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Abstract

The tropical oceans spawn hundreds of tropical disturbances during the tropical cyclone (TC) peak season
every year, but only a small fraction eventually develop into TCs. In this study, using observations from the
Global Precipitation Measurement (GPM) satellite, tropical disturbances over the western North Pacific (WNP)
from July to October during 2014—2016 are categorized into developing and nondeveloping groups to investigate
the differences between satellite-retrieved convective and stratiform precipitation properties in both the inner-core
(within 200 km of the disturbance center) and outer-core (within 200—400 km of the disturbance center) regions.
The developing disturbances experience a remarkably more oscillatory process in the inner-core region than
in the outer-core region. The large areal coverage of strong rainfall in the inner-core region of the disturbance
breaks into scattered remnants and then reorganizes and strengthens near the disturbance center again. Contrarily,
the precipitation characteristics in the nondeveloping group evolve more smoothly. It can be summarized that
disturbances prone to developing into a TC over the WNP satisfy two essential preconditions in terms of precip-
itation characteristics. First, a large fraction of stratiform precipitation covers the region that is within 400 km
from the disturbance center. The mean vertically integrated unconditional latent heating rate of stratiform and
convective precipitation in the developing group above 5.5 km is 6.6 K h™ and 2.4 K h™', respectively; thus, the
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stratiform rainfall makes a major contribution to the warming of the upper troposphere. Second, strong convective
precipitation occurs within the inner-core region. Compared with stratiform precipitation, which plays a critical
role in warming the mid-to-upper levels, the most striking feature of convective precipitation is that it heats the
mid-to-lower troposphere. Overall, the formation of TCs evolving from parent disturbances can be regarded as an
outcome of the joint contribution from the two distinct types (convective and stratiform) of precipitation clouds.
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1. Introduction

The formation of organized tropical cyclones (TCs)
from unorganized cumulus convection is often accom-
panied by multiple-scale air—sea interactions. Favor-
able large-scale environmental fields are regarded as
necessary conditions for TC formation: warm sea-
surface temperature (SST), weak vertical wind shear,
high mid-level moisture, and moist instability (Gray
1968). Over the Atlantic, within the critical layer
where the zonal flow equals the easterly wave propa-
gation speed, a nearly closed Lagrangian circulation
can provide a favorable dynamic and thermodynamic
sweet point for vorticity convergence and protect
convection from unfavorable environment and dry air
intrusion, which plays a significant role in TC forma-
tion (e.g., Dunkerton et al. 2009; Wang et al. 2010a;
Wang 2012).

Over the Pacific, the tropical upper-tropospheric
trough (Wang and Wu 2016, 2018), the monsoon
trough (Wu and Duan 2015; Wu et al. 2013), and trop-
ical waves (Chen and Huang 2009; Chen and Chou
2014) can jointly affect TC genesis. Although the
synoptic circulation patterns that contribute to the
formation of TCs vary from ocean to ocean, it is
accepted that TC formation experiences indispensable
mesoscale evolution. There are two distinct theories
for the TC formation: top-down development and
bottom-up development. For the top-down develop-
ment, stratiform rainfall from a mesoscale convective
system (MCS) can spin up a mid-level vortex, follow-
ed by the downward extension of the vortex, which
can build up a near-surface cyclonic circulation (e.g.,
Bister and Emanuel 1997; Ritchie and Holland 1997).
Contrarily, the bottom-up development emphasizes
the effect of deep convection and associated vorticity
anomaly on TC formation. Specifically, the convective

bursts (Tory et al. 2006) or vortical hot towers (VHTs)
form, leading to the formation of a mesoscale vortex,
which develops near the low-level cyclonic circulation
center and eventually intensifies into a self-sustaining
entity (Montgomery et al. 2006). Both the top-down
and bottom-up theories are closely related to the be-
haviors of the two major types of precipitation cloud
in the tropics: stratiform and convective. These two
types of precipitation clouds have dynamically and
thermodynamically different vertical profiles. The dy-
namic characteristics of stratiform precipitation cloud
are featured by divergence at the lower and higher
troposphere and mid-troposphere convergence, where-
as convective precipitation cloud is divergent at the
higher troposphere and convergent at the lower tropo-
sphere. Correspondingly, in stratiform precipitation,
the diabatic cooling is associated with downdrafts,
and evaporation is prominent below the melting layer,
whereas the updrafts and diabatic heating occur in the
upper troposphere. In convective precipitation, the
strong updrafts and condensation heating are distrib-
uted throughout the whole depth of the troposphere
(Houze 1997). When strong convection becomes
weak, it transforms into an intermediary stage, in
which the vertical profile of divergence appears more
like stratiform than convective precipitation, except
that the convergence layer is slightly higher than that
in stratiform precipitation (Mapes and Houze 1993).
The intermediary precipitation clouds are usually
generated from older and less-active convection.
Numerous modeling and observation studies have
been devoted to identifying the roles of the different
cloud types in TC formation, structure, and intensity
changes based on their distinct dynamic and thermo-
dynamic features. For instance, using a high-resolution
numerical simulation, Wang (2014) distinguished the
simulated clouds into deep convection and cumulus
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congestus and found that the cumulus congestus
clouds humidify the lower-to-middle layers and
stimulate a near-surface cyclonic circulation before
TC genesis. Contrarily, the deep convective clouds
play a prominent role in moistening the upper layers
and strengthening the cyclonic circulation at the upper
levels. Furthermore, Chen et al. (2018) examined the
role of stratiform and convective diabatic processes in
the changes in TC intensity and structural evolution
by artificially modifying stratiform and convective
heating and cooling in the near-core region.

On the basis of the observations, Fritz et al. (2016)
studied the rainfall evolution during the TC genesis
using the Tropical Rainfall Measuring Mission
(TRMM) precipitation radar (PR) dataset. By tracing
the precipitation types associated with the proto-
vortex disturbances back to 3 days before the genesis
of the named storms in the North Atlantic (NATL),
Fritz et al. (2016) found that the areal coverage of
stratiform precipitation increases despite the nearly
constant rainfall rate from day —3 to day —1 before the
TC formation. In addition, using the top height of the
20 dBZ PR, they partitioned the convective precipita-
tion clouds into three categories—shallow cumulus,
mid-level convection (namely, cumulus congestus),
and deep convection—which jointly contribute to
the TC formation. Deep convection has the highest
rainfall rate, although this type of precipitation has a
small areal coverage. Contrarily, mid-level convection
with the largest areal coverage percentage among
the three types of convective precipitation (shallow,
mid-level, and deep convection) plays a major role in
the contribution to the total precipitation. In addition,
the variation in the areal coverage of stratiform and
convective precipitation clouds has the potential to
predict the rapid intensification (RI) of a TC. Using
16-yr TRMM PR observations, Tao et al. (2017) found
that the percentage of stratiform precipitation signifi-
cantly increases in all shear-relative quadrants when
TCs start RI. Compared with RI storms, slowly in-
tensifying storms have a relatively smaller fraction of
stratiform coverage within the TC inner-core region.
Furthermore, the presence of vigorous convective
precipitation in the upshear-left quadrant also plays a
critical role in TC intensification. Overall, using the
TRMM database, most previous studies have focused
on the differences between convective and precipi-
tation properties during the changes in TC intensity
(Jiang 2012; Kieper and Jiang 2012; Zagrodnik and
Jiang 2014).

