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Abstract Toward the understanding of rapid intensification (RI) of tropical cyclones (TCs) in the western
North Pacific, the TC's deep convective cloud (DCC), precipitation, and cloud properties in terms of cloud
effective radius, optical thickness, and top height from satellite observations are investigated. Mean and radial
distributions of the variables at different intensity stages and intensification categories are examined. The
relationship indicates that the DCC percentage and temperature, especially their radial distributions, could be
used to identify an impending RI regardless of TC intensity. Meanwhile, the mean and radial distribution of
precipitation may discriminate RI from non-RI in tropical depression (TD) and tropical storm (TS). The radial
distribution of the cloud properties in rapidly intensifying TD and TS also suggest that most of the clouds near
the center of the storm has deepened already while those that are far from the center are generally in developing
or dissipating stage. Moreover, rapidly intensifying TCs, regardless of their intensities, manifest common DCC,
precipitation, and cloud properties characteristics near the TC center. It is to be noted that the different mean
and radial distribution characteristics of the variables between initial and continuing stages of RI are inferred to
be artifacts of their intensities and RI rates (or radius of maximum wind sizes) rather than whether the TCs are
at the onset or 24 hr of RL

Plain Language Su mmary We want to know if there are unique features of deep convective cloud
(DCC), rain, and cloud properties that can be used to predict the rapid intensification (RI) of a tropical cyclone.
RI can be predicted using DCC in all storm categories. Precipitation is also useful in anticipating RI but for
weaker storms only. The deep convection, rain, and cloud properties near the center of rapidly intensifying
storms suggests that clouds within that region has deepened already as compared to the clouds that far away
from the center. All storms that are rapidly intensifying share the same DCC, rain, and cloud properties
characteristics near the center. The different characteristics observed at the beginning and at 24 hr of RI are
more related to their intensities and intensification rates (or the size of their radii of maximum wind).

1. Introduction

Understanding the mechanisms that control tropical cyclone (TC) intensity changes is crucial for weather fore-
casters to predict intensification, especially rapid intensification (RI). TC intensification is considered to occur
under the following favorable large-scale environmental conditions: warm sea surface temperature (SST), weak
vertical wind shear (VWS), high low-to-mid troposphere humidity, and high upper oceanic heat content (Chang
& Wu, 2017; Cione & Uhlhorn, 2003; DeMaria et al., 2005; Kaplan & DeMaria, 2003; Kaplan et al., 2010;
Mainelli et al., 2008; Wang et al., 2015) or TC heat potential (Pun et al., 2013; Wu et al., 2016). Moreover, a
recent study showed that even shallow coastal bathymetry may have contributed in providing favorable condi-
tions for the RI of TC Hato (2007, Pun et al., 2019). In a study in western North Pacific from 2000 to 2011, SST
of 28.9°C generally favors TC intensification (Shu et al., 2014). An increase in S8T increases the water vapor
flux, providing additional low-tropospheric humidity (Crnivec et al., 2016) for condensation, through which
latent heat is released. With SSTs higher than 29°C and under weak deep-layer VWS environment of less than
9 ms~!, the probability of RI increases (Wang et al., 2015). On average, however, no significant difference exists
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in the environmental conditions between intensifying and rapidly intensifying TCs (Hendricks et al., 2010). This
implies that these conditions have limited influence on the rate of TC intensification.

Internal dynamic and thermodynamic processes that operate on subsynoptic scales may be crucial for identify-
ing TCs that undergo intensification and RI. Latent heating, deep convection, and precipitation are among the
processes within a storm that are associated with intensity change. Their radial and vertical locations and the
degree of symmetry in the inner core are critical factors that affect intensification (Hack & Schubert, 1986: Zipser
et al., 2014). Specifically, intensification is more likely when latent heating occurs near the TC's center (Nolan
etal., 2007; Simpson etal., 1998). Zagrodnik and Jiang (2014) reported that the most intense latent heating during
RI occurs entirely within the 50-km radius from the storm center. The same study found that rapidly intensifying
TCs have more axisymmetric distributions of latent heat and precipitation than other intensity change categories.

Precise identification of precursors and responses is critical for determining mechanisms that control RL. Accord-
ing to observations of 37-GHz precipitative ring, the emergence of a ring around TC's center coupled with
favorable environmental conditions increases the likelihood of RI (Kieper & Jiang, 2012). Using Tropical Rain-
fall Measuring Mission (TRMM) precipitation radar (PR), Zagrodnik and Jiang (2014) found that an increase
in moderate-to-deep convection starts to be remarkable at least 12 hr after the onset of RL. Deepest cells in the
inner core have also been found to develop near or at the end of RI, which suggests that deep convection does
not necessarily trigger RI (Nguyen & Molinari, 2012). Several studies consider deep convection a response
to RI rather than a trigger (Nguyen & Molinari, 2012: Rogers et al., 2013: Tao & Jiang, 2015; Zagrodnik &
Jiang, 2014). Because additional precipitation during the onset of RI mainly results from shallow-to-moderate
rain, related studies have asserted that stratiform rain may be a better predictor of RI than deep convection (Tao
& Jiang, 2015; Tao et al., 2017). Alvey et al. (2015) further suggested that increasing symmetry of precipitation
could be a possible indicator of a RI and an impending RL

Ruan and Wu (2018) argued that stratiform rains observed through TRMM PR snapshots may have been misi-
dentified as short-lived deep convection. Using Infrared Brightness Temperature (IRBT) from geostationary
satellites and TRMM Multisatellite Precipitation Analysis (TMPA) data set, they indicated that the 24-hr future
intensity change of TC in the western North Pacific is more closely related to deep convective clouds (DCC,
defined as IRBT < 208 K) than the overall precipitation. Several studies have also used the IRBT from geosta-
tionary satellites to investigate the overshooting tops (OTs) in TC. Griffin (2017) demonstrated that OTs can aid
in characterizing convections within a TC, whereas Monette et al. (2012) showed that OT can be used to predict
RI. Sun et al. (2021} also indicated that OT presence is greater in TCs that are rapidly intensifying as compared
to those that are undergoing slower intensifications.

