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ABSTRACT

The tropical cyclone frequencies of the north Indian Ocean (Bay of Bengal and Arabian Sea) have been analyzed using the
time series data for the period of 1891-2012 i.e. for 122 years. The objective of the study is to investigate the decadal
variability and the long-term changes of the cyclonic storms and severe cyclonic storms using the seasonal time series. The
preliminary investigation of the data shows that in total 708 of the tropical cyclones was formed in the Bay of Bengal during
122 year with an average of 5.8 cyclones/year of which 490 are cyclonic storms and 218 are severe cyclonic storms. Over
the Arabian Sea, the statistics show that total number of cyclones formed is 187 of which the cyclonic storms are 118 and
severe cyclonic storms are 69. The temporal plots of seasonal time series of cyclonic storms and severe cyclonic storms for
the Bay of Bengal and those of the Arabian Sea are drawn and overlaid with 5 years moving average. The moving average
data substantially filters out the high frequency oscillations. The decadal scale variability of the tropical cyclones with time
period of T=10-30 years are highly prominent for the Bay of Bengal and Arabian Sea. The long term trends indicate that the
cyclonic storms and severe cyclonic storms exhibit strong decreasing trends in the monsoon season. There is no much of
trends in other seasons except for post-monsoon when the cyclonic storms increased up to 1970 there after it is found to
decrease. But for severe cyclonic storms, the increasing trends have been found up to 1960 and thereafter the frequencies
have been found to decrease. No such trends have been noticed for the tropical cyclones of the Arabian Sea.

Keywords: Tropical cyclone, Cyclonic storm, Severe cyclonic storm, Bay of Bengal, Arabian Sea, Variation,
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1. INTRODUCTION

The northern Indian Ocean comprises of the Bay of Bengal and the Arabian Sea, which is cyclogenetically
active zone of the world ocean. On an average, 80 tropical cyclones form in the worm tropical ocean of which
about 6% form in the north Indian Ocean. About 80% of the total number of tropical cyclones of north Indian
Ocean form in the Bay of Bengal. On an average, about 5-6 tropical cyclones form in the Bay of Bengal every
year, of which about 2 may reach to the stage of severe cyclonic storms (sustainable maximum wind speed
Vmax > 88 km/hour). Most of the tropical cyclones of the Bay of Bengal form during the post-monsoon season
in the months of October, November and December. Relatively lower number of tropical cyclones forms in the
monsoon seasons. The tropical cyclones form in the tropical oceans with Sea Surface Temperature (SST) higher
than 26.5°C. The Bay of Bengal basin is highly vulnerable to strong tropical cyclogenesis because it generally
maintains a temperature between 28-30°C during the tropical cyclone seasons (Quadir and Igbal, 2008). The
distribution of the average temperature of the Bay of Bengal also indicate that the Bay of Bengal SST is
sufficiently warm and has high potential for tropical cyclogenesis due to the existence of sufficiently large
energy pool in its deep boundary layer (Sadhuram et al., 2004). They have also shown that the depth of 26° C
isotherm (D26) varies from 70-100 m during the cyclone seasons and lies over the central and southern Bay.
Besides, high values of Cyclone Heat Potential (CHP > 16 kcal/cm?) has been found over the regions of the Bay
of Bengal with high frequency of tropical cyclone formation (Sadhuram ez al., 2006). The CHP is the integral
heat content within the layer between the surface and the depth of D26. The high SST and the deep warm layer
with large CHP have caused this Bay to become a breeding ground of the tropical cyclones. The tropical
cyclones are usually formed in the lows which are generated in ITCZ.

Based on the data of tropical disturbances from 1877-2003 (123 years), the vulnerability of the coastal zones of
the northern Indian Ocean to tropical cyclones has been compiled (Karmaker and Shrestha, 1998; Alam et al.,
2002, 2003). It is seen that out of 532 tropical cyclones formed during that period, 16.2% hit Bangladesh, 58.8%
went to the east cost of India, 10.9% hit Mayanmar and 3.4% dissipated in the Bay of Bengal.