Over the tropical oceans, the large-scale environ-
ment can spawn several hundreds of disturbances
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during the TC peak season every year, but only a
small fraction develop into TCs. Using global daily
reanalysis data, Peng et al. (2012) studied the large-
scale environmental differences between disturbances
that develop into TCs over the NATL and those that
don’t. For the disturbances that develop into TCs, they
found that the thermodynamic fields (such as water
vapor content, rainfall rate, and SST) are more instruc-
tive than the dynamic variables (such as maximum
relative vorticity at 700 hPa, vertical shear, trans-
lational speed, and horizontal shear). Given the
pronounced differences in the large-scale environ-
mental background over the Atlantic and the western
North Pacific (WNP), Fu et al. (2012) examined the
developing and nondeveloping disturbances over
the WNP and drew the opposite conclusion, that is,
the dynamic fields play a more important role in TC
genesis than the thermodynamic fields. In addition to
the discrepancy in the large-scale environmental con-
ditions, the properties of convection and precipitation
are also anticipated to differ between developing and
nondeveloping disturbances. However, this has not yet
received much attention.

The Global Precipitation Measurement (GPM)
satellite was launched in February 2014, with a more
sensitive onboard Dual-Frequency Precipitation Radar
(DPR) than TRMM PR and 13 Microwave Imager
(GMI) channels. Using the GPM dataset, this study
compares the differences in the evolution and three-
dimensional structure of key convection and pre-
cipitation types for developing and nondeveloping
disturbances over the WNP. The precipitation proper-
ties in the TC formation process may exhibit marked
regional characteristics. The large-scale environmental
circulation controlling most of the TC formations in
the NATL is related to the easterly wave, whereas the
WNP features various synoptic circulation patterns.
Therefore, it would make more sense to study the dis-
tinctive precipitation characteristics in the WNP. This
is unique compared with previous studies, which have
paid more attention to the developing group in the
NATL or large-scale environmental conditions during
TC genesis. Comprehensive comparisons of the struc-
ture and evolution in the different cloud types between
the developing and nondeveloping disturbances can
help determine the convection and precipitation prop-
erties and guide predictions during the TC pregenesis
stage.

The remainder of this paper is structured as follows.
The next section describes the dataset and analysis
methods. The differences in convection and precipita-
tion characteristics between the inner- and outer-core
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regions for the developing and nondeveloping distur-
bances are presented in Section 3, and a summary is
given in Section 4.

2. Data and methodology

2.1 Data

In this study, the data analyzed to determine the
convection and rainfall properties were obtained from
the GPM DPR (available online https://pmm.nasa.gov/
GPM). The DPR is formed from a Ka-band pre-
cipitation radar (KaPR) running at 35.5 GHz with
a 125-km swath and a Ku-band precipitation radar
(KuPR) operating at 13.6 GHz with a 245-km swath.
The shorter wavelength of the KaPR makes it easier
to measure light rain and solid precipitation (Hamada
and Takayabu 2016). Moreover, the differential atten-
uation for the DPR is more accurate than the Ku- or
Ka-band attenuations derived separately (Meneghini
et al. 2012). The GPM DPR standard level 2 (L2)
product (2ADPR), version 05A (VO05A), is used in
this study (Iguchi et al. 2012; Seto and Iguchi 2015).
The 2ADPR product records three scanning modes:
normal scan (NS), matched scan, and high sensitivity
scan. In this study, we used the NS mode, in which the
inner swath of the KuPR and KaPR swaths are mea-
sured synchronously to match the KuPR and KaPR
beams. The NS consists of the three-dimensional radar
reflectivity and precipitation rate and two-dimensional
variables, including the precipitation type and the
near-surface precipitation rate, which are analyzed
in this study. The precipitation pixels are classified
into three main categories: stratiform, convective,
and other. The horizontal resolution of all variables in
2ADPR is 5 km, and the vertical resolution is 125 m
for the vertical profiles of radar reflectivity and rainfall
rate.

The 2ASLH_VO05A product, as well as the 2ADPR
product, is employed to obtain latent heating. The
composite latent heating profiles for the precipitation
pixels are used to examine the thermodynamic prop-
erties of the different precipitation types. The GPM
Spectral Latent Heating (SLH) algorithm in the tropics
is identical to that in the TRMM PR data (Shige et al.
2004, 2007, 2008). Shige et al. (2004) proposed the
SLH algorithm and applied it to TRMM PR prod-
ucts. The specific methods are as follows: (i) using
the variables (precipitation-top height, rain rates at
the surface and melting level, and rain type) of the
cloud-resolving model (CRM) simulation to construct
the heating profile lookup tables of three precipitation
types (convective, shallow stratiform, and anvil) and
then verifying the reliability of lookup tables; (ii)
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according to the PR information observed by TRMM
(precipitation-top height, rain rates at the surface
and melting level, and rain type) to identify the
heating profile from lookup tables. Shige et al. (2007)
improved this algorithm. According to the ice and
liquid water process, the convective heating profile
was divided into upper-level heating and lower-level
heating, respectively. Contrarily, the heating profile of
stratiform precipitation is shifted up or down accord-
ing to the melting layer. In this study, the three-dimen-
sional profiles of latent heating were also composited
based on the classification of rainfall types defined in
the 2ADPR product.

The disturbances of interest are confined spatially
from the equator to 30°N and 100°E—150°W and
temporally from July to October. Owing to the GPM
operation starting from spring 2014, the year period in
this study spans from 2014 to 2016.

2.2 Categorization of developing and nondeveloping
disturbances

The 6-hourly data from the European Centre for
Medium-Range Weather Forecasts interim reanalysis
(ERA-Interim, Berrisford et al. 2011) with a horizon-
tal resolution of 0.5° x 0.5° are used to identify two
groups of disturbances: developing and nondeveloping
disturbances. In the first group, tropical disturbances
develop into at least tropical depressions (TDs), with
a maximum sustained wind speed over 25 kt (12.9
m s '). Using the best track data from the Joint Ty-
phoon Warning Center (JTWC) that specify the inten-
sity of cyclone by using 1-min mean sustained wind
speed based on the Dvorak technique (Song et al.
2010; Barcikowska et al. 2012), the time at which a
tropical disturbance first upgrades to a TD is indicated
as day 0. Then, the cyclonic circulation center is
traced back 3 days according to the minimum of the
3—8-day filtered 850-hPa stream function, which are
designated as days —1, —2, and —3, respectively. The
TC information in the JTWC dataset includes the cen-
tral location at the disturbance stage before upgrading
to TDs. For example, for typhoon Nangka (2015), the
center location during its disturbance stage is 8.8°N
and 172.2°E in the JTWC dataset, and our positioning
is 9°N and 172.5°E. The comparison confirms that the
TC centers identified by the minimum of the 3—8-day
filtered stream function coincide well with those
recorded in the JTWC dataset, justifying the method
used in this study to identify the disturbance centers.
In some developing cases, the disturbances intensify
rapidly, such that only 1 days or 2 days before genesis
can be traced. In such cases, the characteristic vari-
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Table 1. The number of developing and nondeveloping disturbances over the WNP from 2014 to 2016.
Developing Nondeveloping

July August September October Total July August September October Total
2014 5 0 7 1 13 8 15 3 6 32
2015 5 4 5 4 18 6 13 8 8 35
2016 5 6 6 3 20 10 5 11 9 35
Total 15 10 18 8 51 24 33 22 23 102

40N —
J|——NonDev

100E 110E 120E 130E 140E

Fig. 1.

