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ABSTRACT

Using 16-yr Tropical Rainfall MeasuringMission (TRMM) Precipitation Radar (PR) observations, rainfall

properties in the inner-core region of tropical cyclones (TCs) and the relative importance of stratiform and

convective precipitation are examined with respect to the evolution of rapid intensification (RI) events. The

onset of RI follows a significant increase in the occurrence and azimuthal coverage of stratiform rainfall in all

shear-relative quadrants, especially upshear left. The importance of the increased stratiform occurrence in RI

storms is further confirmed by the comparison of two groups of slowly intensifying (SI) storms with one group

that underwent RI and the other that did not. Statistically, SI storms that do not undergo RI during their life

cycle have a much lower percent occurrence of stratiform rain within the inner core. The relatively greater

areal coverage of stratiform rain in RI cases appears to be related to the moistening/humidification of the

inner core, particularly in the upshear quadrants. In contrast to rainfall frequency, rainfall intensity and total

volumetric rain do not increase much until several hours after RI onset, which is more likely a response or

positive feedback rather than the trigger of RI. Despite a low frequency of occurrence, the overall contri-

bution to total volumetric rain by convective precipitation is comparable to that of stratiform rain, owing to its

intense rain rate.

1. Introduction

Although the intensity guidance of tropical cyclones

(TCs) has achieved statistically significant improvements

in the past few decades, forecasting the rapid in-

tensification (RI) of TCs still remains problematic

(DeMaria et al. 2014). It is now well known that RI most

commonly occurs under favorable environmental condi-

tions (Kaplan and DeMaria 2003; Kaplan et al. 2010,

2015; Wang and Wu 2004), including warm sea surface

temperatures (SSTs) and a deep warm oceanic mixed

layer, low vertical wind shear, high lower-tropospheric

relative humidity, conditional instability, etc. However, it

is generally accepted that favorable environmental con-

ditions alone are not sufficient for an accurate forecast of

RI (Hendricks et al. 2010). Besides the environmental

scale, processes operating on vortex and convective scale

are also important in determining the likelihood of RI.

Rainfall and convection within the inner-core region

of TCs have been linked with RI in several satellite-

based observational studies, such as Jiang (2012), Jiang

and Ramirez (2013), Zagrodnik and Jiang (2014, here-

after ZJ14), Alvey et al. (2015, hereafter AZZ15), and

Tao and Jiang (2015). RI was first defined byKaplan and

DeMaria (2003) as a 24-h period with intensity

increase $30kt (1 kt 5 0.5144m s21). Each 24-h period

was treated as a separate case. All the satellite-based

statistical studies mentioned above took this approach

to define RI. Some studies (Jiang and Ramirez 2013;

ZJ14; AZZ15; Tao and Jiang 2015) also defined other

intensity change categories (i.e., slowly intensifying,

neutral, and weakening) using the same approach, sim-

ilar to Hendricks et al. (2010). Statistical studies benefit

greatly from this case-based approach for better un-

derstanding the properties of storms that undergo RI by

comparing RI cases with other intensity change cate-

gories. It also helps advance RI prediction because it

uses the 24-h future intensity increase to define RI cases.

However, these satellite-based studies defined RI cases

by only looking at the storm intensities at the satellite

overpass time and 24-h future. The main drawback of

this approach is that it neglects the storm evolution in-

formation. As pointed out by Kieper and Jiang (2012),

as each TC evolves, RI usually happens as an event,

which can last as long as 48–60 h.
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The studies using the RI case-based-only definition

have a problem of not being able to place the individual

case within the context of the entire RI event. Although

the case-based approach causes no problem when only

comparing RI cases with slowly intensifying, neutral, or

weakening cases, it does cause some challenges when

studying the evolution of an RI event/storm. The ap-

proach does not distinguish between stages of an RI

event, including before RI onset, at or around RI onset,

during the middle (or continuing stage) of an RI event,

and the ending period of an RI event.

ZJ14 was the first satellite-based statistical study that

embraced the concept of RI as an event. By looking at the

time series of each storm’s best track intensity, they de-

fined the onset of RI as the starting time of each RI event

instead of that of each 24-h RI period/case. Then they

separated all RI cases into two subcategories based on

their stages relative to the onset of the RI events: over-

passes that occurred within 12h of an RI onset, catego-

rized as the RI initial stage, and overpasses that occurred

during a period in which the storm had a previous 24-hRI

case beginning at 12, 18, or 24h prior to the overpass,

categorized as the RI continuing stage. The RI event in

both subcategories continued for at least 24h following

the overpass as well. Tao and Jiang (2015) followed

ZJ14’s method to define the RI initial and continuing

subcategories. Therefore, both studies were able to

demonstrate the evolution of precipitation and convec-

tion distributions during RI events from the beginning to

the middle of RI. In this study, we will follow the same

event-based approach, but go further by extending the

analysis into before RI onset and during the ending pe-

riod of RI events [defined as less than 24h before the

ending time of an RI event; cf. Fig. 13 of Tao and Jiang

(2015), or Fig. 1 here]. Our goal is to complement these

studies by using the same RI event-based definition to

further examine the evolution of precipitation distribu-

tions during the entire life cycle of RI events.

In addition to a composite framework, some recent

observational studies have also taken a case study

approach to examine the convective evolution during

RI; for example, for Hurricane Earl (2010) (Stevenson

et al. 2014; Susca-Lopata et al. 2015; Rogers et al. 2015)

and Hurricane Edouard (2014) (Rogers et al. 2016;

Zawislak et al. 2016). While these and numerous other

studies (e.g., Kelley et al. 2004; Hendricks et al. 2004;

Reasor et al. 2009; Guimond et al. 2010; Rogers et al.

