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Abstract: A statistical comparative analysis of tropical cyclone activity over the Arabian Sea (AS) and Bay of Bengal
(BoB) has been conducted using best-track data and wind radii information from 1977 to 2018 issued by the Joint
Typhoon Warning Center. Results show that the annual variation in the frequency and duration of tropical cyclones has
significantly increased over time over the AS and insignificantly decreased over the BoB. The monthly frequency of
tropical cyclones over the AS and the BoB shows a notable bimodal character, with peaks occurring in May and October-
November, respectively. The maximum frequency of tropical cyclones occurs in the second peak as a result of the higher
moisture content at mid-levels in the autumn. However, the largest proportion of strong cyclones (H1-HS grades) occurs
in the first peak as a result of the higher sea surface temperatures in early summer. Tropical cyclones over the AS break
out later during the first peak and activity ends earlier during the second peak, in contrast with those over the BoB. This
is related to the onset and drawback times of the southwest monsoon in the two basins. Tropical cyclones over the AS are
mainly generated in the eastern basin, whereas in the BoB the genesis locations are meridionally (zonally) distributed in
May-June (October-November) as a result of the seasonal movement of the low-level positive vorticity belt. The Arabian
Sea is dominated by tropical cyclones that track west and northwest, accounting for about 74.6% of all the tropical
cyclones there, whereas the tropical cyclones with a NE track account for only 25.4%. The proportions of the three types
of tracks are similar in the BoB, with each accounting for about 33% of the tropical cyclones. The mean intensity and
size of tropical cyclones over the AS are stronger and larger, respectively, than those over the BoB and the size of
tropical cyclones over the North Indian Ocean in early summer is larger than that in the autumn. The asymmetrical
structure of tropical cyclones over the North Indian Ocean is affected by topography and the longest radius of the 34 kt
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surface wind often lies in the eastern quadrant of the tropical cyclone circulation in both sea areas.
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1 INTRODUCTION

Tropical cyclones are severe weather systems that
mainly occur in the western and eastern North Pacific
Ocean, the North Atlantic Ocean, the North Indian
Ocean (NIO), the South Indian Ocean and the South
Pacific Ocean (Riehl ). Among them, the NIO,
including the Arabian Sea and the Bay of Bengal (BoB),
contributes only 13% to the total global annual storms
(Gary ). However, storm disasters in this region are
particularly serious as a result of the trumpet terrain of
the two seas and the dense coastal population (Chutia et
al. B'). Historical cyclone records show that seven of the
ten most deadly cyclones occurred in the BoB (Li et
al. ™). Tropical cyclones over the BoB interact with
other systems, such as the south branch trough and the
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subtropical jet stream, and, as a result, have a great
impact on precipitation in southwestern (SW) China,
leading to torrential rain, snowstorms, floods and debris
flows.

From the climatological point of view, tropical
cyclones over the NIO have features that are different
from cyclones in other basins (Pattanaik !; Camargo et
al. ). The annual cycle of tropical cyclones in the NIO
shows a prominent bimodal feature, with peaks
occurring in the monsoon transition periods of April-
May and October-November, whereas a single peak is
dominant in other basins. This is because the monsoon
trough is located far inland during the summer in the
region of the NIO and the prevailing southwesterly
winds and upper-level easterly winds create strong
vertical shear that suppresses the formation of tropical
cyclones (Jadhav and Munot ™). By contrast, the
barotropic instability caused by horizontal wind shear
can trigger storm formation during the northward
advancement of the monsoon trough in the spring or the
southward withdrawal of the monsoon trough in the
autumn, with the energy for storm development obtained
from the basic zonal flow (Krishnamurti et al. ®l; Mao
and Wu ). November 1-10 is considered to be the most
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favorable time for cyclogenesis in the NIO (Mahala et
al. '), The intraseasonal oscillation event also
influences the formation of tropical cyclones over the
NIO within the transition seasons (Yanase et al. [l
Kikuchi and Wang ['?)),

