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ABSTRACT

The phenomenon that rapid contraction (RC) of the radius of maximum wind (RMW) could
precede rapid intensification (RI) in tropical cyclones (TCs) has been found in several previous
studies, but it is still unclear how frequently and to what extent RC precedes RI in rapidly
intensifying and contracting TCs in observations. In this study, the statistical relationship between
RMW RC and TC RI is examined based on the extended best-track dataset for the North Atlantic
and Eastern North Pacific during 1999-2019. Results show that for more than ~65% of available
TCs, the time of the peak contraction rate precedes the time of the peak intensification rate, on
average, by ~10—15 h. With the quantitatively defined RC and RI, results show that ~50% TCs
with RC experience RI, and TCs with larger intensity and smaller RMW and embedded in more
favorable environmental conditions tend to experience RI more readily following an RC. Among
those TCs with RC and RI, more than ~65% involve the onset of RC preceding the onset of RI, on
average, by ~15-25 h. The preceding time tends to be longer with lower TC intensity and larger
RMW and shows weak correlations with environmental conditions. The qualitative results are
insensitive to the time interval for the calculation of intensification/contraction rates and the
definition of RI. The results from this study can improve our understanding of TC structure and

intensity changes.
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1. Introduction

One of the most important and difficult challenges in tropical cyclone (TC) forecasting is the
prediction of rapid intensification (RI, Kaplan et al. 2015; Knaff et al. 2020), often defined as the
intensification rate being at least the 95th percentile of all TC intensity changes over water (e.g.,
> 30kt or 15.4 m s™! within 24 h in the North Atlantic; Kaplan and DeMaria 2003). R1 is difficult
to forecast due to the multiscale interactions associated with both internal and environmental
dynamical and physical processes, most of which are not fully understood (Wang and Wu 2004;
Emanuel 2018).

A key issue in understanding the RI internal dynamics is the relationship between changes in
TC intensity and structure. Based on the convective ring model of TC intensification, it has long
been known that TC intensification is often related to contraction of the radius of maximum wind
(RMW; Shapiro and Willoughby 1982; Schubert and Hack 1982; Willoughby 1990). However,
several recent studies have shown that RMW contraction often stops well before the end of
intensification partly due to the increased curvature of the radial profile of tangential wind and/or
the decreased negative radial gradient of tangential wind tendency at the RMW during the late
intensification stage (Stern et al. 2015; Li et al. 2019), and both prohibit further contraction of the
RMW. Previous studies have also found that rapid contraction (RC) of RMW could precede TC RI
in both observations and simulations (Corbosiero et al. 2005; Chen et al. 2011; Shimada and
Horinouchi 2018; Wu and Ruan 2021; Li et al. 2021).

Based on budgets of tangential wind and RMW using ensemble idealized axisymmetric TC
simulations, Li et al. (2021) recently showed that in the initial intensification stage, the moderate
low-level negative radial gradient of tangential wind tendency and small curvature of the radial
profile of tangential wind favor RC, but the weak inner-core diabatic heating far inside the RMW
and relatively weak absolute vorticity lead to a weak intensification rate. As the simulated TC
continues to contract its RMW and intensify, the greater inner-core diabatic heating closer to the
RMW, where absolute vorticity also becomes larger, supports a much larger low-level radial
vorticity flux, which allows for more RI, but the increasing curvature of the wind profile prevents
further RC. The results of Li et al. (2021) seem to suggest that RMW RC tends to precede TC RI,
because in the early intensification stage, the curvature of the radial profile of tangential wind,
which limits the RMW contraction, generally increases as a TC intensifies (Stern et al. 2015; Li et

al. 2019). The low-level TC intensification is dominated by the radial vorticity flux, which
2
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generally increases as a TC intensifies due to the increase in both the absolute vertical vorticity and
the radial inflow near the RMW associated with the increasing diabatic heating in the eyewall (Li
et al. 2019, 2021).

Results from statistical analyses by Xu and Wang (2015) and Wu and Ruan (2021) also
showed that RI often occurs after the RMW contracts to a certain small size. However, there is no
observational study to confirm how frequently and to what extent the RMW RC precedes TC RI in
rapidly intensifying and contracting TCs, and how frequently and under what conditions TCs tend
to experience RI following an RC. Although the statistical study of Wu and Ruan (2021) showed
that in the North Atlantic during 2000-2017 the number of TCs with RMW RC preceding RI is
comparable to the number of TCs with RMW RC occurring simultaneously with RI, the events of
RC preceding RI in their study were incomplete because those events with overlapping 24-h RI
and 24-h RC were excluded (Q. Wu, personal communication). Namely, only if the initial time of
24-h RC precedes that of the 24-h RI by more than 24 h, can a TC be regarded as an event of RC
preceding RI in their study.

The primary objective of the current study is to investigate whether and to what extent RMW
RC tends to precede TC RI, and how frequently TC RI occurs following RMW RC and the potential
factors affecting the occurrence of RI following RC in observations. We first compare the times of
the lifetime peak rate of contraction and intensification of each TC from observational data, similar
to those in Li et al. (2021). Then, the relationship between the onset times of the quantitatively
defined RC and RI of each TC is examined. The next section describes the observational dataset,
data processing, and analysis method. The comparison between the times of TC lifetime peak
contraction rate and peak intensification rate is discussed in section 3. Section 4 statistically
compares the onset times of the quantitatively defined RC and RI. Section 5 discusses the potential
impacts of TC characteristics and some environmental parameters on the occurrence of RI
following an RC. Section 6 discusses the potential impacts of TC intensity and structure as well as
some environmental parameters on the preceding time of the onset of RC relative to the onset of

RI in rapidly intensifying and contracting TCs. Concluding remarks are drawn in the last section.