150E

160E 170E

180

170W 160W 150W

The tracks (from day —3 to day —1) of all developing and nondeveloping disturbances over the WNP. Blue

(red) solid lines refer to the nondeveloping (developing) disturbance tracks. The filled dots indicate the disturbance

center locations on day —3.

ables are composited together with those in other
developing cases on a corresponding day. Table 1
presents the distribution of the number of developing
and nondeveloping disturbances from July to October
during 2014-2016. There are 51 developing cases,
among which the total number in October is the
lowest and no TDs formed in August 2014 due to the
unfavorable large-scale conditions (Bian et al. 2018).
The second group consists of the nondeveloping
disturbances that fail to develop into TDs. Similarly,
the nondeveloping disturbances are manually traced
back 3 days before they dissipate. Five criteria are
used to select the nondeveloping cases: (1) the mean
radius of cyclonic circulation must be larger than 300
km; (2) there must be a closed center in the stream
function; (3) if the disturbance merges into other
larger and stronger circulation or is too obscure to
identify its center, its life is considered to terminate;
(4) the stream function center should be located in the
domain of interest (0—30°N and 100°E—150°W); and
(5) its lifetime is required to last for at least 3 days.
Day 0 for the nondeveloping disturbances refers to
the time of life termination. As a result, a total of 102
nondeveloping cases are selected. As can be seen in
Table 1, the number of nondeveloping cases is highest
in August, suggesting that the synoptic disturbances

over the WNP are the most active in August, although
the proportion of disturbances upgrading to TDs is the
lowest due to the relatively small number of develop-
ing cases in August.

As it takes about 92.5 min for one GPM orbit to
scan the earth once, the original 6-hourly TC center
locations are linearly interpolated into 1-hourly inter-
vals to obtain a sufficient number of samples. Figure
1 presents the tracks of all developing and nondevel-
oping disturbances selected in the 3 years. It is evident
that almost all developing disturbances emerge to the
west of the dateline. Some developing disturbances
can be found on the equatorward side of 5°N, though
the planetary vorticity is small, indicating that the
developing disturbances in the equatorial region could
be linked with the equatorial waves in collaboration
with the favorable environmental conditions.

2.3 Orbit selection

Fritz et al. (2016) used the TRMM satellite data
to study the different precipitation characteristics of
TCs that originated within the wave pouches in the
Atlantic. They defined the inner-core region as the
area within 200 km of the disturbance center. The pre-
cipitation characteristics in this inner-core region are
mainly related to the meso-f-scale process, whereas
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the entire circulation of the disturbance represents the
meso-a-scale process (Wang 2018). Therefore, to study
the precipitation evolution and difference between the
inner- and outer-core regions during the TC formation,
the GPM-retrieved variables within the radii of 200
km (inner-core region) and 200—400 km (outer-core
region) from the disturbance center are analyzed.
This comparison confirms that the conclusions are not
sensitive to the selection of the inner- and outer-core
region, because the different choices of radii for
both the inner-core region (100, 150, or 250 km) and
outer-core region (200—500 or 200—600 km) obtain
qualitatively consistent results (not shown). To avoid
the influence of small-coverage overpass, the other
imposed criterion is that an effective GPM DPR swath
has at least 4000 pixels (including non-precipitation
pixels) within 400 km from the centers of the devel-
oping and nondeveloping disturbances. As a result,
the total numbers of effective orbits in the developing
and nondeveloping groups from day —3 to day 0 are
71 and 179, respectively. These orbits swept through
44 developing disturbances and 104 nondeveloping
disturbances, respectively. The composite on a given
day is the average over 1 day later. For example, the
composite on day —1 in the developing group refers to
the mean overpass samples from day —1 to day 0.

3. Results

3.1 Spatiotemporal evolution of precipitation

The disturbance development and dissipation in the
developing and nondeveloping groups are accompa-
nied by precipitation variation, and the spatiotemporal
evolution of the near-surface precipitation reflects the
characteristics of the two types of disturbance. Figure
2 presents the composite near-surface rainfall rate
over the 3 days before TC generation or disturbance
dissipation within 400 km from the disturbance center.
We define the threshold of strong precipitation as 1
mm h™'. Table 2 presents the percentages of strong
precipitation pixels to the total precipitating pixels
in both the inner- and outer-core regions for the
developing and nondeveloping groups. The statistical
significance determined by bootstrap test (Efron and
Gong 1983) at the 90 % level is denoted by black dot,
indicating that there are sufficient strong precipitation
samples at the given pixel. For the developing group,
the synthetic near-surface rainfall rate on day —3 (Fig.
2a) indicates that in the inner-core region, the number
of strong precipitation pixels accounts for 10.3 %
of all precipitation pixels. In addition, the strong
precipitation occurs near the disturbance center and
is well-organized, as represented by the contiguous
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coverage of strong precipitation. In the outer-core
region, such a strong precipitation with large contigu-
ous coverage is mainly distributed on the east side of
the disturbance center, and the number of precipitation
pixels only accounts for 4.8 % of all precipitation
pixels. However, the outer-core characteristics of the
strong precipitation for the developing group on day
—3 aren’t statistically significant at a 90 % confidence
level, probably due to the limited sample size. On day
—2 (Fig. 2b), the strong precipitation areas in both
the inner- and outer-core regions become looser and
are no longer organized as day —3. The number of
strong precipitation pixels in the inner- and outer-core
regions accounts for 7.7 % and 5.6 % of all precip-
itation pixels, respectively. On day —1 (Fig. 2c¢), the
strong precipitation within the inner-core region
begins to revive, reorganizing around the disturbance
center. The percentage of strong rainfall in the inner-
and outer-core regions increases to 9.7 % and 6.5 %,
respectively. From the spatiotemporal distribution
characteristics of the mean surface rainfall rate in
the developing group, it can be found that the strong
precipitation in the inner-core region experiences
an oscillatory development, with the well-organized
structure breaking down into scattered reservoirs with
time (Figs. 2a, b) and then rebuilding in the vicinity
of the disturbance center (Fig. 2c). Contrarily, the per-
centage of strong precipitation in the outer-core region
increases gradually with time. Overall, the proportion
of strong precipitation in the inner-core region is
higher than that in the outer-core region.

Compared with the developing group, the occur-
rence of strong precipitation in the nondeveloping
group is scattered and intermittent only away from the
center of the disturbance (Figs. 2d—f). From day —3 to
day —1, the ratios of strong precipitation pixels to the
total precipitation pixels in the inner-/outer-core re-
gions are 2.6 %/1.7 %, 1.4 %/1.2 %, and 0.4 %/0.7 %,
respectively, which are significantly less than those in
the developing group, indicating that the percentages
of strong rainfall in both the inner- and outer-core
regions gradually decrease with time during the dis-
turbance dissipation in the nondeveloping group.

