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ABSTRACT

A 72-h cloud-resolving numerical simulation of Typhoon Hato (2017) is performed by using the Weather Research
and Forecasting (WRF) model with the Advanced Research WRF (ARW) core (V3.8.1) on a horizontal resolution of
2 km. To enhance the background tropical cyclone structure and intensity, a vortex dynamic initialization scheme
with a terrain-filtering algorithm is utilized. The model reproduces reasonably well the track, structure, and intensity
change of Typhoon Hato. More specifically, the change trend of simulated maximum wind speed is consistent with
that of best-track analysis, and the simulated maximum wind of 49 m s™! is close to that (52 m s™') of the best-track
analysis, indicating that the model has successfully captured the rapid intensification (RI) of Typhoon Hato (2017).
Analyses of the model outputs reveal that the total microphysical latent heating of the inner-core region associated
with enhanced vertical upward motion reaches its maximum at 9-km height in the upper troposphere during the RI
stage. The dominant microphysical processes with positive latent heat contributions (i.e., heating effect) are water va-
por condensation into cloud water (67.6%), depositional growth of ice (12.9%), and generation (nucleation) of ice
from vapor (7.9%). Those with negative latent heat contributions (cooling effect) are evaporation of rain (47.6%),
melting of snow (27.7%), and melting of graupel (9.8%). Sensitivity experiments further show that the intensifica-
tion speed and peak intensity of this typhoon are highly correlated to the dominant heating effect. A significant in-
crease in graupel over 5-10-km height and snow at 10—-14-km height in the inner-core region of Typhoon Hato cor-
responds well with its RI stage, and the latent heating from nucleation and depositional growth is crucial to the RI of
simulated Hato.
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conditions such as higher sea surface temperature, a

Great progress has been made in forecasting of tropical
cyclone (TC) tracks in the past several decades.
However, the forecasting skill with respect to TC intens-
ity has only improved slowly, especially in terms of the
offshore rapid intensification (RI) of TCs. TC RI is usu-
ally defined as an intensifying rate of more than 42 hPa
day ! in the minimum pressure (Holliday and Thompson,
1979) or 15 m s ' day ! in the surface maximum tangen-
tial wind (Kaplan and DeMaria, 2003). It is generally be-
lieved that TC RI occurs under favorable environmental

deeper warm-water mixed layer, smaller vertical wind
shear, higher relative humidity in the lower and middle
troposphere, and a favorable high-altitude trough (Wang
and Wu, 2004; Leroux et al., 2013; Kaplan et al., 2015).
Previous studies have revealed that vertical hot towers
(Houze, 2010) and convective bursts play significant
roles in RI. Additionally, some critical mechanisms in-
volved are the increase in mass convergence produced by
convective downdrafts (Rogers, 2010), strong deep con-
vection occurring inside the radius of maximum wind
(RMW; Wang and Wang, 2014), the development of up-
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per-level warming in the eye (Chen and Gopalakrishnan,
2015), and a symmetric convective structure (Miyamoto
and Nolan, 2018). Although much research has been car-
ried out (Heng et al., 2017; Tao et al., 2017; Liu et al.,
2018a, b; Qin et al., 2018), the mechanism of TC RI is
still one of the most important and challenging questions
in TC research and operational forecasting.

Diabatic heating is the main energy source for the de-
velopment of a TC; in particular, latent heating plays an
important role in TC intensity change (Anthes, 1982).
Based on balanced vortex theory, Schubert and Hack
(1982) and Vigh and Schubert (2009) showed that when
the latent heating is located within the region of en-
hanced inertial stability (i.e., inside the RMW), the situ-
ation is conducive to TC RI. Recent observational stud-
ies also proved this conclusion (Rogers et al., 2013). Yu
and Yao (2011) pointed out that increased diabatic heat-
ing with height and enhanced vertical inhomogeneous
heating near the TC inner core in the middle and upper
troposphere are both favorable to TC RI. Therefore, it is
scientifically necessary, particularly from a forecasting
perspective, to further analyze the mechanism underly-
ing the distribution and evolution of diabatic heating in
the mid—upper troposphere with respect to the RI of off-
shore TCs.