2. Data and analysis method

As in Qin et al. (2016) and Wu and Ruan (2021), the extended best-track (EBT) dataset
(Demuth et al. 2006) at 6-h interval is used in this study. The dataset of version 3.0.0 updated in

3
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March 2021 is used here, which has been extended to use all data available in the National
Hurricane Center Best Track Data (HURDAT?2, Landsea and Franklin 2013). The dataset contains
TCs in the North Atlantic during 1851-2019, the Central North Pacific during 1950-2019, and the
Eastern North Pacific during 1949-2019. Note that the RMW information is only available since
1988 for all three basins in the dataset, and the Advanced Microwave Sounding Unit (AMSU) was
used to identify and analyze TCs since 1999 (Demuth et al. 2004), in which the horizontal
resolution is more than doubled that of its previous Microwave Sounding Unit (MSU). Wu and
Ruan (2021) also showed that the RMW data in the EBT dataset were of better quality since 1999
(see their supplementary information). Therefore, to ensure the reliability of the main results, only
those TCs during 1999-2019 were considered in this study. There are 356, 33, and 379 TCs in the
North Atlantic, Central North Pacific, and Eastern North Pacific, respectively, during this period.
Because of the limited sample size, TCs in the Central North Pacific will not be included in our
analysis. For each TC at a given time, the record in the dataset contains maximum sustained 10-m
wind speed (Vmax), minimum central sea-level pressure (Pmin), RMW, eye size, radius of 17.5 m
s'! wind in four quadrants, distance to the nearest major landmass, and an indicator of whether the
system is purely tropical, subtropical, or extra-tropical.

In all analyses in this study, those TCs with the lifetime maximum Vmax weaker than
category-1 hurricane (33 m s!) are excluded as in Qin et al. (2016). With this criterion there are
157 and 175 TCs retained in the North Atlantic and Eastern North Pacific, respectively. Following
Kimball and Mulekar (2004) and Kossin et al. (2007), a quality check has been performed for the
RMW information. Namely, those RMW records with RMW smaller than the radius of eye or
greater than the mean radius of 17.5 m s™! wind are marked as missing information. As in Wu and
Ruan (2021), for each calculation of intensification rate or contraction rate, including the
definitions of RI and RC discussed in section 4, those records with distance to the nearest major
landmass less than 100 km are excluded to reduce the effect of land interaction on the results. Those
records that are identified as subtropical or extra-tropical systems are also excluded.

To compare the times of the peak RMW contraction rate and peak TC intensification rate or
the onset times of RC and RI, several additional objective criteria are used to obtain the available
TCs for the comparison. First, TCs with missing either RMW or intensity information are discarded,
and only those TC records before the TC attains the lifetime maximum intensity are included in

the analysis to ensure to cover the intensification period only. This means that the reintensification

4
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of TCs after the eyewall replacement cycle or TCs that weakened crossing the Florida Peninsula,
Cuba, or Yucatan Peninsula and subsequently reintensified (e.g., Willoughby et al. 1982; Kossin
and Sitkowski 2009; Mauk 2016; Mainelli et al. 2008) was largely excluded in our analysis. Second,
considering the fact that the estimation error of TC wind profile from available data is larger for
weaker storms (Kossin et al. 2007), to make the comparison as robust as possible, we only include
all TCs in the records with the intensity attaining tropical storm (=18 m s™). Third, only those TCs
with the period of intensification (contraction) being greater than four consecutive times (i.e., 24
h) are considered to reduce the effect of short record on the comparison between the times of the
peak contraction rate and peak intensification rate or the onset times of RC and RI. Finally, in
addition to Vmax, Pmin is also used for the calculation of intensification rate in the comparison
between the onset times of RC and RI to ensure the robustness of the results.

Furthermore, considering the fact that the statistical results of intensification rate and
contraction rate may depend on the time interval (Qin et al. 2016), in addition to the commonly
used 24-h interval as in previous studies, the results based on 18-h, 12-h, and 6-h intervals are also
evaluated to ensure the robustness of the main results from this study. The criteria for 18-h, 12-h,
and 6-h intervals are the same as those for the 24-h interval. The corresponding intensification
(contraction) rate for each time interval at each time, ¢, is defined as the average change (decrease)

rate of intensity (RMW) from t, to t,+ interval.

3. Times of the peak contraction rate and peak intensification rate

Based on those criteria in section 2, in the dataset there are 205, 235, 263, and 284 TCs
available during 1999-2019 in the North Atlantic and Eastern North Pacific for the comparison
between the times of the peak RMW contraction rate and the peak TC intensification rate at the
time intervals of 24 h, 18 h, 12 h, and 6 h, respectively. Note that because it is easier to have a
longer consecutive period of intensification (contraction) using a shorter time interval (for example,
for a 30-h record, the consecutive times are 5 and 2 for the 6-h and 24-h time intervals, respectively),
the available TC count increases with the decrease in time interval. Of those available TCs, ~65—
75%, ~15-20%, and ~15-20% involve the time of the peak contraction rate preceding, occurring
simultaneously with, and lagging the time of the peak intensification rate, respectively (Fig. le).
Since the estimation error of TC wind profiles from available data is generally smaller for stronger

storms (Kossin et al. 2007), for those TCs that have multiple times of peak intensification rate or