3.2 Statistics of convective and stratiform
precipitation properties

The precipitation pixels in the 2ADPR product
are classified into three rainfall types: stratiform,
convective, and other. As the “other” rain type mostly
comprises anvil rainfall, the mean near-surface pre-
cipitation rate and the proportion of anvil rainfall are
small enough to be neglected in this study. In this sub-
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section, four indicators are used to quantitatively study
the characteristics of convective and stratiform types
in the inner- and outer-core regions in the two groups.
Taking the inner-core region as an example (Fig. 3),
the first indicator is the percentage of the number of
precipitation pixels of a certain precipitation type
to the total number of precipitation pixels (Fig. 3a,
Nywseon!Nprecipitating)s  Which  reflects the areal fraction
of a specific precipitation type in the precipitation
region. The second indicator is the ratio of the specific
precipitation pixels to the total pixels (including non-
precipitation grid points), which represents the cover-
age area of the different precipitation types (Fig. 3b,
Nyveon/Niow)- The sum of stratiform and convective
areal coverage percentages occupies the large ma-
jority of the precipitation coverage, and the residual
percentage nearly accounts for the non-precipitation
coverage percentage. The third indicator is referred
to as the conditional mean rainfall rate (Fig. 3c,

Table 2. The percentages of strong precipitation pixels to
the total precipitating pixels in both the inner- and outer-
core regions at different times for the developing and
nondeveloping groups.

Developing Nondeveloping
inner-core outer-core  inner-core outer-core
Day -3 10.3 % 4.8 % 2.6 % 1.7%
Day -2 7.7 % 5.6 % 1.4% 1.2%
Day -1 9.7 % 6.5 % 0.4 % 0.7 %

YR conNVywrrcon ) Which is calculated as the total precipi-
tation rate divided by the total number of precipitation
pixels for a certain precipitation type that signifies the
precipitation intensity. The fourth indicator is the un-
conditional mean rainfall rate (Fig. 3d, ZRcon/Newa)s
which is calculated as the total precipitation rate of a
certain precipitation type divided by the total number
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of pixels (including non-precipitation pixels). The
unconditional mean rainfall rate is equivalent to the
product of the second and third indicators, which can
be regarded as the standardized total precipitation rate
of this precipitation type.

We first compare the differences between the con-
vective and stratiform precipitation properties in the
developing and nondeveloping groups in the inner-
core region. As presented in Fig. 3a, the stratiform
precipitation pixels in the developing group account
for about 71 % of the total precipitation pixels, which
is similar to the result of Schumacher and Houze
(2003), who found that 73 % of the tropical precipita-
tion area was covered by stratiform precipitation using
the TRMM PR data from 1998 to 2000. The percent-
age of stratiform precipitation in the developing group

is higher than that in the nondeveloping group, which
implies that more well-organized precipitation sys-
tems occur in the developing group. Contrary to the
counterpart in the developing group, the percentage of
convective precipitation in the nondeveloping group is
more dominant. Specifically, the percentages of con-
vective and stratiform precipitation averaged over the
3 days in the developing (nondeveloping) group are
27 % (36 %) and 71 % (58 %), respectively, indicating
the potential importance of stratiform precipitation
in TC formation. In terms of the temporal evolution,
the percentage of convective (stratiform) precipitation
in the developing cases varies, with 25 % (72 %) on
day —3, 30 % (67 %) on day —2, and 24 % (73 %) on
day —1. In the nondeveloping group, the convective
precipitation percentage decreases gradually from day
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—3 to day —1, whereas the proportion of stratiform
precipitation exhibits a progressive increase.

To further examine the areal coverages of the
different precipitation types, Fig. 3b presents the
occurrence frequencies of convective and stratiform
precipitation pixels normalized by the total pixels
(including non-precipitation pixels). The average total
precipitation areal coverage of both convective and
stratiform from day —3 to day —1 in the developing
group makes up 30.8 %, which is much larger than the
13.6 % in the nondeveloping group, indicating that
the nondeveloping group has more non-precipitation
pixels in the inner-core region. In both the developing
and nondeveloping groups, the areal coverages of
stratiform precipitation are higher than those of con-
vective precipitation, but the contrast in the areal cov-
erage between stratiform and convective precipitations
is more substantial in the developing group than in
the nondeveloping group. The mean areal coverage of
stratiform precipitation from day —3 to day —1 in the
developing group is 14.3 % higher than that of con-
vective precipitation, whereas the corresponding dif-
ference in the nondeveloping group is only 3.1 %. The
moistening exerted by stratiform precipitation in the
RI events was studied by Tao et al. (2017), who found
that RI storms are accompanied by higher occurrence
and larger areal coverage of stratiform rainfall around
the storm center compared with the non-RI storms.
In this study, TC formation is also collocated with
the larger areal coverage of stratiform precipitation.
Furthermore, the areal coverage of stratiform precipi-
tation decreases from day —3 to day —2 and increases
from day —2 to day —1 in the nondeveloping group,
whereas convective precipitation decreases from day
—3 to day —1. Contrarily, the areal coverages of both
convective and stratiform precipitations decrease from
day —3 to day —2 and increase from day —2 to day
—1 in the developing group, indicating an oscillatory
development in the developing group, as described
in Figs. 2a—c. Moreover, compared with convective
precipitation, the reduction in stratiform precipitation
coverage is more pronounced from day —3 to day —2.

This oscillatory development is also observed in
other cases of TC genesis. For instance, during the
formation of typhoon Manyi (2001), Xu et al. (2014)
found that stratiform precipitation started developing
with downdrafts after the active convection triggered
convective precipitation, and then, both the categories
of precipitation became active until a few hours later.
Li et al. (2006) used the numerical model TCM3 to
study the causes of the oscillatory development of
low-level vorticity during the TC formation. Their
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results revealed that the consumption and recovery of
moisture in the planetary boundary layer (PBL) and
the interaction between the PBL and the circulation
led to oscillatory development. Specifically, the strong
updrafts related to deep convection will transport the
water vapor from the PBL to the upper-level tropo-
sphere, leading to the consumption of PBL moisture.
Subsequently, the evaporation of convective rainfall
caused the mid-level cooling and the downdrafts.
Meanwhile, the moisture in PBL will be supplied by
the sea-surface evaporation, which will increase the
instability of the atmosphere and initiate new con-
vection, thus showing the oscillatory development of
vorticity.

In addition to the areal coverage of stratiform
and convective precipitations, the conditional mean
rainfall rate that reflects the precipitation intensity is
presented in Fig. 3c. It is clear that the conditional
mean near-surface precipitation rate of convective
precipitation is much stronger than that of stratiform
precipitation. Moreover, the near-surface convective
precipitation rates in the developing group are greater
than those in the nondeveloping group. The evolu-
tions of both stratiform and convective precipitation
intensity in the developing group have the same trends
as the variation of areal coverage percentage (Figs.
3b, ¢), with a decrease from day —3 to day —2 and
an increase from day —2 to day —1. In particular, the
intensity of convective precipitation indicates a signif-
icant decrease of 44.0 % from day —3 to day —2. As a
result, stratiform and convective precipitations in the
developing group on day —2 exhibit distinct charac-
teristics in the inner-core region during the oscillatory
development, that is, stratiform precipitation features
a large reduction in areal coverage (Fig. 3b), whereas
convective precipitation is characterized by a signifi-
cant reduction in precipitation intensity (Fig. 3c). The
t-test shows that the differences in convective rainfall
rates between day —3 and day —2 and day —2 and day
—1 are all statistically significant with a 99.9 % con-
fidence level, indicating the existence of oscillatory
development of convective rain rate in the inner-core
region for the developing group. In the nondeveloping
group, the convective precipitation intensity indicates
a slight decrease from day —3 to day —1, whereas the
stratiform precipitation intensity decreases from day
—3 to day —2 and then remains almost unchanged.

