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ABSTRACT. A rapid intensification index (RII) is developed for tropical cyclones over the Bay of Bengal. The
RII uses large-scale characteristics of tropical cyclones to estimate the probability of rapid intensification (RI) over the
subsequent 24 hrs. The RI is defined as an increase of intensity 30 kt (15.4 ms") during 24 hrs, which represents
approximately the 93 percentile of 24 hrs intensity changes of tropical cyclones that developed over the Bay of Bengal
during 1981-2010. It is found that 32% of all very severe cyclonic storms (VSCS) and all super cyclonic storms (SUCS)
underwent RI phase at least once during their lifetime. Various large-scale variables associated with the RI cases are
compared to those of non-RI cases. These comparisons show that the RI cases generally occur at higher latitude and are
intensifying at a faster rate during the previous 12 hrs than the non-RI cases. The statistical analysis also shows that the
RI cases are embedded in regions where the upper-level divergence, lower-level relative vorticity and relative humidity
are more and vertical winds shear is less than certain threshold values of the respective variables. Finally, the initial wind
speed of RI cases is higher and tends to move with a faster translational speed than the non-RI cases. The RII technique is
developed by combining threshold (index) values of the eight variables for which statistically significant differences are
found between the RI and non-RI cases. The probability of RI is found to be increases from 0% to 100% when the total
number of indices satisfied increases from zero to eight.
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Bay of Bengal.
1. Introduction massive destruction caused by strong winds, storm surge
and torrential rains associated with a storm. With the
Tropical cyclones are well known for their availability of sophisticated Numerical Weather Prediction
destructive character and impact on human activities. The (NWP) models though some progress has been made in
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tropical cyclone track prediction, the skill of intensity
prediction is still remains a difficult task to forecasters
(Elsberry et al., 2007 and Houze et al., 2007). Gross
(2001) also showed that the operational forecast models
are substantially more skillful in predicting a tropical
cyclone’s track than its intensity. DeMaria et al., (2002)
showed that the official National Hurricane Center (NHC)
intensity forecasts are much less skillful than the official
NHC track forecasts. While the forecasting of tropical
cyclone (TC) intensity has been quite difficult, the
forecasting of rapid intensification (RI) has been more
challenging. The inability to forecast RI is due to our
limited understanding of physical mechanism responsible
for RI in general.

In the previous studies, many researchers have
examined the role of the ocean, inner-core processes, and
environmental interactions on tropical cyclone intensity.
Some of these studies have also discussed possible
physical mechanisms responsible for RI. The results of
some important studies on TC intensity change relevance
to RI are discussed below.

Many studies (Byers, 1944; Miller, 1958; Malkus
and Riehl, 1960; DeMaria and Kaplan, 1994a; Whitney et
al., 1997; Zeng et al., 2007) stressed the positive impact
of the ocean on TC intensity. Their results show that the
maximum intensity of a tropical cyclone is more sensitive
to warmer sea surface temperature (SST). Many other
studies (Sutyrin and Khain, 1979; Bender et al., 1993;
Bender and Ginis, 2000) have also shown negative
feedback between the ocean and atmosphere due to
upwelling and vertical mixing of the cool underlying
ocean by the TC. The importance of inner-core processes
has been linked to changes in TC intensity. Latent heat
release contributes to intensification through a range of
mechanisms. The most commonly used theory to explain
TC growth has been conditional instability of the second
kind (CISK) (Charney and Eliassen, 1964; Ooyama, 1964;
Rasmussen, 1979; Fraedrich and Mcbride, 1989; Mcbride
and Fraedrich, 1995). During the intensification period,
low level convergence coupled with upper level
divergence gives rise to vertical motion taking moist air
upwards. This moist air condenses at higher levels (middle
troposphere) and releases latent heat of condensation
which warms up the air column. This results in further fall
in surface pressure and increase in surface wind speed.
This process continues and a low pressure system
gradually intensifies into a cyclonic storm. Willoughby et
al., (1982) noted concentric eyewalls are characterized by
the development of a secondary ring of convection around
an existing inner eyewall. This secondary (outer) eyewall
may contract and replace the inner eyewall and can
produce significant changes in TC intensity. They also
showed that a TC can weaken significantly due

to the collapse of an inner eyewall and contraction of
an outer eyewall can produce significant intensification
ofa TC.