5
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peak RMW contraction rate, the last time of those peak RMW contraction records is defined as the
time of peak contraction rate, and the nearest peak intensification record to the defined time of peak
contraction rate is defined as the time of peak intensification rate in our analysis. We have also
compared the results with those using the first time or the average time of those peak RMW
contraction records and found that the qualitative results are almost unchanged, i.e., more than ~65%
TCs involve the time of the peak contraction rate preceding the time of the peak intensification rate
(not shown). The result is also almost independent of the time interval used for the calculations of
contraction rate and intensification rate (Fig. 1e). As expected, consistent with that implied by the
results in Li et al. (2021), the time of the peak contraction rate predominantly precedes the time of

the peak intensification rate. In addition, the result is independent of the basin as well (Figs. 1a,c,e).
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Figure 1. (a) Frequency of TCs with the time of the peak RMW contraction rate preceding (PRE), occurring

simultaneously (SIM) with, and lagging (LAG) the time of the peak intensification rate in the North Atlantic

(NA) with the intensification and contraction rates calculated with the time intervals of 24 h, 18 h, 12 h, and 6 h,

respectively, with the total available number of TCs for each time interval shown in the parentheses following
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each x-axis label. (b) Boxplots of difference between the times of the peak intensification rate and peak RMW
contraction rate in the North Atlantic (NA) based on the time intervals of 24 h, 18 h, 12 h, and 6 h, respectively.
The bottom and top edges of each box denote the 25th and 75th percentiles, and the horizontal line inside the box
is the median. The black asterisk denotes the average. The bottom and top whiskers extend to the minimum and
maximum within a distance of 1.5 times of the interquartile, and the outliers (outside the whiskers) are plotted
with the black plus sign. (¢c)—(d) As in (a)—(b), but for the results in the Eastern North Pacific (EP). (e)—(f) As in
(a)—(b), but for the results in both the North Atlantic and the Eastern North Pacific (NA+EP).

To further quantify the difference between the times of the peak TC intensification rate and
peak RMW contraction rate, we show the corresponding boxplot in Figs. 1b,d,f based on those
selected TCs. Consistent with Figs. 1a,c,e, for each basin and for each time interval, more than ~70%
of the differences are greater than zero, indicating that the time of the peak contraction rate
predominantly precedes the time of the peak intensification rate. From Figs. 1b,d,f, we can also see
that more than 50% of the differences are between ~0-30 h, and on average (including the
simultaneous cases and lag cases), the time of the peak contraction rate precedes that of the peak
intensification rate by ~10—15 h. Overall, the results for the two basins are qualitatively consistent,
although there are more outliers in the North Atlantic than in the Eastern North Pacific (Figs. 1b,d).
Since the aircraft reconnaissance is rarely conducted in the Eastern North Pacific, the consistent
results between the North Atlantic and Eastern North Pacific (Figs. 1a—d) indicate that the dataset
may not be affected by the non-aircraft data, as also suggested by Kimball and Mulekar (2004). In
addition, the results with the intensification and contraction rates calculated using different time
intervals are also qualitatively consistent, although the number of outliers increases with the
decreasing time interval, especially in the Eastern North Pacific (Figs. 1b,d). This is because it is
easier to obtain an extreme intensification (contraction) rate for a shorter time interval. The outliers
are also quantitatively affected by the definition of the time of peak intensification rate or peak
contraction rate in those TCs that have multiple times of peak intensification rate or peak RMW
contraction rate (not shown). Since the outliers are not our focus and most of them occur with the
peak contraction and peak intensification being in the different dynamical process (not shown), we

do not go into details on the outliers.

4. The onset times of RC and RI

Results discussed in the last section confirm that the peak contraction rate tends to precede
the peak intensification rate in observations. A further issue is the relationship between the onset
times of the quantitatively defined RC and RI. Following Kaplan and DeMaria (2003), the RC and

RI are defined as the 95th percentile of all RMW contracts and TC intensity changes over water,
7
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respectively, with the data based on those criteria outlined in section 2 (second paragraph). Figure
2 shows the cumulative frequency distributions of intensification rates for different TC intensities
(i.e., tropical depressions with Vmax < 18 m s™!, tropical storms with 18 m s' < Vmax <32 ms™,

and hurricanes with Vmax= 32 m s™') and RMWs (i.e., small size with RMW < 30 km, moderate
size with 30 km < RMW < 60 km, and large size with RMW = 60 km) in the North Atlantic

and Eastern North Pacific during 1999-2019. Note that the cumulative frequency distributions of
intensification rates and contraction rates discussed below are qualitatively consistent in the North

Atlantic and Eastern North Pacific, and we thus only show their combined distributions.
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Figure 2. Cumulative frequency distributions of intensification rate (IR) in the North Atlantic and Eastern North
Pacific during 1999-2019 based on the (a,e) 24-h, (b,f) 18-h, (c,g) 12-h, and (d,h) 6-h time intervals. Distributions
in (a)—(d) are for tropical depressions (TD; Vmax < 18 m s!), tropical storms (TS; 18 m s < Vmax <32 ms™),
hurricanes (H; 32 m s™! < Vmax), and all TCs (ALL), with the corresponding sample number of intensification
rate shown in the parentheses of each legend. (e)-(h) As in (a)—(d), but for small (SS; RMW < 30 km), moderate
(MM; 30 km < RMW <60 km), large (LL; 60 km < RMW) RMW, and all TCs (ALL).