Global warming has affected the frequency and
intensity of tropical cyclones. Using cyclone data from a
storm atlas issued by the India Meteorological
Department for the period 1877-1989, Singh et al. found
significant positive trends in the frequency of cyclones
with maximum wind speeds >48 kt over the BoB in May
and November [, However, the frequency of cyclones
decreased during the monsoon season (June-September)
(Singh '¥; Mandke and Bhide [¥; Vishnu et al. ['9),
Mohapatra et al. obtained similar results for tropical
cyclones over the BoB in May and November in the
time period 1891-1960, but the annual variation in the
frequency of tropical cyclones over the BoB in the time
period 1961-2008 showed a decreasing trend ['7),
Rameshkumar and Sankar explained that warm sea
surface temperatures (SSTs) were insufficient for the
initiation of convective systems over the BoB !8],
Balagutru et al. indicated that the intensity of strong
storms (hurricane categories 3-5) in the post-monsoon
period over the BoB increased during the time period
1981-2010 1), Rao et al. and Krishna both found that
the upper-level tropical easterly jet during the SW
monsoon over the NIO has weakened in recent
years 2211 If this trend continues, it may induce more
intense tropical cyclones during the SW monsoon. Evan
and Camargo showed that tropical cyclones have
intensified over the Arabian Sea in May-June since
1997 23, Evan et al. attributed this to significant
reductions in the ambient vertical wind shear (VWS) in
the troposphere caused by the dimming effects of
increased anthropogenic black carbon and other
aerosols 1. Wang et al. showed that the intensification
of tropical cyclones in the Arabian Sea in May-June is
caused by the substantial advancement (by 15 days) of
the occurrence of tropical cyclones caused by the early
onset of the Asian SW monsoon 4. Recent studies have
highlighted the importance of the influence of the El
Nifio-Southern Oscillation on tropical cyclone activity
over the BoB by forcing convection, low-level cyclonic
vorticity and the heat potential of tropical cyclones
(Mahala et al.'”; Girishkumar and Ravichandran ;
Felton et al. 2°). Severe tropical cyclones have often
occurred over the NIO in recent years, such as Sidr in
2007, Giri in 2010, Phailin in 2013 over the BoB and
Chapala in 2015 over the Arabian Sea, all with a
maximum wind speed >130 kt (66.9 m s™'). Phailin was
the strongest tropical cyclone in the world in 2013.

The activities of tropical cyclones in the two seas of
the NIO have different patterns and are experiencing
temporal changes. Previous climatological studies
focused on the activity of tropical cyclones over the
entire NIO basin or in only a single sea area; few

considered the size and asymmetrical structure of
tropical cyclones in both seas. We carried out a
comparative statistical analysis of the activities,
environmental conditions and wind structure of tropical
cyclones over the Arabian Sea and BoB based on the
latest and relatively long-term best-track data.

Section 2 describes the data used in this study.
Section 3 discusses the activity of tropical cyclones and
their different features in the Arabian Sea and BoB.
Section 4 investigates the wind structural characteristics
of tropical cyclones in the two sea areas by analyzing the
size and asymmetrical structure. Section 5 examines the
environmental conditions in an attempt to understand the
generation features and the differences of tropical
cyclones in the two seas.

2 DATA AND METHODS

The Joint Typhoon Warning Center (JTWC)
provides historical best-track information over the NIO
from 1945 to 2018. Using these data, Duan et al. found
that there was a sudden change in the frequency of
tropical cyclones over the NIO during the mid to late
1970s, from an annual average of 12.4 in the time period
1945-1976 to 3.7 in 1977-2006 27!, This change may be
related to the inconsistencies in observational methods
(Mandke and Bhude '*'). After the 1970s, more reliable
meteorological satellites and radar systems were used to
monitor tropical cyclone activity and their intensity was
estimated with the Dvorak model (Chu et al. P
Dvorak ). The quality of the historical data provided
by the India Meteorological Department and the JTWC
has been discussed (Evan and Camargo *?l; Zhang et
al. B%). They showed that the India Meteorological
Department dataset has a much shorter time period,
beginning in 1990, and has irregular time intervals,
mainly 3 h, but also 6, 9, 12 and 15 h intervals. By
contrast, the JTWC dataset is of good quality, with a
longer duration and more stable records estimated every
6 h. We therefore used the tropical cyclone best-track
data from 1977 to 2018 and the wind radii information
from 2001 to 2018 issued by the JTWC. In addition, the
monthly mean reanalysis data at a resolution of 2.5° x
2.5° provided by the National Centers for Environmental
Prediction / National Center for Atmospheric Research
(NCEP / NCAR) were also used to investigate the
background environmental circulation (Kalnay B').