Contrary to the conditional mean rainfall rate in
Fig. 3c, Figure 3d presents the unconditional mean
near-surface rainfall rates of the different precipitation
types. Recall that the unconditional mean near-surface
precipitation rate (XR,con/Nwowt) 18 €qual to the product
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of precipitation areal coverage (N eon/Now) and pre-
cipitation intensity (XRcon/Nyrcon)- DeSpite a much
lower areal coverage of convective rainfall than strat-
iform rainfall in the developing group, as presented
in Fig. 3b, the unconditional mean convective precip-
itation rate is stronger than the stratiform counterpart
due to the higher intensity of convective precipitation
(Figs. 3c, d). In the nondeveloping group, given the
distinct difference in precipitation intensity and the
moderate contrast in areal coverage between convec-
tive and stratiform precipitations, the unconditional
mean near-surface convective precipitation rate is
dominant over the stratiform one.

The similarities and dissimilarities in the precipita-
tion characteristics between the outer-core (200—400
km) and inner-core (0—200 km) regions are presented
in Fig. 4. The main qualitative similarities in the pre-
cipitation characteristics within these two regions are
as follows: (1) The percentage of stratiform precipita-
tion in the developing group is higher than that in the

nondeveloping group (Fig. 4a), with the 3-day mean
stratiform precipitation pixels accounting for 72.6 %
(58.5 %) of the total precipitation pixels in the devel-
oping (nondeveloping) group. (2) The nondeveloping
group in the outer-core region also comprises more
non-precipitation pixels, that is, the 3-day mean per-
centage of non-precipitation pixels in the nondevelop-
ing group is 17.6 % higher than that in the developing
group (Fig. 4b). (3) The mean intensity of convective
precipitation in the developing group is higher than
the counterpart in the nondeveloping group (Fig. 4c¢),
with the 3-day mean convective rainfall rate in the
developing group being 1.2 mm h™' higher than that
in the nondeveloping group. (4) The unconditional
convective rainfall rate of convective precipitation is
comparable to that of stratiform precipitation in the
developing group but is stronger in the nondeveloping
group (Fig. 4d).

The dissimilarities are depicted by the quantitative
differences in the precipitation characteristics in the
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different groups. One striking feature is that no nota-
ble oscillatory development occurs in the outer-core
region of the developing group, especially in terms
of the areal coverage of stratiform precipitation, and
the conditional and unconditional mean rainfall rate
of convective precipitation. This indicates that, during
the development stage, the precipitation systems in the
inner-core region apparently wax and wane, whereas
the precipitation systems in the outer-core region
experience relatively stable evolution. In addition,
the 3-day mean conditional rainfall rate of convective
precipitation in the inner- and outer-core regions is
7.1 mm h™' and 5.7 mm h™', respectively, whereas
for stratiform precipitation, it is 2.4 mm h' and 2.2
mm h™', respectively. This indicates that the difference
in precipitation intensity between the inner- and outer-
core regions is more remarkable for convective
precipitation (Figs. 3c, 4c), resulting in a total un-
conditional convective precipitation rate that is less
than the stratiform precipitation rate in the outer-core
region in the developing group (Fig. 4d).

On the basis of the above analyses and compari-
sons, the preconditions for the development of tropical
disturbances into TCs over the WNP are as follows.
First, vast stratiform clouds covering the disturbance
core regions are required. In particular, the areal
coverage of stratiform precipitation can act as a proxy
for the system organization degree in the developing
group. The widely spreading stratiform precipitation
can continuously humidify the lower atmosphere
over a large area and spin up mid-level vortices from
MCSs, followed by downward extension that can
promote a near-surface vortex (Bister and Emanuel
1997). Using observations, Didlake and Houze (2013)
also found that secondary circulation caused by strati-
form precipitation leads to the convergence of angular
momentum and increases the tangential wind.

Second, strong convective precipitation occurs
within the inner-core region of developing disturbanc-
es. Hot towers and convective bursts near the vortex
center are related to the intensification of TC (Steranka
et al. 1986). The intense convection in the developing
group can transport more water vapor upward to the
higher levels, along with the collection of surrounding
larger raindrops or ice particles in the fall path to pro-
duce a more substantial concentration of liquid water.
Furthermore, although the finite energy of the atmo-
sphere and ocean can only make the strong convec-
tions maintain for a short time, the vorticity anomalies
after the convection outbreak can maintain for a long
time, which is conducive to the merging of MCV and
stimulation of the secondary circulation (Montgomery
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et al. 2006). For a balanced vortex with a heating
effect released by the VHT in the inner-core region,
Vigh and Schubert (2009) studied the responses of
the vortex to the diabatic heating that plays a critical
role in the formation of the warm core in TCs. The
responses are formulated by three factors: baroclinity,
static stability, and inertial stability, which is higher
near the vortex center. Diabatic heating more effec-
tively intensifies the vortex when it occurs within the
radius of maximum wind (Schubert and Hack 1982;
Hack and Schubert 1986; Nolan et al. 2007; Rogers
et al. 2016). Thus, the deep-tropospheric convective
episodes in the inner-core region can effectively warm
the atmospheric column to facilitate TC formation.

3.3 The vertical properties of stratiform and
convective precipitation

To compare the differences in the vertical proper-
ties of stratiform and convective precipitation in the
developing and nondeveloping groups, the vertical
profiles of three-dimensional conditional rainfall rate,
reflectivity, and unconditional latent heating in the
inner-core region are presented in Fig. 5. For both the
rainfall rate and reflectivity, we adopt the range bins
above “binClutterFreeBottom” to avoid the contami-
nated data (Hamada and Takayabu 2016). As present-
ed in Figs. 5a, b, the maximum conditional rainfall
intensity of stratiform and convective precipitation
in the two groups of disturbances is located near the
surface. The convective rainfall rate decreases rapidly
with height, and the stratiform rainfall rate decreases
sharply with height above 4 km. The comparison of
the vertical precipitation profiles in the two groups
reveals that the most striking difference is that the
intensity of convective precipitation in the developing
group is higher than that in the nondeveloping group,
but the intensity in the developing group oscillates
over the 3 days (Fig. 5a). Moreover, the mean strati-
form rainfall rate in the developing group is slightly
stronger than that in the nondeveloping group.

The observations show that stratiform precipitation
exists in a layer of pronounced high reflectivity around
4-5 km, referred to as the “bright band”, in which
the downward-settling ice particles melt (Stewart
et al. 1984). As presented in Figs. Sc, d, the stratiform
rainfall features a bright band located near the 4.5-km
height, consistent with previous observational findings
(Fritz et al. 2016). Contrarily, the maximum reflec-
tivity of convective precipitation is around 3.5 km,
reflecting more precipitation particles concentrating
in the lower troposphere. Moreover, the maximum
30-dBZ echo-top height that is treated as a proxy for
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Fig. 5.
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the convective intensity (Liu et al. 2015) also indicates
that the convective intensities of the developing group
on day —3 and day —1 are higher than those in the
nondeveloping group (not shown). Although there is
not an obvious difference in the vertical profile of the
stratiform precipitation rate between day —2 and day
—1 in the nondeveloping group, the reflectivity on day
—1 is weaker than that on day —2, and the height of the
bright band also decreases on day —1.