The percentage of the positive intensification rate decreases with increasing TC intensity, and
vice versa (Figs. 2a—d), consistent with Kaplan and DeMaria (2003), indicating that TCs with
weaker intensity are easier to intensify. This is partly because TCs with weaker intensity usually
have more potential to intensify than those with stronger intensity as shown in Xu and Wang (2015).
In addition, TCs with large RMWs show less frequent large weakening or intensification rates (Figs.
2e-h). This is understandable because RI often occurs after the RMW contracts to a relatively small

size as recently shown in Wu and Ruan (2021), and large RMWs usually occur during the weak-
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intensity period (e.g., Wu and Ruan 2021; Li et al. 2021), which has less potential to experience
rapid intensification or weakening (Xu and Wang 2015; Fei et al. 2020). Note that although the
cumulative frequency distributions in the two basins are qualitatively consistent (not shown), there
are some quantitative differences. Overall, for all TCs, the RI thresholds for all time intervals are
larger in the Eastern North Pacific than in the North Atlantic (Table 1). For example, the 95th
percentile of intensification rates, i.e., the RI threshold, for the 24-h interval is 15.5 m s™' (24 h)’!
in the North Atlantic (Table 1), consistent with TCs in the North Atlantic during 1989-2000
[Kaplan and DeMaria 2003; 16.0 m s™' (24 h)'], but it is 17.9 m s (24 h)! in the Eastern North
Pacific (Table 1). This means that overall the TC intensification rates are higher in the Eastern
North Pacific than in the North Atlantic, which has been also reported by Kaplan et al. (2010).
Note that Kaplan and DeMaria (2003) used all TCs over water in the North Atlantic but we used
hurricanes only as in Qin et al. (2016), and our preliminary tests indicate that the overall
conclusions discussed here are not affected with or without considering the hurricane criterion (not
shown). Consistent with that in Qin et al. (2016), the RI threshold increases with the decreasing
time interval in both basins (Table 1). For example, the RI threshold for the 12-h interval is 10.15
m s (12 h)! in the North Atlantic, also similar to or 10.0 m s (12 h)! for the North Atlantic
during 1990-2014 (Qin et al. 2016).

Table 1. Definitions of RI and RC calculated with the time intervals of 24 h, 18 h, 12 h, and 6 h, respectively, in
the North Atlantic (NA) and Eastern North Pacific (EP) during 1999-2019. Note that the unit of rate values are

unified into the equivalent change in 24 h for direct comparisons.

Definition Basin Intervals=24 h  Intervals=18 h Intervals=12 h Intervals=6h
RI [dVmax; m s™! NA 15.5 17.1 20.3 21.4
(24 h)"] EP 17.9 20.2 20.6 21.5
RI [-dPmin; hPa (24 NA 23.1 24.6 26.3 28.5
h)" EP 25.2 26.7 27.6 28.0
RC [-dRMW; km NA 55.9 73.6 75.5 75.8
(24 )" EP 46.7 50.4 74.1 74.7

The Pmin-based RI is also used to confirm the robustness of the main conclusions based on
Vmax. The corresponding cumulative frequency distributions of intensification rates for different
TC intensities and RMWs are shown in Fig. 3, in which the tropical depressions, tropical storms,

and hurricanes are defined as Pmin=1000 hPa, 990 hPa < Pmin < 1000 hPa, and Pmin <990 hPa,

respectively, following Kantha (2006) and Klotzbach et al. (2020). Similar to the Vmax-based
9
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intensification rate, the intensification occurs more readily for weaker TCs (Figs. 3a—d), and TCs
with large RMW rarely experience large intensification or large weakening rates (Figs. 3e—h). In
addition, the threshold of the Pmin-based RI for all TCs also increases with the decreasing time
interval in both basins (Table 1), and overall, the RI thresholds are larger in the Eastern North
Pacific than in the North Atlantic except for the 6-h time interval.
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Figure 3. As in Fig. 2, but for the intensification rate (IR) calculated as the deepening rate of minimum central
pressure, and tropical depressions (TD), tropical storms (TS), and hurricanes (H) are defined as 1000 hPa <
Pmin, 990 hPa < Pmin < 1000 hPa, and Pmin <990 hPa, respectively.

The cumulative frequency distributions of contraction rates with different TC intensities and
RMW sizes are shown in Fig. 4. TCs with weaker intensity (Figs. 4a—d) or larger RMW size (Figs.
4e-h) exhibit more frequent large contraction rates, consistent with previous observational and
numerical studies (e.g., Wu and Ruan 2021; Li et al. 2021). This is partly because larger RMW
size often means a higher potential to experience large contraction and also often occurs during the
weak-intensity stage (Li et al. 2021). In addition, the weaker intensity and larger RMW size often
indicate a weaker curvature of the radial profile of tangential wind, thus favorable for large
contraction rate (Stern et al. 2015; Li et al. 2021). As expected, the RC threshold for all TCs also
increases with the decreasing time interval in both basins (Table 1) as the RI threshold. Overall,
the RC threshold is higher for all time intervals in the North Atlantic than in the Eastern North
Pacific (Table 1). The RC threshold for the 24-h interval in the North Atlantic is 55.9 km (24 h) ",
consistent with that in Wu and Ruan (2021).
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Figure 4. As in Fig. 2, but for contraction rate (-dRMW).

We now examine the relationship between the onset times of RC and RI based on those
TCs satisfied with those criteria described in section 2 (second and third paragraphs) and with the
peak intensification rate and the peak contraction rate meeting the corresponding RI and RC
thresholds (Table 1). The onset time of RI (RC), for each basin and each time interval, is defined
as the first time when the intensification (contraction) rate attains or exceeds the corresponding RI
(RC) threshold. The onset times of RC and RI in the North Atlantic and Eastern North Pacific are
compared in Figs. 5a,c for each time interval according to the Vmax-based and Pmin-based
intensification rates, respectively. Note that the results are qualitatively consistent between in the
North Atlantic and Eastern North Pacific (not shown). As expected, for both RI definitions, TCs
with the onset of RC preceding the onset of RI are dominant regardless the time interval used.
Overall, the percentages of TCs with the onset of RC preceding, occurring simultaneously with,
and lagging the onset of RI are ~65-90%, ~5-25%, and ~0—10%, respectively, for both the Vmax-
based and Pmin-based intensification rates (Figs. 5a,c). Figures 5b,d show the boxplots of the
difference between the onset times of RI and RC for the Vmax-based and Pmin-based
intensification rates, respectively. In general, for all time intervals, more than ~50% of the
differences are between ~0—36 h, and on average (including the simultaneous cases and lag cases),
the onset of RC precedes the onset of RI by ~15-25 h for both the Vmax-based and Pmin-based

intensification rates.