Montgomery and Kallenbach (1997) suggested that a
TC vortex can intensify due to the axisymmetrization of a
convectively induced positive potential vorticity (PV)
region near the radius of maximum wind (RMW). Davis
et al., (1993) showed that positive PV anomalies produced
by latent heating in the lower troposphere can greatly
increase the intensity of surface cyclones. On the rapid
pressure fall of Hurricane Elena (1985), Molinari et al.,
(1995) hypothesized that the superposition of an upper
level positive PV anomaly above Hurricane Elena may
have initiated the wind-induced surface heat exchange
(WISHE) mechanism  (Emanuel, 1986). They
speculated that the initiation of the WISHE
mechanism might have triggered the rapid pressure falls
of Elena.

Previous studies (Gray, 1968; Merrill, 1988) have
shown that vertical wind shear plays a significant role in
modulating TC intensity. They showed that storm
development is associated with low vertical wind shear.
Holliday and Thompson (1979) examined the
characteristics of rapidly intensifying typhoons in the
Northwest Pacific Ocean. They found that RI of TCs
occurs over the region of sufficiently deep layer of warm
water. They also found that RI was more likely to occur
for TCs with smaller eye diameter than average eye
diameters and was more prevalent during the night.
Kaplan and Demaria (2003) showed that the RI cases are
developed in regions of warmer water and higher lower-
tropospheric relative humidity than the non-RI cases.
Also, the RI cases were in the regions of lower vertical
shear and more easterly upper-tropospheric flow than the
non-RI cases. They also showed that the RI was more
likely to occur in an environment where forcing from
upper-level troughs or cold lows was weaker than average.

The aim of this study is to examine the various
environmental conditions that appear to be favourable for
RI of TCs over the Bay of Bengal for a large dataset. The
conditions associated with the cases that underwent RI are
evaluated to determine if they are significantly different
from those that existed for non-RI cases. The article is
organized as follows. The data sample used in this study is
described in Section 2. Climatology of 24 hrs intensity
changes over the Bay of Bengal is presented in Section 3.
A comparison of the environmental conditions that were
present for cases that underwent RI to those that existed
for non-RI cases during 24 hrs time periods is presented in
Section 4. An estimate of probability of RI is described in
Section 5. Finally, some concluding remarks are presented
in Section 6.
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TABLE1

Classification of tropical disturbances

T. No. Classification of Cyclonic Disturbance Wind speed (kt) Wind criteria (kt)
T1.0 Low (L) <17
T1.5 Depression (D) 25 17-27
T2.0 Deep Depression (DD) 30 28-33
T2.5 Cyclonic storm (CS) 35 34-47
T3.0 Cyclonic storm (CS) 45 34-47
T3.5 Severe Cyclonic Storm (SCS) 55 48-63
T4.0 Very Severe Cyclonic Storm (VSCS) 65 64-119
T4.5 Very Severe Cyclonic Storm (VSCS) 77 64-119
T5.0 Very Severe Cyclonic Storm (VSCS) 90 64-119
T5.5 Very Severe Cyclonic Storm (VSCS) 102 64-119
T6.0 Very Severe Cyclonic Storm (VSCS) 115 64-119
T6.5 Super Cyclonic Storm (SuCS) 127 >120
T7.0 Super Cyclonic Storm (SuCS) 140 >120
T7.5 Super Cyclonic Storm (SuCS) 155 >120
T8.0 Super Cyclonic Storm (SuCS) 170 >120

2. Dataand analysis

A sample database of 88 cyclones that developed
over the Bay of Bengal during the period 1981-2010 is
used in this study. As per the convention of India
Meteorological Department (IMD), the classification of
tropical disturbances is given in Table 1 (available at
http://www.imd.gov.in/section/nhac/dynamic/faqg/FAQP.h
tm#q62).