In addition to the contribution of the different
precipitation types to rainfall, the role of vertical
heating played by latent heating is also taken into
account in Figs. Se, f, which presents the composited
vertical profiles of the unconditional latent heating
rate. Stratiform precipitation shows a distinct latent
heating vertical profile that is characterized by diabat-
ic heating peaking around 8 km and diabatic cooling
below the melting layer due to the melting cooling of
solid precipitation particles and evaporative cooling of
raindrops. As for the levels above 5.5 km, stratiform
and convective precipitations jointly contribute to
the warming of the upper troposphere in both the
developing and nondeveloping groups, among which
stratiform precipitation has a predominant role in the
upper-tropospheric warming in the developing group
due to the larger areal coverage (Figs. 3a, b, Se, f).
Specifically, the 3-day mean unconditional stratiform
latent heating rate at 8-km height in the developing/
nondeveloping group is 0.39/0.11 K h™'. And the 3-day
mean unconditional stratiform latent heating from
5.5- to 15-km heights contributes to 74 % of the total
warming at the mid-to-upper levels in the developing
group. In addition, the unconditional latent cooling
effects of stratiform precipitation below the melting
layer in the developing group are also stronger than
those in the nondeveloping group. Given the larger
percentage of stratiform precipitation in the develop-
ing cases, as described in Figs. 3a, b, the total amount
of latent heating in the upper troposphere and upward
flux of moisture induced by the stratiform precipita-
tion clouds are dominant in the developing cases. As
a result, besides the moistening effect in the lower
troposphere, the stratiform clouds in the developing
group also make a major contribution to the warming
of the upper troposphere. Contrary to the lower-level
warming, the upper-level warming can efficiently
lower the pressure and height at the lower levels to fa-
cilitate TD development, which is in good agreement
with previous studies (Hirschberg and Fritsch 1993;
Jusem and Atlas 1991; Chen and Zhang 2013). Using
a five-level quasi-geostrophic model, Hirschberg and
Fritsch (1993) prescribed the diabatic heating at dif-
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ferent altitudes to examine the atmospheric responses
and found that the upper-tropospheric heating produc-
es a more negative lower-level height tendency than
the equivalent lower-tropospheric heating. Therefore,
the strong accumulated upper-tropospheric heating
mainly associated with stratiform precipitation in the
developing group can play a critical role in the subse-
quent TD development.

As for the convective precipitation system, strong
updrafts in convective precipitation can transport
a large amount of vapor aloft to release substantial
latent heat by condensation and warming of the mid-
to-lower troposphere (Figs. 5a, ). It can also be seen
in Fig. 5 that the maximum heating height coincides
with the maximum reflectivity height, and the greater
the convective precipitation intensity, the higher the
latent heating rate. Therefore, the strong convective
rainfall intensity in the developing group corresponds
to the warm latent heating, whereas the almost
constant small convective precipitation rate in the
nondeveloping group corresponds to the weak latent
heating without obvious daily variation. Although the
precipitation rate of stratiform precipitation is lower
than that of convective precipitation in the developing
group (Fig. S5a), its proportion is much larger than
that of convective precipitation (Fig. 3b). The mean
vertically integrated unconditional latent heating rate
of stratiform and convective precipitation in the whole
circulation of the developing group above 5.5 km is 6.6
K h'and 2.4 K h' (Fig. Se), respectively; thus, the
stratiform rainfall has a predominant role in the upper-
tropospheric warming. Compared with stratiform
precipitation, the most striking feature of convective
precipitation is characterized by latent heating located
in the lower troposphere, such that the lower-level
convective heating can offset the stratiform cooling.
The thermodynamic conditions near the disturbance
center are crucial to the formation of TC. For instance,
Wang (2012) demonstrated that convective heating
peaked around 4-km height and concentrated near the
pouch center before the formation of hurricane Felix
(2007) based on a high-resolution simulation, in which
the larger latent heating rate in the deep convection
can stimulate a secondary circulation and a cyclonic
circulation near the surface, whereas stratiform pre-
cipitation with a higher heating height dedicates to
spinning up near the middle troposphere. Thus, the
dynamic and thermodynamic conditions reinforce
each other and jointly promote the organization of
convective structures and TC formation.
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4. Summary and discussion

Hundreds of tropical disturbances emerge over the
WNP during the TC peak season each year, among
which a small fraction upgrade into TDs and most of
them dissipate after lasting for several days. Using
the 3-year observational data from the GPM DPR and
the SLH dataset, the characteristics of convective and
stratiform precipitations in the inner- and outer-core
regions in developing and nondeveloping disturbances
are examined. The focus is on the evolution and com-
parison of precipitation cloud characteristics during
the 3 days before the TC genesis and disturbance
dissipation.

We firstly talk about the source of uncertainty about
our statistics. Over the tropical ocean, the most reli-
able and easily available high-resolution data should
be the detections from polar orbit satellites and geo-
stationary satellites. There are some limitations in the
identification of the disturbance center only with the
geostationary satellite products as the disturbance cir-
culation is still relatively loose. Therefore, this study
tracks the disturbance center using ERA-Interim data.
The JTWC records the center position after the dis-
turbance upgrades to TD intensity. Using the tracing
method in this paper to identify the position when the
disturbance first upgrades to a TD and then compare
it with the JTWC data, the reliability of the tracing
method in this study can be verified. Compared with
the 3-year JTWC data, the TD position identified in
this paper has an average absolute bias of 0.64° in the
meridional and 0.59° in the zonal direction, respec-
tively. The error is within an acceptable range for this
study, and the source of the biases is probably related
to the model error of the reanalysis data.

The composite results indicate that the developing
disturbances experience an oscillatory process. The
large areal coverage of strong rainfall in the distur-
bance inner-core region breaks into the scattered
remnants on day —2 and then reorganizes and strength-
ens near the disturbance center again. Contrarily,
the occurrence of vigorous precipitation in the non-
developing group is farther away from the disturbance
center. Within a 400-km radius from the disturbance
center, the key features before the disturbance de-
velops into a TC is the increasing proportion and the
widely spreading distribution of strong rainfall. For
the nondeveloping disturbances, the proportion of
strong precipitation within the 400-km circulation
region gradually decreases with time.

Regarding the different precipitation types, the
statistics reveal that the stratiform and convective
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precipitation coverages and convective intensity in
the developing group in both the inner- and outer-core
regions are larger than those in the nondeveloping
group. Contrarily, the coverage and intensity of
convective precipitation in the developing group in
the inner-core region are larger and stronger than the
counterparts in the outer-core region. Moreover, the
precipitation behaviors in the inner-core region, such
as stratiform precipitation coverage and convective
precipitation intensity, experience a more remarkably
oscillatory process than those in the outer-core region.
Contrarily, the precipitation characteristics in the non-
developing group evolve more smoothly.

It can be summarized that the disturbances prone
to developing into a TC over the WNP satisfy the
following two essential preconditions in terms of
precipitation characteristics. First, a large fraction of
stratiform precipitation covers the core regions of the
disturbances. Second, strong convective precipitation
occurs within the inner-core region. Convective and
stratiform precipitations have a similar contribution to
the total rainfall in the lower troposphere. Compared
with stratiform precipitation that plays a critical role
in the warming of the mid-to-upper levels, the most
striking feature of convective precipitation is that it
heats the mid-to-lower troposphere.