The JTWC best-track data include the serial
number of the tropical cyclone, its name, time (0000,
0600, 1200 and 1800 GMT), center location, the
maximum 1-min sustained wind speed near the center
(Vx> Units: knots, where 1 kt=0.514 m s™'), the intensity
grade, the specified wind (34, 50 and 64 kt) radii in four
quadrants, i.e., northeast (NE), southeast (SE), southwest
(SW) and northwest (NW), the radius of the maximum
wind speed and the radius of the last closed isobar.
Based on V,,,,, the intensity grade is classified into seven

max?

levels by the JTWC criteria: tropical depression, V,,,, <

max
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34 kt (<17.5 m s7!); tropical storm, V,,,, 34-63 kt (17.5-
32.4 m s7'); hurricane category 1 (HI), V,,,. 64-82 kt
(32.9-42.2 m s7'); hurricane category 2 (H2), V.. 83-95

kt (42.7-48.9 m s7!); hurricane category 3 (H3), V,,,. 96—
112 kt (49.4-57.6 m s7'); hurricane category 4 (H4), V...
113-135 kt (58.1-69.4 m s7'); and hurricane category 5
(HS), V,ux =135 kt (>69.4 m s™).

The definition of tropical cyclones in this study are
samples which exhibit wind speeds in excess of 17 kt in
the NIO. The four tropical cyclones for which the V,,,,
value was not estimated are not included in the statistical
samples. The genesis points are defined as the location
at which a disturbance was first classified as a tropical
depression with V.. >17 kt in the NIO, which is
consistent with previous studies (Kikuchi and Wang ['];
Evan and Camargo 1*?); Molinari and Vollaro P*; Frank
and Roundy ®*"). We define the duration of the tropical
cyclone as the total time for which V,,, >17 kt and the
average duration of tropical cyclones is obtained by
dividing the sum of the duration per year by the annual
frequency of tropical cyclones. With reference to Ng and
Chan, 80° E is taken as the boundary between the
Arabian Sea and the BoB . Tropical cyclones
generated in the region (0-25° N, 50-80° E) are defined
as Arabian Sea tropical cyclones, whereas those
generated in the region (0-25° N, 80-110° E) are
classified as BoB tropical cyclones. The BoB tropical
cyclones include a few that originated from the
Indochina Peninsula or the Gulf of Thailand and
subsequently entered the BoB.

We use the asymmetric index o defined by Song
and Klotzbach to quantitatively evaluate the asymmetry
of tropical cyclones:

a:%\/( Ry _st)2 (R _RNW)2 (H

where Ry, Rgy, Rsp and Ry, refer to the 34 kt wind radii
in the NE, SW, SE and NW quadrants, respectively 2%,
When the wind field of the tropical cyclone is perfectly
symmetrical, o will be zero. Otherwise, a non-zero value
of a indicates asymmetry and the direction of the longest
radius 6 is estimated as follows:
o= " RNE _RSE _st + RNW 2
are an(RNE + RSE _st _RNW) ( )
where 6 is categorized by its value in the nearest eight
directions: east (0°), NE, north (90°), NW, west (180°),
SW, south (270° or —90°) and SE.

The significance of the time series trends is tested
using the  non-parametric =~ Mann-Kendall  test
(Kendall B®). The main advantage of this method is that
the sample does not need to obey a certain distribution
and a few outliers can be tolerated. It is therefore
suitable for non-normally distributed data, as found in
meteorology and hydrology, and is easy to calculate.

3 ACTIVITY OF TROPICAL CYCLONES
OVER THE NIO

3.1 Temporal variation

3.1.1 ANNUAL VARIATION

During the time period 1977-2018, the total
number of tropical cyclones (including tropical
depressions) generated in the NIO was 215. Among
them, 65 tropical cyclones formed in the Arabian Sea,
with an annual average number of 1.6, accounting for
about 30% of the total tropical cyclones in the NIO. A
total of 150 tropical cyclones were generated in the BoB,
accounting for about 70% of the total tropical cyclones
in the NIO. The average annual frequency of tropical
cyclones in the BoB was 3.6, close to the 3.7 counted by
Duan et al. 7,

The mean duration of tropical cyclones in the
Arabian Sea was 116 h (about 4.8 days) and showed a
significant increasing annual trend (Fig. 1b). The
shortest tropical cyclone of only 36 h occurred in 1983,
whereas the longest of 276 h (11.5 days) occurred in
1997. The mean duration of tropical cyclones in the BoB
was 128 h (5.3 days) and showed a slight negative
annual trend. The shortest tropical cyclone of only 12 h
occurred in 1986, whereas the longest of 462 h (19 days)
occurred in 1996.

