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Abstract: An attempt has been made to find out the monotonic seasonal and annual trend of categorical
cyclonic disturbances formed over the Bay of Bengal (BoB) during 1981-2013. Long term trend of categorical
cyclonic disturbances frequency over the Bay of Bengal is analyzed by using Mann-Kendal test and Sen’s slope
estimation. The analysis shows that the frequency of Depression over BoB during monsoon season shows a
decreasing trend in 90% significant confidence level. The pre-monsoon season and the annual trend of
depression frequency also show a decreasing trend but they are not statistically significant. The post-monsoon
season and the annual trend of cyclonic storm shows a decreasing trend but not statistically significant. From
the trend analysis of frequency of severe cyclonic storm, it is found that the post-monsoon season and the annual
frequency are decreasing in 95% significant confidence level. But no trend is found in the pre-monsoon season.
The trend of total frequency of cyclonic disturbances (depression, cyclonic storm and severe cyclonic storm)
shows a decreasing trend during monsoon season in 95% statistical confidence level and in other seasons as
well as the annual show insignificant trend.
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. Introduction

A series of cyclonic low-pressure systems form over the Bay of Bengal (BoB) during the pre-monsoon,
monsoon and post-monsoon season and move in a west, north-west, north or northeast direction across the
northeastern India, Bangladesh and Myanmar land mass. Generally, these low-pressure systems form over the
different regions of the Bay of Bengal and the regions are shown in fig-1. These cyclonic systems are
categorized in Bangladesh and India as low (L), well marked low (WL), Depression (D), Deep Depression
(DD), Cyclonic Storm (CS), Severe Cyclonic Storm (SCS) and Very Severe Cyclonic Storm (VSCS) and is
depicted in Table-1. A low pressure system with only one closed isobar and the surface winds in cyclonic
circulation less than 31 Kmh™ is referred to as low. A low pressure system with 2 or 3 closed isobars at 2 hPa
interval and the surface wind in cyclonic circulation between 41-51 Kmh™ is referred to as depression.
Depression in which the wind speed exceeds 61 Kmh™ is termed as cyclonic storm. There are two Tropical
Cyclone (TC) seasons in the BoB, one concentrated in March-May (pre-monsoon) and the other spanning
October-November (post-monsoon). In between the pre-monsoon and post-monsoon seasons, MONSoOON
depressions become active in the BOB, but seldom grow to TC force owing to increased vertical easterly shear
during the mature monsoon phase. Pre-monsoon TCs mainly develop from low-pressure systems in the
equatorial Indian Ocean that then migrate northward into the BoB.

The frequency of Tropical cyclone (TC) over the North Indian Ocean is a significant weather parameter
for the coastal population of South Asian nations. Majority of intense cyclones forms during post monsoon
(especially during October and November) and pre-monsoon (especially during May). During the pre-monsoon
period cyclones of Bay of Bengal generally move northward and strike Northeast coast of India or Bangladesh
coast after re-curvature. A pronounced shift towards the West-central Bay occurs during the post-monsoon
period due to which most of the cyclones strike Southeast coast of India and some of them even cross Sri Lanka
coast. The months of November and May account for highest number of intense cyclones. The cyclone
frequency exhibits variations of different time scales. For instance interannual variations in the frequency have
been documented by Shapiro (1982), Gray (1984), Nicholls (1984) and Chan (1985). ENSO seems to influence
the tropical cyclone frequency. Lesser number of post-monsoon cyclones tends to form over the North Indian
Ocean during ENSO years (Singh and Rout, 1999). Other than inter-annual variations there are variations of
other time scales also. If long -term variations of cyclone frequency are properly documented then the epochs of
higher and lower frequencies could be foreshadowed much in advance. It is well known that the Indian summer
monsoon is maintained by northward progression of the inter tropical convergence zone (ITCZ Sikka and
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Gadgil 1980) and the synoptic scale disturbances, commonly known as monsoon depressions (MDs), which
generally form over the Bay of Bengal (BoB) or cross over to the BoB from south-China sea and propagate
westward/northwestward to the mainland (Ding and Sikka 2006). It is not uncommon that MDs move north-
westward along the monsoon trough and reach as far as northwestern India/Pakistan and produce large rainfall
totals (sometimes up to 300—400mm) along its track (Sikka 1977). As far as agriculture is concerned, MDs are
very important, especially in central India as it could act as a main source of moisture (Sivakumar et al 2005).
Some studies have reported a decreasing trend in the observed frequency of MDs in the recent decades
(Patwardhan and Bhalme 2001, Kumar and Dash 2001, Mandke and Bhide 2003), while some other studies
noted that along with the decreasing trend in MDs there is an increasing trend in the number of low pressure
systems (Rajeevan et al 2000, Kumar and Dash 2001, Jadhav and Munot 2009). Nevertheless, understanding the
reasons behind the decreasing trend in MDs is one of the most important science questions to be addressed.
High sea surface temperature (SST), presence of low level (850 hPa) cyclonic vorticity over the BoB, high mid-
tropospheric humidity and weak vertical wind shear are considered to be the essential environmental conditions
for the formation and intensification of MD (Sikka 1977). Interestingly, these are the same essential criteria for
the genesis of tropical cyclones as suggested by Gray (1968). However, it may be noted that the vertical wind
shear is very strong particularly over the Arabian Sea and the BoB during the monsoon season. This is a major
factor that limits the synoptic scale disturbances from intensifying into tropical cyclones during this season,
while in all other basins in the Northern Hemisphere, cyclone activity peaks in July-August (Gray 1968, 1979,
Sikka 1977; and references therein).