Although the vertical heating profiles of different
precipitation types are synthesized by using the GPM
2ASLH products, it is necessary to explain the limita-
tions of this algorithm. Park and Elsberry (2013) used
Doppler radar to retrieve the heating and cooling rates
of two developing disturbances, two nondeveloping
disturbances, and two mature TC outer rainbands in
the WNP. These heating/cooling profiles represented
the thermodynamic structure of MCS in individual
samples. They compared the retrieved results with
the SLH products of the TRMM PR and found that
the SLH algorithm missed the cooling effect of
convective-scale downdrafts that form under the
strong tilted updraft in MCS, which can be attributed
to the fact that the heating profile lookup tables are
constructed by the long-term and large-scale average
of CRM simulation. Consequently, it is more reason-
able to apply the SLH products to the thermal budget
of large-scale or multi-sample statistics (Shige et al.
2009; Takayabu et al. 2010). In this paper, the thermo-
dynamic profiles of the chosen precipitating pixels are
used to composite the heating profile. The 3-day total
numbers of precipitating pixels for the developing
and nondeveloping groups in the inner-core regions
are 38905 and 43138, respectively. Therefore, the
composite of the large-sample precipitation profiles
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in this study can reflect the primary thermodynamic
characteristics of precipitation in the disturbance.

Overall, TC formations evolving from parent dis-
turbances can be regarded as an outcome of the joint
contribution from the two distinct types of precipita-
tion cloud. It is imperative to quantitatively evaluate
the individual importance of the different precipitation
clouds in TC formation by numerical modeling, which
is an ongoing research topic and will be reported else-
where.

Acknowledgments

The authors are grateful to Prof. Atsushi Hamada
and two anonymous reviewers for their very helpful
and constructive comments on the manuscript. Sincere
thanks to two anonymous editors for proofreading this
paper. This study is supported by the National Natural
Science Foundation of China (Grants 41775063,
41975071).

References

Barcikowska, M., F. Feser, and H. von Storch, 2012: Usabil-
ity of best track data in climate statistics in the west-
ern North Pacific. Mon. Wea. Rev., 140, 2818-2830.

Berrisford, P., D. Dee, P. Poli, R. Brugge, K. Fielding, M.
Fuentes, P. Kallberg, S. Kobayashi, S. Uppala, and A.
Simmons, 2011: The ERA-Interim archive Version
2.0. ECMWF Technical Report. ECMWF. [Available
at http://www.ecmwf.int/node/8174.]

Bian, J., J. Fang, G. Chen, and C. Liu, 2018: Circulation
features associated with the record breaking typhoon
silence in August 2014. Adv. Atmos. Sci., 35, 1321—
1336.

Bister, M., and K. A. Emanuel, 1997: The genesis of Hurri-
cane Guillermo: TEXMEX analyses and a modeling
study. Mon. Wea. Rev., 125, 2662-2682.

Chen, G., and C. Chou, 2014: Joint contribution of multiple
equatorial waves to tropical cyclogenesis over the
western North Pacific. Mon. Wea. Rev., 142, 79-93.

Chen, G., and R. Huang, 2009: Interannual variations in
mixed Rossby-gravity waves and their impacts on
tropical cyclogenesis over the western North Pacific. J.
Climate, 22, 535-549.

Chen, G., C.-C. Wu, and Y.-H. Huang, 2018: The role of
near-core convective and stratiform heating/cooling in
tropical cyclone structure and intensity. J. Afmos. Sci.,
75, 297-326.

Chen, H., and D.-L. Zhang, 2013: On the rapid intensifica-
tion of Hurricane Wilma (2005). Part II: Convective
bursts and the upper-level warm core. J. Atmos. Sci.,
70, 146-162.

Didlake, A. C., and R. A. Houze, Jr., 2013: Dynamics of the
stratiform sector of a tropical cyclone rainband. J.
Atmos. Sci., 70, 1891-1911.

K. WANG et al.

1065

Dunkerton, T. J., M. T. Montgomery, and Z. Wang, 2009:
Tropical cyclogenesis in a tropical wave critical layer:
Easterly waves. Atmos. Chem. Phys., 9, 5587-5646.

Efron, B., and G. Gong, 1983. A leisurely look at the boot-
strap, the jackknife, and cross-validation. Amer: Stat.,
37, 36-48.

Fritz, C., Z. Wang, S. W. Nesbitt, and T. J. Dunkerton, 2016:
Vertical structure and contribution of different types
of precipitation during Atlantic tropical cyclone
formation as revealed by TRMM PR. Geophys. Res.
Lett., 43, 894-901.

Fu, B., M. S. Peng, T. Li, and D. E. Stevens, 2012: Devel-
oping versus nondeveloping disturbances for tropical
cyclone formation. Part II: Western North Pacific.
Mon. Wea. Rev., 140, 1067—1080.

Gray, W. M., 1968: Global view of the origin of tropical dis-
turbances and storms. Mon. Wea. Rev., 96, 669—-700.

Hack, J. J., and W. H. Schubert, 1986: Nonlinear response of
atmospheric vortices to heating by organized cumulus
convection. J. Atmos. Sci., 43, 1559—-1573.

Hamada, A., and Y. N. Takayabu, 2016: Improvements in
detection of light precipitation with the Global Pre-
cipitation Measurement dual-frequency precipitation
radar (GPM DPR). J. Atmos. Oceanic Technol., 33,
653-667.

Hirschberg, P. A., and J. M. Fritsch, 1993: On understanding
height tendency. Mon. Wea. Rev., 121, 2646-2661.

Houze, R. A., Jr., 1997: Stratiform precipitation in regions
of convection: A meteorological paradox? Bull. Amer:
Meteor. Soc., 78, 2179-2196.

Iguchi, T., S. Seto, R. Meneghini, N. Yoshida, J. Awaka,
T. Kubota, T. Kozu, V. Chandra, M. Le, L. Liao, S.
Tanelli, and S. Durden, 2012: An overview of the pre-
cipitation retrieval algorithm for the Dual Frequency
Precipitation Radar (DPR) on the Global Precipitation
Measurement (GPM) mission’s core satellite. Earth
Observing Missions and Sensors: Development, Im-
plementation, and Characterization II. Shimoda, H.,
X. Xiong, C. Cao, X. Gu, C. Kim, and A. S. K. Kumar
(eds.), International Society for Optics and Photon-
ics, SPIE Proceedings, 8528, 85281C, doi:10.1117/
12.977352.

Jiang, H., 2012: The relationship between tropical cyclone
intensity change and the strength of inner-core con-
vection. Mon. Wea. Rev., 140, 1164-1176.

Jusem, J. C., and R. Atlas, 1991: Diagnostic evaluation
of numerical model simulations using the tendency
equation. Mon. Wea. Rev., 119, 2936-2955.

Kieper, M. E., and H. Jiang, 2012: Predicting tropical
cyclone rapid intensification using the 37 GHz ring
pattern identified from passive microwave measure-
ments. Geophys. Res. Lett., 39, 113804, doi:10.1029/
2012g1052115.

Li, T., X. Ge, B. Wang, and Y. Zhu, 2006: Tropical cyclo-
genesis associated with Rossby wave energy dis-
persion of a preexisting typhoon. Part II: Numerical


http://www.ecmwf.int/node/8174

1066

simulations. J. Atmos. Sci., 63, 1390—1409.

Liu, C., S. Shige, Y. N. Takayabu, and E. Zipser, 2015: Latent
heating contribution from precipitation systems with
different sizes, depths and intensities in the tropics. J.
Climate, 28, 186-203.

