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Abstract

Unlike other tropical ocean basins, the Bay of Bengal (BoB) has two tropical cyclone (TC) seasons: a pre-monsoon sea-
son (Pre-MS) and a post-monsoon season (Post-MS). More interestingly, during the period from 1981 to 2016, the global
maximum and minimum formation rates of super cyclones (SCs, categories 4 and 5) occurred in the Pre-MS and Post-MS,
respectively, in the BoB. Methods including Butterworth filter, box difference index analysis and quantitative diagnosis were
utilized herein to detect what and how background environmental factors cause significantly different SC formation rates
between the Pre- and Post-MS. Diagnosis results revealed that the vertical temperature difference (VTD) mainly determines
whether TCs can develop into SCs during the Post-MS, similar to Pre-MS. It’s in agreement with previous studies demon-
strating that the VTD is controlled by the low-level temperature during the Post-MS but is determined by the upper-level
temperature during the Pre-MS. The results also revealed that the background sea surface temperature is much higher in the
Pre-MS than in the Post-MS and forces higher 1000 hPa-level air temperature. Additionally, there is higher saturated specific
humidity (q,) due to the higher temperature in the Pre-MS. The differences in the bottom-level temperature and q, cooperate
to predominantly contribute to the significant difference in Vpotz, which could denote the maximum potential intensity of
TC, eventually leading to the remarkably different SC formation rates between the Pre- and Post-MS in the BoB.

1 Introduction

Tropical cyclones (TCs) are severe weather systems and one
of the most frequent natural disasters, and they are likely
to strike the coastal regions of tropical oceans (Emanuel
2003; Pielke et al. 2008; Blake et al. 2011; Li et al. 2013).
The ocean conditions over the Bay of Bengal (BoB), which
is located in the Indo-Pacific warm pool, are conducive to
TC genesis, but the BoB TC frequency accounts for only
approximately 4% of global TCs. Although fewer TCs form
over the BoB than over other tropical basins, such as the
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Northwest Pacific NWP), the Northeast Pacific (NEP), the
North Atlantic (NA), the South Pacific (SP), and the South
Indian Ocean (SIO), the BoB rim incurs approximately 80%
of TC-induced fatalities experienced worldwide (Needham
et al. 2015). In particular, approximate three-quarters of the
top 35 deadliest TCs worldwide have taken place in the BoB;
this predilection is because of the distribution of densely
populated, low-lying areas and the very shallow continent
shelf, which amplifies storm surges (Jakobsen et al. 2006).
For example, TC Nargis (Webster 2008; Kikuchi et al. 2009;
Lin et al. 2009; McPhaden et al. 2009; Yanase et al. 2010),
which struck the southern coast of Myanmar on 2 May 2008,
caused the worst natural disaster in the recorded history of
Myanmar. Such tremendous socioeconomic implications call
for a better understanding of the mechanisms responsible
for intensifying TCs over the BoB to improve TC intensity
operational forecasts and projected changes in a warming
world.

Unlike those over the NWP, NEP, NA, SP and SIO, TCs
over the BoB have an annual cycle with a distinctly bimodal
distribution, wherein TCs occur mostly during the pre-
monsoon season (Pre-MS, April-May) and post-monsoon
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season (Post-MS, October—November) (Yanase et al. 2012;
Liet al. 2013; Akter et al. 2014). Furthermore, the TCs are
significantly more frequent in the Post-MS than the Pre-MS.
However, the super cyclone (SC, category 4 and 5 TCs) for-
mation rates (rates of SC frequency to total TC frequency)
in the BoB are very different between the Pre-MS and Post-
MS. More interestingly, the BoB SC formation rates in the
Pre- and Post-MS separately are the maximum and minimum
SC formation rate globally.

The cyclone over the BoB has always been an area of
interest in cyclone research because of its unique bimodal
features. Previous papers have reported that the vertical wind
shear (VWS) between the 850 and 200 hPa levels becomes
strong during the summer monsoon and plays a critical role
in destroying the warm core and even inhibiting TC genesis
over the BoB (Gray 1968; Camargo et al. 2007; Evan and
Camargo 2011; Yanase et al. 2012). Li et al. (2013), by the
quantitative diagnosis based on TC genesis potential index
(GPI) proposed by Emanuel and Nolan (2004), further pre-
sented the VWS needed to work with absolute vorticity and
potential intensity (PI) to counteract the effect of mid-level
relative humidity (RH) on TC formation and ultimately to
inhibit TC activities during the prevailing monsoon period.