Dvorak’s technique based on pattern recognition in
the cloud imagery of satellite observation is used to
determine the intensity of cyclonic storm. For this purpose
a T. No. where T stands for tropical cyclone is assigned to
the system. This scale of T Nos. varies from T 1.0 to T 8.0
at the interval of 0.5. Five different T. Nos between T 4.0-
T 6.0 corresponds to the different intensity between 64-
119 kts of a VSCS are assigned based on pattern
recognition in the cloud imagery as described by Dvorak
(1975). The cyclone Atlas of IMD contains only track
positions and classification of cyclonic disturbances.
Regional Meteorological Centre (RMC), New Delhi
started functioning as Regional Specialised
Meteorological Centre (RSMC)-Tropical Cyclones from
the year 1988. The track and intensity of cyclones are
available in the IMD’s RSMC report from the year 1990.
The database of this study is considered during the period
1981 to 2010. In view of this, cyclone data such as

intensity, tracks etc. obtained from the Joint Typhoon
Warning Center (JTWC) “best track” database (Chu et al.,
2002) from 1981 are used in this study. The data table
includes date and time, position in latitude, longitude and
intensity (maximum sustained surface winds in knots).
The maximum sustained surface wind of a tropical
cyclone is a common indicator of the intensity of a storm.
According to the convention of Joint Typhoon Warning
Center (JTWC), maximum sustained surface wind is the
average winds over a period of one minute. In this study,
unit of wind speed knots is used instead of standard unit
metres per second as winds are forecast in knots, rounded
to the nearest 5 (1 kt = 0.5144 ms™'). Various
environmental conditions, which appear to be responsible
for intensification are derived from European Centre for
Medium Range Weather Forecasting (ECMWF) ERA 40
Re-Analysis daily fields available at 2.5° latitude-
longitude grid. As ECMWF (ERA-40) reanalysis data is
available freely on the Internet up to August 2002, for this
exercise NCEP (National Center for Environmental
Prediction) reanalysis data has been used after August
2002 available at 2.5° latitude-longitude grid to derive the
environmental variables. Sea surface temperature
(Reynolds SST) is obtained from National Center for
Environmental Prediction (NCEP) reanalysis data
(Reynolds et al., 2002), which are available at 1° latitude-
longitude grid. These data are freely available on the
Internet.


http://www.imd.gov.in/section/nhac/dynamic/faq/FAQP.htm#q62
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TABLE 2

Climatological, persistence and synoptic variables

S.No.  Variables Symbol of Variables  Unit
1. Previous 12-h intensity change IC12 kt

2. Vorticity at 850 hPa V850 107
3. Storm motion speed SMS ms™

4. Divergence at 200 hPa D200 107
S. Initial Storm intensity ISI kt

6. Initial Storm latitude position ISL °N

7. 850-700 hPa average relative humidity LTRH %

8. 850-200 hPa vertical wind shear SHR ms™

9. Sea Surface Temperature SST °C

The climatological and persistence, and large-scale
variables that were evaluated for each TC are shown in
Table 2. Most of the variables in Table 2 are used as
predictors in the SCIP model (Kotal et al., 2008) for TC
intensity prediction; however, lower tropospheric relative
humidity (LTRH) that was not employed in SCIP is
included in the table. The methodology currently used to
compute the variables is identical to that described in
SCIP. Each of the variables in Table 2 was evaluated for
the total number of 88 TCs [5 Deep Depression, 24
cyclonic storms (CS), 26 severe cyclonic storms (SCS), 25
very severe cyclonic storms (VSCS), and 8 super cyclonic
storms (SUCS)] those formed during 1981-2010. The 88
TCs contributed a total of 483 cases of 24 hrs time periods
intensity changes, since lifetime of a TC could be more
than 24 hrs. These 483 cases were employed in the
statistical analyses of 24 hrs period of rapid intensification
phases discussed in Sections 3 and 4.