The frequency of occurrence of tropical cyclones
shows a clear increasing trend in the Arabian Sea (Fig.
la), statistically significant at the 95% level, and is
consistent with the findings of Zhang et al. %, Fig. l¢c
shows that this increasing trend is mainly due to the
increase in the number of HI-H5 grade cyclones,
consistent with the results of Webster et al. B”). There
was only one tropical depression in the Arabian Sea (not
shown in Fig. 1c). The frequency of occurrence of
tropical cyclones in the BoB has decreased, but not
significantly, consistent with the findings of Mohapatra
et al. ', However, there is no clear change in stronger
cyclones (H1-H5 grades), whereas the number of
tropical depressions has decreased (Fig. 1d).

The MeteoSat-5 satellite was relocated from 8 to
63.8° E in 1998 and 3-h satellite observations in the
infrared and visible channels were established directly
over the Arabian Sea (Knapp and Kossin P*), which is
likely to result in a different estimation of intensity from
that in the JTWC database. The change in the frequency
of tropical cyclones in different categories of intensity is
therefore uncertain. Based on a homogenous reanalysis
of satellite imagery, some studies demonstrated that
there has been no trend toward an increase in the number
of H3-HS5 cyclones over the NIO from 1980 to 2009
(Landsea B%; Kossin et al. “; Hoarau et al. #!). In view
of the uncertain influence of tropical depressions, we re-
counted the annual variation in the frequency and
duration of the samples without tropical depressions and
confirm our earlier conclusions.

This analysis shows that the frequency and duration
of tropical cyclones have a significant increasing trend (>
95% confidence level) in the Arabian Sea, but not in the
BoB. This may be related to the abrupt interdecadal
change in the SW monsoon circulation in South Asia.
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Xiang and Wang showed that the onset of the Asian
summer monsoon in May has advanced remarkably
since 1999, leading to the earlier genesis of tropical
cyclones over the Arabian Sea and an increase in the

frequency and duration of tropical cyclones 2. May is
the normal genesis time of tropical cyclones over the
BoB, leading to few significant change over the number
of tropical cyclones over the BoB.
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Figure 1. Annual variation of (a) the number and (b) the average duration of tropical cyclones (TC) after z-score standardization
over the Arabian Sea (AS, red lines) and Bay of Bengal (BoB, blue lines) during the time period 1977-2018. Annual variation in the
frequencies of TC of different intensity grades in the (c) AS and (d) BoB, including tropical depressions (TD, green lines), tropical
storms (TS, blue lines) and hurricane grades HI-H5 (red lines) after z-score standardization. The dotted lines indicate the trends.

3.1.2 MONTHLY VARIATIONS

Figure 2 shows the monthly occurrence number of
tropical cyclones over the NIO during the time period
1977-2018. There was no tropical cyclone over the
Arabian Sea in January-April and July (Fig 2a) and no
tropical cyclone over the BoB (Fig. 2b) in February and
August. The monthly frequencies of tropical cyclones in
both basins show a clear bimodal character. The first
peak in the Arabian Sea occurs in May (12 tropical
cyclones) and then in June (14 tropical cyclones). June is
the only month in which there are more tropical
cyclones over the Arabian Sea than over the BoB. The
second peak is in November, with a total of 17 tropical
cyclones, and ends in December. The largest proportion
(about 50%) of strong cyclones (HI-HS5 grades) in the
Arabian Sea occurs in May. Tropical cyclones seldom
occur consecutively over the Arabian Sea in May and
June (except in 1998) and in October and November

(except in 2015). This pattern is associated with the
onset and withdrawal of the transition season for
monsoons over the Arabian Sea. Evan and Camargo
suggested that May (June) storms over the Arabian Sea
are related to an early (late) onset of the SW
monsoon 2. The first peak in the BoB occurs in May,
with a total of 23 tropical cyclones. The maximum peak
in the BoB occurs in November, with a total of 39
tropical cyclones, and then a secondary peak of 37 in
October. The largest proportion of strong cyclones
(about 62.5%) occurs in April. The number of tropical
cyclones over both seas shows a bimodal distribution,
with the maximum peak occurring in autumn
(November) and a larger proportion of stronger tropical
cyclones occurring in early summer (April or May). The
tropical cyclones over the Arabian Sea break out later in
early summer and end earlier in the autumn than those in
the BoB.
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(a) TC monthly distribution over the AS
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(b) TC monthly distribution over the BoB
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Figure 2. Monthly numbers of TC with different intensity grades in the (a) AS and (b) BoB. The climatology period is 1977-2018.