There have been a few studies on the long-term trends and oscillations in the tropical cyclone frequency and
intensity in the Northern Indian Ocean. Mooley (1980, 1981) and Sikka (2006) have studied the trends in the
annual frequency of cyclonic storms. Sikka (2006) has emphasized slight decrease in the annual frequency of
cyclones during last four decades. Singh (2001) has reported a decreasing trend in the frequency of monsoon
storms during past decades. Singh and Ali (1999) have looked into the trends in the cyclogenesis over the north
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Indian Ocean during past decades comprehensively and have shown that there is indeed a tendency for the
enhanced cyclogenesis during the intense cyclonic months on a long-term basis, though the annual frequency
has not changed much. The present paper deals with the assessment of some statistical characteristics of the
tropical cyclones (cyclonic storms and severe cyclonic storms) along with detail investigation of the temporal
variability and trends using more up to data.

2. DATA AND METHODOLOGY

The data on the frequency of tropical disturbances (depressions, cyclonic storms and severe cyclonic storms) of the
Bay of Bengal are collected from India Meteorological Department archives (IMD 2013). The climatology of each
type of disturbances have been generated and provided in table 1 for individual season for the Bay of Bengal and
Arabian Sea. For study of the variability and trends of tropical disturbances, the analysis is done on seasonal basis.
The tropical cyclone seasons are recognized as Pre monsoon (March-May), Monsoon (June-September) and post
monsoon (October-December).

The time series plots of the frequency of the cyclonic storm (CS) and severe cyclonic storm (SCS) have been drawn.
The moving average of the time series with 5 year window has been computed and drawn in the same diagram with
solid line. The 5 year moving average effectively filters the high frequency mode with time period of up to 3 years.
The formula for 5 year moving average is given by,

— 1 k+1
Y Kk = ——— >Y k s k=1to N-1, where N is the total year of observation.
21 +1 k—1

Here the length of moving average window is 2/+1. In the present study, /=2, and the window length is 2/+1=5 years
have been considered.

The approximate time period correcting to the temporal variations are determined using the visual analysis of the time
series. The trend analysis has also been conducted using the statistical time regression analysis. The confidence of the
slope of the linear regression has been estimated using t-test. Let the dependent and independent variables be y and x
representing the annual frequency of tropical cyclones and time respectively.

The formula of regression analysis as shown below:

y' =mx+b+ & ;Here & is the residual of the individual estimates.
The slope and the intercept are estimated using the following formula.
G-y -7)
Y (x-x)
b=y -mXx
The confidence of the slope of the linear regression has been estimated using t-test. The t-values are calculated using
the following formula

m =

Where, R is the coefficient of determination. R value indicates the % of variance explained by the regression
equation and is calculated as the square of the correlation between the time series of the dependent variable y and the
corresponding series obtained using the regression equation. The significant test is done comparing the estimated t-
values with the corresponding values for degrees of freedom N-2 in the t-distribution tables.

3. RESULT AND DISCUSSION

31 Seasonal distribution of tropical disturbances in the Northern Indian Ocean

The statistics of the formation of the cyclonic disturbances of different categories have been generated based on
data of 122 years for Bay of Bengal and Arabian Sea (Table-1). It is revealed that the total number of cyclonic
disturbances formed in the Northern Indian Ocean was 1645 of which 1368 (83.2%) belongs to Bay of Bengal
and the rest 277 (16.8%) belongs to Arabian Sea. On an average annual frequency of tropical disturbances in the
northern Indian Ocean are 13.5 with 11.2 in Bay of Bengal and 2.3 in the Arabian Sea. Of the total cyclonic
disturbances of Bay of Bengal 660 are depressions, 490 cyclonic storms and 218 severe cyclonic storms with
average annual frequency of 5.4, 4.0 and 1.8 respectively. For the Arabian Sea it is seen that 90 depressions, 118
cyclonic storms and 69 severe cyclonic storms were formed with annual average of 0.7, 1.0 and 0.6 respectively.



Journal of Engineering Science 06(1&2), 2015, 33-38 35

The statistics clearly indicate that the Bay of Bengal is highly active for tropical cyclogenesis, where the average
annual number of tropical disturbances is nearly 5 times higher than that for the Arabian Sea.