In addition, the TC frequency is much lower in the Pre-
MS than the Post-MS. Some studies have focused on the
asymmetry of the peaks in the bimodal distribution. Akter
and Tsuboki (2014) thought the convective inhibition and
monsoon trough locations in combination brought about the
asymmetric peaks in the Pre- and Post-MS. According to the
GPI of TC (Emanuel and Nolan 2004), the asymmetry of the
TC frequency was attributed to the mid-level RH difference
between the Pre- and Post-MS (Li et al. 2013).

Similar to TCs, SCs over the BoB also have a bimodal
distribution, but they are more frequent during the Pre-MS
than the Post-MS. Furthermore, the results of some papers
focused on the formation of SCs in this region during the
Pre-MS suggest that the formation of SCs in the North
Indian Ocean is mainly attributable to the weak easterly
vertical shear (Rao et al. 2008; Kotal et al. 2008). Li et al.
(2019a) illustrated two conditions to determine whether BoB
TCs are able to develop into SCs during the Pre-MS at an
intraseasonal timescale: one is the distance between the TC
and northward-propagating Intraseasonal Oscillation (ISO),
and the other is the intensity of the ISO. When the distance
between the TC and ISO is shorter and the ISO is stronger,
the ISO can increase the temperature difference between
the lower and upper levels around TC centers through the
overshooting effect, and eventually propel the TC intensity
towards becoming an SC (Li et al. 2019a).

Some studies have focused on the formation of SCs over
the BoB during the Pre-MS (Kotal et al. 2009a; Li et al. 2016,
2019a), but few studies have attempted to explain why the SC
formation rate is far lower in the Post-MS than the Pre-MS.
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Balaguru et al. (2012) indicated that the ocean barrier layer is
able to prevent a sharp reduction of sea surface temperature
(SST) by strengthening the stratification to weaken storm-
induced Ekman pumping when cyclones pass over barrier-
layer regions, which is conductive to enhancement of the
cyclone intensity. Unlike the Post-MS, the Pre-MS in the BoB
exhibits an obvious shoaling and thin barrier layer (Thadathil
et al. 2007; Vissa et al. 2013; Yesubabu et al. 2020); therefore,
the barrier layer may not explain why the Pre-MS is more
prone to SC occurrence than the Post-MS. Neetu et al. (2019)
postulated that BoB TCs are stronger before compared with
after the monsoon due to favorable large-scale background
conditions; however, there is a lack of quantitative diagnostic
proof to illuminate the inner physical processes that determine
the difference in the SC formation rate between the Pre- and
Post-MS. Considering the current situation, a more specific
analysis is needed to explain what and how environmental
conditions and physical processes modulate the significantly
different SC formation rate between the Pre- and Post-MS in
the BoB.

Therefore, this paper attempts to improve our understand-
ing of this issue. The data and methodology are described in
Sect. 2, and the results are presented in Sects. 3 and 4. Finally,
we summarize the results in Sect. 5.

2 Data and methods

Previous research on TCs has demonstrated that environmental
factors related to TC genesis and development mainly include
outgoing longwave radiation (OLR), SST, sea surface tempera-
ture anomaly (SSTA), air temperature (T), wind, RH, and spe-
cific humidity (SH) and vertical motion () (Gray 1968, 1979;
Emanuel and Nolan 2004; Kotal et al. 2009b; Zhang et al.
2016). Hence, the primary datasets used in this study included
the (1) International Best Track Archive for Climate Steward-
ship (IBTrACS) downloaded from the Joint Typhoon Warning
Center JTWC), (2) daily OLR data from the National Oceanic
and Atmospheric Administration (NOAA), (3) daily SST and
SSTA data from NOAA high-resolution analysis datasets, and
(4) daily T, wind, w, RH and SH data from the National Cent-
ers for Environmental Prediction (NCEP)-National Center
for Atmospheric Research (NCAR) reanalysis. Excluding the
SST and SSTA data, which have a 0.25° % 0.25° latitude—lon-
gitude grid, all the datasets have a horizontal resolution of 2.5°
latitude by 2.5° longitude. According to Bister and Emanuel
(2002), the maximum PI of a TC can be written as follows:
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TVV = TY/T()

T,; = n8; —Inb,
where V,, is the P, C, is the heat capacity at constant pres-
sure, C, is the exchange coefficient for enthalpy, Cj, is the
drag coefficient, T} is the surface temperature, 7, is the mean
outflow temperature, 6’(_,* is the saturation equivalent potential
temperature at the ocean surface, and 6, is the boundary
layer equivalent potential temperature.