2013, 2015; Harnos and Nesbitt 2016) emphasized the

role of extremely deep convection in the intensification

of TCs, few studies have also examined the relative

importance of stratiform precipitation in RI. Using the

Tropical Rainfall Measuring Mission (TRMM) Pre-

cipitationRadar (PR) data, Fritz et al. (2016) studied the

evolution of stratiform precipitation and three types of

convective precipitation (i.e., shallow convection, mid-

level convection, and deep convection) during TC for-

mation in the Atlantic. They found that stratiform

precipitation contributed ;80% of the increased pre-

cipitation from 3 days before genesis to 1 day after

genesis, and therefore concluded that the formation of

TCs could be a combined result of both convective and

stratiform precipitation processes. Although they only

examined tropical cyclogenesis, the results of Fritz et al.

(2016) motivated the need to examine the role of strat-

iform rain in TC intensification.

Progress toward an improved RI prediction suffers

from a continued relative lack of understanding on the

contributions of convective and precipitation processes to

TC intensification and their interactions with, and feed-

back to, the structure and evolution of the thermody-

namic and kinematic fields of TCs. A long-standing

debate in the field has been on symmetric and asymmetric

processes and their roles in TC intensification. It has been

long known that the cooperative interaction between the

symmetric primary and secondary circulation patterns is

important in TC intensification (Ooyama 1969; Smith

1981; Shapiro and Willoughby 1982). The azimuthally

averaged latent heating release is deemed much more

important for the vortex intensification than asymmetric

heating (Nolan and Grasso 2003; Nolan et al. 2007).

FIG. 1. Schematic of before RI, RI initial, RI continuing, and RI ending periods within

a typical RI event defined using the best track data. Also placed on the timeline in the RI event

are the corresponding periods of before RI, RI onset, and after RI defined by AZZ15 men-

tioned in section 2a. Please see text for details.
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Asymmetric mechanisms usually involve smaller-scale

processes, which could interact with the vortex through a

process of axisymmetrization (Houze 2010). One exam-

ple of asymmetric processes involves asymmetric deep

convection in the inner-core region.

This study differs from previous observational studies

in that it focuses on the relative importance of stratiform

versus convective precipitation types during the sym-

metric process of RI. This will help advance our un-

derstanding in general TC intensification and RI

prediction. More importantly, as mentioned above, this

work will analyze RI by applying the concept of RI

events. Observations from the TRMM PR are classified

into several RI event-based categories (i.e., before RI

onset, RI initial, RI continuing, and in the ending period

of RI) by their time relative to the onset/end of each RI

event. In this study, precipitation in the inner-core re-

gion of TCs will be separated into stratiform and con-

vective based on the TRMM 2A23 algorithm, and their

contribution to the rainfall frequency, mean near-

surface rain rate, and total volumetric rain will be sta-

tistically quantified within the time evolution of RI

events. By comparing the rainfall properties of all types

of precipitation, and stratiform and convective only

among various RI event-based categories, the role of

stratiform and convective precipitation in different

stages of RI events will be better understood. Section 2

describes the data and methods applied in this study.

The time evolution and shear-relative distributions of

convective and stratiform precipitation at different

stages of RI events are discussed in section 3. Section 4

compares the rainfall properties between storms that

undergo RI from those that never rapidly intensify

during their life cycle. The discussion and conclusions

are presented in section 5.

2. Data and methodology

a. RI event-based dataset

The best track data from the National Hurricane

Center (NHC) and Joint Typhoon Warning Center

(JTWC) are used to determine RI events from a total of

1518 TCs between 1998 and 2013. AnRI event is defined

as multiple, continuous, and overlapping 24-h periods

where the maximum sustained winds of each period

increased by at least 30 kt, as illustrated in Fig. 1. Please

also see Fig. 2 of Kieper and Jiang (2012) for an illus-

tration of Hurricane Wilma (2005)’s RI event. Here,

each 24-h periodwithin anRI event refers to oneRI case

in Kaplan andDeMaria (2003). The onset of an RI event

(labeled as ‘‘RI starts’’ in Fig. 1) is defined as the starting

time of the first 24-h RI case within the RI event. The

ending time of an RI event (labeled as ‘‘RI ends’’ in

Fig. 1) is the ending time of the last 24-h RI case within

the RI event. As defined by ZJ14, the RI initial period is

within 12h after RI onset, while the RI continuing period

refers to the period between 12h after RI onset and 24h

before RI ends. In the following text, we collectively call

‘‘RI initial’’ and ‘‘RI continuing’’ periods as ‘‘during RI.’’

The RI ending period refers to the 24-h period between

24h before RI ends and the ending time of this RI event.

Unlike RI initial and RI continuing categories, which

require at least 24h before an RI event ends, the RI

ending category has no predictive power and may cor-

respond to the slowly intensifying (SI), neutral (N), or

weakening category as defined by Tao and Jiang (2015).

AZZ15 composited satellite overpasses 0–24h before

and after RI onset and identified the starting time of

each 24-hRI period/case as the onset of RI (‘‘0’’ h). RI in

their study is defined based on individual 24-h RI

periods/cases, and thus has no ‘‘during RI’’ category be-

cause it treats each 24h case as a separate event. Their

definition will be identical to our RI event-based defi-

nition only when the real RI event lasts for only 24h. As

indicated in Fig. 1, their ‘‘RI onset’’ could be anywhere

during RI in our definition. Their ‘‘before RI’’ category

could be from overpasses falling into either our before

RI or during RI categories. Their ‘‘after RI’’ category

likely contains a mixture of overpasses from either

during RI or RI ending period, as defined in this study.

Therefore, their definitions for the before RI and after

RI categories are fundamentally different from those

defined using an RI event concept. So one needs to be

very careful when interpreting their results because their

RI onset, or even cases for ‘‘before’’ RI onset, could be

already far into the middle of an RI event.