By subdividing RI into initial (RI-I, period within 0-12 hr after RI onset) and continuous (RI-C, period within
12-24 hr after RI onset) categories, Zagrodnik and Jiang (2014), Tao and Jiang (2015), and Tao et al. (2017)
demonstrated that rainfall, convection, and latent heat distributions differ in the substages of rapidly intensifying
TCs. They found that latent heat is stronger during RI-C, and that the area of maximum heating is located closer
to the storm center during RI-C than during RI-I (Zagrodnik & Jiang, 2014). Additionally, rainfall frequency
(defined by the shear-relative occurrence of near-surface reflectivity greater than 20 dBZ from TRMM PR) in
RI-C is also significantly higher than that in RI-I. Although deep convection is concentrated near or within the
radius of maximum wind (RMW) during RI, its frequency is significantly higher during RI-C than during RI-I
(Tao & Jiang, 2015). This suggests that the abundance of deep convection increases as the storm intensity evolves
from RI-Ito RI-C.

Cloud properties, such as cloud effective radius (r,) might indicate the strength of a convective updraft, whereas
optical thickness (1) is closely related to cloud water path, which in ice phase can serve as a proxy of latent heat
release during convection (Cecil & Zipser, 1999; Senfl & Deneke, 2017). Information on these parameters can
be retrieved from instruments onboard polar-orbiting meteorological satellites, such as the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) on Agua and Terra and Cloud Profiling Radar (CPR) on CloudSat.
Directly measuring the cloud microphysical properties is the most preferred method as it would provide detailed
information of the cloud microphysical processes. However, data from such method are difficult to obtain for
most researchers due to flight safety issue. Cloud top properties from meteorological satellite instruments such as
MODIS, are readily available and may still provide invaluable information about some microphysical and radia-
tive properties of clouds. Given the rarity of RI cases, obtaining concurrent and collocated cloud microphysical
information from polar orbiting satellites adds to the challenge. The advent of geostationary satellites such as
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Japanese Himawari-8 can overcome this difficulty by providing cloud information at a high temporal resolution.
Cloud information retrieval from Advanced Himawari Imager (AHI), the primary instrument of Himawari-8, was
found to be consistent with that from MODIS and other spaceborne active sensors, including Cloud-Aerosol Lidar
with Orthogonal Polarization, CPR onboard Cloud-Aerosol LIDAR and Infrared Pathfinder Satellite Observa-
tions, and CloudSat satellites (Liu et al., 2020). The cloud top temperature and cloud top altitudes had been
validated against with radiosondes over the South China Sea, with a difference of 1 K and 170 m, respectively.

Cloud and rain characteristics can be investigated by using IRBT and cloud properties obtained from Himawari-
8's AHI observations and precipitation from Integrated Multi-satellitE Retrievals for Global Precipitation Meas-
urement (GPM IMERG). Given the inconsistent findings regarding whether DCC or precipitation is a good
predictor of RI or not, and the seemingly different characteristics of RI at its initial and continuing stage, this
paper aims to investigate the DCC, precipitation, and cloud properties characteristics of rapidly intensifying TCs
in the western North Pacific. Specifically, it seeks to answer the following questions: (a) Can DCC or precipi-
tation indicate that RIis underway? If so, what are the possible restrictions of such indicators? (b) Are the deep
convection, precipitation, and cloud properties characteristics during RI-I and RI-C really indicative of the onset
and continuing stages of RI? Or are they just artifacts of intensity when TC rapidly intensified? Mean and radial
distributions of DCC percentage and temperature, precipitation, and cloud properties within 6 RMW of the
TC center for various intensity stages and intensification categories are analyzed. The same analysis is done to
compare RI-I and RI-C with TCs undergoing RI at different intensity stages. The rest of the paper is arranged as
follows. Data and methods are described in Section 2. Results are presented in Section 3. Summary is given in
Section 4.

2. Data and Methods

TC position (latitude and longitude), wind speed, and RMW are obtained from International Best Track Archive
for Climate Stewardship (Knapp et al., 2010, 2018). Using the maximum wind speed (V). TCs are classified
into intensity stages as follows: V< 32 kt (tropical depression or TD), 33 kt < V= < 64 kt (tropical storm
orTS), 65kt <V <95 kt (categories 1 and 2 or minor TC), and V,, > 96 kt (categories 3, 4, and 5 or major
TC). Using the 24 hr future intensity change (AV, =V .. =V . where V isthe current intensity and
Vipax 4 18 the subsequent 24 hr intensity), TCs are arranged into intensification categories, namely AV, <0kt
(weakening or W), Okt < AV, < 10 kt (intensifying neutral or IN), 11 kt < AV < 29 kt (slow intensification
or SI), and AV = 30kt (RI). We utilized 56 TCs that reached category 2 hurricane and underwent R, in the
western North Pacific (study area: 6-37°N latitude and 107-165°E longitude) from January 2016 to September

2021.