We adopted a total differentiation method similar to that
developed by Li et al. (2013) to examine the relative contri-
bution of each term. Then, the contribution of each term to
the difference in the Vpot2 term between the Pre- and Post-
MS could be written as follows:

Avlfm =a, AT, +a, - AT, + a5 - AT, )
2 _ Y2 2

Avpnt = Ypotpre ~ ¥ potpost

ATvd = Tvdpre - Tvdpost

AT, =T, .—T

rpre VI post

AT, =T, —T

dpre ed post

Herein, an approximation has been made in deriving
Eq. (2) by assuming that o, o, and o5 are constant coef-
ficients such that

a = Tvrpnxt ' Tedpost
a = vd post * Tedpost
az = Tvdpost : Tvrpost

where the subscripts ‘pre’ and ‘post’ denote Pre-MS and
Post-MS, respectively.

Moreover, the Butterworth filter (Hamming 1989) was
utilized to derive 15-day low-pass components as the back-
ground field. The box difference index (BDI) (Fu et al. 2012;
Peng et al. 2012; Li et al. 2019a) and T-test methods were
used herein to quantitatively contrast the difference in envi-
ronmental factors associated with TC development between
the Pre- and Post-MS to ascertain the substantially different

factors and their significance level. The BDI is defined as
follows:

Mean,,,, — Mean,,,,

BDI =

Gpre + o-post

where Mean denotes the mean of all samples for one par-
ticular variable and ¢ denotes the standard deviation. The
subscripts ‘pre’ and ‘post’ represent the Pre- and Post-MS,
respectively.

Based on the 15-day low-pass background data, a com-
posite analysis was conducted to detect the reason for SC
formation during Post-MS and to reveal the predominant
physical processes which are responsible for the difference
in the SC formation rate between the Pre- and Post-MS in
the BoB.

3 Environmental conditions for SC and TC
formation

The climatologic annual cycle of BoB TCs features a dis-
tinctive bimodal pattern, where the peaks correspond to Pre-
and Post-MS. A total of 86 cyclones occurred during the
Pre- and Post-MS from 1981 to 2016 over the BoB. Among
them, 19 TCs, including 7 SCs and 12 regular-intensity TCs,
occurred in the Pre-MS. The remaining 67 TCs, including 7
SCs and 60 regular-intensity TCs, occurred in the Post-MS.
The statistical results showed the TC frequency in the Post-
MS was approximately 4 times greater than in the Pre-MS,
but the SC formation rate in the Post-MS was approximately
one quarter of that in the Pre-MS, reflecting stark contrasts
between the two periods (Table 1).

3.1 Impact factors for TC intensity
during the Pre-MS

During the Pre-MS, the formation of SCs originates from
intraseasonal and interannual timescale modulations. At
the intraseasonal time scale, the strong intensity of the
first-branch northward-propagating Intraseasonal Oscilla-
tion (FNISO) and the relatively short distance between the
TC centers and FNISO centers work together to effectively
reduce the upper-level T by the overshooting effect and
subsequently intensify the vertical temperature difference

Table 1 SC formation rate during the TC season over the past 36 years (1981-2016) for each ocean basin

Basin TC season BoB (4-5) BoB (10-11) WNP (7-10) ENP (7-10) NATL (7-10) SIO (1-4) SP (1-4)
Ne 7 7 179 92 52 114 23

TC 19 67 731 567 430 706 130

SC rate (%) 36.8 10.4 24.5 16.2 12.1 16.1 17.7
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(VTD). VTD plays a critical thermodynamic role in modu-
lating the TC PI during the Pre-MS. A larger VTD tends to
strengthen the TC PI, and vice versa (Li et al. 2019a).