Recent studies of Rao et al (2004) and Rao et al (2008) suggested that the variation in the strength of
upper tropospheric wind could modulate the frequency and intensity of the storms over northern Indian Ocean.
It may be worth to note that the decadal variability of low-level vorticity and vertical and horizontal wind shear
of zonal wind are in the unfavorable phase for the genesis and intensification of CS over the BoB after 1980
(Mandke and Bhide 2003). Rajeevan et al (2000) reported that SST in the BoB and frequency of MD had shown
similar decadal variations till early 1980s, however the MD have been decreasing in-spite of increasing SST
since mid-1980s. Prajeesh et al (2013) suggested that the decreasing trend in the frequency of occurrence of MD
could be associated with the declining trend in mid-tropospheric relative humidity. Roxy et al (2015) observed
that the decreasing trend in the rainfall activity over the central-eastern India is intriguing as this is the region
which receives substantial amount of rainfall due to MDs/low pressure systems. This motivated us to explore
whether there is any link between the decreasing trend in MDs and rainfall over the central-eastern Indian region
and if so, whether the latter is also influenced by the changes in the monsoonal circulation as suggested by Roxy
et al (2015). In fact, some of the studies on the long term variation of MD indicate that the changes in the ‘large
scale environmental parameters’ are responsible for the decreasing trend in the frequency of MD over the BoB,
which could be related to the changes in the circulation that Roxy et al (2015) refer to. Hence, in this paper, we
try to address the links between the trends in the monsoon rainfall in India and the frequency of MDand derive
the quantitative estimates of the relative contributions of each of the environmental variables responsible for the
long term variation in the number of MD. The Genesis potential index (GPI) formulated by Emanuel and Nolan
(2004) is a useful tool to quantitatively describe the influence of large-scale environmental factors on the
genesis of the tropical cyclones.GPI has been successfully used to analyze the seasonal, intra-seasonal and inter-
annual modulation of tropical storm activity in various tropical basins (Camargo et al 2007, Camargo et al 2009,
Yanase et al 2012, Li et al 2013, Girishkumar et al 2014). Given the fact that the environmental conditions
responsible for the organization of the low pressure systems to depressions and cyclones are same (Sikka 1977),
it is possible to use the GPI for estimating the relative contributions of different environmental conditions in the
formation and development of MD.The objective of the present study is to analyze the trend of cyclonic
disturbances categorically formed over the BoB on seasonal and annual basis for the period of 1981-2013 using
Mann-Kendal test and Sen’s slope estimation.