Out of 1518 global TCs between 1998 and 2013, 552

TCs underwent RI. Here, 700 RI events are identified

due to some storms having more than one RI event

during their lifetime. The length of an RI event is de-

fined as the duration between when RI starts and RI

ends. The minimum length is 24 h. Within the TC sam-

ples used in this study, the maximum length of an RI

event is 78 h and the mean length is about 38 h. Table 1

lists the number and percentage of RI events in each

length category from 24 to 78 h. We can see that only

24.4% of RI events last only 24 h. The majority of the RI

events last more than 24h. This fact justifies the need of

defining RI using the RI event-based definition in order

to better illustrate the evolution of precipitation during

the life cycle of RI storms.

b. Selection of TRMM PR overpasses

The dataset for this study is derived from the

TRMMTropical Cyclone Precipitation Feature (TCPF)
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database (Jiang et al. 2011), which includes the over-

passes of all global TCs viewed by the TRMM satellite.

The storm center is interpolated from the best track data

for TRMM observations between 1998 and 2013, and is

manually adjusted to better align with the representa-

tion of PR and TMI 37-GHz channel, following ZJ14.

Two additional datasets that supplement the TRMM

database are included to characterize the large-scale

environmental conditions in which each TC is embed-

ded. The SST is obtained from the Reynolds daily SST

grid point (at a spatial grid resolution of 0.258) nearest to
the storm center (Reynolds et al. 2007). The total pre-

cipitable water (TPW) and wind field data are derived

from the 0.758-resolution European Centre forMedium-

RangeWeather Forecasts (ECMWF) interim reanalysis

dataset (Simmons et al. 2007). The TPW of each case

refers to the azimuthal average of the innermost 250 km

around the TC center. The vertical wind shear is the

difference between the averaged wind vectors at the 200

and 850 hPa. Following Hence and Houze (2011), the

wind vectors are averaged within a ring of 500–750 km

from the TC center to eliminate the influence of the

storm’s circulation as much as possible.

Several criteria have been applied to the selection of

TRMM overpasses in order to subset those events that

are of most interest to this study: 1) the interpolated

storm center must be over water at the current obser-

vational time, as well as 24 h in the future (i.e., cases with

land interaction are not considered); 2) a valid PR

overpass must capture the storm center (i.e., at least

50% of the storm is within the PR swath); and 3) storms

that are tropical depressions (maximum sustained wind

less than 34kt) and major hurricanes (maximum sus-

tained wind greater than 95kt) are excluded, following

ZJ14. Generally, tropical depressions rarely rapidly in-

tensify and the intensity changes of major hurricanes are

most commonly associated with eyewall replacement

cycles (Willoughby et al. 1982), which is beyond the

topic of this study.

The effects of the environmental conditions also need

to be considered before completing the final dataset.

Figure 2 shows the composite evolution of SST, 200–

850-hPa environmental wind shear magnitude, TPW,

and storm motion throughout the RI events. Derived

from a larger dataset, which includes all well observed

TRMM TMI overpasses (which are able to capture the

innermost 200-km area due to a larger swath than PR),

Fig. 2 indicates that environmental conditions alone

cannot predict RI onset, consistent with the conclusions

of Hendricks et al. (2010). Although not shown, the

chance of RI does decrease for more unfavorable envi-

ronments, such as low SST, high vertical wind shear, and

small TPW (Kaplan and DeMaria 2003; Wang and Wu

2004; Kaplan et al. 2010; Kaplan et al. 2015). Based on

the extreme values (maximum or minimum, depending

on the parameter) of the selected parameters during

RI period (i.e., from RI onset to 24h before RI ends),

four cutoff criteria including SST $ 25.88C, shear #

14.1m s21, TPW $ 48.7mm, and storm motion #

10.8m s21, have been determined to eliminate those

overpasses associated with more unfavorable environ-

mental conditions for RI. Therefore, by excluding

storms in unfavorable environments our results will

emphasize the role of different types of precipitation

before and throughout the RI events given only semi-

favorable to favorable environmental conditions.

Based on the TRMMobservational time and the start/

end time of RI events, the selected PR overpasses are

classified into 14 categories as listed in Table 2. Also dis-

played in Table 2 is the number of selected PR overpasses

in various future 24-h intensity change categories, including

RI, slowly intensifying (SI, 10 # DVmax 1 24 , 30kt),

neutral (N, 210 , DVmax 1 24 , 10kt), and weakening

(W, DVmax 1 24 # 210kt). Please refer to Jiang and

Ramirez (2013) for further details of definitions of dif-

ferent intensity change categories. The dataset of this

study mainly consists of overpasses associated with SI

(51.9%) and RI (30.4%) storms. It should be noted that

the number of selected PR overpasses are nearly uni-

formly distributed across each day (not shown), and thus

the results shown in this study are not biased by the di-

urnal variation of TC rainfall.

c. Storm properties and environmental conditions

Table 3 shows the mean values of the maximum sus-

tained winds, SST, vertical wind shear magnitude, TPW,

stormmotion, and the azimuthal difference between the

directions of shear and motion vector for the final

dataset. To obtain larger sample sizes, the 6-hourly time

periods originally differentiated within the RI events

TABLE 1. Number and percentage of RI events in each length category.

Event length (h)

24 30 36 42 48 54 60 66 72 78 All

No. of RI events 171 129 93 125 78 49 25 21 6 3 700

Precentage of RI events 24.4 18.4 13.3 17.9 11.1 7.0 3.6 3.0 0.9 0.4 100.0
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(Table 2) are grouped together (Table 3); the before RI

period is separated into 0–12, 12–24, and 24–48h before

RI, while the during RI period is separated into RI ini-

tial and RI continuing (ZJ14), while the ‘‘RI ending’’

period is separated into 12–24 and 0–12h prior to the

end of RI. Statistical significance levels derived from the

Student’s t test indicate that storms that have been un-

dergoing RI for over 12 h (i.e., RI continuing) present

significantly higher intensity and lower vertical wind

shear than those within 12 h of the RI onset (i.e., RI

initial), while the intensity significantly increases from

12–24 to 0–12h before RI ends. In contrast, environ-

mental conditions are not significantly different during

the period prior to, and during the initial stages after,

RI onset.

