100 Years
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Table 2. Results of spectral analysis performed on the monthly frequencies of tropical cyclones over the Bay of Bengal and

Arabian Sea for the period of 1877-1998

Significant periods in years (Parenthesis value indicate level of significance)

May June September October November
4.1, 29 2.2,3.5 22,25 4.6,4.8 2.8,3.3
Tropical cyclone frequency (0.95) (0.90) (0.95) (0.975) (0.90) (0.95) (0.95) (0.90)  (0.95) (0.90)
over Bay of Bengal 87 2.6, 3.6 54,17.4 3.5,43.5
(0.95) (0.95) (0.90) (0.90) (0.99) (0.90) (0.95)
Tropical cyclone frequency 5.1, 13.4 2.0,2.1,25 23,2526 39,46 2.6,3.0
over Arabian sea (0.90) (0.975) (0.90) (0.95) (0.975) (0.90) (0.90) (0.90) (0.90) (0.90)  (0.95) (0.90)
43,134 2.8, 34.8 29 5.8, 10.2
(0.90) (0.99) (0.90) (0.90) (0.90) (0.90) (0.95)

Annual frequency over the
North Indian Ocean (Bay of
Bengal and Arabian Sea)

22,23,34,3.6,29
(0.975) (0.90) (0.90) (0.975) (0.995)

in any month. When we consider the annual
frequency of tropical cyclones over the Bay of
Bengal and the Arabian Sea together it has
shown slight decreasing trend of —0.8/100 years.
It may be noted that slight decline in the annual
frequency is primarily due to the decreasing
trend in the frequency of weaker cyclones of
monsoon season. We have presented the mon-
soon results for June and September only.
Substantial number of marginal cyclones form
over the Bay of Bengal during July and August
also. The cyclones of transitional monsoon
months June and September are relatively
stronger. When we consider the overall trend
during important cyclone months May, June,
September, October and the November, it is
certainly positive. Similarly, when we consider
the net trend during intense cyclone months May,
October and November, it is significantly posi-
tive. Thus slight decreasing trend (statistically
not significant) of —0.8/100 years in the annual
tropical cyclone frequency over the North Indian
Ocean does not undermine the significance of
increasing trends in the frequencies of severe
cyclones over the Bay of Bengal during intense
cyclone months May, October and November.
The annual trend in the frequency of all cyclones,
weaker as well as severe has been given for the
sake of completeness only.

The authors have noticed significant decreasing
trends in the frequencies of monsoonal systems
over the Bay of Bengal. As the emphasis of

present study is on intense tropical cyclones, the
details about monsoonal systems are omitted
which is being documented separately. If the trends
in the frequencies of cyclones and depressions
over the North Indian Ocean could be linked to the
global warming then certainly the global warming
does not have the same impact on the cyclogen-
esis during intense cyclone period and the
monsoon. Has it something to do with warm-core
pre- and post-monsoon cyclone and cold-core
monsoon depression? It would be surely an
interesting area of investigation because a study
by Dugam (1997) suggests that there may be a
reduction in the frequency of monsoon depres-
sions/cyclones due to global warming.

The results of power spectrum analysis with
different lags have been presented in Table 2.
The most common period of 2-5 years has been
found in the cyclone frequency in all the months
under consideration. Other significant periods for
the Arabian Sea are: 13 years during May-June,
35 years during September, 29 years during
October, and 10 years during November. For the
Bay of Bengal also cyclone frequency exhibits
prominent ENSO-scale oscillation of 2-5 years
in different months. In May frequency a 29 year
cycle has also been noticed. Interestingly, a long
periodicity of 87 years has been observed during
June. Some other important periods in the
cyclone frequency over the Bay of Bengal are:
17 years during October and 44 years during
November. The annual frequency of tropical
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cyclones over the North Indian Ocean area
covered by the Bay of Bengal and the Arabian
Sea exhibits prominent 29 year and ENSO scale
(24 years) oscillations.