Moreover, at the interannual scale, the upper-level T
anomaly is consistent with the anomalous SST during the
Pre-MS in the tropical Indian Ocean. The composite upper-
level T during SCs is lower than that during TCs, and the
VTD is significantly larger in SCs than in TCs. This VTD
variation exerts a similar effect on the PI of TCs. All of
these conditions at intraseasonal and interannual timescales
cooperate to predominantly determine whether some TCs
develop into SCs (Li et al. 2019a).

3.2 BDI analysis for the Post-MS

In the past 36 years (1981-2016), the worldwide maximum
SC formation rate in the Pre-MS has been completely anti-
thetical to the globally minimum SC formation rate that
occurs in the Post-MS in the BoB. To understand the envi-
ronmental factors and physical processes that cause this
sharp contrast in SC formation rate between the Pre-MS and
Post-MS, we next investigate the dominant factors impacting
TC intensity during the Post-MS.

Here, the BDI and T-test were utilized to quantitatively
select the key environmental factors that were significantly
different between the SC and TC groups. The results are
listed in Tables 2, 3.

This analysis focuses on the period from TC genesis to its
climax. During the Post-MS, the ISO (20-100-day bandpass
filtered signal) intensity in the SC group was similar to that
in the TC group. Therefore, such a miniscule difference in

Table 2 BDI and significance level of the factors between the SC and
TC groups during the Post-MS

SC-TC OLR of ISO ISO OLR VWS SST PI
10°x10° over SC/

TC centers’

region
BDI 0.04 0.13 -0.16 022 0.19
Significance  No No No >95% >95%

ISO is 20-100-day bandpass-filtered, while the other factors are
15-day low-pass-filtered

the ISO intensity should not greatly affect the formation of
SCs during the Post-MS (Table 2).

Then, a 15-day low-pass filter was applied with the annual
cycle removed to eliminate the synoptic-scale impact repre-
senting the background signal. The BDI and T-test analysis
of background environmental factors showed that the SST
was remarkably different between the SC and TC groups at
a significance level greater than 95%, signifying that SST
should play a leading role in TC intensity development dur-
ing the Post-MS. Though VWS was weaker in the SC group
than the TC group, we believe that the positive contribution
of VWS to the TC intensity difference might be limited since
the difference in VWS was very small and not significant
(Table 2). Similar to VWS, the insignificant ISO difference
rarely contributed to the TC intensity difference between SC
and TC group (Table 2).

Compared with the other atmospheric factors, such as
vorticity, RH and w, the low-level SH and T at almost all lev-
els had larger BDI values and greater significant differences
between the SC and TC groups. T was significantly different
between SC and TC groups at all levels except the 200 hPa
level (Table 3). Although SH showed obvious differences
between the SC and TC groups in the boundary layer, RH
was similar because the higher T led to a larger value of
saturated SH (q,), and RH is the ratio of actual SH to q,. A
similar RH might imply that the contribution of the water
vapor phase transition to TC genesis and development was
also similar between the SC and TC groups. Fully consider-
ing the differences in SH, RH, and T between the SC and TC
groups and their BDI values (Table 3), it could be deduced
that T was the most dominant influencing factor.

3.2.1 Composite analysis for the Post-MS

Especially in the low-level atmosphere, the T difference
between the SC and TC groups was highly noticeable, and
its significance level easily exceeded 95%. The composite of
the low-tropospheric T for SC cases was warmer than that
for TC cases, but the upper-tropospheric (200 hPa) average T
field was very similar and even colder in the SC group than
the TC group (Fig. 1). However, the composite RH of the
SC group was similar to the TC group; this also suggested

Table 3 BDI of each 10°x 10°

SCTC 1000 925 850 700 600 500 400 300 250 200
box around the SC and TC
centers at multiple atmospheric Vor 0.15 -0.11 —0.23% -020% -0.10 -000 007 0.17
levels during the Post-MS RH ~0.09 015 019 012 —005 -005
SH 0.30" 0.29 030" 001 000 —-007 —009 -0.14
o 0.08 0.12 0.12 020 020 0.17 0.12 0.12 010 0.5
T 0.56" 0.59" 040" 026" 034" 0.36" 049" 043" 031" 0.12

*Means the significance level is>95%. The blank means no data there
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that the low-level T might be the leading factor affecting the
TC intensity.