3. Evolution of rainfall in rapidly intensifying TCs

a. Time evolution

Before considering the relative importance of strati-

form and convective rainfall in rapidly intensifying TCs,

we first examine the time evolution of azimuthally

averaged rainfall properties before and throughout

the RI events. The Hovmöller diagrams shown in Fig. 3

are generated by grouping the PR pixels from 14 RI

event-based categories (Table 2) into 10-km annuli bins

extending radially outward from the center. Using near-

surface rain rates derived from version 7 (V7) of the PR

2A25 algorithm (5 3 5 km2; 4.3 3 4.3 km2 before the

orbital boost; Iguchi et al. 2009), the rainfall frequency is

defined as the percent occurrence of near-surface rain

rate .0mmh21. The total volumetric rain is the sum of

the product of near-surface rain rate and area of each

PR pixel normalized by the number of pixels, following

Tao and Jiang (2015).

Generally, the evolution of rainfall properties changes

little with time beyond 150 km from the storm center. In

the inner-core region of TCs (radius ,100 km), the

rainfall frequency increases significantly around 3–9 h

before the onset of RI and it continues to increase after

RI begins (Fig. 3a). By the middle of RI events

(i.e., .12h after RI onset), the composite indicates that

over 75% of the annulus between 30 and 70 km around

the center is raining. However, while the rainfall fre-

quency early in the RI event is increasing, the mean

near-surface rain rate of that rainfall does not increase

much until the middle of RI events (Fig. 3c). As men-

tioned above, total volumetric rain is determined by

both the rainfall frequency and the near-surface rain

rate, but the time evolution of total volumetric rain (not

FIG. 2. Evolution of mean, median, and maximum/minimum values of environmental conditions: (a) SST, (b) shear magnitude,

(c) TPW, and (d) stormmotion over time. Time is defined as in Fig. 1. Dashed lines from left to right represent RI onset and 24 h before

RI ends.
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shown) is more comparable to that of mean near-surface

rain rate (Fig. 3c). There is almost no change of total

volumetric rain within 9 h before RI onset and a sub-

stantial increase in total volumetric rain is only observed

several hours after RI begins.

It should be noted that the results shown above are the

mean values among the samples. To indicate the variability

among all of the cases, the Hovmöller diagrams of the

corresponding standard deviation are shown in the right

column of Fig. 3. The large variability around 45h prior to

RI onset is a consequence of a small sample size (only a

couple of cases), and thus is not a robust signal. However,

as RI approaches, the sample size increases and the

standard deviation decreases, indicating a more robust

signal at those times. Overall, Fig. 3 suggests that the

onset of RI is associated with a significant increase of

rainfall frequency, while the delayed increase in rainfall

intensity, as well as total volumetric rain, indicates

that signal is more likely a result, or symptom, of RI,

consistent with previous satellite-based studies

(ZJ14; Tao and Jiang 2015).

b. Shear-relative composites

Composite images are applied in this part of study to

further characterize the distributions of rainfall proper-

ties relative to vertical wind shear with respect to various

RI event-based categories. The composites are generated

by orientating the selected PR overpasses with the shear

vector pointing upward along the1y axis and the storm

center in the middle. Overpasses in the Southern

Hemisphere are flipped 1808 before compositing with

those of Northern Hemisphere, following Chen et al.

(2006). The PR pixels, with their new shear-relative

coordinates, are then averaged into 10 3 10 km2 grid

cells, with the value of each grid cell representing the

mean value of all PR pixels in that grid cell for each

selected variable. Shear-relative images are described

using a quadrant approach (Chen et al. 2006), with the

upper-left, upper-right, lower-left, and lower-right

quadrants referring to downshear left (DL), down-

shear right (DR), upshear left (UL), and upshear right

(UR), respectively. The primary focus here is how the

inner-core rainfall properties evolve relative to the

direction of vertical wind shear from 12–24 h prior to

the onset of RI to 12–24 h before RI ends.

1) RAINFALL FREQUENCY

The shear-relative composites of the percent occur-

rence of total rainfall in Fig. 4I shows a DL dominant

distribution for all RI event-based categories, consistent

with previous studies (e.g., Chen et al. 2006; Wingo and

Cecil 2010; ZJ14). The rainfall frequency in the inner-

core region of TCs keeps increasing until the beginning of

RI ending period (Fig. 4Ie), and the increase is

most significant within 12h before the onset of RI, as

TABLE 3. Mean values of maximum sustained winds at current observational time (Vmax), SST, vertical wind shear magnitude, TPW,

storm motion, and the difference between the direction of vertical wind shear and storm motion vector for different RI event-based

categories.

Category

Before RI During RI RI ending

24–48 h 12–24 h 0–12 h RI initial RI continuing 12 to ;24 h 0 to ;12 h

Vmax (kt) 54.60 54.37 55.46 54.32 65.08a 59.71 70.73a

SST (8C) 28.65 28.46 28.61 28.49 28.69 28.41 28.02

Shear (m s21) 5.82 6.68 6.14 6.57 4.78b 5.49 6.16

TPW (mm) 62.31 61.60 63.11 63.07 63.04 62.75 62.30

Motion (m s21) 4.80 4.30 4.25 4.50 4.24 4.53 4.30

Shear 2 motion (8) 260.42 219.37 257.35 255.98 275.38 249.74 274.64

a The statistical significance of the value from the value in the previous column at the 99.9% confidence level.
b The statistical significance of the value from the value in the previous column at the 99% confidence level.