The seasonal distribution of tropical disturbances of Bay of Bengal shows that the total frequency of depression
is high in the monsoon and post monsoon seasons with total frequency equal to 450 and 174 respectively. The
numbers of cyclonic storm are high in the same seasons but the highest number (252) belongs to post monsoon
season. In the distribution of severe cyclonic storms there are two peak seasons pre monsoon and post monsoon
with total frequency of 57 and 130. For the Arabian Sea, the post monsoon season is the most active period as in
Bay of Bengal.

Table 1: Seasonal distribution of all cyclonic storms (1891-2012) in the Northern Indian Ocean

Depression Cyclonic Storms Severe Cyclonic Storms Total

S

%N BOB AS  Total BOB AS  Total BOB AS Total BOB AS Total
Pre- 3 10 46 90 32 122 57 23 80 183 65 248
monsoon

Monsoon 450 37 487 148 34 182 31 19 50 629 90 719
Post- 174 43 217 252 52 204 130 27 157 556 122 678
monsoon

Total 660 90 750 490 118 608 218 69 287 1368 277 1645
Average 5.4 0.7 6.1 4.0 1.0 5.0 1.8 0.6 24 11.2 23 13.5

3.2 Time series analysis of the Tropical Cyclones of the Northern Indian Ocean

3.2.1 Bay of Bengal (BoB)
Cyclonic Storms

The time series of cyclonic storms in the BoB for pre-monsoon, monsoon and post-monsoon have shown in Fig.
1(a-c).The thick line which is relatively smooth represents the time series obtain by 5 year moving average. This
operation practically eliminates the high frequency year to year variation of the time series. From such smooth
time series plots for pre-monsoon season, it is seen that the cyclonic storms undergoes long term variation with
period varying from 15-35 years. It is seen that during last three decades from 1980-2010 the number of tropical
cyclone frequency has decreased by about 17%. From figure 1(b) it reveals that the CS frequency during
monsoon season undergoes variation of different time scales. This variation occurs with time period of 10, 15,
20 and 30 years. Further examination indicates the drastic decrease of frequency in two phases; the first phase
occurred in 1943 while the next phase occurred in 1980. The average of annual frequency during 1943-1979
was found to be 1.1and the average frequency during 1891-1942 is found to be around 2.0. The average annual
frequency for the period 1980-2012 is 0.24. The trend analysis shows that the frequency of CS is changing by
around 0.2 per decade. The variation of CS in post-monsoon season is shown in Fig. 1(c). The frequency does
not exhibit the characteristic variations as found for pre-monsoon and post-monsoon seasons except that the
time series have three distinct minimum in around 1985, 1950 and 2010. Up to 1960, the series is more or less
flat with some high frequency variations. A maximum of frequency of occur is found in around 1965, and then
the frequency has decreased monotonously with some short period variation.

Severe Cyclonic Storms

Post-monsoon cyclones of October, November and sometimes in December of the Bay of Bengal are most
disastrous. The entire east coast of India and the coasts of Sri Lanka, Bangladesh and Myanmar are vulnerable
to the incidence of severe cyclones of the post-monsoon season.

The implications of the changes in cyclone frequency are enormous due to high vulnerability of the countries
having coast with BoB where the incidence of only one cyclone is capable of setting back the economic
advancement of small developing nations by many years (Obasi, 1997). The cyclones of November 1999 and
November 2007 (Sidr) that hit Orissa and Bangladesh coast respectively caused damages to properties worth of
billions of dollars and millions were made homeless. It is due to this reason that the temporal variability in
association with increasing trend in the severe cyclone frequency in the Bay of Bengal assumes more
significance. The annual frequencies of SCS of the Bay of Bengal during pre monsoon (especially in the month
of May), monsoon (June, July and August) and post-monsoon seasons have been drawn in figures 2(a-c). The 5
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years moving average has also been plotted. The 5 year moving average time series of SCS for the pre-monsoon
dominant time scales of 10, 15 and 20 years

season shows that there exists strong variations in the decadal modes with
of which 15 year mode is more prominent.

of long term variability and trends
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Figure 1: Long-term trend in the frequency of cyclonic storms in the Bay of Bengal during a) Pre-monsoon,

b) Monsoon and c) Post-monsoon season.
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Figure 2: Long-term trends in the frequency of severe cyclonic storm:
monsoon, b) Monsoon and c¢) Post-monsoon season
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Figure 3: Long-term trend in the frequency of cyclonic storms in the Arabian Sea during a) Pre-monsoon,

b) Monsoon and c¢) Post-monsoon season.
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Figure 4: Long-term trend in the frequency of severe cyclonic storms in the Arabian Sea during a) Pre-
monsoon, b) Monsoon and c¢) Post-monsoon season.