With the development of high-resolution numerical
modeling and our understanding of cloud microphysics,
cloud-scale simulations of TCs have become one of the
most effective and popular methods in this field of re-
search. Cloud microphysics plays an important role in
TC simulations (Zhu and Zhang, 2006). Different cloud
microphysical parameterization schemes can ultimately
affect the simulation of TC structure and intensity (Ce-
celski and Zhang, 2016). Developing more detailed and
reasonable cloud microphysical schemes is important for
better reflecting the distributions of water substances
with different impacts on the structure of TC inner-core
heating (McFarquhar et al., 2012). Comparing different
cloud microphysical parameterization schemes, Ming et
al. (2012) indicated that the condensation and depositional
growth of graupel or snow in the Lin scheme (Chen and
Sun, 2002) and Thompson scheme (Thompson et al.,
2008) enhances the release of diabatic heat in the TC in-
ner-core region. Li et al. (2013a, b) further showed that
the total latent heat release during the entire life cycle of
TC mainly comes from the latent heat of condensation in
the middle and lower troposphere and the latent heat of
deposition in the middle and upper troposphere. Further-
more, the significant latent heat of condensation for the
development of TCs mainly comes from water vapor
condensation into cloud water and depositional growth of
cloud ice and snow. A recent study by Miller et al.
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(2015) showed that fusion latent heat had large positive
impacts on the RI rate of Hurricane Wilma (2005). Fur-
thermore, Li et al. (2019) pointed out that the deposition
process in the upper level of the atmosphere was a critical
factor for the convection bursts that triggered the RI on-
set of Super Typhoon Meranti (2016). Harnos and Nes-
bitt (2016) further confirmed the important role played
by vertically developed deep convection and its associ-
ated ice processes within the RMW in the initiation and
maintenance of RI. Although previous works have
mostly been based on a limited number of TC samples or
just one particular TC, they have nonetheless provided a
good grounding of understanding with respect to RI from
a microphysical-process perspective. As one TC varies
from another, however, it is necessary to investigate dif-
ferent TC cases to form solid conclusions and gain a
comprehensive understanding of the TC RI mechanism.

A recent RI TC case over the coastal waters of China,
Hato (2017), is selected in this study, which is the
strongest landfalling TC in the Pearl River Delta region
since 1965. We focus on the microphysical latent heat-
ing budget during its RI process by quantitatively calcu-
lating and analyzing each latent heating-associated trans-
formation rate in the cloud microphysical processes.
More specifically, we investigate the mechanisms by em-
ploying latent-heating rates that are related to microphys-
ical processes, as well as their relationship to RI, using a
three-day, high-resolution (2-km) simulation of Typhoon
Hato. Furthermore, each transformation rate and the as-
sociated latent heating term are calculated and outputted
by modifying the default diagnostics field of the cloud
microphysical scheme and the model. The TC inner-core
cloud microphysical processes and the distribution char-
acteristics of the corresponding latent heating are invest-
igated. The next section provides an overview of the
typhoon case. Section 3 describes the configuration of
the model used in this study. Section 4 presents the simu-
lation results as verified against various analyses and ob-
servations. Section 5 discusses the evolution of latent
heat related to microphysical processes and its impact on
the RI of Typhoon Hato. Section 6 presents the three-di-
mensional latent heat budget during the RI stage. Four
ice phase-related microphysical-process sensitivity ex-
periments are further designed and analyzed in Section 7,
followed by summary and concluding remarks in Sec-
tion 8.

2. Data and case overview

The best-track data of the Shanghai Typhoon Institute
(Ying et al., 2014), China Meteorological Administra-
tion, along with ground-based weather radar data and
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NCEP Final Operational Global Analysis (NCEP-FNL)
data, at a spatial resolution of 0.25° x 0.25° and 3-h tem-
poral resolution, are employed in this study. For the radar
data, 20 individual radar observations around Guang-
zhou Station are used to generate the composite radar re-
flectivity.