In the PI formula of Bister and Emanuel (2002), the T
difference between 1000 and 200 hPa, i.e., the VTD, is
regarded as a key factor that directly affects the PI of TC.
A greater VTD between the lower and upper troposphere
reflects increasing atmospheric instability and then enhanc-
ing TC intensity. Thus, we further analyze the T at both
lower and upper levels.

The composites of the 15-day low-pass-filtered T for the
SC and TC cases were 0.28 °C and — 0.09 °C, respectively,
at the 1000 hPa level and 0.29 °C and 0.38 °C, respec-
tively, at the 200 hPa level (Fig. 2). The composites of
the VTD for the SC and TC cases were approximately
— 0.01 °C and — 0.47 °C, respectively. This obvious dis-
parity in the VTD induced a remarkable difference in the
PI between the SC and TC groups with a significance level
above 95% and further modulated whether TCs could
develop into SCs. Although the dominant controlling fac-
tor on SC formation in both the Pre-MS and Post-MS was
the VTD, the processes by which the VTD was modulated
in the Pre- and Post-MS were entirely different. Li et al.

(2019a) concluded that the VTD between the SC and TC
groups mainly originates from the upper-level T differ-
ence during the Pre-MS (see their Fig. 5). However, we
have shown that the remarkable difference in the VID
derives from the low-level T difference during the Post-
MS (Fig. 2).

Moreover, detailed analysis revealed that the composite
SST for SC cases was much warmer than for TC cases, and
their difference exceeded the 95% significance level; addi-
tionally, the low-level T difference fit well with the SST dif-
ference between the SC and TC groups (Fig. 3). Therefore,
the low-level T difference between the SC and TC groups
might be attributable to the SST difference forcing.

In summary, in the Post-MS, the low-level T forced by
SST was higher in the SC group than the TC group. How-
ever, the 200 hPa-level T was not significantly different
between the two groups. Therefore, the VTD between the
SC and TC groups was governed mainly by the low-level T
difference. A relatively large (small) VTD induced a rela-
tively strong (weak) PI in the SC (TC) group. Accordingly,
we can better understand SC formation conditions during
the Post-MS in the BoB.

Fig.1 Composites of the air temperature (T, unit: °C), relative
humidity (RH, unit: %), and wind (unit: ms™") around the SC cent-
ers (the left panel), TC centers (the middle panel) and their difference
(the right panel) on a timescale greater than 15 days. The shading is
the filtered T, the gray contour line is the filtered RH, the streamline

is the filtered wind, and the green triangle is the cyclone center. Note
that in the bottom panels, the contour lines and streamlines are the
300 hPa-level RH and wind fields, respectively, but the shading is the
200 hPa T
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Fig.2 Composites of the profiles of the 15-day low-pass-filtered tem-
perature, standard error and difference between the SC and TC cases
(unit: °C). The red line is the average temperature in the 10°x10°
box around the SC centers, the red stem is the standard error, the
black line and stem are for TC cases, and the green line is the tem-
perature difference between the SC and TC cases

4 Air-sea factors impacting the difference
in SC formation rate between the Pre-
and Post-MS

The SC formation rates during the Pre- and Post-MS were
very different (close to 4 times larger in the Pre-MS than in
the Post-MS). Moreover, in the BoB, the Pre- and Post-MS
SC formation rates reached the global maximum and mini-
mum, respectively (Table 1). We conducted a quantitative
diagnosis of the Vpot2 term to understand the reason for the
considerable difference in SC formation rates between the
Pre- and Post-MS since me2 was able to effectively mirror
the maximum TC PI (Bister and Emanuel 2002). Moreo-
ver, the BDI of Vpot2 was large (approximately 1.33), and
the difference in this term between the Pre- and Post-MS
exceeded the 99% significance level (Table 4). The BDI
and T-test results also supported the selection of V__ 2 for
quantitative diagnosis.

pot
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Fig.3 Composite of the SST difference (shading, unit: °C) and
1000 hPa-level T difference (contour line, unit: °C) between the SC
and TC groups. The gray dots indicate that the SST difference signifi-
cance level exceeds 95%

Table4 BDI and significance level of mez and its components
between the Pre- and Post-MS

Pre—Post 10°x 10° Vool T. T, Teq
BDI 1.33 0.72 0.45 1.39
Significance >99% >99% >99% >99%

4.1 V. analysis

First, previous researchers have postulated that T, particu-
larly the VTD between the lower and upper levels, plays the
most important role in modulating whether TCs develop into
SCs during the Pre- and Post-MS (Li et al. 2019a). Second,
the TC intensity is affected mainly by T and water vapor
according to the PI formula. Based on these two reasons,
we naturally concluded that T was a key factor in modulat-
ing the SC formation rate difference between the Pre- and
Post-MS.