3. Climatology of rapid intensification

The frequency distribution of 24 hrs intensity change
(dvy4) of all 483 cases under study is shown in Fig.1(a).
The figure shows that the frequency of slow
intensification (dv,4 = 0 to 10 kt) was higher. Fig. 1(b)
shows the cumulative frequency distributions of 24 hrs
intensity change (dv,4). In this study, rapid intensification
(RI) is defined as an increase of tropical cyclone intensity
30 kt (15.4 ms™) during 24 hrs. The 24 hrs intensity
change 30 kt represents the 93.4™ percentile of dv,, for all
483 sample cases employed in this study [Fig. 1(b)].
A percentile is the value of a variable below which a
certain percent of observations fall. For example, the p™
percentile is a value so that roughly p% of the data is
smaller and (100-p)% of the data is larger. The 24 hrs
intensity change 30 kt represents the 93.4™ percentile of

dvy, for all 483 sample cases indicate that the 93.4"
percentile is the value below which 93.4 per cent of the
483 observations (dv,4) of value less than 30 kt are found.
It is to note that, the Kaplan and Demaria (2003)
definition for RI of a 24 hrs intensity change of 30 kt is
equivalent to the 95" percentile of all of the 24 hrs
intensity changes of the TCs in the North Atlantic basin
from 1989 to 2000.

Out of the sample total of 88 TCs, 16 TCs (8 VSCS,
8 SUCS) underwent RI phase at least once during their
lifetime. These 16 TCs contributed a total of 46 RI phases
of 24 hrs period, since a TC could undergo RI phase more
than once during its lifetime. The sample total of 46 RI
cases represents 9.5% of the sample total of 483 cases.
Fig. 2 indicates that 32% of TCs that attained VSCS, and
all the SUCSs underwent RI at least once during their
lifetime. No cyclonic storms (CS) and severe cyclonic
storm (SCS) underwent RI during their lifetime. Overall,
18% of all TCs underwent RI. The RI cases as a function
of the initial TC intensity shows that 4.7%, 10.9%, 26.7%,
and 30.5% of the DD, CS, SCS, and VSCS samples
among all 483 samples underwent RI respectively.

Fig. 3 shows the 24 hrs tracks of the RI cases of 16
TCs. Some of the tracks overlap because RI may occur for
consecutive 24 hrs time periods. The figure indicates that
RI frequently occurred north of latitude 10° N. Also, it
appears that there is a tendency for more RI cases in the
central Bay of Bengal. The figure also suggests that the
lack of RI tracks in the southwestern, southeastern,
Andaman Sea, and northern portion of the Bay of Bengal.
Clearly, the large-scale environment plays a role in
determining favourable regions for RI. In the subsequent
section, the large-scale conditions that are conducive to RI
will be examined in more detail.
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The seasonal distribution of the RI cases is shown in
Fig. 4. The majority of the RI cases (72%) occurred in
later months (May, November) of pre-monsoon season
(March, April, May) and post-monsoon season (October,
November, December). A much larger fraction of the RI
cases occurred in November (39%) and May (33%) than
in April (11%) and October (17%). Interestingly, no RI
cases occurred in March and December. This is consistent
with the climatology which showed that tropical cyclones
occur more frequently in the months of May and
November than March, April, October and December.

4.  Large-scale conditions associated with the RI and
non-RI cases

4.1. Comparison of large scale conditions and their
physical link with RI

In this section, the large-scale conditions (Table 2)
associated with each of the 46 cases of RI are compared to
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TABLE 3

The variables (as in Table 2) with the mean magnitudes of the RI and non-RI samples, the differences between these mean values
(D =RI - non-RI) and the threshold values are shown. A single or double asterisk was placed beside the D value if the difference
was statistically significant (two-sided t-test) at either the 95% (*) or 99.9% (**) level. The RI (N = 46) and non-RI (N = 437)
sample sizes that were used to perform significance tests are also shown