TABLE 2. Number of selected PR overpasses before RI, during

RI, and in the RI ending period. Also shown here is the number of

selected PR overpasses in different future 24-h intensity change

categories: RI, slowly intensifying (SI), neutral (N), and weakening

(W).

Category All RI SI N W

Before RI 36–48 h before 13 0 8 5 0

24–36 h before 27 0 17 10 0

18–24 h before 22 0 11 11 0

12–18 h before 22 0 16 6 0

6–12 h before 25 0 23 2 0

0–6 h before 21 0 21 0 0

During RI 0–6 h after 19 19 0 0 0

6–12 h after 23 23 0 0 0

12–18 h after 22 22 0 0 0

18–54 h after 31 31 0 0 0

RI ending 18–24 h before 23 0 23 0 0

12–18 h before 28 0 28 0 0

6–12 h before 24 0 12 11 1

0–6 h before 12 0 3 6 3

All 312 95 162 51 4
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previously noted in Fig. 3a. The difference between

224 (Fig. 4Ia) and 212 h from RI onset (Fig. 4Ib)

further indicates that the significant increase in the

percent occurrence of total rainfall is mostly contrib-

uted by pixels in the UL quadrant, followed by pixels in

the DR and UR quadrants (not shown). The percent-

age of pixels with nonzero near-surface rain rate con-

tinues to increase after RI begins. This increase

concentrates in the upshear semicircle for storms

within112 h fromRI onset (i.e., RI initial, Fig. 4Ic) and

rotates cyclonically, concentrating to the right of the

shear vector for storms that have been undergoing RI

for over 12 h (i.e., RI continuing, Fig. 4Id). An increase

of rainfall frequency, particularly upshear, and the

subsequent greater azimuthal coverage of rainfall from

12 to 24 h before RI onset to the RI continuing stage,

verify the importance of increasing the azimuthal

rainfall symmetry around the TC center (Kieper and

Jiang 2012; ZJ14; AZZ15). AZZ15 demonstrated a

similar trend of increasing precipitation symmetry

from before RI to after RI, indicating that the signal is

robust, even with the more ambiguous RI case-based

analysis method.

To examine how different precipitation types evolve,

Figs. 4II and 4III shows the shear-relative composite

image of the percent occurrence of stratiform and con-

vective rainfall, respectively. Here, various types of

precipitation are identified using the V7 of the TRMM

PR 2A23 product. By applying the vertical profiling

method (V method) and the horizontal pattern method

(H method), the TRMM 2A23 classifies rain into three

categories: stratiform, convective, and other (Awaka

et al. 2009; Funk et al. 2013). Several updates have been

added to the 2A23 algorithm for V7 to better distinguish

the convective and stratiform precipitation. For exam-

ple, the concepts of small rain cells and ‘‘randomly’’

appearing shallow nonisolated pixels are introduced in

V7 to help further separating deep and shallow con-

vective pixels [please refer to Funk et al. (2013) for

more details]. Although the accuracy of pixel classifi-

cation has improved in V7, uncertainties still remain

for some of the identified rain types. Therefore, only

the rain types that are denoted as ‘‘stratiform certain’’

(types 100 and 110) or ‘‘convective certain’’ (types 200,

210, and 220) in the V7 PR manual (TRMM

Precipitation Radar Team 2011) are applied in this

study, which represents the highest level of confidence.

Although limiting the number of rain types to those of

the highest confidence results in a lower fraction of

rain echo classified as convective/stratiform compared

FIG. 3. Hovmöller diagrams of azimuthally averaged (a) rainfall coverage and (c) near-surface rain rate. (b),(d) The corresponding

standard deviation, respectively. The averages are shown from the storm center out to 250 km.Dashed lines from left to right represent RI

onset and 24 h before RI ends.
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with the total, the distributions do not change

noticeably.

As shown in Fig. 4II, about 55% of the total rainfall

in the inner-core region of TCs is contributed by

stratiform rain. This fraction is slightly lower than

that in Schumacher and Houze (2003), which quan-

tified that stratiform precipitation accounted for 73%

of the raining area; this difference likely exists be-

cause of the consideration of only stratiform certain

types in this study. More importantly, the significant

increase in the rainfall frequency between the period

of 12–24 and 0–12 h before RI onset is mainly due to a

substantially increased frequency of stratiform rain

(Figs. 4IIa and 4IIb). During the same period, how-

ever, the percent occurrence of convective rainfall

decreases, especially left of the shear within 50 km

from the storm center (Figs. 4IIIa and 4IIIb). The RI

initial category shows a distinctly different distribu-

tion from those before RI onset. The convective

rainfall frequency increases in the UL quadrant, and

decreases DL, resulting in a more symmetric shear-

relative distribution (Fig. 4IIIc). The overall ap-

pearance is more axisymmetric for the RI continuing

category, with a ring of .5% convective rainfall fre-

quency distributed completely around the center

(Fig. 4IIId). The beginning of the RI ending period is

characterized by a decrease in convective symmetry

around the center, but an increase in convective rainfall

frequency concentrated in the DL quadrant (Fig. 4IIIe).

The convective maximum, however, is located farther

from the storm center compared with the location ob-

served prior to RI onset (Figs. 4IIIa,b).