An effort has been made to settle the question
whether the severe cyclones have become more
frequent over the North Indian Ocean or not.
Majority of severe cyclones (maximum sustained
winds 48 knots or more) over the North Indian
Ocean develops during November followed by
May. Figure 3a,b depicts the trends in the
intensification rates of tropical depressions (max-
imum sustained winds 33 knots or less) to severe
cyclones. There has been a 17% increase in the
intensification rate to cyclone stage and a 25%
increase to severe cyclone stage over the North
Indian Ocean in November during the entire
period of 122 years under study. These trends in
the intensification rates are significant at 99%
level. It shows that the frequency of severe cy-
clones has increased at a faster rate. The intensi-
fication rate to severe cyclones has registered
increasing trend in May also but the trend is
lower than that observed during November. This
implies that more number of tropical distur-
bances are intensifying into severe cyclones
during November and May which matter most
as far as intense tropical cyclones over the North
Indian Ocean are considered.

The spectral analysis revealed the existence of
an ENSO-scale (2-5 years) cycle in the tropical
cyclone frequency over the North Indian Ocean
showing the impact of ENSO on the cyclogenesis
over this part of the world ocean. In order to
investigate the possible impact of ENSO on the
tropical cyclone frequency over the North Indian
Ocean the correlations between the tropical
cyclone frequency and the Southern Oscillation
Index (SOI) were computed. Significant correla-
tions were found for May, July, August and
November over the Bay of Bengal. The results for
May, October and November have been presented
in Fig. 5. There is a significant reduction in the
tropical cyclone frequency over the Bay of
Bengal in May and November during ENSO
epochs. The CC for May is +0.3 and for
November is +0.2. The CC for October is also
positive but not significant. Standardized anoma-
lies of tropical cyclone frequencies over the
Bay of Bengal and SOI have been presented in
Figs. 6a,b.

4. Discussion

Severe tropical cyclones form over the Bay of
Bengal and the Arabian Sea during pre-monsoon
(especially during May) and post-monsoon
(October and November). During the pre-mon-
soon period cyclones of Bay of Bengal generally
move northward and cross northeastern coast of
India or Bangladesh after recurvature. A pro-
nounced shift towards west central Bay of Bengal
occurs during the post-monsoon period due to
which most of the cyclones strike southeastern
coast of India and some of them even cross east
coast of Sri Lanka. The months of November and
May account for highest number of severe
cyclones over the North Indian Ocean.

The cyclone frequency shows variations of
different time scales. For instance interannual
variations in the frequency has been documented
by Shapiro, 1982; Gray, 1984; Nicholls, 1984 and
Chan, 1985. El Nifio-Southern Oscillation seems
to influence the tropical cyclone frequency. For
example, Sadler 1984 found that 1982-83
cyclone season in the Central and Eastern South
Pacific was significantly different in terms of
cyclone frequency, extended season and eastward
longitude of formation. Over the North Indian
Ocean lesser number of cyclones tend to form
during post-monsoon season of ENSO years,
whereas during winter their frequency is slightly
higher.

Other than interannual variations there are
variations of higher time scales. If these long-term
variations of cyclone frequency are properly
documented then the epochs of higher and lower
frequencies could be foreshadowed much in
advance.

Long-term trends in the cyclone frequency can
provide insight into various changes that are
taking place in the ocean-atmosphere system. It is
with these views that the present study is
undertaken.

4.1. Trend

As revealed by the trends presented in Fig. la—e
and Table 1 the cyclone frequency over the Bay
of Bengal has shown different trends in different
months. During November and May (which
matter most as far as severe cyclones over the
Bay are concerned) the cyclone frequency has
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shown significant increasing trend. For instance,
during November it is +0.67/100 years, which is
statistically significant at 99% level. Keeping in
view the average frequency during November
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significant. The frequency has almost doubled
during last 122 years. If this type of trend in the
November cyclone frequency over the Bay con-
tinues then it might lead to far reaching implica-
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The trend of +0.27/100 years during May is
also significant. The average May frequency of
tropical cyclones over the Bay of Bengal is about
one cyclone in two years. Thus there has been a
substantial increase in the May frequency over
past century.