Variables Unit RI (N=46) Non-RI (N=437) D=RI-Non-RI  Threshold
IC12 kt 11.6 4.8 6.8 8.2
SMS ms” 4.1 35 0.6” 3.8
SHR ms™ 10.1 11.8 -1.77 10.9
D200 10° s 1.8 1.4 0.4" 1.6
V850 107 ™ 5.0 4.1 0.9" 4.5
ISL °N 143 12.0 23" 13.1
ISI kt 50.0 32.4 17.6” 41.2
LTRH % 86.9 84.8 21" 85.8
SST °C 29.0 28.9 0.1 28.95

those of the 437 non-RI cases to determine if the large-
scale conditions for these two sets of sample were
significantly different. The variables selected have certain
physical significance with the change of intensity. The
distribution of these conditions is discussed in Section 4.2.
The mean values of each of the variables for both the RI
and non-RI samples and the differences between the mean
values of the RI and non-RI samples are presented in the
Table 3. The differences between the mean values of the
variables for RI and non-RI samples are statistically
significant at greater than or equal to the 95% confidence
level except SST. Asterisk marks were placed beside those
differences that were found to be statistically significant at
the 95% (*) and 99.9% (**) level using a two-sided t-test
that assumes unequal variances (Dowdy and Wearden,
1991).

Table 3 indicates that differences between the RI and
non-RI samples are statistically significant for all of the
variables except SST. Interestingly, these differences are
most significant (at 99.9% level) for seven variables
(IC12, ISI, SMS, ISL, SHR, V850, LTRH) and it is
significant at 95% level for variable D200 (as shown in
the Table 3). It is surprising that statistically significant
differences were not found between the SST value of the
RI and non-RI samples. One plausible explanation for this
result is that the mean SST values of the RI and non-RI
samples are both well above the threshold value of SST
(=26.5 °C) for intensification of tropical cyclone.

The larger LTRH values (evaluated from 850 to 700
hPa in this study) for the RI cases is consistent with
physical reasoning, as shown by Schade and Emanuel

(1999). They found that lower boundary layer relative
humidity in the initial undisturbed environment produced
the most intense storms in their model simulations. They
speculated that this was due to a stronger imbalance at the
sea surface for drier boundary layers. The lower values of
SMS for the non-RI cases is consistent with results of
Geisler (1970) who showed that sea surface temperature
(SST) gets cool due to upwelling for a slow moving or
stationary system. This feature can also be explained by
previous studies (Schade and Emanuel, 1999; Schade,
2000; Peng et al., 1999) that if TCs move too slow,
oceanic cooling induced by turbulent mixing generated by
surface wind stress curl under the TC will disrupt the
intensification. The importance of inner-core processes
has been linked to changes in TC intensity. Willoughby et
al., (1982) noted that concentric eyewalls are
characterized by the development of a secondary ring of
convection around an existing inner eyewall. This
secondary (outer) eyewall may contract and replace the
inner eyewall and can produce significant changes in TC
intensity. This result justifies the higher values of ISI for
the RI cases. This finding may be attributed to the fact that
the higher ISI may intensify more because of their better
initial organization. The preference for RI to occur in the
higher latitude (ISL) may simply be a reflection of
systems getting organized and intensifying prior to RI at
higher latitude as TCs in the Bay of Bengal generally
move towards north and northwest direction. The findings
of higher values of V850 hPa and D200 hPa for the RI
cases is consistent with the study of Kotal et al., (2008)
who showed that systems were more likely to experience
high rates of intensification for higher values of V850 and
D200. They explained that more cyclonic environment at
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Figs. 5(a-d). The percentage frequency distributions of the climatological and persistence variables for the RI and non-RI (NRI) samples

850 hPa and more anticyclonic environment at 200 hPa
are favorable for intensification. They also showed that
these two variables are the most stable and maintained
almost same significance for all forecast hour (12 hrs to
72 hrs). The finding of higher values of SHR for the non-
RI cases is due to the fact that the higher vertical wind
shear disrupts the circulation pattern and latent heat
released within the system due to condensation advected
away from the system. This is consistent with results of
DeMaria and Kaplan (1994b), Kaplan and DeMaria
(2003). It is also consistent with the three-dimensional
modeling simulations of Frank and Ritchie (1999). They
showed that a TC embedded in an environment with no
shear intensified rapidly. Finally, the RI cases were
generally intensifying at a faster rate than the non-RI cases
during the 12 hrs period prior to the start of RI phase. The
result shows that intensity changes during the past 12 hrs
can indicate the future rate of intensification and if
intensity increases in the past 12 hrs, the same

environmental condition likely to prevail for shorter
intervals.