11



297

298
299
300
301
302

303
304
305
306
307
308
309
310
311
312

100 200

1 () m—PRE - (b)
] — SIM 150 |-
- %07 m—LAG 100 F . ,
& = E B H .
=~ 60 g 50| = ! ' i
[8) = r
S 2 of B & E 3
o 40 - ke] r 1
20 - ® 100 %
150 |
0 200 L1 | | |
24h(21) 18h(32) 12h(34) 6h(50) 24h(21) 18h(32) 12h(34) 6h(50)
Intervals Intervals
100 200
1(c) mmm PRE g (d)
g == SIM 150 F
X < F . .\ T: 3
7 60 7 g 20 1 T |
(&) = r
3 > 0F L2 B E $
Z 40 I :
o 8 50 .
L o r
20 * 100 |
1 H 150 |
0 I : | | | |
-200
24h(22) 18h(33) 12h(36) 6h(83) 24h(22) 18h(33) 12h(36) 6h(83)
Intervals Intervals

Figure 5. (a) Frequencies of TCs with the onset of RC preceding (PRE), occurring simultaneously (SIM) with,
and lagging (LAG) the onset of RI in the North Atlantic and Eastern North Pacific for time intervals of 24 h, 18
h, 12 h, and 6 h, with the total available number of TCs for each interval shown in the parentheses following each
x-axis label. (b) Boxplots of difference between the onset times of RI and RC. (c)—(d) As in (a)—(b), but for the
RI defined using the deepening rate of minimum central sea level pressure.

Note that as mentioned earlier, partly to reduce the effect of eyewall replacement cycle on our
results, only those TC records before the TC attains the lifetime maximum intensity are included
in the analysis. Considering the fact that only about one-third and 20% TCs with intensity attaining
hurricane experience eyewall replacement cycle in the North Atlantic and Eastern North Pacific,
respectively (Kossin and Sitkowski 2009; Mauk 2016), and among them ~55% and ~80% occur
after/around the TC lifetime maximum intensity (Mauk 2016), we believe that our main
conclusions are not affected by the eyewall replacement cycle. To further verify this, we have
checked the 21 cases associated with both RC and RI for the 24-h time interval for the Vmax-based
intensification rate, and there is only one case likely involving the eyewall replacement cycle by

looking into the available satellite images (http://tropic.ssec.wisc.edu/real-time/mimtc/tc.shtml),
12
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which occurred after the defined onset times of RC and RI and thus does not affect our results. In
addition, we found three cases (including the eyewall replacement cycle case) that involved large
RMW expansion (>30 km in 6 h) before the defined onset time of RC, which might be affected by
changes in environmental conditions. Since our main conclusions are unchanged with and without
the three cases, and considering the fact that the large RMW expansion, especially during the weak
TC stage, might be associated with the potential errors in RMW estimation (Demuth et al. 2004,
2006; Kossin et al. 2007), we have not gone into details on the large RMW expansion, which could

be a topic for a future work when more reliable data are available.

5. Occurrences of RI and RC

The results discussed in section 4 confirm that, as implied in Li et al. (2021), the onset of RC
tends to precede the onset of RI in rapidly intensifying and contracting TCs in observations.
However, unlike in the idealized simulations in previous studies (Stern et al. 2015; Li et al. 2021),
TCs in observations rarely experience simultaneous RC and RI (cf. Figs. 1,5), partly due to various
complicated multiscale interactions associated with both internal and environmental dynamical and
physical processes (Wang and Wu 2004). Although we mainly focused on the rapidly intensifying
and contracting TCs, from an operational perspective, it would be also relevant to know how

frequently RC occurs without RI, and vice versa.
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Figure 6. (a) Frequencies of TCs without RI and RC (None), with RC but without RI (RC_only), with RI but
without RC (RI_only), and with both RI and RC (RI_RC) in the North Atlantic with the rates calculated using
time intervals of 24 h, 18 h, 12 h, and 6 h, with the total available number of TCs for each interval shown in the
parentheses following each x-axis label. (b) As in (a), but the RI is defined based on the deepening rate of central
sea level pressure. (¢)—(d) As in (a)—(b), but for the Eastern North Pacific.

Figure 6 shows the frequencies of TCs without RI and RC, with RC but without RI, with RI
but without RC, and with both RI and RC among those available TCs in Fig. 1. The overall
frequency distributions are consistent in both basins and for both the Vmax-based and Pmin-based
intensification rates. For both basins, there are ~20—40% TCs that experienced neither RC nor RI,
and the frequency decreases with the decreasing time interval, especially for the Pmin-based
intensification rates (Figs. 6b, d). This is because it is easier to obtain an extreme intensification
(contraction) rate for a shorter time interval as mentioned above. In addition, the no RI cases are
more prevalent for the Vmax-based intensification rates, but less prevalent for the Pmin-based
intensification rates (Figs. 6a—d). On average, there are up to ~40% of those available TCs that
experienced RI but without RC. In addition, for the 6-h time interval, in terms of the Pmin-based
intensification rates the frequencies of RI with and without RC are nearly equal in the North