2) MEAN RAIN RATE

Another aspect of the rainfall properties, in addition

to the occurrence, that must be considered is the in-

tensity of the rain, quantified here by the mean near-

surface rain rate from 2A25. Before the onset of RI, a

small area with mean rain rate exceeding 8mmh21 is

observed in the DL quadrant (Figs. 5Ia,b). The intensity

of the rain slightly decreases in the early stage of RI

(Fig. 5Ic), as the heaviest precipitation is less than

8mmh21. But the areal coverage of rain rate.6mmh21

increases, resulting in a more symmetric distribution

for RI initial cases. Both the areal coverage of

precipitation .6mmh21 and the intensity of the rain

continue to increase in the middle of RI (Fig. 5Id).

The intensity of the near-surface rain rate increases

substantially from RI continuing to the beginning of

RI ending period, as the heaviest precipitation rate is

greater than 10mmh21 12–24 h before RI ends

(Fig. 5Ie).

As for different types of precipitation, the intensity of

stratiform rain (Fig. 5II) is much weaker than that of

convective rain (Fig. 5III) with most precipitation

rates ,4mmh21. In addition, the rainfall intensity, as

FIG. 4. Composite shear-relative distribution of the rainfall coverage from (I) all precipitation, (II) stratiform precipitation, and (III)

convective precipitation. (a) 12–24 h before RI onset, (b) 0–12 h before RI onset, (c) RI initial, (d) RI continuing, and (e) 12–24 h before

RI ends. Dotted range rings represent the 25-, 50-, 75-, and 100-km radii.
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well as the areal coverage of rain rates.4mmh21, does

not increase much for stratiform rain until in the RI

continuing period (Fig. 5IId). While the intensity of

convective rain increases significantly left of the shear

between 12 and 24h before RI ends (Fig. 5IIIe), the

intensity of stratiform rain decreases during the same

period (Fig. 5IIe). For both stratiform and convective

rain, the composite mean rain rate appears to rotate

cyclonically from the DL to UL quadrant in the RI ini-

tial period, and becomesmore symmetrically distributed

(Figs. 5IIc and 5IIIc) compared with the DL-dominated

pattern before RI onset (Figs. 5IIa,b and 5IIIa,b).

3) TOTAL VOLUMETRIC RAIN

Figure 6 shows the shear-relative composites of total

volumetric rain for all precipitation (Fig. 6I), as well as

separated into stratiform (Fig. 6II) and convective pre-

cipitation (Fig. 6III) components only. Generally, the

distribution of total volumetric rain is similar to that of

the mean near-surface rain rate (Fig. 5). In spite of a

much lower rainfall frequency (Figs. 4II and 4III), con-

vective rain quantitatively has a similar total volumetric

rain as stratiform rain due to its intense rain rates. Ad-

ditionally, the significant increase of total volumetric

rain DL in the RI continuing stage has a predominant

contribution from stratiform rain, while the period

12–24h before RI ends is predominantly from convec-

tive rainfall. By comparing the total volumetric rain

during RI period with before RI and RI ending periods,

the results here further indicate that stratiform rain con-

tributes more to total volumetric rain in storms during

RI than those in non-RI periods (Fig. 6II); the opposite

is true for convective rain (Fig. 6III), consistent with Tao

and Jiang (2015).

4) AZIMUTHAL SYMMETRY OF THE RAINFALL

DISTRIBUTIONS

To further quantify the azimuthal symmetry of the

shear-relative distributions of rainfall coverage shown

above (Fig. 4), an asymmetry index is generated for all

types of rainfall, and stratiform and convective only

with respect to various RI event-based categories and

listed in Table 4. The methodology of the calculation of

this asymmetry index is similar to that of AZZ15 (de-

fined as ‘‘symmetry index’’ in their study). The asym-

metry index of the rainfall coverage is created by first

normalizing the quadrant mean of the rainfall coverage

(averaged for all pixels within 100 km of the storm

center) with the maximum value, and then by differ-

encing the normalizedmean value in each shear-relative

quadrant. Only four out of six possible mean quadrant

differences are applied here (UR 2 DR, UL 2 DL,

UL 2 DR, and DL 2 UR), following AZZ15, as the

absolute value of these four quadrant differences con-

tribute most to the distinctions among various RI event-

based categories. Therefore, the lower the value of

the asymmetry index, the greater the degree of the

azimuthal symmetry.

FIG. 5. As in Fig. 4, but for mean near-surface rain rate.
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For all types of precipitation, the asymmetry index of

the rainfall coverage decreases as RI onset nears and

continues to decrease during the RI continuing stage,

while an increase of the asymmetry index is observed

during the RI ending period (Table 4). This is consistent

with AZZ15’s study, which showed that RI storms

present much greater azimuthal precipitation symmetry

compared with SI storms. Overall, this time evolution

suggests that a quantitative estimate of the degree of

precipitation symmetry (e.g., asymmetry index) has ap-

plicability for forecasting RI events.

As for the individual precipitation types, Table 4 shows

that the symmetry of the rainfall coverage increases

(lower values of the asymmetry index) from 12 to 24h

before RI onset to RI initial for both stratiform and

convective rainfall, and the rate of symmetry increase is

much higher for stratiform [0.8 (24h)21] compared with

convective [0.3 (24h)21]. In contrast, the convective

rainfall symmetry increases slightly from the RI initial to

RI continuing stage, while the stratiform rainfall sym-

metry decreases slightly during the same period.

4. Comparison with null cases

a. Dataset of SI storms as null cases

Discussions above focus on various stages of RI events

and indicate that the onset of RI follows a significant

increase in the areal coverage of stratiform precipitation

around the TC center. However, to fully examine the

relative importance of different types of precipitation to

RI requires a comparison with the null cases (i.e., storms

that do not undergo RI during their life cycle). The most

important question to be addressed here is whether RI is

predictable such that the difference in the rainfall

properties in the period just prior to RI onset could

explain why some storms experience RI while some

others do not. As shown in Table 2, most storms expe-

rience SI before undergoing RI. For this reason, two

groups of SI cases are considered in this section: one for

RI storms (i.e., SI cases that are 0–12h before RI onset),

the other for non-RI storms (i.e., SI cases that never

experience an RI event). The definition and sample size

for each SI group are summarized in Table 5.