It may be remarked that over the Bay of Bengal
highest sea-surface temperatures (SSTs) are
recorded during May and November. The long-
term trends in SST over the Bay of Bengal will
have to be looked into in order to establish
probable linkages between the observed cyclone
frequency trend and the SST trend.

It is interesting to note that cyclone frequencies
over the Bay have exhibited marked negative
trends during the monsoonal months June and
September. During other two monsoon months as
well, (e.g., July and August) the frequencies have
decreased. As a matter of fact the seasonal fre-
quency of monsoonal depressions and cyclones

1967

1977 1087 1997

Fig. 1 (continued)

has shown remarkable decrease of about 5
disturbances per hundred years. In other words
the number of depressions and cyclones has been
almost halved over the Bay of Bengal during past
hundred years. As the trends and the periodicities
in the monsoonal system frequency over the Bay
are being studied separately the details are
omitted here. But the scenario that emerges is
the following: there has been a distinct increasing
trend in the cyclone frequency in pre-monsoon
(May) and significant decreasing trend in the
monsoon months.

After the monsoon the reversal in the trend
starts again. Consequently, the cyclone frequency
during October does not show any significant
trend. But by November the trend becomes
significantly positive. The reversal in trend
pattern has been depicted in Fig. 2.

There is a striking difference between the
trend patterns observed in the cyclone frequen-
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Fig. 2. Reversal of trend over the Bay of Bengal during
different months

cies over the Bay of Bengal and the Arabian Sea.
The Bay of Bengal seems to be very responsive
but the Arabian Sea has not shown any trend in
the cyclone frequency. It is also important to note
that any change in the cyclone frequency over the
Bay has more impact on the neighboring region
as compared to the change over the Arabian Sea,
since the cyclone frequency over the Bay is sub-
stantially higher.

Due to different trend patterns observed in
different seasons the trend in the annual fre-
quency of tropical cyclones over the Bay of
Bengal and the Arabian Sea is not very high but
can not be ignored. The overall trend is negative,
e.g., —0.8/100 years. This is mainly due to the
decrease in frequency during monsoon.

4.2. Periodicity

As discussed earlier interannual fluctuation in the
cyclone frequency is a common feature. But the
oscillations of decadal or higher time scales are
required to be documented. It is interesting that —
although the long-term trends in the cyclone
frequencies over the Bay of Bengal and the
Arabian Sea have been entirely different — the
observed periodicities have been more or less
similar.

The power spectrum analysis performed on the
cyclone frequency has provided a quantitative
footing to the influence of ENSO on the fre-
quency of tropical cyclones forming over the
North Indian Ocean. Significant ENSO scale
cycles have been found in all the months. The
periods have ranged from 2-5 years over the Bay
of Bengal and 2-7 years over the Arabian Sea.

Prominent decadal scale cycles of about 13 and
10 years have been observed in the cyclone

frequency over the Arabian Sea during May-June
and November, respectively.

Table 2 shows that the annual frequency of
tropical cyclones over the North Indian Ocean is
characterized by the ENSO scale oscillations. The
annual frequency of cyclones also possesses a
strong 29 year cycle. Thus first decade of 21st
century may witness more number of tropical
cyclones over the Bay of Bengal and the Arabian
Sea as the rising leg of the cycle has commenced
during early 1990’s.

4.3. Trends in the intensification rate of tropical
disturbances to severe cyclones

As revealed by Fig. 3a more tropical disturbances
are now intensifying into severe cyclones during
November. The intensification rate to severe
cyclone stage in November has registered an
increasing trend of 20% per hundred years, which
is significant at 99% level.

May accounts for second highest number of
severe cyclones over the North Indian Ocean after
November. Tropical disturbances that develop
during May have high probability of reaching to
severe cyclone stage. Therefore, any change in
the intensification rate has important implications
for the affected regions. Figure 3b shows that the
intensification rate to severe cyclone stage has
registered an increasing tendency during May
also but the rate is lower than that observed
during November.