Il.  Data Used And Methodology

Daily rainfall data set over Bangladesh of 28 meteorological observatories (Fig-1) during the period
from 1985 to 2014 has been used in the present study which was collected from the Climate Division of
Bangladesh Meteorological Department (BMD). As per the classifications of BMD the rainfall events are
divided into five different categories from ‘light’ to ‘very heavy’ depending on the amount of rainfall in a day
for the station rainfall (Table I). The same classification is used in the present study for identifying categorical
rainfall events. In the present analysis the spatial and temporal variability along with the longterm trend of five
broad categories of rainfall events are analyzed and discussed. The Mann-Kendall (MK) test is used for the
detection of monotonic trends in the derived frequency and intensity data for each grid cell. An estimate of the
Sen’s slope, a strong estimate of the monotonic trend, is also computed, along with its significance level. The
MK test is a rank-based test, with no assumptions as to the underlying probability distribution of data [Helsel
and Hirsch, 1992].
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Fig. 1: Regions of the Bay of Bengal

Table -1: Classification of cyclonic disturbances in Bangladesh

Sl. no. Category of disturbances Range of wind speed (km/h) Bar depth (hPa)
1 Low <31 >1-15

2 Well Marked Low 31-40 >2-24

3 Depression 41-51 >25 -37

4 Deep Depression 52 - 61 >4-45

5 Cyclone 62 - 88 >59-11.2

6 Severe Cyclone 89 - 117 >11.7-20.2

7 Very Severe Cyclone 118 - 219 >21.9

8 Super Cyclone > 220 >22

Mann-Kendall (MK) trend test

The Mann-Kendall [Mann, 1945, Kendall, 1975] test (MK test) is a nonparametric trend test that
involves the ranks for each element in the data series and is a statistical hypothesis testing procedure for the
existence of trends; it does not estimate the slope of trends. The magnitude of the trends was estimated
using Sen’s slope [Sen, 1968]; according to Hirsch et al., 1982, Sens method is robust against extreme
outliers. The Mann-Kendall test was employed to detect presence of positive or negative trend
in time series data while Sen’s method was used to compute the magnitude of the change in
rainfall.

One of the most used non-parametric tests to identify presence of trends in time series data is the
Mann-Kendall test. Missing values in time series data are allowed in Mann-Kendall trend test and
the data do not require conforming to any particular distribution [Yu et al, 1993]. The sign of
difference is identified after all subsequent observed values are compared and the difference
between the later-observed values and earlier- observed values are compared in the Mann-
Kendall test. Each-later observed value is analyzed with all earlier-observed values. If later-
observed values tend to be larger than earlier-observed values, an increasing trend can be
identified while a decreasing trend can be recognized if later-observed values tend to be
smaller than earlier-observed values. Linear regression method is used to estimate the slope of possible
linear trend in time series but if there are gross data errors or outliers in time series, the estimated slope can
be different from the true slope of linear trend.

Since Sen’s slope estimator is not affected from gross data error or outliers, it is
used to estimate the slope for Mann-Kendall test even with missing data. Possible
slopes between all possible data pairs can be calculated by Sen’s slope estimator. The initial
value of the Mann-Kendall test statistic S is set to 0 and it indicates there is no trend. It
increases the S value by 1 when a later-observed value is higher than earlier-observed
value and decreases by 1 when a later-observed value is lower than an earlier-observed
value. The final value of S is computed by the net results of those increases and decreases.
Mann-Kendall method firstly calculates S statistic which indicates the sum of the difference between the
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data points indicated in following equation.
n-1n

S= ¥ Xsgn(xi-Xk) (1)
k=1 j=k+1

Where; x; is observed value at time j, X, is observed valu at time k, j is time after time k and n is the length
of the data set.