Atlantic, while the frequency of RI without RC is almost 50% higher in the Eastern North Pacific
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(Figs. 6b,d). This suggests that it is not necessary for a TC with RI to experience RC. Previous
studies have confirmed that TCs more readily intensify rapidly after the RMW contracts to a certain
small size (Xu and Wang 2015; Li et al. 2019; Wu and Ruan 2021). Our results thus suggest that
the process of contraction to a certain small size is not necessarily rapid. However, there are some
other reasons for the high frequency of TCs with RI but without RC. First, as mentioned in section
2, we have excluded those records with the TC intensity below the tropical storm threshold to make
the comparison as robust as possible (Figs. 1, 5), but it cannot rule out the possibility that RC occurs
before the tropical storm stage. To verify this, we removed this criterion and found that the
averaged frequency of TCs with RI but without RC decrease from ~40% to ~25% as expected (not
shown). It is also possible that TCs completed their RCs before being recorded in the EBT dataset.
In addition, the RC process in the initial stage of TCs might occur but was missed by the available
observations because of the large errors in measuring RMW for weak TCs (cf. Kossin et al. 2007).
Considering these uncertainties, the reason for the “missed” RC in the TCs with RI will not be
discussed in detail, but it could be a topic for a future work when more reliable data are available.

For TCs with RC, about half experienced RI in the two basins, and the overall ratio of TCs
with RI to that without Rl is higher in the Eastern North Pacific than in the North Atlantic for both
the Vmax-based and Pmin-based intensification rates (Fig. 6). This means that although RC tends
to precede RI in rapidly intensifying and contracting TCs, it does not mean that there must be an
RI following an RC. From a practical perspective, it is our interest to further examine the difference
between TCs with and without RI following an RC. Since the occurrence of RI involves many
known and unknown internal and environmental dynamical and physical processes (Wang and Wu
2004; Emanuel 2018), as a preliminary effort, we only check some commonly known internal and
environmental factors. Figures 7a,b show the differences in TC intensity and RMW size
immediately following the onset of RC (t,+ interval with t, denoting the onset time of RC)
between TCs with RC preceding RI and TCs with RC but without RI in the two basins for each
time interval. We can see that on average, TCs with RI following RC have higher intensity and
smaller RMW than those without RI, and the results are all statistically significant at the 95%
confidence level and consistent for all different time intervals examined and also for the Pmin-
based intensification rates (Figs. 7e,f). This is consistent with the theoretical study of Li et al.
(2021), who has revealed that in the intensification stage, the TC intensification rate is dominated

by the low-level radial absolute vorticity flux, which is proportional to the inner-core absolute
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vorticity, which in turn is a function of TC intensity and its RMW.

In addition, previous observational (Xu and Wang 2015) and recent theoretical studies (Wang
etal. 2021a,b) have shown that TC intensification rate often increases with TC intensity and reaches
its maximum as the TC reaches an intermediate intensity around 60% of its theoretical maximum
potential intensity. Since RC often occurs before the intermediate intensity, this means that, in the
early stage following RC, the intensification rate of a TC tends to increase more rapidly and thus
to experience RI more readily with relatively higher intensity (Figs. 7a,e). In addition, the average
RMW of TCs with RI (without RI) following RC tend to be smaller (larger) than 55 km (Figs. 7b,f),
which is consistent with the findings by Wu and Ruan (2021), who revealed that TCs tend to
experience RI often after the RMW contracts to a small size of ~55 km. Note that the results seem
to be different from that in Fig. 4e, which shows that only large RMW cases (RMW > 60 km)
experience RC. This is because the RMW refers to the value at the current time exactly (¢,) in Fig.

4 but at the time following the onset of RC (t,+ interval) in Fig. 7 as mentioned above.
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Figure 7. Boxplots of (a) TC intensity, (b) RMW, (c) sea surface temperature, and (d) vertical wind shear
immediately following the onset time of RC for those TCs with RC preceding RI (RC_RI_PRE) and TCs with
RC without RI (RC_only) in the North Atlantic and Eastern North Pacific with the rate calculated using time
intervals of 24 h, 18 h, 12 h, and 6 h. The letters “Y” and “N” indicate that the difference of the averaged values
between RC_RI PRE and RC_only is and is not statistically significant at the 95% confidence level, respectively.
(e)—(h) As in (a)—(d), but for TC intensity and RI are defined based on the central sea level pressure.

To address whether the occurrence of RI following an RC is affected by the large-scale
environmental conditions, we used the interim reanalysis data from the European Centre for