Typhoon Hato formed as a tropical depression over
the east of Luzon at 1800 UTC 19 August 2017, develop-
ing as the 13th named storm of that year and moving
west-southwest, before further developing to become a
tropical storm the next day. On 21 August, it passed over
the northern portion of the South China Sea and reached
typhoon intensity. It continued to intensify rapidly, and
became a strong typhoon with a maximum wind speed of
52 m s ' and central pressure of 935 hPa at 0300 UTC 23
August. Typhoon Hato underwent a 27-h intensification
period, with a deepening rate of 27 m s™! (50 hPa) from
0000 UTC 22 to 0300 UTC 23 August. In particular,
from 0000 UTC to 0300 UTC 23 August, the maximum
wind speed increased rapidly from 45 m s to 52 m s/,
with a minimum central pressure from 950 to 935 hPa.
About 2 h later, at 0450 UTC 23 August, it made land-
fall at Zhuhai, Guangdong Province, with a maximum
wind speed of 45 m s and central pressure of 950 hPa.
It further weakened over land and dissipated on 24 Au-
gust in Yunnan Province of China. Hato was the
strongest typhoon that landed in China in 2017, as well
as the strongest landfalling typhoon in the Pearl River
Delta region since 1965. Considering the characteristics
of the evolution of Typhoon Hato intensity, as well as the
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commonly used RI criteria of a 15 m s day ' intensific-
ation of maximum wind (approximately 0.63 m s™' h™'),
and for the convenience of description in the following
analysis, the life history of Typhoon Hato is divided into
three stages based on the intensification rate: the pre-RI
stage (1800 UTC 21-1200 UTC 22) with an intensifica-
tion rate of 0.56 m s' h'; the RI stage (1200 UTC
22—-0300 UTC 23) with an intensification rate of 1.27 m
s”' h™!; and the post-RI stage (0300 UTC 23-1800 UTC
23) with an intensification rate of —1.93 m s! h™!. De-
tailed analysis of each stage and comparison among them
will be given in later sections.

3. Model configuration

A 72-h simulation experiment is performed by using
the Weather Research and Forecasting (WRF) model
with the Advanced Research WRF (ARW) core (V3.8.1),
referred to as WRF-ARW (V3.8.1), with a triple two-way
interactive nested domain (18/6/2 km) grid. The simula-
tion covers the development, RI, and subsequent landfall
weakening stages of Typhoon Hato. All three domains
(D01, D02, and DO03) are integrated from 1800 UTC 21
August to 1800 UTC 24 August 2017; D02 and D03 are
both automatic vortex-following moving nests, with the
center of the domain located at the center of the typhoon
(see Fig. 1).

The initial and boundary conditions are interpolated
from the NCEP-FNL data, with a spatial resolution of
0.25° x 0.25° and 3-h temporal resolution. To enhance

-
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Fig. 1. The nested model meshes for domains D01, D02, and D03 with horizontal resolutions of 18, 6, and 2 km, respectively. The shadings rep-
resent the terrain height (m) greater than 500 m. The two dashed arrows indicate the moving direction of sub-domains D02 and D03.
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the background TC vortex position, structure, and intens-
ity, a dynamical vortex initialization scheme (Cha and
Wang, 2013) with a topography-filtering algorithm (Liu
et al., 2018a) is employed before the WRF integration.
The model top is set at 10 hPa, and 55 sigma layers are
used in the vertical direction. Considering the computa-
tion stability and universality to various weather systems,
as well as some recent comparative study results show-
ing that the single-moment 6-class (WSM6) microphys-
ics parameterization scheme (Hong and Lim, 2006) per-
forms better than other schemes in simulating RI (Lee
and Wu, 2018; Qin et al., 2018; Pang et al., 2019), this
scheme, which has been improved over its previous ver-
sion (WSMS5; Hong et al., 2004) by adding graupel-re-
lated processes (Lin et al., 1983; Rutledge and Hobbs,
1983, 1984), is used for all three domains. It contains six
classes of water substance (i.e., water vapor, cloud water,
cloud ice, graupel, rain, and snow). There are 36 types of
cloud microphysical transformation processes, and 24 of
them are associated with latent heating. Besides, the im-
proved ice microphysics assumes the ice nuclei number
concentration to be a function of temperature, and the ice
crystal number concentrations to be a function of the
amount of ice (Hong and Lim, 2006). The intercept para-
meter of snow particles is a function of temperature, and
the freezing and melting processes are computed during
the falling-term sub-steps to increase the computational
accuracy of the heating profile in these processes. Like