We compared the 15-day low-pass-filtered mez and
mez calculated via the 15-day low-pass-filtered T4, T,,
and T, to estimate the stability of the quantitative diagno-
sis. There were significant differences in the filtered Vpot2
terms between the Pre- and Post-MS, and these significant
differences established preconditions for the quantitative
diagnosis. Furthermore, the Vpot2 calculated via the filtered
T,4 T, and T,y was in the region of the directly filtered
Vpotz. To some extent, this finding showed that the nonlinear
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effect was limited in the me2 calculation; thus, the diagnosis
results should be robust (Fig. 4).

The BDI value and T-test results also confirmed that
Vpotz, T,4 T, and T4 were significantly different between
the Pre- and Post-MS, and all of them had a significance
level greater than 99% (Table 4). The BDI values of T4, T,,,
and T,y were 0.72, 0.45, and 1.39, respectively. We could
thus sort the possible effects of T4, T,,, and T4 on the TC
PI by the BDI values (Table 4).

The total differentiation method (Li et al. 2013, 2019b;
Hu et al. 2017) was utilized herein to quantitatively diagnose
the relative contribution of each term to the me2 differ-
ence to definitively ascertain the main factors and physical

processes modulating the TC intensity difference between

25
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2 - -
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.. °
e
73
»
L]
..
L X7
L]
o®
1 . .
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Fig.4 Fifteen-day low-pass-filtered PI in a 10°x10° box around
TC centers during the TC lifetimes in the Pre- and Post-MS over the
BoB. The x-axis PI is calculated by the 15-day low-pass-filtered T,
T,, and T,4. The y-axis PI is the 15-day low-pass-filtered PI

the Pre- and Post-MS. The quantitative diagnosis results for
me2 showed that T,, played the most crucial role, with a
contribution of 95.7%, whereas T, provided the second-
highest positive contribution, approximately 3.6%, and T,
had a small contribution of approximately 0.7% (Table 5).
These results were consistent with the BDI analysis.

The above results manifest that the significant difference
in PI between the Pre- and Post-MS is determined mainly by
the difference in T4, which is composed of the bottom-level
(1000 hPa-level) saturation equivalent potential temperature
(GC*) and boundary layer (850 hPa-level) equivalent potential
temperature (6,). Here, the Alnee* term is the primary factor
modulating the A(lnee* — In6,) term (Table 5). The follow-
ing research further diagnoses which environmental factors
control the difference in 0,".

The saturation equivalent potential temperature is a func-
tion of both T and g, at the bottom level (1000 hPa level).
When the bottom-level temperature (T,) in the Post-MS
takes the place of the T, in the Pre-MS, the 0," difference is
approximately 0.009, and the Ge* difference is approximately
0.013 when the g in the Post-MS is employed instead of
the g in the Pre-MS. The relative contributions of the dif-
ferences in T and q are 41% and 59%, respectively. These
results show that the differences in T and q play almost
similar roles and cooperate to eventually cause a significant
difference in the SC formation rate between the Pre- and
Post-MS (Table 5). Furthermore, g is largely modulated
by T..

4.2 The most impactful environment factors

Figure 5 shows that the composite background SST around
TC centers was warmer in the Pre-MS than the Post-MS with
a difference of approximately 1.5 °C, which exceeded the
99% significance level, and the BDI value based on the SST
difference was 1.18. Similar to the SST characteristics, the
composite of the 1000 hPa background T around TC centers
was far higher in the Pre-MS than the Post-MS (Fig. 5), and
the temperature difference in the TC center area between

Table 5 Relative contributions of the changes in various terms to AVpot2. The dominant terms are labeled with the symbol (bold values, a)