Mapes, B., and R. A. Houze, Jr., 1993: An integrated view
of the 1987 Australian Monsoon and its mesoscale
convective systems. II: Vertical structure. Quart. J.
Roy. Meteor. Soc., 119, 733-754.

Meneghini, R., L. Liao, S. Tanelli, and S. L. Durden, 2012:
Assessment of the performance of a dual frequency
surface reference technique over ocean. /IEEE Trans.
Geosci. Remote Sens., 50, 2968-2977.

Montgomery, M. T., M. E. Nicholls, T. A. Cram, and A. B.
Saunders, 2006: A vortical hot tower route to tropical
cyclogenesis. J. Atmos. Sci., 63, 355-386.

Nolan, D. S., Y. Moon, and D. P. Stern, 2007: Tropical
cyclone intensification from asymmetric convection:
Energetics and efficiency. J. Atmos. Sci., 64, 3377—
3405.

Park, M.-S., and R. L. Elsberry, 2013: Latent heating and
cooling rates in developing and nondeveloping
tropical disturbances during TCS-08: TRMM PR and
ELDORA retrievals. J. Atmos. Sci., 70, 15-35.

Peng, M. S., B. Fu, T. Li, and D. E. Stevens, 2012: Devel-
oping versus nondeveloping disturbances for tropical
cyclone formation. Part I: North Atlantic. Mon. Wea.
Rev., 140, 1047-1066.

Ritchie, E. A., and G. J. Holland, 1997: Scale interactions
during the formation of Typhoon Irving. Mon. Wea.
Rev., 125, 1377-1396.

Rogers, R. F., J. A. Zhang, J. Zawislak, H. Jiang, G. R.
Alvey, E. J. Zipser, and S. N. Stevenson, 2016: Ob-
servations of the structure and evolution of Hurricane
Edouard (2014) during intensity change. Part II:
Kinematic structure and the distribution of deep con-
vection. Mon. Wea. Rev., 144, 3355-3376.

Schubert, W. H., and J. J. Hack, 1982: Inertial stability and
tropical cyclone development. J. Atmos. Sci., 39,
1687-1697.

Schumacher, C., and R. A. Houze, 2003: Stratiform rain in
the tropics as seen by the TRMM Precipitation Radar.
J. Climate, 16, 1739-1756.

Seto, S., and T. Iguchi, 2015: Intercomparison of attenuation
correction methods for the GPM dual-frequency pre-
cipitation radar. J. Atmos. Oceanic Technol., 32, 915—
926.

Shige, S., Y. N. Takayabu, W.-K. Tao, and D. E. Johnson,
2004: Spectral retrieval of latent heating profiles from
TRMM PR data. Part I: Development of a model-
based algorithm. J. Appl. Meteor., 43, 1095-1113.

Shige, S., Y. N. Takayabu, W.-K. Tao, and C.-L. Shie, 2007:
Spectral retrieval of latent heating profiles from
TRMM PR data. Part II: Algorithm improvement and
heating estimates over tropical ocean regions. J. Appl.
Meteor. Climatol., 46, 1098—1124.

Journal of the Meteorological Society of Japan

Vol. 98, No. 5

Shige, S., Y. N. Takayabu, and W.-K. Tao, 2008: Spectral re-
trieval of latent heating profiles from TRMM PR data.
Part III: Estimating apparent moisture sink profiles
over tropical oceans. J. Appl. Meteor. Climatol., 47,
620-640.

Shige, S., Y. N. Takayabu, S. Kinda, W.-K. Tao, X. Zeng, C.
Yokiyama, and T. L’Ecuyer, 2009: Spectral retrieval
of latent heating profiles from TRMM PR data. Part
IV: Comparisons of lookup tables from two- and
three-dimensional cloud-resolving model simulations.
J. Climate, 22, 5577-5594.

Song, J.-J., Y. Wang, and L. Wu, 2010: Trend discrepancies
among three best track data sets of western North Pa-
cific tropical cyclones. J. Geophys. Res., 115, D12128,
doi:10.1029/2009JD013058.

Steranka, J., E. B. Rodgers, and R. C. Gentry, 1986: The
relationship between satellite measured convective
bursts and tropical cyclone intensification. Mon. Wea.
Rev., 114, 1539-1546.

Stewart, R. E., J. D. Marwitz, J. C. Pace, and R. E. Carbone,
1984: Characteristics through the melting layer of
stratiform clouds. J. Atmos. Sci., 41, 3227-3237.

Takayabu, Y. N., S. Shige, W.-K. Tao, and N. Hirota, 2010:
Shallow and deep latent heating modes over tropical
oceans observed with TRMM PR spectral latent heat-
ing data. J. Climate, 23, 2030-2046.

Tao, C., H. Jiang, and J. Zawislak, 2017: The relative impor-
tance of stratiform and convective rainfall in rapidly
intensifying tropical cyclones. Mon. Wea. Rev., 145,
795-809.

Tory, K. J., M. T. Montgomery, N. E. Davidson, and J. D.
Kepert, 2006: Prediction and diagnosis of tropical
cyclone formation in an NWP system. Part II: A diag-
nosis of tropical cyclone Chris formation. J. Atmos.
Sci., 63,3091-3113.

Vigh, J. L., and W. H. Schubert, 2009: Rapid development
of the tropical cyclone warm core. J. Atmos. Sci., 66,
3335-3350.

Wang, C., and L. Wu, 2016: Interannual shift of the tropical
upper-tropospheric trough and its influence on tropical
cyclone formation over the western North Pacific. J.
Climate, 29, 4203-4211.

Wang, C., and L. Wu, 2018: Projection of north pacific
tropical upper-tropospheric trough in CMIP5 models:
Implications for changes in tropical cyclone formation
locations. J. Climate, 31, 761-774.

Wang, Z., 2012: Thermodynamic aspects of tropical cyclone
formation. J. Atmos. Sci., 69, 2433-2451.

Wang, Z., 2014: Role of cumulus congestus in tropical cy-
clone formation in a high-resolution numerical model
simulation. J. Atmos. Sci., 71, 1681-1700.

Wang, Z., 2018: What is the key feature of convection lead-
ing up to tropical cyclone formation? J. Atmos. Sci.,
75, 1609-1629.

Wang, Z., M. T. Montgomery, and T. J. Dunkerton, 2010:
Genesis of pre-Hurricane Felix (2007). Part I: The



October 2020 K. WANG et al. 1067

role of the easterly wave critical layer. J. Atmos. Sci., Xu, Y., T. Li, and M. Peng, 2014: Roles of the synoptic-scale

67, 1711-1729. wave train, the intraseasonal oscillation, and high-
Wu, L., and J. Duan, 2015: Extended simulation of tropical frequency eddies in the genesis of Typhoon Manyi

cyclone formation in the western North Pacific mon- (2001). J. Atmos. Sci., 71, 3706-3722.

soon trough. J. Afmos. Sci., 72, 4469—4485. Zagrodnik, J. P., and H. Jiang, 2014: Rainfall, convection,
Wu, L., H. Zong, and J. Liang, 2013: Observational analysis and latent heating distributions in rapidly intensifying

of tropical cyclone formation associated with mon- tropical cyclones. J. Atmos. Sci., 71, 2789-2809.

soon gyres. J. Atmos. Sci., 70, 1023-1034.


https://www.researchgate.net/publication/342883926