The sign of the value is defined as follows:

1 if Xj-Xk>O
Sgn(xi-xk) = { 0 ifx;-xc=0 (2)

-1 ifx-xk <0
The statistical significant of S is checked using a test statistic (or z score):

5-1

J¥ar(s) »S>0
Z= 0 ®)

5+1
—;5<0
VWar(S)

The variance of S can be computed as:

q
N(N-1)(2N+5) - 3 t; (t-1)(tp+5)
J=1
Var(S) = 4
18
Where; N indicates the number of data points, q indicates the number of tied groups (a tied group is a
set of sample data having the same value) and t indicates the number of data points in the p" group. The Mann-
Kendall method test the null hypothesis, Hg, is that data indicate no distinct trend against the alternative
hypothesis Hi is that data indicate a trend. Two tailed test is used to decide whether or not the null hypothesis
should be rejected in favor of hypothesis test. The null hypothesis, Hy is tested by the Z test statistic
value. A decreasing trend is identified if Z is negative and an increasing trend is identified if the Z is positive.
Hy is rejected at 0.1, 0.05, 0.01 and 0.001 significance levels if the absolute value of Z is greater than
Z1. a2, Where Z;. 4/, is taken from the standard normal cumulative distribution tables. The magnitude of
the trend over time is estimated according to Sen, 1968. The median slope of all pair wise comparisons
indicates the trend slope and the slopes of

Qi =X~ Xk/j-k ®)
Where
Qi . Slope between data points
X; . Data measurement at time j,
Xk . Data measurement at time k and j > k.

If there are n values of X; in the time series Sen’s slope estimator is the median of N(N-1)/2 pairwise slopes.
The Sen's estimator is:

Q =Q 1z if Nis odd, (6)
Q=%[Q 2+ Q n+2)2]  ITNiseven (7)

I1l.  Results and Discussion
3.1 Seasonal and annual trend of Depression over the Bay of Bengal
In order to study the variability of seasonal frequency of depressions, the seasonal number of
occurrence of depressions in monsoon and post-monsoon season for the 33years from 1981 - 2014 are shown in
[fig. (2-3)] and discussed in this section. In monsoon season the value of Z is found -1.67 and the Mann-
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Fig-2: Time series and trend statistics of frequency of depression in Monsoon during 1981-2013
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Fig-3: Time series and trend statistics of frequency of depression in Post-Monsoon during 1981-2013

Kendall test indicates a decreasing trend, it is appropriate at 90% statistical confidence level. In the
post-monsoon season the value of Z is found -0.23 which is not statistically significant. The annual frequency of
depressions are shown in the Fig. no. [4] and the value of Z is -1.18 which is also statistically insignificant The
significance level of the Mann-Kendall test for the monsoon, pre-monsoon and annual is given in the Table 2.
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=585 % conf, min - =35 % conf, max TestS
10,00
TestZ -1.18
- Signific.
.
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20 . yoe—se Y Bmin99 5.93
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Fig-4: Time series and trend statistics of frequency of annual depression during 1981-2013
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Table 2: Depression trends of Bangladesh over the 33-years period by using Mann-Kendall test

Seasonal/Annual Trend of depression Significant level
Monsoon -1.67 +
Post-monsoon -0.23 -
Annual -1.18 -

Not significant. +Significance level <= 90%.

3.2 Seasonal and annual trend of cyclonic storm over the Bay of Bengal

The variability of post-monsoon and annual frequency of cyclonic storms, for the 33years from 1981 -
2014 are depicted in [fig. (5-6)]. The significance level of the Mann-Kendall test for the post-monsoon, and
annual is given in the Table 3. In post-monsoon season the value of Z is found -0.34 and the Mann- Kendall test
indicates a decreasing trend, but it is statistically insignificant. The annual frequency of cyclonic storms are
shown in the Fig. no. [6], and the value of Z is -0.23 which is also statistically insignificant.

. Data —— Sen's estimate Name Cyclonic Storm
- 99% conf, min 99 % cond, max TestS
- 95% conf, min 95 % cond, max Test Z 034
‘ Signific.
Q 0.000
Qmin®9 0.000
o | Qmax99 0.000
a Qmin95 0.000
S 1 Qmax95 0.000
200 | s e B A 1.000
Bmin%9 1.000
PSRN ey s —t TP S Bmax99 1.000
Bmin23 1.000
0.00 bto . PN .o D — Bmax95 1.000
1980 1985 1950 1995 2000 N05 2010 W18
Year |

Fig-5: Time series and trend statistics of frequency of post-monsoon cyclonic storm during 1981-2013
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Fig-6: Time series and trend statistics of frequency of annual cyclonic storm during 1981-2013

Table 3: cyclone trends of Bangladesh over the 33-years period by using Mann-Kendall test

Seasonal/annual Trend of depression Significant level
Post-monsoon -0.34 -
Annual -0.23 -

- Not significant.