4.2. Distribution of large-scale conditions

As discussed in Section 4.1, statistically significant
differences exist between the mean of large-scale
conditions of the RI and non-RI samples for all of the
variables listed in Table 2 except SST. In this section, the
frequency distributions of the eight variables (Table 3) for
which statistically significant differences were found
between the RI and non-RI samples are shown together so
that comparisons can be made between the relative
chances of RI for a given range of predictor’s magnitude.

The distributions for all the climatological and
persistence variables listed in Table 2 are shown
in Figs. 5(a-d). The Fig. 5(a) shows an increase in the
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fraction of RI cases than non-RI cases for large ISI values
with 62% of all RI cases having ISI exceeding 35 kt
compared with only 22% of non-RI cases. Also,
approximately 5 times as many RI cases than non-RI cases
had ISI values above 50 kt. The distributions of IC12 [Fig.
5(b)] for the RI and non-RI samples show that a larger
fraction (87%) of the RI cases than non-RI cases (65%)
intensifying during the previous 12 hr. Also, the fraction
of RI cases that were intensifying at high rates (> 10 kt)
during previous 12 hr was much larger (76%) than that for
the non-RI cases (22%).

Fig. 5(c) shows notable differences between the
distributions of ISL for the RI and non-RI samples. Rapid
intensification occurs mostly over the central Bay of
Bengal from 11° N to 21° N. A large fraction of 87% of
all RI cases compared to 52% of non-RI cases occurred
over north of 11° N. Fig. 5(d) indicates that a notable
increase in the fraction of RI cases to non-RI cases for
large SMS values with nearly 83% of all RI cases having
SMS exceeding 3 ms" compared with about 56% of non-
RI cases. Furthermore, the figure suggests that RI was less
likely for slow storm speeds (SMS < 3 ms™). Also, more
than 2 times as many RI cases than non-RI cases had
storm motion speed values between 4 to 5 ms™”. This is
consistent with the results of Wang and Wu (2004) and
Zeng et al., (2007) who showed that either too fast motion
or too slow motion inhibit intensification of TC.

Fig. 6 shows the distribution of RI and non-RI cases
for the thermodynamic variable LTRH listed in Table 2.
An increase in the fraction of RI cases to non-RI cases
was observed for large LTRH values. There are nearly
81% of all RI cases compared with about 55% of non-RI
cases having LTRH values exceeding 85%. Also,
approximately 2 times as many RI cases than non-RI cases
had relative humidity values above 90%.
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Figs. 7(a-c). Same as in Fig. 5 except for the kinematic variables
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Fig. 8. The probability of RI when the individual RI predictors were
satisfied for the RI and non-RI samples. The RI Indices
(thresholds) of each of the predictors are also presented

Figs. 7(a-c) show the distribution of RI and non-RI
cases for the kinematic variables listed in Table 2. The
distribution of SHR [Fig. 7(a)] of the RI and non-RI cases
shows that 85% of the RI cases occurred when the SHR
was less than 12 ms” compared to 55% of the non-RI
cases and 2 times as many RI cases than non-RI cases had
SHR values below 8 ms”. This suggests that low SHR is
an important factor for RI. However, RI cases for
moderate SHR values indicate that other factors may
compensate for increased SHR.