Medium-Range Weather Forecasts (ERA-Interim; Dee et al. 2011) and checked the differences in
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sea surface temperature (SST) and vertical wind shear (VWS) between TCs with and without RI
following an RC. The SST of each selected TC is defined as the average within a radius of 300 km
from the TC center as in Fei et al. (2020). To obtain the environmental VWS, the disturbances in
the original wind fields with wavelengths less than 1000 km are removed in both the zonal and
meridional directions iteratively using the three-point smoothing operator of Kurihara et al. (1993),
and then the VWS is calculated as the vector difference of horizontal winds averaged in the annulus
between 200-800 km from the TC center between 200—850 hPa as in Fei et al. (2020). Consistent
with previous statistical studies (e.g., Kaplan and DeMaria 2003; Xu and Wang 2015; Fudeyasu et
al. 2018), TCs with RI following an RC tend to have more favorable environments, i.e., higher SST
and lower VWS, than those without RI following an RC (Figs. 7c,d,g,h), with the differences being
statistically significant at the 95% confidence level. This result is consistent for both the Vmax-
based and Pmin-based intensification rates and for all time intervals although the difference in the
averaged VWS is not statistically significant for the 24-h time interval for the Vmax-based
intensification rate (Fig. 7d). Note that the results do not mean that TCs with a high SST and low
VWS would experience RI with RC, because some previous studies show no statistically
significant differences in the environment conditions between TCs with and without RI (e.g.,
Hendricks et al. 2010). Since the statistical results could be potentially influenced by the study
periods, basins, and statistical methods, future studies are needed to further examine the
relationships between the environmental factors and the RI occurrence with and without RC.
Since the eyewall replacement cycle might potentially affect the occurrence of RI and RC
(Mauk 2016), we have also checked the overall frequency distribution of TCs associated with RI
or RC (as shown in Fig. 6) with those TCs likely experiencing eyewall replacement cycle before
the lifetime maximum intensity removed. The information of eyewall replacement cycle is obtained
from the product of Microwave-based Probability of Eyewall Replacement Cycle (M-PERC)
model provided by the Space Science and Engineering Center at the University of Wisconsin-
Madison (http://tropic.ssec.wisc.edu/real-time/archerOnline/web/ERC_archive page.html).
Because of the available M-PERC dataset only covers the period 1999-2011 for the North Atlantic,
we only checked TCs in the North Atlantic during the period. We found that the overall frequency
distributions with or without the eyewall replacement cycle TCs are qualitatively unchanged and
are similar to those in Fig. 6 (not shown). With the eyewall replacement cycle TCs removed, the

differences in intensity, RMW, and environmental conditions between TCs with and without RI
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following an RC (i.e., Fig. 7) are also qualitatively unchanged (not shown). Considering the fact
that the frequency of TCs with eyewall replacement cycles before the lifetime maximum intensity
over the Eastern North Pacific is much less than that in the North Atlantic (Kossin and Sitkowski
2009; Mauk 2016), we can conclude that our main conclusions are not affected by the eyewall

replacement cycle.

6. Preceding time

Although we have shown that the onset of RC tends to precede the onset of RI, we can also
see that large variability exists in the preceding time (Figs. 5b,d). It is unclear what determines the
preceding time of the onset of RC relative to the onset of RI. As a preliminary effort, we examined
the relationship between the (non-negative) preceding time (with the outliers removed) and the TC
intensity or RMW size immediately following the onset of RC with the results shown in Fig. 8. We
can see that for both the Vmax-based and Pmin-based intensification rates and for all time intervals,
the onset of RI tends to occur earlier after the onset of RC in TCs with larger TC intensity (Figs.
8a,e). The inverse correlation between the preceding time and TC intensity is statistically
significant at the 95% confidence level under the student’s #-test almost for all time intervals except
for the 6-h interval for the Pmin-based intensification rate (Fig. 8e). The relationship between the
preceding time and the RMW is similar for different time intervals and for both the Vmax-based
and Pmin-based intensification rates (Figs. 8b,f). The onset of RI tends to lag further behind that
of RC with larger RMW. The positive correlation is statistically significant at the 95% confidence
level for the time intervals of 24 h, 18 h, and 12 h for the Vmax-based intensification rates (Fig. 8b)
and for the time interval of 18 h for the Pmin-based intensification rate (Fig. 8f). As mentioned
above, this is likely because a TC is easier to intensify rapidly with a relatively stronger intensity
in the early intensification stage (Xu and Wang 2015; Li et al. 2021; Wang et al. 2021a,b) and after
the RMW contracts to a certain small size (Xu and Wang 2015; Li et al. 2019; Wu and Ruan 2021;
Lietal. 2021).
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Figure 8. Scatter diagram of the non-negative preceding time of the onset of RC relative to the onset of RI against
(a) TC intensity, (b) RMW, (c) sea surface temperature (SST), and (d) vertical wind shear (VWS) immediately
following the onset time of RC for the time intervals of 24 h, 18 h, 12 h, and 6 h. For each time interval, the
corresponding correlation coefficient (R) and the p-value under the student’s ¢-test, with the outliers of preceding
time removed, are shown in the parentheses following each legend. The corresponding regression line with the
outliers removed for each time interval is also shown. (e)—(h) As in (a)—(d), but with TC intensity and RI being
defined based on the central sea level pressure (P )-

To examine whether the preceding time is potentially affected by the large-scale
environmental conditions, both the SST and VWS are evaluated as above, with the results shown
in Figs. 8c,d,g,h. We can see that there is a general negative (positive) correlation between the
preceding time and SST (VWS) for both the Vmax-based and Pmin-based intensification rates
with different time intervals. This is as expected because higher SST or lower VWS often implies
more favorable conditions for intensification and earlier RI onset (Li et al. 2021; Wang and Wu
2004), and also consistent with previous statistical studies (e.g., Kaplan and DeMaria 2003; Xu
et al. 2016; Fudeyasu et al. 2018). Note that although the above results indicate the possible
effects of SST and VWS on the preceding time of the onset of RC relative to the onset of RI, the
correlations between the preceding time and SST and VWS are not statistically significant (Figs.
8c,g). This might be partly due to the small sample size (Fig. 5). We have also checked the
temporal variations of SST and VWS during the period between the onset times of RC and RI
and didn’t find any obvious relationship between them with the preceding time (not shown). Our
further check has also shown that the correlations between the preceding time and the averaged
SST and VWS during the onset times of RC and RI are also not statistically significant (not