3.2.2 Arabian Sea

Cyclonic Storms
However, high frequency variations in the 3-5 years are also highly prominent in the raw data. For the monsoon

season, the variations are more regular with timescale of 15, 25 and 30 years. It is clearly seen that the frequency
has become very low since 1980 and it has come down to practically zero except in 1995 when 1 SCS was
formed. The frequency of the post-monsoon SCS was steady with decadal variation of around 15 years up to
1960. Thereafter the frequency rapidly increased with peak value of 4 SCS in 1966. The frequency has a
decreasing trend since 1966 up to 2000 to an average value of 1.2 in the decade 1991-2000. Such variation from
1966 has not been observed elsewhere in the time series. The frequency suddenly dropped thereafter to an
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average frequency of around 0.5 during 2000-2012. The trend analysis for the whole time series has shown that
the frequency of post-monsoon SCS is increasing (0.0048/year). The total CS frequencies during this period
(1889-2012) for pre-monsoon and monsoon season are nearly equal (i.e. 33 and 34 respectively) whereas it is
higher (52) for the post monsoon season indicating that the post monsoon season is more active for cyclonic
storms.

Severe Cyclonic Storms

The distribution of annual frequency of SCS of the Arabian Sea has shown in Fig. 4(a-c) for pre-monsoon,
monsoon and post-monsoon seasons as thin dark lines and with 5 year moving average as thick solid red lines.
The time series exhibits the variation of T=10-20 years and high frequency variations of 3-5 years are also
found. There is large gap period of 16 years from 1980-1996 is found in the time series when no SCS were
formed. The time series show insignificant decreasing trends of annual frequency of SCS. The frequency of SCS
for the monsoon season has shown in Fig. 4(b) where the frequency of SCS is low and exhibits cyclic variations
with time period of 5, 10, 15 and 20 years. There is big gap of 38 years (1908-1945) when only 1 SCS was
formed in Arabian Sea. For the SCS of post-monsoon season [Fig. 4(c)], it is seen that SCS undergoes almost
similar variations as that for monsoon season but there exists a long gap for 35 years from 1903-1937 with
exception that 1 SCS was formed in 1920.

4. CONCLUSIONS

The statistical analysis of tropical disturbances shows that on an average BoB have 5.4 depressions and 5.8
Tropical cyclones (4.0 CS and 1.8 SCS). In the Arabian Sea the average frequency of depressions and tropical
cyclones are 0.7 and 1.6 respectively. The average annual frequency of CS is 1.0 and SCS is 0.6 in Arabian Sea.
For the Bay of Bengal, the time series analysis of the frequencies of CS and SCS using seasonal data, it is seen
that these parameter undergo decadal oscillations with period of around T= 10- 30 years. The time series of
cyclonic storms for monsoon season show that the annual frequency has decreased. This decrease took place in
two steps. The first step had occurred in 1943 when the average frequency dropped from 2.0 to 1.1. The next
step occurred in 1980, the average frequency come down to 0.24.

For the SCS in the monsoon period it is seen that only one severe cyclone was formed in the Bay of Bengal in
1999 within the period of 33 years from 1980-2012. The severe cyclonic storm of the Bay of Bengal for the
post-monsoon season shows that up to 1960, the time series maintained stationary pattern with oscillations of
around 10 years. After 1960 the frequency drastically increased with peak in 1966. There after the high
frequency was maintained up to 2000 but with slight decreasing trends. After 2000, the frequency decreased.
The Tropical cyclones of Arabian Sea exhibit oscillations with time period of around 5, 10, 15 & 20 years. For
severe cyclones some large gaps varying between 10-20 years are found when no severe cyclones were formed.
There is no substantial trend in the time series of tropical cyclones of Arabian Sea.
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