FIG. 6. As in Fig. 4, but for total volumetric rain.

TABLE 4. Asymmetry index for the rainfall coverage with respect to various RI event-based categories. Also shown here is the asymmetry

index for the rainfall coverage of all types of rain, stratiform, and convective rainfall only, respectively.

Rain type 12–24 h before RI onset 0–12 h before RI onset RI initial RI continuing 0–12 h before RI ends

Rainfall coverage All 1.22 0.99 0.68 0.57 0.76

Stratiform 1.23 1.12 0.42 0.64 0.35

Convective 1.60 1.38 1.30 1.14 1.52
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Before a detailed examination of the differences in

the rainfall properties between RI and non-RI storms,

the environmental conditions, as well as the storm

properties are first analyzed (Table 6). The results in

Table 6 indicate that the environments between SI cases

that undergo RI within 112h versus those that do not

are not significantly different, with the exception of the

fact that storms that undergo RI are somewhat more

intense (higher maximum sustained winds) just prior to

the onset of RI (0–12h before). Considering the lack of

differences in the environments (i.e., SST, shear, TPW,

and motion), this result strongly suggests that the

precipitation properties differentiate those storms

that eventually undergo RI versus those that only

undergo SI.

b. Shear-relative composites

The shear-relative composite image of the rainfall

frequency shows the expectedDL dominant distribution

for both of the defined SI groups (Figs. 7Ia,b). But RI

storms (Fig. 7Ia) have much higher occurrence and areal

coverage of rainfall than those that do not undergo RI

during their lifetime (Fig. 7Ib), with a ring of 40% oc-

currence of rainfall distributed completely around the

TC center. This is more clearly shown by the difference

between the two groups (Fig. 7Ic). The positive value is

observed nearly everywhere within the innermost

100-km area, with the largest difference located in the

UL quadrant. Stratiform rain is the largest contributor

to this positive difference (Fig. 7IIc), while the differ-

ence in all shear-relative quadrants betweenRI and non-

RI storms for convective occurrence is noticeably

smaller (Fig. 7IIIc).

Similarly, Fig. 8 shows the shear-relative composites

of total volumetric rain for RI and non-RI storms.

Consistent with the rainfall frequency, RI storms

(Fig. 8Ia) present much greater total volumetric rain

than those that never rapidly intensify during their life

cycle (Fig. 8Ib). But the peak of the positive differences

between these two SI groups concentrate in the DL

quadrant (Fig. 8Ic), which is different from the UL peak

of the positive differences in rainfall frequency

(Fig. 7Ic). Additionally, in contrast to the rainfall cov-

erage, which shows that stratiform rain contributes a

greater fraction of the differences (Fig. 7II), the con-

vective rainfall accounts for the majority of the positive

differences between RI and non-RI storms in total vol-

umetric rain (Fig. 8IIIc). Results indicate that differ-

ences in total volumetric rain predominantly come from

the rain rate, which has a very similar distribution to

total volumetric rain for both RI and non-RI storms

(not shown).

5. Discussion and conclusions

Based on 16 years of observations from TRMM PR,

the evolution of rainfall properties in the inner-core

region (radius,100 km) of TCs is examined in terms of

RI events. Consistent with previous satellite-based

studies (e.g., Jiang and Ramirez 2013; ZJ14, AZZ15),

storms during RI (both RI initial and RI continuing)

feature greater percent occurrence of total rainfall and a

more symmetric shear-relative azimuthal distribution

than those before RI onset and in the RI ending period.

By comparing the distributions before and after RI

onset, this study further indicates that the onset of RI is

closely associated with an increased rainfall frequency

(defined in this study as the percent occurrence of PR

2A25 near-surface rain rate .0mmh21) and areal cov-

erage of rainfall around the storm center. A significant

increase in the rainfall frequency is particularly noted

around 3–9 h prior to RI onset, which in turn could be

used as a potential predictor in forecasts of the onset of

RI (Fig. 3a). The shear-relative composites show that

TABLE 5.Definition and number of PR overpasses for two groups of SI cases: one group from storms that undergoRI and the other from

storms that never rapidly intensify during their life cycle; Vmax, Vmax16, Vmax124, and Vmax130 represent the maximum sustained wind at

current time, and 6, 24, and 30 h in future, respectively.

SI cases Definition No. of overpasses

RI storms 0–12 h before RI onset and 10 # Vmax124 2 Vmax , 30 kt 44

Non-RI storms 10 # Vmax124 2 Vmax , 30 kt and 10 # Vmax130 2 Vmax16 , 30 kt 96

TABLE 6.Mean values ofmaximum sustainedwinds at current observational time (Vmax), SST, vertical wind shearmagnitude, TPW, storm

motion, and the difference between the direction of vertical wind shear and storm motion vector for RI and non-RI storms.

SI cases Vmax (kt) SST (8C) Shear (m s21) TPW (mm) Motion (m s21) Shear 2 motion (8)

RI storms 55.3a 28.6 6.3 63.2 4.3 264.8

Non-RI storms 48.8 28.4 6.4 63.0 4.3 247.6

a The statistical significance of the value from the value in the previous column at the 95% confidence level.
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the increase in the rainfall frequency is first observed in

theUL quadrant 0–12h beforeRI onset and then rotates

cyclonically as RI continues, concentrating in the UR

quadrant for RI initial storms and right of the shear

vector during the RI continuing period (Fig. 4). Both

rainfall intensity (defined in this study as the mean near-

surface rain rate) and total volumetric rain do not in-

crease much until several hours after RI onset (Figs. 3, 5,

and 6), suggesting that the much higher rainfall intensity

and total volumetric rain noted for RI storms are more

likely a response, rather than a trigger, of RI. The be-

ginning of the RI ending period (a 24-h period before RI

ends) follows a significant decrease in the areal coverage

of total rainfall right of the shear vector. As such, the RI

ending period exhibits a more asymmetric distribution

compared with the RI continuing stage, as evidenced

by a substantial increase in the rainfall intensity and

total volumetric rain observed DL during this period

and decrease in other shear-relative quadrants.