The distributions of V850 [Fig. 7(b)] of the RI and
non-RI cases shows that 73% of the non-RI cases occurred
when the V850 was less than 5 s compared to 54% of the
RI cases. But, 46% of the RI cases compared to 27% of
the non-RI cases occurred for V850 greater than 5 s
The distributions of D200 [Fig. 7(c)] of the RI and non-RI
cases shows that 73% of the non-RI cases occurred when
the D200 was less than 2 s compared to 58% of the RI
cases. But, 42% of the RI cases compared with 27% of the
non-RI cases occurred for D200 greater than 2 s.
Furthermore, approximately 4 times as many RI cases
than non - RI cases had D200 values above 3 s™. This
suggests that more cyclonic environment at 850 hPa and
more anticyclonic environment at 200 hPa is favourable
for rapid intensification.

5. RI-Index and Probability of Rapid Intensification

In this section, the probabilities of RI are computed
for each of the 8 variables (as in Table 3) of the 483 cases
for which statistically significant differences between the
RI and non - RI samples were at the 95% level or greater

(Section 4.1). The RI threshold for each variable was
defined as the mid value between the means of the RI and
non-RI samples. A threshold was said to be satisfied if a
value was greater than or equal to the specified RI
threshold, except for wind shear (SHR) for which it is less
than or equal to the specified RI threshold for favourable
for RI. Fig. 8 shows the probability of RI for each of the 8
variables for which statistically significant differences
between the means of the RI and non-RI samples were
found to exist. These RI probabilities were computed by
dividing the number of RI cases that satisfied the RI
threshold by the number of all cases in the entire sample
(483 cases) that satisfied that same threshold. To illustrate,
RI occurred 34 times when the threshold for the variable
IC12 was satisfied, but the IC12 threshold was satisfied
134 times in the entire sample. Thus, the probability of RI
was 25% (34 x 100/134) when the RI threshold for IC12
was satisfied. Fig. 8 shows that the probability of RI
ranged from 12.4% when the threshold for V850 was
satisfied to 25% when the threshold for IC12 was
satisfied. Where as, the sample mean probability of RI is
9.5% (46 RI cases x 100/483 total cases). It is worth to
note that the probability of RI when an RI threshold was
satisfied exceeded the probability of RI when an RI
threshold was not satisfied for each of the 8 predictors
(Fig. 8). Also, these RI probabilities of all variables were
larger than the sample mean probability of RI (9.5%). This
suggests that this simple technique could provide
additional information over climatology.

Since the probability of RI for any individual
predictor was not more than 25%, all the 8 predictors were
combined to provide improved probability of RI
estimates. The predictors that were statistically significant
at the 95% levels or more were employed to obtain a
composite estimate of the probability of RI.

The composite probability of RI (P,) is defined as:

n
P=|—L1 _|x100%
“ (()) ’

Where,

P, = RI probability for n number of variables that
satisfied their respective thresholds

n; = Number of RI cases that satisfied the n number
thresholds

N, = Number of non-RI cases that satisfied the n
number thresholds

n=0,1,2,3,4,5,6,7, 8 (number of variables)
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Fig. 9. The composite probability of RI determined for the 1981-
2010 dependent sample. The probabilities are provided as a
function of the total number of the eight (ISI, IC12, ISL,
SMS, LTRH, SHR, V850, D200) RI predictor indices that
were satisfied. The sample mean probability of RI is also
shown for reference. The number of cases is shown in
parentheses beside the total number of RI indices satisfied

To illustrate, the threshold for 5 wvariables was
satisfied 9 times for RI cases and 32 times for non-RI
cases. Thus, the probability of RI was 21.9% [9/(9+32)]
when the RI threshold for 5 variables was satisfied. Fig. 9
shows the variation of the probability of RI as a function
of the total number of thresholds satisfied for the
dependent dataset of 88 TCs over the Bay of Bengal
during the period 1981-2010. Composite estimate of the
probability of RI is obtained using the eight predictors
(IC12, ISI, SMS, ISL, SHR, D200, V850, LTRH). It is
found that the probability of RI increased from 0% to
100% when the total number of RI thresholds satisfied
increased from zero to eight, and was close to the sample
mean value (climatological) of 9.5% when four thresholds
(out of eight) were satisfied. It is interesting to note that
the rate of increase of probability of RI increased with the
increase of number of RI thresholds satisfied when
number of RI thresholds satisfied exceeds four (i.e.,
climatological value). The probability increased from
around 9.5% to 22% when the number of RI thresholds
satisfied increased from four to five and these are around
32%, 73% and 100% for number of RI thresholds satisfied
six, seven and eight respectively. The figure also indicates
that all eight RI thresholds were satisfied for 3 cases only,
which suggests that TCs are rarely formed in an
environment where all the favourable conditions for RI
are satisfied simultaneously. The highest probability of RI
was only 25% when any single predictor was satisfied
(Fig. 8), whereas the probability of RI increased to 100%