IRBT and cloud properties (i.e., r,, 7, and cloud top height [CTH]) are derived from AHI, with a spatial resolu-
tion of 5 % 5 km. Liu et al. (2020) studied the retrieval of cloud microphysical and optical properties from AHI
observation. Their results suggested that uncertainties in the cloud top temperature and altitude retrievals agree
well with collocated reference data, with low differences of 1 K and 170 m, respectively. Additionally, r, obtained
from AHI are comparable with those from MODIS (Letu et al., 2019; Liu et al., 2020). Following the method of
Chen and Houze (1997), and Wu and Ruan (2016), the IRBT threshold value of 208 K is chosen to identify DCC.

Precipitation is obtained from IMERG V06B (Huffman et al., 2019). Specifically, the variable “precipitationCal™
or the calibrated precipitation field in 3IMERGHH product is used in this study. Final run is utilized for all TCs.
3IMERGHH have a spatial resolution of 0.1° (10 km, gridded), which we regridded (array is resized using linear
interpolation) to 5 km to match the IRBT and cloud data's resolution. In this study, rain is classified using the
Philippine Atmospheric, Geophysical and Astronomical Services Administration rain rate (RR) classification as
follows: RR < 0.01 mm hr~' (no rain), 0.01 £ RR < 2.5 mm hr~! (light), 2.5 < RR < 7.5 mm hr~! (moderate),
7.5 < RR < 15 mm hr! (heavy), 15 < RR < 30 mm hr~! (intense), RR > 30 mm hr~! (torrential). High tempo-
ral and spatial resolutions of IMERG precipitation are important for studying the TC precipitation structure
and evolution. However, comparison analysis of IMERG rainfall and gridded hourly rain-gauge data indicates
an underestimate of the total TC precipitation (Huang et al., 2021). Despite underestimating the rain inten-
sity, IMERG can depict the phase evolution of the inter-annual variation of rainfall associated with TC (Huang
et al,, 2021). In this study, rainfall characteristics are mainly described in a qualitative manner as to depict the
main features and not the exact quantitative precipitation values.
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Table 1 i
Statistics of Tropical Cyvelone for Different Intensity and Intensification Categories, and Rapid Intensification Sub-Categories E
Mean Mean Mean Sample size: Number of data points [number of satellite scans/images] é
Vi AV, RMW
Intensity Intensification (kt) (kt) (NM) DCC percentage DCC count r, . CTH Precipitation
D W 27 =23 33 2,343,672 [156] 115,285 [156] 1.492.246 [156] 2,065,102 [156] 730,821 [42] Z
IN 21 5 55 8,299,620 [180] 483.869 [180] 3.716.642 [168] 6,096,532 [168] 4,982,110 [105] ;_
SI 23 20 51 10,196,100 [264] 936,272 [264] 6.134,079 [264] 8,098,159 [264] 5,210,761 [154] =
RI 28 36 34 660,675 [46] 71,202 [46] 451,324 [46] 574,507 [46] 258,525 (18]
TS W 44 =25 37 6.513.012 [288] 222,137 [288] 4,490,127 [288] 5,655,035 [288] 3.799.257 [168]
IN 45 5 47 8010216 [204] 743,162 [204] 5,010,494 [204] 6,716,430 [204] 4,673,172 [119]
SI 46 21 36 5,174,145 [323] 1,001,063 [323] 5.937.188 [454] 7.668,332 [454] 3.754,795 [195]
RI 48 43 31 3.816,096 [240] 740,847 [240] 2.675.663 [240] 3.431.060 [240] 2,232,195 [140]
Minor TC W 8l =31 20 4397908 [609] 892,220 [609] 3.377.486 [609] 4,131,212 [609] 2,026,405 [300]
IN 86 [ 19 665,856 [120] 166,433 [120] 511978 [115] 632,721 [115] 249,696 [45]
SI 74 21 20 1.279.596 [228] 483,078 [228] 988,896 [227] 1,237,622 [227] 654,689 [119]
RI 80 43 18 1,729,384 [322] 681,621 [322] 673 464 [168] 841,005 [168] 502292 [98]
Major TC W 117 -28 15 1,200,524 [371] 552,599 [371] 860,160 [371] 1,177,424 [371)] 702,639 [217]
IN 127 5 16 528,924 [120] 256,683 [120] 326,662 [119] 495,508 [119] 308.539 [70]
SI 116 19 9 180,716 [143] 143,418 [143] 86,782 [143] 167.614 [143] 94,670 [84]
RI 110 36 9 132,434 [115] 109,303 [115] 61,999 [115] 129,216 [115] 51,822 [45]
TS RI-I 50 is 3z 2.293,104 [156] 378,298 [156] 1,497,061 [156] 1,926,659 [156] 955460 [65]
Minor TC RI-C 90 45 15 600,024 [156] 282,240 [156] 432,814 [156] 579.916 [156] 250,010 [65]
Total 58,022,006 [4,041]  8.259.730 [4,041] 38,725,065 [3,999] 51.624.144 [3,999] 31.437.858 [2,049]

RI is sub-categorized into initial and continuing. In this study, the period within 0-3 hr after RI onset is consid-
ered as initial RI (RI-I) while the period within 24-27 hr after RI onset is marked as continuing RI (RI-C). It
must be noted that for RI-C, the TC has been continuously rapidly intensifying for at least 24 hr. Only daytime
(10:00-14:00 local solar time in the study area) IRBT, precipitation, and cloud properties (r,, 7, and CTH) data
are included in this study. Overall, we collected 4041 and 3999 Himawari satellite scans for IRBT and cloud
properties, respectively. For precipitation, we used 2049 3IMERGHH products. Based on the radial distribution
of DCC percentage and precipitation of TD, we limit our analyses within six times the RMW. This chosen radius
is also consistent with radial distance used by Sun et al. (2021).