The time evolution of the asymmetry index, which is a

quantitative measure of the degree of symmetry of the

distributions, indicates an increase in azimuthal pre-

cipitation symmetry (decrease in asymmetry index)

from 12 to 24h before RI onset to RI continuing, and a

decrease in symmetry (increase in asymmetry index)

from RI continuing to 12–24 h before RI ends (Table 4).

This composite time evolution could be potentially

useful toward improving the RI forecasts of individual

storms.

The relative importance of stratiform and convective

rainfall, differentiated by the ‘‘certain’’ types in the

TRMM2A23 algorithm, to the total rainfall distribution

FIG. 7. Composite shear-relative distributions of the rainfall coverage from (I) all precipitation, (II) stratiform precipitation, and (III)

convective precipitation. (a) SI cases from RI storms (i.e., 0–12 h before RI onset), (b) SI cases from non-RI storms, and (c) difference

between SI cases from RI and from non-RI storms. Dotted range rings represent the 25-, 50-, 75-, and 100-km radii.
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in RI events is also examined. The results strongly sug-

gest that stratiform rainfall predominantly contributes

over convection toward the significantly increased

rainfall coverage around 3–9 h prior to RI onset

(Fig. 4IIb). A comparison with non-RI storms (those SI

storms that do not experience an RI event) further

confirms the importance of stratiform precipitation to-

ward increasing the occurrence and areal coverage of

rainfall around the storm center that characterizes RI

events. Statistically, storms that never rapidly intensify

during their life cycle have much lower rainfall coverage

of stratiform rain, particularly upshear, within the inner-

core region of TCs compared with RI storms (Fig. 7).

Note that due to the sensitivity of the TRMM PR

(i.e., limited to reflectivity .17dBZ), some weak pre-

cipitation, especially in the upshear quadrants are not

detected, likely resulting in an underestimation of the

percentages of stratiform precipitation in this study.

The increased azimuthal coverage of stratiform rain in

RI events likely coincides withmoistening/humidification

of the inner core, especially in the upshear quadrants.

Zawislak et al. (2016) demonstrate an example of this

relationship in Hurricane Edouard (2014) using a syn-

thesis of rainfall (derived from infrared and passive

microwave sensors) and thermodynamic (from high-

altitude dropsonde observations from the NASA

Global Hawk) properties. Although Edouard does not

qualify as a RI storm in this study (it experienced a

brief RI event of 9 h, which is well under our 24-h re-

quirement), Zawislak et al. (2016) find that an increase

in precipitation symmetry during the intensification

of Edouard coincides with a systematic increase in

mid- to upper-tropospheric humidity in the upshear

quadrants. Our study could help explain further what

type of precipitation is responsible for the moistening/

humidification. It is hypothesized here that the increased

FIG. 8. As in Fig. 7, but for total volumetric rain.
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occurrence and areal coverage of stratiform rain 0–12h

before RI onset can contribute toward removing un-

favorable and relatively dry layers (cf. downshear) in the

upshear quadrants, which leads to a more symmetric

rainfall and latent heating distribution after RI begins.

The symmetric heatingmechanism has been long known

as the preferred mechanism for TC intensification

(Ooyama 1969; Nolan et al. 2007). In this pathway, the

stratiform rain humidifies the troposphere from the top

down as the rain rate increases. An alternative pathway

is that shallow to moderately deep convection humid-

ifies from the bottom up, but given the lower occurrence

of convection compared to stratiform, this pathway

would be less dominant. Considering the uncertainties in

2A23 related to the convective rain identification, other

datasets are required to further evaluate which pathway

is responsible for moistening/humidification.

The contribution by convective precipitation in RI

storms is mostly attributed to an increasing rainfall in-

tensity (rain rate) and total volumetric rain within the

inner-core region. Storms in the early stage of RI are

differentiated from those 0–12 h before RI onset in that

there is significantly larger convective occurrence,

higher convective rainfall intensity, and greater con-

vective volumetric rain UL (Figs. 4III, 5III, and 6III).

This is generally consistent with previous studies (e.g.,

Stevenson et al. 2014; ZJ14; Rogers et al. 2015, 2016;

Chen and Gopalakrishnan 2015; AZZ15), which in-

dicated the presence of deep convection in the UL

quadrant as being a key feature for intensifying TCs.

The relatively greater convective precipitation UL may

possible be due to favorable conditioning (humidity/

moisture increase) from the increased stratiform rain

occurrence in the upshear quadrants ;12h earlier.

The results here document the evolution of different

types of precipitation for RI storms. One of the most

significant findings is the importance of an increased

azimuthal coverage of stratiform rain several hours be-

foreRI onset. The increase in the stratiform occurrence is

observed in all shear-relative quadrants, especially UL.

The relatively greater areal coverage of stratiform rain

0–12h before RI onset could result from the transport

of hydrometers from the DL quadrant, owing to the in-

creasing swirling winds around the TC center. Future

work using numerical models and trajectory calculations

are needed to better classify the mechanisms that lead to

the increased occurrence of precipitation in the upshear

quadrants. Besides the inner-core distributions of rainfall

and convection, changes in the wind and moisture fields,

and the vortex structure prior to and near RI onset are

important as well. Studies based on finer temporal and

horizontal resolutions are desired to better understand

the physical processes triggering the onset of RI.
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