when all eight of the RI predictors were satisfied (Fig. 9).
This emphasizes the need to include the effects of a wide
range of physical processes for predicting RI. The results
are very encouraging and suggest that this simple
technique has the potential to provide useful information
(probability of RI) to operational forecasters.

6. Concluding remarks

A probabilistic rapid intensification (RI) index is
developed using large-scale characteristics of rapidly
intensifying tropical cyclones over the Bay of Bengal.
Rapid intensification (RI) is defined as an increase of
tropical cyclone intensity 30 kt (15.4 ms™) during 24 hrs.
The 24 hrs intensity change of 30 kt represents the 93.4"
percentile of 24 hrs intensity changes of tropical cyclones
that developed over the Bay of Bengal during the period
1981 to 2010. Various climatological and persistence, and
large-scale variables associated with the cases that
underwent RI are compared to those of the non-RI cases.
The variables are: Storm latitude position, previous 12 hrs
intensity change, initial storm intensity, vorticity at 850
hPa, divergence at 200 hPa, vertical wind shear, lower
tropospheric relative humidity, and storm motion speed.
The primary findings of this study are as follows.

(i) Of the data sample of 88 tropical cyclones that
formed during 1981-2010, 18% of all tropical cyclones,
32% of all very severe cyclonic storms (VSCS) and all
super cyclonic storms (SUCS) underwent RI at least once
during their lifetime. No cyclonic storms (CS) and
severe cyclonic storm (SCS) underwent RI during their
lifetime.

(i) The RI cases generally occurred at higher latitudes as
compared to non-RI cases. Central Bay of Bengal is
found to be the region of higher likelihood for RI.
No significant differences were found between the Sea
surface temperatures (SSTs) of the RI and non-RI cases.

(iii) The RI cases were developed in regions of higher
lower-tropospheric relative humidity and higher lower-
tropospheric relative vorticity than the non-RI cases. Also,
the RI cases were formed in the regions of lower vertical
shear and higher upper-level divergence than the non-RI
cases. The RI cases are typically intensifying at a faster
rate during the previous 12 hrs with a higher initial wind
speed than the non-RI cases. Interestingly, the RI cases
generally move with a faster translational speed than the
non-RI cases. There are certain threshold value for each of
the variables is found to exist for RI.

(iv) The rapid intensification (RI) index technique was
developed to estimate the probability of RI. This
technique compares the magnitudes of the eight predictors
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to previously determined RI indices (thresholds) using the
88 tropical cyclones under this study. It was found that the
probability of RI increased from 0% to 100% for the
dependent sample when the total number of RI indices
satisfied increased from zero to eight. The rate of increase
of probability of RI increases with the increase of total
number of RI indices satisfied when number of RI indices
satisfied exceeds four, which 1is equivalent to
climatological probability value 9.5%. It was also found
that TCs are rarely formed in an environment where all
the favourable conditions for RI are present
simultaneously.

The results of this study to estimate the probability of
RI are very encouraging and suggest that this simple
technique has a potential to provide useful information to
forecasters. However, the contribution of each predictor to
RI should be determined which may provide better
predictive tool for RI. Other predictors, such as Ocean
heat content, latent heat due to convection should be
examined to determine if there is similar significant
forecasting ability for this rare event. RI indices for higher
dvys (eg., 35 kt, 40 kt etc) could also be
developed. Similar study could be extended for the
Arabian Sea basin. Our future research will focus on these
subjects.
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