Table 1 summarizes the mean V. the mean AV, . the mean RMW, sample size, and the number of satellite
scans of the TCs at different intensity stages and intensification categories, as well as at RI sub-categories. The
sample size corresponds to the total number of data points (and number of satellite scans or images) that were
utilized for each variable for a particular combination of intensity stage and intensification category (e.g., TD W,
TD IN, TD SI, TD RI, TS W, etc.). Data used in RI sub-categories are independent from the data used in TD RI,
TS RI, minor TC RI, and major TC RIL. For any intensity stage (except for TD), rapidly intensifying TC (RI TC)
has the smallest RMW. This is in agreement with the previous finding—that is, the smaller the RMW is, the more
likely the TC is to undergo RI (Carrasco et al., 2014).

3. Results
3.1. Mean DCC, Precipitation, and Cloud Properties

Figure 1 shows the mean DCC percentage (DCC-P) and temperature (DCC-T), precipitation, r,, 7, and CTH
of TC, at various intensity stages and intensification categories, within 6RMW of the TC center. Strong TCs
(ie., minor and major TCs) have higher DCC-P than weak TCs (i.e., TD and TS) regardless of intensification
(Figure la). Due to their larger RMW (Table 1), the total DCC count per satellite scan within 6 RMW is higher in
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Figure 1. Mean (a) deep convective cloud (DCC) (Infrared Brightness Temperature < 208 K) percentage (DCC-P). (b) DCC temperature (DCC-T), (c) precipitation,

(d) cloud effective radius (r,), (e) cloud optical thickness (7)., and (f) cloud top height (CTH) as a function of tropical cyclone (TC) intensity (V,

(AV,

K

s

) and intensification

s

). Walues are obtained within six times the radius of maximum wind of TC. Intensity stage includes tropical depression (TD, V< 32 ki), tropical storm
(TS, 33kt <V, <64kt), minor TC (65 kt <V <95 ki), and major TC (V_, =96 ki). Intensification (AV__ =
current intensity (V

Vo = max o 24— Vi o) 18 caleulated by subtracting the

) from the subsequent 24 hr intensity (V). Intensification category includes rapid intensification (AV,__ = 30kt), slow intensification

nmax =

(11 <AV <29 ki), intensifying neutral (0 < AV < 10 ki), and weakening (AV,__ < 0 kt). The inset in panel (c) is the mean precipitation (mm/hr) in TS and TD.
Error bars are based on standard error.

=

weak TCs (~2,500 DCC per satellite scan) than in strong TCs (~16,00 DCC per satellite scan), whereas the area
within 6 RMW in weak TCs is ~6.7 times wider than in strong TCs. Hence, the DCC-P in weak TCs is still lower
than in strong TCs. This result is consistent with the findings in the study of Sun et al. (2021) which indicated that
the OT density (OTD, defined as OT count in a satellite scan per 10,000 km?) in TS is less than in strong TCs.
Moreover, RI TCs (except TD) have the highest percentage of DCC and the coldest mean DCC-T as compared
to TCs that are undergoing other intensification (i.e., SI, IN, and W) (Figure 1b). This result is consistent with
the study of Ruan and Wu (2018), which showed that RI follow the occurrence of widest coverage of DCC with
lowest temperature when compared to other intensification categories.

Mean precipitation is increasing with TC intensity regardless of intensification (Figure lc). In weak TCs, the
mean precipitation has a clear relationship with intensification as RI TCs have the highest mean precipitation
as compared to other intensification categories. It should be noted, however, that the precipitation in rapidly
intensifying TD and TS are generally light to moderate (Figure 1c¢ inset). On the other hand, highest mean precip-
itation rate in minor and major TCs is found in IN and SI categories, respectively. Ruan and Wu (2018) showed
that precipitation increases with TC intensity. However, they were unable to establish the relationship between
precipitation and TC intensification. By contrast, Tao et al. (2017) indicated the importance of wide areal cover-
age of stratiform rain at the onset of R, during which the TC is generally in TS category (a weak TC). Ruan and
Wu (2018) analyzed the precipitation and the TC intensification, without simultaneously considering the TC
intensity, which might weaken the link between RI and precipitation in a particular TC intensity. In this study, the
distribution of precipitation is obtained by taking into account both the intensity and intensification at the same
time. Consistent with the finding of Tao et al. (2017), our result suggests that the mean precipitation (light to
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Figure 2. Deep convective clouds-P as a function of radius of maximum wind-normalized radius for tropical cyclone (TC)
intensity stage (a) tropical depression, (b) tropical storm. (¢) minor TC, and (d) major TC, and intensification category rapid
intensification (red), slow intensification (dark blue), intensifying neutral (turquoise), and W (green). The number in the
legend represents the number of data points used and inside the bracket is the number of satellite scans. Error bars are based
on standard error.

moderate rain) can be indicative of RI in weak TCs. In strong TCs, similar to the finding of Ruan and Wu (2018),
the mean precipitation has no clear connection with the TC intensification.

Clouds in strong TCs are comprised of smaller particles, are optically thicker, and have higher CTH than in weak
TCs (Figures 1d-1f). In general, RI TCs have the highest r and CTH as compared to TCs undergoing other inten-
sification (Figures le and 11). However, r, has an ambiguous relationship with intensification. On the other hand,
the CTH, especially in weak TCs, has a clear relationship with intensification. In combination with the results for
the mean precipitation (Figure lc), these suggest arelatively more active role of rain and clouds that reach greater
heights, in the RI of weak TCs.