3.2 Geographical distribution
3.2.1 TROPICAL CYCLONE TRACKS

The movements of tropical cyclones show three
different types of tracks: NW, NE and west (Fig. 3). The
classification standard for the track of tropical cyclones
is adopted according to the first landfall location, or the
point of final disappearance for tropical cyclones that do
not make landfall. Tropical cyclones over the Arabian
Sea with landfall/disappearance points located north of
15° N and west of 60° E are defined as the NW track,
those north of 15° N and east of 60° E are defined as the
NE track and those south of 15° N and west of 60° E are
defined as the westward track. Tropical cyclones over
the BoB with landfall/disappearance points located north
of 15° N and west of 90° E or north of 20° N are defined
as the NW track, those in the region 15-20° N and east
of 90° E are defined as the NE track and those south of
15° N and west of 90° E are defined as the westward
track (Duan et al. 7).

Tropical cyclones over the Arabian Sea tend to
move westward at lower latitudes. Although most of the
tropical cyclones moved NW along the Western Ghats at
slightly higher latitudes, some turned to the NE around
15° N and then made landfall in southern Pakistan or the
NW corner of the Indian Peninsula. The westward track
accounts for the highest proportion (37.3%) of tropical
cyclones in the Arabian Sea, followed by the NW track
(34.3%), whereas the NE track accounts for the lowest
proportion with 25.4%. The proportions of the three
types of tracks are similar in the BoB, with each
accounting for about one-third of the total. Among them,
tropical cyclones with NW and NE tracks may affect
precipitation in the southwestern and plateau regions of
China (Xiao and Duan ). Only three tropical cyclones
moved into Yunnan Province (in April 1991, May 1992
and October 2010). Tropical cyclones in the BoB with a
westward track mainly affect southeastern India and Sri
Lanka; about 39% of these tropical cyclones can move

40°N
30°N -
20°N 1

10°N

60°E

90°E

Figure 3. Regional distribution of TC tracks in the AS and
BoB during the time period 1977-2018. In the AS, the green,
orange and red lines represent the NE, NW and westward
tracks, respectively. In the BoB, the purple, light blue and dark
blue lines represent the NE, NW and westward tracks, respec-
tively.

westward into the Arabian Sea and may make landfall

for a second time.
3.2.2 TROPICAL CYCLONE OCCURRENCE FREQUENCY AND
AVERAGE INTENSITY

Figure 4 shows the 2.5°x2.5° rasterized distribution
of the occurrence frequency of tropical cyclones at 6 h
intervals and their average V,,,, over the NIO during the
time period 1977-2018. The area with most samples
mainly covers (10-20° N, 60-70° E) over the Arabian
Sea and (8-20° N, 80-90° E) over the BoB, with the
large value centers located in the SE and NW of their
respective sea areas. The spatial distribution of the grids
with an average V,, >25 m s™' (red grids) over the
Arabian Sea is mainly distributed near 60° E and the
west coast. This distribution is significantly broader than
that over the BoB, where tropical cyclones only occur in
the northern triangular region near the coast. The feature
indicates that there are more strong tropical cyclones

over the Arabian Sea than over the BoB.
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Figure 4. Regional distribution of the frequency of TC (numbers in the grid) at 6-h intervals over the North Indian Ocean (NIO) and

the sample-averaged value of the maximum sustained wind speed (V,

2018. The grid size is 2.5°x2.5°,

4 STRUCTURAL CHARACTERISTICS OF
WINDS

4.1 Radius of maximum wind

The radius of maximum wind (RMW) of tropical
cyclones over the NIO is recorded every 6 h. The total
number of samples during the time period 2001-2018 is
2011, including 778 over the Arabian Sea and 1233 over
the BoB. Fig. 5 shows the frequency distribution of the

shaded grids; units: m s™') during the time period 1977-

ax 2

RMW; the six samples in the BoB with RMW >150 km
are not shown. Most of the tropical cyclones have an
RMW between 15 and 90 km, accounting for about 79%
of tropical cyclones over the Arabian Sea and 88% over
the BoB. The mean value of the RMW over the Arabian
Sea (BoB) is 51 (55) km and the RMW with the most
samples is 28 (74) km, indicating that the RMW over the
Arabian Sea is smaller than that over the BoB.
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Figure 5. Frequency distribution of the radius of maximum wind (RMW) of TC over the (a) AS and (b) BoB from 2001 to 2018.