shown).
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Since there is a larger sample size in the comparison between the times of the peak RMW
contraction rate and peak TC intensification rate (Fig. 1), it is our interest to examine the potential
effect of those internal and environmental factors mentioned above on the preceding time of the
peak RMW contraction rate relative to the peak intensification rate. Consistent with the patterns
shown in Fig. 8, the preceding time of the peak RMW contraction rate relative to the peak
intensification rate also tends to be shorter with higher TC intensity (Fig. 9a), smaller RMW (Fig.
9b), higher SST (Fig. 9¢), and lower VWS (Fig. 9d). The relationships between the preceding time
and TC intensity and RMW seem to be robust and are statistically significant at the 95% confidence
level for all time intervals (Figs. 9a,b). The correlation between the preceding time and the
environmental factors SST and VWS are less statistically significant for all time intervals, also
similar to the preceding time of the onset of RC relative to the onset of RI (Figs. 8c,d,g,h). Based
on the results of Figs. 8 and 9, we may conclude that the preceding time of the peak RMW
contraction rate relative to the peak intensification rate and the onset of RC relative to the onset of
RIin rapidly intensifying and contracting TCs are likely controlled by internal dynamical processes,

which could be modified by environmental conditions to some extent.
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Figure 9. (a) Scatter diagram of the non-negative preceding time of the peak RMW contraction rate relative to
the peak intensification rate against (a) TC intensity, (b) RMW, (c) sea surface temperature (SST), and (d) vertical
wind shear (VWS) immediately following the time of peak RMW contraction rate with the time intervals of 24
h, 18 h, 12 h, and 6 h, respectively.

7. Conclusions

In this study, the statistical relationship between RMW RC and TC RI is analyzed based on
the EBT dataset for the North Atlantic and Eastern North Pacific during 1999-2019. Four different
time intervals, viz., 24 h, 18 h, 12 h, and 6 h, are used to calculate the intensification/contraction
rates for TCs that are tropical systems that are not affected by landmass and reach a lifetime
maximum intensity at least 32 m s™. Results show that for more than ~65% of the selected TCs,
the time of the peak contraction rate precedes the time of the peak intensification rate, which is
independent of the time interval used, with an average preceding time of ~10—-15 h. Using the
quantitatively defined RI and RC based on the EBT dataset, we find that the onset time of RC also
predominantly precedes the onset time of RI in rapidly intensifying and contracting TCs, which is

also independent of the time interval and the definition of RI. Our preliminary tests also indicate
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that the main conclusions are not affected by the eyewall replacement cycle. Overall, more than
~65% of the rapidly intensifying and contracting TCs involve the onset time of RC preceding the
onset time of RI, on average, by ~15-25 h. The preceding time of the peak RMW contraction rate
relative to the peak intensification rate, or that of the onset of RC relative to the onset of RI in
rapidly intensifying and contracting TCs tends to be larger with weaker intensity or larger RMW
size. In addition, a higher SST and lower VWS also favor a shorter preceding time. However, the
relationships are mostly not statistically significant. The results suggest that the preceding time is
probably controlled mainly by internal dynamical processes, which could be modified by
environmental conditions to some extent. Note that we have excluded those records with the TC
intensity below tropical storm when we compare the times of the peak RMW contraction rate and
peak TC intensification rate (Fig. 1) or the onset times of RC and RI (Fig. 5). Although we have
verified that the qualitative conclusions are not affected by this criterion, the quantitative
conclusions are. Without this criterion, the ratios for the time of the peak contraction rate preceding
the time of the peak intensification rate and for the onset time of RC preceding the onset time of
RI increase slightly from more than ~65% to more than 70%, and the averaged differences in the
time between the peak RMW contraction rate relative to the peak intensification rate and that of
the onset of RC relative to the onset of RI increase from ~10—-15 h and ~15-25 h to ~15-25 and
~25-40, respectively (not shown). This is understandable because more cases with large
contraction rate occur during the weak intensity stage (cf. Fig. 4). However, considering the larger
errors in measuring RMW for weaker TCs (cf. Kossin et al. 2007), we have not gone into details
on the results during the weak intensity stage.

Results from this study demonstrate that rapid RMW contraction frequently precedes TC RI
in rapidly intensifying and contracting TCs, consistent with the finding in Li et al. (2021). This is
because as a TC intensifies in the early intensification stage, the TC intensity or inner-core diabatic
heating often increases gradually and becomes favorable for increasing intensification rate, but the
curvature of the radial profile of tangential wind also increases gradually and tend to reduce the
increase in contraction rate (Stern et al. 2015; Li et al. 2021). However, results from this study and
Lietal. (2021) do not mean that there must be an RI following an RC, as also indicated by Wu and
Ruan (2021), due to deleterious environmental effects on TC intensification, such as oceanic cold
core eddies and VWS. Our preliminary results have shown that ~50% TCs with RC experience RI,

and TCs with stronger intensity, smaller RMW, and more favorable environmental conditions, such
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as higher SST and lower VWS, tend to experience RI more readily following an RC. It will be a
good topic for a future study to further understand the conditions for the occurrence of RI and RC
and the dynamical processes and environmental factors that control the preceding time of the onset
of RC relative to the onset of RI. These may provide a new perspective to help improve the
prediction of the timing of RI based on the onset time of RC.

Another remaining and interesting issue is the overall higher intensification rate in the Eastern
North Pacific than in the North Atlantic, but the higher contraction rate in the North Atlantic than
in the Eastern North Pacific, in particular, for the time intervals of 24 h and 18 h (Table 1). This
may suggest that the intensification rate is not necessarily associated with the contraction rate. Our
preliminary test also indicates that there is no significant correlation between the peak
intensification rate and peak contraction rate in both basins (not shown). A detailed analysis is
beyond the scope of this study, but it will be a good topic for a future study to understand the
possible relationship between the intensification rate and the contraction rate from theory,
numerical simulations, and observational analysis. Another topic for a future study is to further
understand the conditions for the occurrence of RI and RC and the dynamical processes and

environmental factors that control the preceding time of the onset of RC relative to the onset of RI.
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