Pre-Post AV,,’ SUM oo A(T, — Tp) 0o A(T/Ty) a3eA(In@," — 1n6,)
1.40 1.38 0.05 0.01 1.32°
3.6% 0.7% 95.7%
A(In@,” — In6,) SUM Alnf,’ — Aln6,
0.016 0.016 0.022° - 0.006
138% - 38%
Alnd,’ SUM AT, Aq
0.022 0.022 0.009* 0.013*
41% 59%
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Fig.5 Composites of the SST (shading, unit: °C) and 1000 hPa-level T (contour line, unit: °C) around the TC centers during the Pre-MS (left
panel) and Post-MS (middle panel) and their difference (right panel) on a timescale greater than 15 days. The magenta dot is the TC center

Table 6 BDI and significance level of factors between the Pre- and
Post-MS

Pre—Post 10°x10° 1000 hPa SH 1000 hPaT SST  Bound-
ary layer
vorticity

BDI 0.72 1.54 1.18  0.29

Significance >99% >99% >99% >99%

the Pre- and Post-MS exceeded the 99% significance level
(Table 6). Here, we postulate that the T difference between
the Pre- and Post-MS was forced by the SST difference. The
SST difference might be closely related to the annual cycle
of SST in the BoB. According to the SST climatology in the
BoB, the SST has two peak seasons: Pre-MS and Post-MS
(Fig. 6). The BoB SST reached its annual climax in the Pre-
MS and hence was higher in the Pre-MS than the Post-MS
due to a shallower ocean mixing layer in the former period,
which increased heating efficiency (Liu et al. 2013). All of
these factors could help us to better understand the impact
of the low-level T difference on the distinct difference of SC
formation rates between the Pre- and Post-MS.

The bottom-level q, is another important factor modulat-
ing the TC intensity difference between the Pre- and Post-
MS. The saturated vapor pressure (e,) is a function of T, and
a higher T produces a larger e, according to the Tetens for-
mula. Moreover, q, is proportional to the quotient of e, and
air pressure (q,=0.622 e/P). Let us take the 1000 hPa level
as an example. e, is higher in the Pre-MS than the Post-MS
because of the warmer T around TC centers in the former
period. Larger values of e, would induce larger values of q,
which means that the atmosphere would be able to contain
more water vapor.

The higher T in the Pre-MS may bring more water vapor
in the Pre-MS because the higher T might enhance evapora-
tion resulting in more water vapor. Furthermore, a tropical
convergence zone (TCZ) produced by wind shear close to
zero (Akter and Tsuboki 2014) moves from south to north
of the BoB, which is associated with the gradual establish-
ment of the summer monsoon during the Pre-MS (Wang
and LinHo 2002). This TCZ may result in the northward
transport of water vapor to the vast area of the central BoB.
In contrast, the southward movement of TCZ in the Post-
MS may bring less water vapor. The two conditions of high

20

-

275
8 9 10 14 12

Fig.6 Climatological annual cycle of the SST (unit: °C) over the BoB. Shading shows the SST averaged between 85° and 95°E. The y-axis is

the latitude, and the x-axis denotes the month
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T and TCZ movement cause the SH to approach q, at the
1000 hPa level and make PI greatly present the intensity of
TC over the BoB, which is the basis for using PI diagno-
sis to analyze the causes of the difference in SC formation
rates between the Pre- and Post-MS. Figure 7 shows that
the 1000 hPa level SH around TC centers is far larger in
the Pre-MS than the Post-MS. The BDI values of SH and
the T-test results reconfirm a significant difference in SH at
the low level between the Pre-MS and Post-MS TC groups
(Table 6). The larger q, or SH at the 1000 hPa level may
result in a higher saturation equivalent potential temperature,
reducing the atmosphere stability. The unstable atmosphere
is conducive to the development of a convective system,
which then promotes cyclone intensity enhancement. Even-
tually, the differences of T and q/SH at bottom level greatly
contribute to the difference in SC formation rates between
the Pre- and Post-MS in the BoB.

In addition, Fig. 8 displays the composites of vorticity
around TC centers during the Pre- and Post-MS (Fig. 8,
left and middle panel) and their difference between the
two seasons (Fig. 8, right panel). The cyclonic background

circulation promotes TC genesis in both seasons, and the
cyclonic anomaly between the Pre- and Post-MS may
be helpful for enhancing the TC intensity in the Pre-MS
(Fig. 8). Finally, the VWS, a key factor impacting TC devel-
opment, was similar between the Pre- and Post-MS, and
therefore, its effect might be neglected (Fig. 9).