4.2 34 kt wind radii (Ry,)

There were 885 tropical cyclones over the NIO
from 2001 to 2018 based on the 34 kt wind radii (R,)
measured at 6 h intervals. The shape parameters of the
34 kt surface wind of tropical cyclones over the Arabian
Sea and BoB are mostly in the NE quadrant—that is, the
gale mainly appears in the NE quadrant of the tropical
cyclone circulation. The size of a tropical cyclone is
defined as the azimuthal mean radius of the 34 kt surface
wind (Lu et al. ¥#). Tropical cyclones over the NIO have
an average size of 139 km, which is much smaller than

that of tropical cyclones over the western North Pacific,
which have an average size of 203 km (Lu et al. *¥). The
mean sizes of tropical cyclones over the Arabian Sea and
the BoB are 146 and 135 km, respectively. Table 1 gives
the mean and maximum size in different intensity and
seasonal groups and shows that strong cyclones are
larger than tropical storms in both seas, consistent with
the results of Mohapatra and Sharma—that is, the size
(34 kt) of tropical cyclones in the Arabian Sea and BoB
increases significantly with the increase in the intensity
of the tropical cyclone ). The size of tropical cyclones
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in the NIO in early summer is larger than that in autumn,
especially in the Arabian Sea.

Figure 6 shows the regional distribution of the size
of tropical cyclones over the NIO on 2.5°x2.5° grids and
suggests that the maximum value of the mean size can
reach more than 200 km (red grids) in both sea areas,
although the number of samples is small. More than half
the grids in the Arabian Sea have tropical cyclones with

a mean size >150 km (orange and red grids), mainly
distributed in the western basin. In the BoB, the most
frequent size of tropical cyclones is 100-150 km (yellow
grids) and grids with a mean size >150 km (orange and
red grids) are only located in the area north of 15° N.
This shows that the size of tropical cyclones in the
Arabian Sea are generally larger than those in the BoB.

Table 1. Size of tropical cyclones in groups of different intensity and different seasons.

Intensity grade over the Arabian Sea (BoB)

Time period over the Arabian Sea (BoB)

Tropical storm  HI-HS May-June  October—-December
Average size (km) 127 (122) 186 (172) 153 (140) 144 (136)
Maximum size (km) 248 (257) 329 (310) 329 (310) 250 (269)
Minimum size (km) 35(19) 72 (83) 56 (19) 35(37)
Sample size 252 (388) 115 (134) 141 (135) 211 (325)

TC size (km)

100-150 km

S200Kkm |
L
150-200 km 5

<100 km

Figure 6. Regional distribution of the size of TC (units: km) over the NIO from 2001 to 2018. The grid size is 2.5°%2.5°. The num-

ber in each grid is the number of samples.

There are some differences in the wind radii in
different quadrants of the tropical cyclones. The mean
value of Ry, over the SW, NW, NE and SE quadrants of
tropical cyclones over the Arabian Sea (BoB) are 145
(130), 148 (129), 151 (136) and 152 (137) km,
respectively. On average, Ry, is larger over the Arabian
Sea than over the BoB in all four quadrants and the wind
radius is larger in the eastern quadrants (NE, SE) than in
the western quadrants (NW, SW) in both seas.

Figure 7a and 7b show the frequency of Ry, in the
four quadrants of tropical cyclones over the Arabian Sea
and BoB, respectively. The number of tropical cyclone
samples with R,, between 100 and 150 km is highest in
both basins, although there are differences between the
four quadrants. The proportion of samples with R;, <150
km is greater in the BoB than in the Arabian Sea. Taking
the NE quadrant as an example, samples with R,, <150
km account for 58 (69)% of the total samples over the
Arabian Sea (BoB). The number of samples with R;,

between 200 and 250 km over the Arabian Sea and R, >
250 km over the BoB shows that the eastern quadrants
have a higher frequency of tropical cyclones than the
western quadrants do, whereas the number of samples
with R,, between 50 and 100 km is significantly greater
in the western quadrants than in the eastern quadrants in
both basins. This shows the asymmetrical structure of
tropical cyclones over the NIO, with large (small) values
of R,, occurring mainly in the eastern (western)
quadrants.
4.3 Asymmetrical structure

The asymmetry index () and the direction of the
longest radius () of tropical cyclones over the NIO from
2001 to 2018 show that the mean values of a in the
Arabian Sea and BoB are 19.69 and 20.85 km,
respectively, and a can reach up to 40 km in both seas
(Fig. 8). The regions with significant asymmetry in the
Arabian Sea are mainly located on the SW coast of the
Indian Peninsula and the east coast of the Arabian
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Figure 7. Frequency distribution of the 34 kt wind radii (R,,) in the NE (orange), NW (green), SW (red) and SE (yellow) quadrants
over the (a) AS and (b) BoB. The horizontal axis represents the radius (units: km) and the vertical axis is the frequency.