Overall, the mean precipitation and CTH in weak TCs, and the mean DCC-P and DCC-T in strong TCs, have clear
relationship with TC intensification and can potentially discriminate RI from other intensification categories.

3.2. Radial Distributions
3.2.1. DCC Percentage and Temperature

The radial distribution of the DCC-P at various TC intensity stages and intensification categories is shown in
Figure 2. In rapidly intensifying TD (RI TD), the DCC-P is almost zero at 3—6 RMW but swiftly increased
with the decreasing radius within 2 RMW of the TC center (Figure 2a). On the other hand, the DCC-P slightly
increased with the decreasing radius in slowly intensifying TD, whereas it is almost constant within 6 RMW in IN
and W TD. These results are consistent with the findings of Rogers et al. (2013), which indicated that convective
bursts have higher percentage within 1-2 RMW in intensifying as compared to steady state TCs.
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Figure 3. As Figure 2 but for the deep convective clouds-T.

The radial profile of the DCC-Pin TS shows that the DCC-P is increasing with the decreasing radius (Figure 2b).
Additionally, TS with faster intensification has greater DCC-P and the difference is more remarkable nearer to the
storm's center. These results are almost identical with the findings of Sun et al. (2021) regarding the OTD in TS.

In muinor TC, the DCC-P 15 increasing with decreasing radius (except in IN) (Figure 2¢). Moreover, the DCC-P
in SI and RI are always greater than in IN and W. Similar to that in TS, the difference is more notable closer to
the TC center.

In major TC, the DCC-P is lower within 1 RMW then it increased and reached maximum between 3 (RI, IN, and
W) and 4 RMW (SI) (Figure 2d). The reduced DCC-P at 1-2 RMW can be attributed to the strong warm core in
major TCs, which discourages the growth of deep convection near the center of the storm (Chen & Zhang, 2013).
Nonetheless, this feature is not obvious in RI, in which the DCC-P is always greater than 80% at any radial
distance within 6 RMW. There are two possible explanations for this feature: (a) It has been known that the
strength of warm core increases with TC intensity (Komaromi & Doyle, 2017). The mean V, _ in RI(110) is less
than in SI(116), IN (127}, and W (117 kt). The weaker V__in RI can be associated with relatively weaker warm
core which might not suppressed the development of convection as strongly as that in SI, IN, and W. For the same
reason, the steepest slope in DCC-P is found in IN, the major TC with the strongest V. (b) Miller et al. (2015)
indicated that the formation of more convective bursts within RMW, supported by latent heat of fusion, aided in
the RI of a strong TC. The presence of high DCC-P within 1 RMW might be one of features of major TCs that
help them rapidly intensify.

The radial distribution of DCC-T in Figure 3 shows that the temperature is generally low when the DCC-P is high
(Figure 2). This means that a greater concentration of DCC is mainly of colder temperature. In comparison to
the other intensification categories, RI has lowest DCC-T within 2 RMW for weak TCs (Figures 3a and 3b) and
within at least 5 RMW for strong TCs (Figures 3¢ and 3d). In combination with the radial distribution of DCC for
different TC intensity stages and intensification categories in Figure 2, this indicates that the highest percentage
and lowest temperature of DCC found in RITC, within 2 RMW in weak TCs, and within 5 RMW in strong TCs,
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Figure 4. As Figure 2 but for the precipitation.

can potentially differentiate RI from other intensification categories. Moreover, it is worth noting that in major
TC, the DCC-T is arranged from coldest to warmest with decreasing intensification (RI, SI, IN, and W, respec-
tively) (Figure 3d). This suggests that in major TCs, when a storm generally has more concentric pattern of deep
convection (S. Yang et al., 2020), the DCC-T alone may be used to determine the onset of RI.

While the mean DCC-P and DCC-T in TD are unable to present a clear distinction between the intensification
categories (Figure la), the radial profiles indicate that within 2 RMW, the DCC-P and DCC-T categorically
discriminate RI from non-rapidly intensifying (non-RI) TD (Figures 2a and 3a). In storms stronger than TD, the
mean DCC-P and DCC-T clearly differentiated the TC intensifications (Figure la). Furthermore, their radial
distributions of the DCC-P, anywhere within 6 RMW, is always greater in RI than other intensification categories
(Figures 2b—2d). Whereas, the radial distribution of the DCC-T in hurricanes, especially in major TCs, provides
an additional and clear delineation between the intensifications (Figures 3b-3d).

3.2.2. Precipitation

Figure 4 shows the radial distribution of precipitation at various TC intensity stages and intensification catego-
ries. In general, weak TCs have lower precipitation than strong TCs, anywhere within 6 RMW. Apart from having
larger RMW, weak TCs also have less symmeltric precipitation structure than strong TCs (S. Yang et al., 2021)
which may have led to their lower mean precipitation. The precipitation within 2 RMW of RI TC is always higher
than non-RI TC, except in major TC. In weak TCs, the precipitation rate within 2 RMW is sorted according to
intensification—that is, the stronger the intensification is, the higher the precipitation (Figures 4a and 4b). This is
not observed in strong TCs, however (Figures 4¢ and 4d).

Several studies have highlighted the importance of shallow convection at the onset RI (Kieper & Jiang, 2012:
Tao et al., 2017; Zagrodnik & Jiang, 2014). It must be pointed out that in their studies, most of the TCs are in TS
category (a weak TC) when the RI commenced. Consistent with their findings, our results show that in weak TCs,
the mean precipitation (light to moderate rain) (Figure lc) clearly reflects the TC intensification. Furthermore,
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Figure 5. As Figure 2 but for the r..

the radial profile further specifies the location, at 2 RMW, in which the precipitation is significantly higher in
rapidly intensifying weak TCs than in other intensification categories (Figures 4a and 4b). By contrast, both the
mean and radial profile of precipitation do not provide a clear distinction between the intensifications in strong
TCs (Figures lc, 4¢, and 4d). This result is consistent with the findings of Ruan and Wu (2018), who indicated
that TC intensification is more related to DCC than precipitation. It must be mentioned that in their study, RI TC
has amean V, ~61 kit (standard deviation ~23 kt), which is nearly a category 1 hurricane.