4.4. Trends in the frequency of severe cyclones
(with maximum sustained winds >48 knots)
during intense cyclone seasons

In order to bring out the trends in the frequency of
severe cyclones of North Indian Ocean during
past decades separately, all intense cyclones
having maximum sustained winds >48 knots that
formed over the Bay of Bengal and the Arabian
Sea during intense cyclone period of the year, i.e.,
October-November (post-monsoon) and May (pre-
monsoon) were clubbed together. Figure 4 depicts
the linear trend in the frequency of severe
cyclones of North Indian Ocean during intense
cyclonic period of the year. It is interesting to
note that the severe cyclones in the North Indian
Ocean have registered more than two-fold
increase during 122 years period under considera-
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tion. Therefore, the diminishing frequency of due to steep rising trends in the frequency of
weaker cyclones of monsoon season does not severe cyclones. As a matter of fact the intense
undermine the importance of the fact that the cyclones which mostly form in the Bay of Bengal
hazardous potential of North Indian Ocean during May, October and November have regis-

tropical cyclones has shown an upward trend tered significant rising trends in their frequencies
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in each individual month. Corresponding figures
are not being presented here to avoid congestion.

4.5. Impact of ENSO on tropical cyclone
frequency in the North Indian Ocean

ENSO 1s known to cause world wide weather
anomalies. There is a substantial reduction in the

0.3

CC for Bay of Bengal
025 N CC for Arabian Sea
-meenne 95% level of significance

0.15
01
pos 4T L ST >

Correiation Coefficient

May Oct Nov
Month

Fig. 5. Correlation between SOI and the frequencies of
tropical cyclones

cyclone frequency over the North Atlantic Ocean
during the negative phase of SO (Gray, 1984).
According to Chan (1985) the frequency of
cyclones in the North Pacific between 140°—
160° E increases during negative phases of SO.
Figure 5 shows that the CC between SOI and
tropical cyclone frequency over the Bay of
Bengal during May is +0.3 and the correspond-
ing CC for November is +0.2 implying that there
is a reduction in the tropical cyclone frequency
during negative phases of SO. The CC for May is
significant at 99% level and that for November is
significant at 95% level. CCs for Arabian Sea are
not statistically significant showing that ENSO
has only limited impact on the cyclone frequency
over the Arabian Sea.

Four significant negative peaks in SOI in Fig.
6b correspond to the years 1896, 1953, 1972 and
1987 (all ENSO years). It is noteworthy that
during none of these years any cyclone formed
over the Bay of Bengal in the month of May.
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Negative peaks in the standardized anomaly of
cyclone frequency during all these years in Fig.
6a signify this aspect. When we consider the
anomalies for November (Fig. 6a), we find that
highest negative SOI occurred during 1982. No
cyclone formed over the Bay of Bengal during
that month. Thus an inverse relationship between
SO and the tropical cyclone frequency over the
Bay of Bengal is apparent from the examination
of Fig. 6a,b.

5. Conclusions

Over the past decades the frequency of tropical
cyclones in the North Indian Ocean has registered
significant increasing trends during November
and May which account for maximum number of
intense cyclones. The increasing trend has been
primarily due to the increased frequency over the
Bay of Bengal. The frequency of severe cyclones
has increased at a faster rate registering an
increase of 20% per hundred years in the intensi-
fication rate of tropical depressions to severe
cyclones in the month of November. The fre-
quency of only severe cyclones has registered
more than two-fold increase in the North Indian
Ocean during intense cyclonic period of the year,
i.e., May, October and November.

The tropical cyclone frequency in the North
Indian Ocean is characterized by an ENSO scale
(2-5 years) oscillations. The annual frequency
also possesses a 29 years oscillation. The tropical
cyclone frequency over the Bay of Bengal
diminishes in May and November during the
negative phases of Southern Oscillation.
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