Peninsula, whereas the asymmetry in the central basin is
weak. In the BoB, the grids with a >20 (30) km are
located north of 10° N (20° N) and the asymmetry is
strong where the tropical cyclone makes landfall,
especially in the eastern part of the Indian Peninsula and
the coastline of Myanmar and Bangladesh. This shows
the influence of terrain on the asymmetrical structure of
tropical cyclones over the NIO.

The value of 6 is between —90 and +90° in both
seas—that is, the longest radius of the 34 kt surface

wind is located in the eastern quadrants of the tropical
cyclone circulation. The value of 6 in the central basin of
the Arabian Sea is mostly positive, which means that the
longest radius is in the NE quadrant, whereas the longest
radius in the coastal areas is often in the SE quadrant
(6 <0). The longest radius in the BoB is mostly in the
NE quadrant (6 >0) if the samples make landfall on the
peninsula of India and north of 20° N, whereas it is
always in the SE quadrant (6 <0) when the samples are
located in the central basin.

R, asymmetric index
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Figure 8. Distribution of the asymmetry of TC over the NIO from 2001 to 2018. The shaded grid indicates the distribution of the
asymmetry index a (units: km) of R,,. The grid size is 5°%5°. The black number in each grid indicates the sample size and the blue

number is the direction of the longest radius ¢ (units: °) of R;,.

5 CAUSE OF THE DIFFERENCE IN
TROPICAL CYCLONE ACTIVITY IN THE
TWO SEAS

Previous studies have suggested that large-scale

environmental parameters, such as the SST, low-level
vorticity, —mid-tropospheric  humidity and VWS,
influence the genesis and development of storms over

the NIO (Pattanaik B;
Evan and Camargo ).

Figure 9 shows the distribution of the relative
vorticity (shaded) at 850 hPa and the genesis points
(dots) of tropical cyclones in the NIO for each month. In
the Arabian Sea, tropical cyclones are mainly generated
in the eastern basin. From January to April (Fig. 9a-d),
the region of positive vorticity is located south of 10° N

Rameshkumar and Sankar ['®;
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over the NIO, with larger values in the BoB. A few
tropical cyclones occur in the south of the BoB in
January and April, but no tropical cyclone is found over
the Arabian Sea as a result of the control by the Iranian
subtropical high. In May (Fig. 9e), with the cross-
equatorial flow extending northward into the NIO, the
SW monsoon is observed in both sea areas with a
positive vorticity belt, especially in the BoB. The SW
monsoon and positive vorticity are stronger and move
northward in June (Fig. 9f). Tropical cyclones in the
BoB originate in a southwesterly flow and present a
meridional distribution in May and June. The
southwesterly low-level jet is then enhanced, with the

(b) Vorticity on February

maximum value of positive vorticity in July and August
(Fig. 9g and 9h). However, only three tropical cyclones
are generated in the NIO as a result of restriction by the
large VWS. When the SW monsoon weakens and
retreats toward the equator, the region of positive
vorticity and the points of genesis of tropical cyclones in
the BoB also move south in a zonal distribution from
September to December (Fig. 9i-1). The time of onset
(drawback) of the SW monsoon over the Arabian Sea is
usually later (earlier) than that over the BoB and
therefore the time of tropical cyclone outbreak (end)
over the Arabian Sea is later (earlier) than over the BoB.
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Figure 9. Distribution of the monthly mean 850 hPa relative vorticity (shading; units: 107 s™") and 850 hPa vector winds (arrows;
units: m s™') from January to December. The climatology period is 1977-2018 and the red (black) dots represent locations of genesis

of hurricane grades H1-HS (TD and TS) for each month.