3.2.3. Cloud Properties

Figure 5 shows the radial distribution of the r,. One of the prominent features in the radial distribution of r, in
rapidly intensifying weak TCs (Figures 5a and 5b) is that the r, near the storm's center is very much smaller
(26-28 pm) as compared to the r, at 6 RMW (3640 pm). Mecikalski et al. (2011} showed that cloud top droplets
became small as a result of ice glaciation and particle settling with deepened cumuli. The large r, gradient we
observed is likely an indication of considerable difference in the deep convective activities within the 6 RMW in
rapidly intensifying weak TCs. In particular, this suggests that in rapidly intensifying weak TCs, the DCCs near
the center are mostly in a mature stage of development, whereas the DCCs that are located farther away from
the center are mainly in a developing or dissipating stage. This is consistent with the coldest DCC-T and highest
precipitation rate we found within the 2 RMW in rapidly intensifying TD and TS (Figures 3a, 3b, 4a, and 4b). In
strong TCs, the r,'s radial distribution within 6 RMW suggests that clouds generally prefer a particular particle
size (28-34 pm in minor TC: 25-33 pm in major TC). The uniform cloud particle size in strong TCs may be
attributed partially to their narrower RMW range (18-20 NM in minor TC; 9—16 NM in major TC) as compared
with in weak TCs (34-55 NM in TD; 31-47 NM in TS). Also, major TCs have faster maximum wind speed than
minor TCs, which may have likely led to a more homogenous and small r,.

The radial distribution of 7 (Figure 6) shows that r is mainly influenced by the precipitation (Figure 4), except
in major TC. In other words, in TD, TS, and minor TC, the precipitation (Figures 4a—4c) mainly determines the
optical thickness of a cloud (Figures 6a—6c), whereas in major TC, the DCC (Figure 2d) generally influences
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Figure 6. As Figure 2 but for the 7.

the 7 (Figure 6d). The optically thickest clouds are found near the storm's center of weak TCs while they are
at 2—4 RMW in strong TCs. Similar to the reason provided for in Figure 2d, strong warm core associated with
strong TCs may have likely prevented the formation of optically thick clouds near the center of the TCs. In any
intensity stage, within at least 2 RMW, the t is always higher in RI TC than non-RI TC. This suggests the crucial
significance of optically thicker clouds near the storm's center in the RI of any TC.

Figure 7 presents the radial distribution of CTH. In general, the CTH is higher in RI TC than in any other inten-
sification categories. In particular, the CTH in TD is arranged in ascending order with increasing intensification
(Figure 7a). Thus, the CTH alone then may be used to determine whether a TD is at the onset RI or not.

3.3. Characteristics During Initial and Continuing RI
3.3.1. Mean DCC, Precipitation, and Cloud Properties

Distributions of the mean DCC, precipitation, and cloud properties in RI-I and RI-C as well as in rapidly intensi-
fying TD, TS, minor TC, and major TC are shown in Figure 8. The x-axis in Figure 8 is arranged in descending
mean RMW as follows: RI TD (34 NM), RI-I (32 NM), RI TS (31 NM), RI minor TC (18 NM), RI-C (15 NM),
and RI major TC (9 NM) (Table 1). It can be noted that although RI-I is on average a TS, it has slower RI (and
larger RMW) than RI TS, while RI-C is on average a minor TC and has faster RI (and smaller RMW) than RI
minor TC (Table 1). The mean DCC-P (Figure 8a), precipitation (Figure 8c¢), r (Figure 8e), and CTH (Figure 8[)
within 6 RMW in RI TCs are increasing with decreasing RMW (or increasing intensity). This follows that RI-C
has higher mean DCC-P, precipitation, r, and CTH than RI-I. In general, the mean DCC-T (Figure 8b) decreases
with decreasing RMW while r, (Figure 8d) is smaller in rapidly intensifying strong TCs (i.e., RI minor TC, RI-C,
and RI major TC) than in rapidly intensifying weak TCs (i.e., RITD, RI-I, and RI TS). As such, the mean DCC-T
is lower and r, is smaller in RI-C than in RI-I. Hence, the above-mentioned characteristics of the mean DCC,
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Figure 7. As Figure 2 but for the cloud top height.

precipitation, and cloud properties during the onset and continuing stages of RI are highly indicative of their
RMW sizes (or current intensities and RI rates).

3.3.2. Radial Distributions of DCC, Precipitation, and Cloud Properties

The radial profiles of DCC-P and DCC-T are shown in Figures 9a and 9b. In general, higher concentration, and
colder DCC is found in RT TC with stronger intensity. Near the center of RI TCs, clouds are at least 70% deep
convective and have the coldest temperatures (in RITD ~201 K, in all RI TCs except RITD ~196-198 K). With
an increasing distance from the storm's center, the DCC-P is decreasing and temperature is increasing in a manner
that manifests their RMW sizes. Steeper decrease in DCC concentration and more drastic increase of DCC-T
oceur in TCs with larger RMW (rapidly intensifying weak TCs) than with smaller RMW (rapidly intensifying
strong TCs). Several studies had emphasized the significance of deep convection near the center in the RI of a TC.
Lin et al. (2021) indicated that the abundance of deep convection near the center of Hagibis (2019), and in a ring
surrounding the center collocated with RMW of Haiyan (2013) more likely contributed to their RL. Also, Miller
et al. (2015) showed that the development of convective bursts within RMW favored the RI of Wilma (2005).
Consistent with Lin et al. (2021} and Miller et al. (2015}, our result indicates that within 1 RMW of RI TC, clouds
are largely deep convective regardless of the intensity of the TC.