3.3 Seasonal and annual trend of severe cyclonic storm over the Bay of Bengal

The variability of pre-monsoon, post-monsoon and annual frequency of severe cyclonic storms, for the
33years from 1981-2014 are depicted in [fig. (7-9)].The significance level of the Mann-Kendall test for the pre-
monsoon, post-monsoon and annual is given in the Table 4. In post-monsoon season and the annual value of Z is
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found -2.20 and -2.21 respectively & the Mann- Kendall test indicates a decreasing trend, which is statistically
significant in 95% confidence level. No trend is found in pre-monsoon season.

¢ Data —Sen'sestimate - 99 % conf. min
«====-- 99 % conf. max ~—~95% conf. min ——~95% conf. max
4.00
< 2.00 .
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DOL - 44— 448 — — % -+ 5 — - S 844 - #- 4 — — 44
1980 1985 1990 1995 2000 2005 2010 2015
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Name Severe
Cyclonic storm
TestS

TestZ
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B
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Bmin95
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0.04

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Fig-7: Time series and trend statistics of frequency of pre-monsoon severe cyclonic storm during 1981-2013
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Fig-8: Time series and trend statistics of frequency of post-monsoon severe cyclonic storm during 1981-
2013
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Fig-9: Time series and trend statistics of frequency of annual severe cyclonic storm during 1981-2013
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Table 4: Severe Cyclone trends of Bangladesh over the 33-years period by using Mann-Kendall test

Seasonal/Annual Trend of depression Significant level
Pre-Monsoon 0.04
Post-monsoon -2.20
Annual -2.21

- Not significant, * Significance level <= 95%.

3.4 Seasonal and annual trend of (D + CS + SCS)) over the Bay of Bengal

4.The variability of pre-monsoon, monsoon, post-monsoon and annual frequency of cyclonic storms
(D+CS+SCS), for the 33years from 198-2014 are shown in [fig. (10-13)].The significance level of the Mann-
Kendall test for the pre-monsoon, monsoon, post-monsoon and annual is given in the Table 5. In monsoon
season the value of Z is found -1.99 and the Mann- Kendall test indicates a decreasing trend, it is statistically
significant. The annual frequency of cyclonic storms are shown in the Fig. no. [13], and the value of Z is -1.47
which is statistically insignificant.

* Data Sen'sestimate  <--eees 99% conf. min Name D+CS+SCS
----- 99% conf. max — —95% conf. min — —95% conf. max TestS
4.00 - - - - - - - TestZ 1.15
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000 ¢ -*%  see . - .- e Bm1n99 1.00
1980 1985 1990 1995 2000 2005 2010 2015 Bmax9 -0.05
Year Bmin95 1.000

Bmax9 0.08

Fig-10: Time series and trend statistics of frequency of pre-monsoon (D + Cs + SCS ) during 1981-2013
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Fig-11: Time series and trend statistics of frequency of monsoon D + Cs + SCS during 1981-2013
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Fig-12: Time series and trend statistics of frequency of post-monsoon ( D + CS + SCS) during 1981-2013
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Fig-13: Time series and trend statistics of annual frequency of D+Cs+SCS during 1985-2013

Table 5: Seasonal and annual trend of (D + CS + SCS) over the Bay of Bengal During 33-years Period by
using Mann-Kendall test

Seasonal/annual Trend of rainfall Significant level
Pre-monsoon 1.15 -

Monsoon -1.99 *

Post-monsoon -1.32 -

Annual -1.47

- Notsignificant. * Significance level <= 95%.

IV.  Conclusions
The present study analyses the trend of cyclonic storms over Bangladesh for a 33-years period between
1981 and 2014 by using Mann-Kendall test and Sen’s method. The results presented in this paper reveal
negative trends over Bangladesth during 33-years period. These results indicate, Bangladesh has experienced a
lower trend of tropical disturbances.
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