The seasonal pattern of the development of
cyclones over the NIO is related to the annual cycle of
the VWS, which is defined as the difference in wind
speed between the 200 and 850 hPa layers. The monthly
mean distribution of VWS over the NIO (Fig. 10)
indicates that the Qinghai-Tibetan Plateau is controlled
by the South Asian high in June-September and the NIO
is controlled by the easterly high-level jet at 200 hPa.
This leads to a large VWS between the high-level jet and

the southwesterly jet in the lower layer, which may limit
the formation of tropical cyclones. The few tropical
cyclones that occur during this season are concentrated
in the northern basins where the VWS is weak. By
contrast, the South Asian high in the upper troposphere
generally moves away from the Qinghai-Tibetan Plateau
during January-May and October-December and the
westerly jet prevails over the NIO, leading to a weak
VWS and providing favorable conditions for the
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generation of tropical cyclones.

The SST and relative humidity also affect the
activity of tropical cyclones over the NIO. Warm water
with an SST >26° C is recognized as a necessary
condition for the formation of tropical cyclones
(Gary 1), The SST is the highest (>30°C) in the NIO in
April-May (figure omitted), which may explain why
stronger cyclones are likely to occur in April over the

BoB and in May over the Arabian Sea. By contrast, the
mean relative humidity is different in the NIO between
the two peak periods. The mean value of relative
humidity at 600 hPa in the key area of the points of
tropical cyclone genesis over the NIO is 36% in May
and 48% in November during the time period 1977-
2018, which favors the generation of tropical cyclones in
the autumn months (Li et al. ),
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Figure 10. As in Fig. 9 but for monthly mean vertical wind shear (shading; units: m s™") and 200 hPa vector winds (arrows; units: m

s™.

6 SUMMARY AND CONCLUSIONS

We carried out a comparative analysis of the
activity characteristics, environmental conditions, size
and wind structural features of tropical cyclones over the
Arabian Sea and BoB based on the JTWC best-track
data from 1977 to 2018 and the monthly mean reanalysis
data provided by NCEP/NCAR. Our conclusions are as
follows.

(1) About 30% of the tropical cyclones over the
NIO are active over the Arabian Sea and 70% over the
BoB. The annual generation frequency of tropical
cyclones over the Arabian Sea has a significant
increasing trend, whereas an insignificant deceasing
trend is observed for tropical cyclones over the BoB.

The monthly frequency of tropical cyclones over both
seas has a notable bimodal character. More tropical
cyclones occur in autumn as a result of the higher
moisture content at mid-levels, whereas the proportion
of strong cyclones is greater in April-May as a result of
the higher SST. Tropical cyclones in the Arabian Sea
break out later during the first peak and end earlier
during the second peak than those in the BoB, which is
attributed to the activity of the SW monsoon in the NIO.
(2) Tropical cyclones over the Arabian Sea are
mainly generated over the eastern basin, whereas the
genesis locations of tropical cyclones over the BoB vary
with the seasonal movement of the low-level positive
vorticity and have a meridional distribution in May-June
and a zonal distribution in October-December. Tropical
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cyclones with west and the NW tracks are the most
common types in the Arabian Sea, accounting for about
74.6%, whereas tropical cyclones with a NE track are
the least common. By contrast, the three types of
tropical cyclone tracks have similar proportions over the
BoB.

(3) The mean intensity and size of tropical cyclones
over the Arabian Sea are stronger and larger than those
over the BoB and the size of tropical cyclones over the
NIO are larger in early summer than in the autumn,
especially in the Arabian Sea. The asymmetrical
structure of tropical cyclones is greatly affected by
topography and tropical cyclones that occur along the
peninsula coast are more asymmetrical. The longest
radius direction of the 34 kt surface wind is often located
in the eastern quadrants of the tropical cyclone
circulation in the both sea areas.

The wind radius information used in section 5 was
estimated subjectively by the operational forecaster
based on all the available observational products at that
time, including satellites and coastal radar systems, and
then recorded directly in the best-track data of the JTWC
dataset without quality control (Chu et al. ?*). However,
as a result of difficulties in observing and verifying the
tropical cyclone wind field, these data are generally
considered to be the best estimate of the true value and
have been widely used in studies of the wind structure of
tropical cyclones (Lei and Che ™; Yuan et al. ¥7; Yuan
et al. ), In addition, because the JTWC has only
released wind radius data since 2001, the sample size in
our analysis is reduced, but it still reflects the size of the
tropical cyclone and the wind structure in the two seas
and is meaningful in forecasts and assessments of the
impact of tropical cyclones over the NIO.
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