The radial distribution of precipitation in RI TCs (except RI TD) demonstrate their current stages—that is, the
higher the intensity of a RI TC is, the stronger the precipitation (Figure 9¢). Near the storm's center of RI TC, the
precipitation is at least in heavy category and it generally decrease outside 2 RMW.

Clouds near the center of RI TC are made of smallest particles (r, ~26-30 pm) when compared to those at
2-6 RMW (Figure 9d). Within 3 RMW of the TC center, smaller RMW (and high DCC-P) in rapidly intensifying
strong TCs led an almost uniform r, while larger RMW (and sharp decrease of DCC-P) in rapidly intensifying
weak TCs cause their r,s to increase drastically (Figures 9a and 9d). Clouds with highest r and CTH are found
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Figure 8. Mean (a) deep convective clouds (DCC)-P, (b) DCC-T, (c) precipitation, (d) r,, () 7, and (f) cloud top height in initial rapid intensification (RI-L the period
within (-3 hr after RI onset) (black) and continuing RI (RI-C, the period within 24-27 hr after RI onset and the tropical cyclone [TC] has been continuously rapidly
intensifying for at least 24 hr) (red) as well as in rapidly intensifying tropical depression, tropical storm, minor TC, and major TC (gray).

near the center of rapidly intensifying weak TCs while they are located at 2-3 RMW in rapidly intensifying strong
TCs (Figures 9¢ and 91). Near the center of RI TC, the 7 is at least ~80 and CTH is at least ~14 km.

The above descriptions of RI TCs provide the bases of the general distinction of the radial profiles of DCC,
precipitation, and cloud properties between RI-I and RI-C. Because of its smaller RMW (or higher intensity ),
the DCC-P, precipitation, 7, and CTH are generally higher in RI-C than in RI-1 For the same reason, the DCC-T
is lower and r, is smaller in RI-C than in RI-L. In other words, within the domain of RI category, the variation in
the deep convection, precipitation, and cloud properties that we identified between RI-I and RI-C are likely just
due to their different RMW sizes (or TC intensities and RI rates). Thus, the higher rainfall frequency found in
RI-C than in RI-I by Zagrodnik and Jiang (2014 ) may be attributed to the then current intensities of TCs when
they underwent RI1. Moreover, since TCs during RI-C have faster RI rate than during RI-1, the precipitation peak
at 2 RMW in RI-C (Figure 9¢) can be attributed to a more symmetric distribution of rain associated with higher
intensification rate (Alvey et al., 2015). Also, this peak might be an indication of a precipitation ring that may
form as RI TC strengthens (Kieper & Jiang, 2012). Furthermore, since TCs during RI-C have higher intensity
than during RI-I, this peak can be a manifestation of concentric pattern of maximum RR that is likely to form in
stronger storms (S. Yang et al., 2021).

4. Summary

The primary goal of this study is to investigate the DCC, precipitation, and cloud properties (i.e., r,, r, and CTH)
of RI TCs in the western North Pacific in recent 5 years. Both mean and radial distribution of the variables in
various TC intensity stages (TD, TS, minor TC, and major TC) and intensification categories (RL SL IN, and W),
as well as in initial and continuing RI, are analyzed. The main findings of this study are summarized as follows:

1. The mean DCC-P and DCC-T (within 6 RMW) clearly discriminate the intensifications in TCs stronger than
TD (Figures la and 1b). Whereas, their radial distributions within 2 RMW in TD (Figure 2a) and at least

LIU ET AL

120f16

ST SULEIIN ) 3AEAE) AR U A PR A A S V)T 05N S0) AR AU AT AL U ORI L AR A3 ARG AR, g  SUCUN ) PR SUE, AR 29 P P D] W0 ARIGI SUUC) A4 TSUOR] ARS] W A0 57 LECIFETOTT00 T LY e A SR P s e g ey PRpROEACC] ‘PT TIT GRASROIT




y ¥ell

NI Journal of Geophysical Research: Atmospheres 10.1029/20221D037328
AND SPACE SCIENCE
100 DCC percentage DCC temperature 8 Precipitation
) (b)-z-pp (c) . gl L4
due 206 | A -~
80 L - === Ri MinTC 15 ~as = == RI MirTC
=== Rl MgjTC -~ === Rl MaTC
—@— Ri-| 378298 [15¢] 2 k S =—@—RI-l 955460 [65]
60 + 203 - ™ -8 RI-C 250010 (65]
e x E 9t
w b 200
1 N
20 '---le,n'rc 3+
—— Rl 2293104 [158]
0 —#— RI-C 400024 [156] 0
e " CTH
o [@EE e ————
=== RIMnTC 15 F
L TR gm0 ise
3 —.—RI-C&SZEMHS&} 4%
53& - §‘|3 L
s g (PR S——
30 b oo R v
2 == —.—HI-‘I“?‘?ZMUEE] N - T Rt Toaess psel
e F|-C 575915 [156] —@— Ri-C 579916 [156]
25 L 1 1 L L D 'l 1 1 1 1 1 10 1 1 1 1 1 1
01 2 3 4 6 7 01 2 3 4 5 6 1 01 2 3 4 5 & 1

r/RMW r/RMW

Figure 9. (a) Deep convective clouds (DCC)-P, (b) DCC-T, (c) precipitation, (d) r.. () . and (f) cloud top height as a function of radius of maximum wind-normalized
radius in rapid intensification (RI)-I (black). and RI-C (red). Error bars are based on standard error. Dashed lines (without markers and standard error bars) are the radial
profiles of RI tropical cyclone (TC) at intensity stage tropical depression (green), tropical storm (turquoise). minor TC (dark blue), and major TC (purple). The number

in the legend represents the number of data points used and inside the bracket is the number of satellite scans.