5 Summary and conclusion

According to the statistical analysis, there is a unique phe-
nomenon in which the SC formation rates in the BoB reach
the global maximum and minimum during the Pre- and Post-
MS, respectively. To confirm the causes of the significant
difference in SC formation rates between the Pre- and Post-
MS in the BoB, we performed research involving the BDI,
statistics, quantitative diagnosis and mechanism analysis,
and we obtained the following main conclusions:

1. Similar to that during the Pre-MS, SC formation is
modulated mainly by the VTD during the Post-MS in

= SH1000hPa in Pre-MS o SH 1000hpa N Post-MS 55 S:_,-I1 000hPa difference betwee Pre- and Post-MS3
19 19 12
1
18 18
0 0 O 0 o 0
17 17
-1
16 16 3
-5 . —— 15 -5 15 -5 -3
-5 0 5 -5 0 5 -5 0 5
Fig.7 Same as Fig. 5 but for SH (unit: g/kg)
Vor in Pre-MS x10° Vor in Post-MS x10° VOr itterence DEtWee Pre-and Post-MS 445
5 1.5 5 1.5 5 1
! 1 ‘ 1 !
0.5
0.5 0.5
0 [ ) 0 0 @) 0 0 [ ) 0
-0.5 -0.5
-0.5
- -1
-5 -1.5 -5 -1.5 5 1
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Fig.8 Same as Fig. 5 but for the boundary-layer vorticity (unit: s~)
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Fig.9 Same as Fig. 5 but for VWS (unit: ms™")

the BoB. The significant difference in VTD between the
SC and TC groups is principally due to the upper-level T
variation during the Pre-MS. Conversely, unlike during
the Pre-MS, the significant difference in VTD between
the SC and TC groups is attributed chiefly to the low-
level temperature difference during the Post-MS. The
significant variation in VTD induces a difference in the
PI of TC and eventually determines whether TCs can
develop into SCs during the Post-MS in the BoB.

2. The statistical results show that the Vpof term, which
is able to effectively reflect the TC PI, is far larger in
the Pre-MS than the Post-MS, with a significance level
above 99%. According to the quantitative diagnosis
of Vpotz, the remarkable difference in the Vpof term is

mainly due to the difference in the saturation equivalent

potential temperature at the bottom level between the

Pre- and Post-MS. Further diagnosis revealed that the

difference in the saturation equivalent potential tempera-

ture originates from the 1000 hPa-level T and q,, which
provide similar contributions to the variation. Specifi-
cally, the bottom-level T difference is forced by the sig-
nificantly different SST between the Pre- and Post-MS.

The warmer bottom-level T results in a higher e, which

means the atmosphere could contain more water vapor,

and the warmer T may also enhance the evaporation and
then cause more water vapor in the Pre-MS. Moreover,

the gradually northward movement of TCZ may run a

northward transport of water vapor to the central BoB

in the Pre-MS. All of these conditions jointly produce

a bottom-level SH that is close to q,. That’s also what

makes PI well characterize the intensity of TC, which

ensure robust results of PI diagnosis. Thus, the SST dif-
ference causes the variations of the bottom-level T and

g, and ultimately results in the significantly different SC

formation rates between the Pre- and Post-MS in the

BoB.

@ Springer

It is worth noting that the study focuses on the period
from TC generation to its maximum intensity, which indi-
cates that the premise of the study is that TC had formed.
The background-filed low- and upper-level T and SH
around TC centers mainly modulate the difference in TC
PI rather than the difference in TC frequency between the
Pre- and Post-MS. The quantitative analysis based on the
TC GPI (Emanuel and Nolan 2004) shows that the TC fre-
quency difference between the Pre- and Post-MS is mainly
due to the difference in the mid-level RH over the BoB (Li
et al. 2013).

The upper ocean, as the underlying surface of TC activ-
ities, plays an important role in TC genesis and devel-
opment. The difference in SST makes a leading effort to
introduce different SC formation rates between the Pre-
and Post-MS in this study. We should obtain similar con-
clusions if we adopt the heat content of the upper ocean
layer, which takes the place of the SST.

Finally, under the background of global climate warm-
ing, both oceanic and atmospheric factors are undergoing
novel changes. Accordingly, the formation of SCs during
the Pre- and Post-MS will also change at multidecadal and
even longer timescales over the BoB. These changes and
their inner mechanism must be investigated in more detail.
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