=]

within 5 RMW in TCs stronger than TD (Figures 2b—2d), show that RI TC has the highest concentration of
coldest DCC as compared to other intensification categories. Additionally, in major TCs, the radial distribu-
tion of the DCC-T plainly delineates RI from other intensification categories.

. In weak TCs (i.e., TD and TS), both the mean (within 6 RMW ) and radial distribution (within 2 RMW) of

precipitation increases with the TC intensification (Figures lc, 4a, and 4b). By contrast, the mean and radial
profile of precipitation in strong TCs (i.e., minor and major TCs) do not provide a clear distinction between
the intensifications (Figures lc, 4¢, and 4d).

. Based on the mean values, clouds in strong TCs have smaller r,, higher 7, and higher CTH than in weak TCs

(Figures 1d—11). The radial distribution of r, indicates that in weak TCs, the cloud particle size varies consid-
erably with the radial distance from the center, while in strong TCs, clouds prefer a uniform particle size
(Figure 5). Within 2 RMW, clouds in RI TC have higher r than non-RI TC regardless of TC intensity stage
(Figure 6). Whereas, the radial profile of CTH in weak TCs discriminates RI from non-RI TCs (Figures 7a
and 7b).

. A TC undergoing RI, regardless of its intensity stage, has the following general characteristics near its center:

DCC percentage is very high (>70%), DCC-T is frigid (<201 K), precipitation is heavy to torrential (>7.5 mm/
hr), r, is small (2630 pm), 7 is very thick (>80), and CTH is towering (>14 km) (Figure 9).

. The variations in the characteristics of deep convection, precipitation, and cloud properties between RI-1 and

RI-C are apparently due to the difference in their RMW sizes (or current intensities and RI rates) (Figures 8
and 9).

The main findings | and 2 are consistent with the findings of Ruan and Wu (2018) and Tao et al. (2017), which
indicated that DCC (especially its radial distribution) and stratiform rain, respectively, may be used to predict
RI. The precipitation that we found in weak TCs are associated mainly with deep convection, especially within
2 RMW. We argue that light to moderate precipitation may still be used as a predictor for RI in weak TCs. The
stratiform rain within a TC is generated primarily by convection. The connection between TC intensification and
precipitation is clear in weak TCs because the intensification is largely driven by the release of latent heat during
the phase transitions in cloud microphysical processes (H. L. Yang et al., 2015). However, this plain relationship
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may vanish in minor and major TCs as the intensification at stronger intensities is mainly influenced not only by
the release of latent heat but frontogenetical forcings as well (Li et al., 2019). Thus, we find an indiscernible trend
in the precipitation of strong TCs at different intensification categories.

The main finding 3 indicates that deep convective activities vary considerably with the radial distance from the
center in rapidly intensifying weak TCs. The small r,, high 7, and high CTH within 2 RMW of rapidly intensi-
fying weak TCs suggest that the cloud near the center has already deepened. whereas the clouds that are located
farther away from the center are mainly in a developing or dissipating stage. Reasonably, the highest DCC-P,
coldest DCC-T and highest precipitation rate are found within the 2 RMW in rapidly intensifying TD and TS.

The main finding 4 means that RI TCs exhibit common DCC, precipitation, and cloud properties characteristics
near the center of the TC. The main finding 5 implies that it is more appropriate to study RI by sub-categorizing
them based on their RMW sizes (or current intensities and RI rates) than initial and continuing stages. This is in
accordance with the findings of Carrasco et al. (2014) and Lin et al. (2021), which underscored the importance
of RMW and radius of 34-kt winds, respectively, in the RIof a TC.

In this study, the classification of a TC is based on its intensity and intensification, as well as whether 1t 1s at the
onset or 24 hr of RL. Although environmental conditions have limited influence on the rate of TC intensification
(Hendricks et al., 2010), classification based on whether or nota TC is embedded in a favorable environment, may
help in understanding some characteristics of DCC and precipitation. Lastly, the time window in this study 1s only
4 hr (10:00-14:00 local solar time), which cannot take into account some TC processes that take longer time such
as eyewall replacement cycle. Appropriate time window is suggested to be determined, if aiming to characterize
the dynamics of such TC process.

Data Availability Statement

Research product of L1 Gridded Data and L2 Cloud property (produced from Himawari-8) that were used in this
paper were supplied by the P-Tree System, Japan Aerospace Exploration Agency (https://www.eorc. jaxa.jp/ptree/)
with a registered account. International Best Track Archive for Climate Stewardship data can be downloaded
from the NOAA website (https://www.ncde.noaa.gov/ibtracs/index.phpTname=ib-v4-access). GPM IMERG can
be download from the NASA ftp site (ftp://arthurhou.pps.eosdis.nasa.gov/gpmdata) also with registered account.
Analyzed IRBT, precipitation, and cloud properties data sets for rapidly intensifying tropical cyclones (2016—
September 2021) are available at https:/doi.org/10.5281/2zenodo.7151903 (Punay & Liu, 2022).
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