Table 1. Model configuration for the control experiment
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many other microphysics schemes, there are a vast num-
ber of assumptions or tunable parameters in the scheme.
For interested readers, detailed descriptions of each
sink/source term in the scheme can be found in the work
of Hong and Lim (2006). The latent heating budgets as-
sociated with microphysical processes are calculated by
using the 2-km simulation results and the model output
with an interval of 1 h. The model configuration with re-
gards to other physical processes is given in Table 1. Ex-
cept for the cumulus parameterization scheme, which is
not used in domain D03, the other physical parameteriza-
tion schemes are used the same in all three domains (Ta-
ble 1).

4. Model verification

In this section, we verify the 72-h model prediction of
Typhoon Hato against various selected analyses and ob-
servations in order to demonstrate the simulation ability
of the high-resolution WRF model in predicting the
track, intensity, and inner-core structures of Typhoon Hato.

4.1 Track and intensity

For a comprehensive verification, we firstly compare
the model-simulated track of Hato to the best-track data
analysis (Fig. 2). It is clear that the model reproduces the
northwestward movement generally well; also, the
propagation speed is close to the best-track analysis. The
location of the landfall is about 35 km east of the actual

Domain D01 D02 D03
Horizontal grid number 311 x 251 271 x 271 313 x 313
Grid spacing (km) 18 6 2
Integration time (h) 72 72 72
Cumulus parameterization Kain—Fritsch (Kain, 2004) Not used

Microphysics
Planetary boundary layer
Radiation Scheme

Single-moment 6-class (Hong and Lim, 2006)
Yonsei University scheme (Hong et al., 2006)
Rapid and Accurate Radiative Transfer Model (Iacono et al., 2008)
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Fig. 2. Comparison of the simulated storm track (dashed line) and the best-track data (solid line) of Typhoon Hato during 1800 UTC 21-1800

UTC 24 August 2017.
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situation.

The temporal evolution of the predicted typhoon in-
tensity in terms of minimum sea level pressure and max-
imum surface wind speed are compared to the best track
in Fig. 3. Compared with the numerical simulation res-
ults and the best track, although there are differences in
the specific values at each specific moment, the trends of
the two changes are very consistent; i.e., the initial spin
up, followed by an RI stage, and the subsequent weaken-
ing and dissipation stage. The simulated maximum sur-
face wind speed is 54.3 m s, which is larger than in the
best-track data (52 m s '), but they both appear at the
same time of 0300 UTC 23 August 2017.

4.2  Radar reflectivity

Figure 4 compares the maximum radar reflectivity
structure and its evolution in the model-simulated results
with real-time radar observations during the RI stage of
Hato. Overall, the model results reflect the TC eye, in-
ner-core asymmetric eyewall, and outer spiral rainband
pattern. More specifically, due to the limited coverage of
radar, there are no observational data available to be
compared with in the southeast quadrant of typhoons
south of 20°N (Figs. 4a, c, e), but the model results show
a prominent peripheral spiral rainband (Figs. 4b, d). In
addition, this rainband can be captured by real-time satel-
lite images (figure omitted). Focusing on the inner core,
the model reproduces the asymmetric structures of the in-
tense spiral rainbands, eyewall, and echo-free eye. Note
that the simulated eyewall in the southwest quadrant
shows strong convection, which is slightly wider than
that observed. The same deficiency has been reflected in
simulations of Hurricane Andrew (Liu et al., 1997) and
Patricia (Qin et al., 2018). Because of the discrepancy in
resolution between the radar and model, the differences
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are acceptable in the following analysis. Besides, the dis-
tribution pattern of the rain belt simulated by the model
is consistent with the observation, but the model gener-
ally overestimates the precipitation along the TC track
(figure omitted).

5. Intensity change and associated latent
heating

Figure 5 shows the azimuthal and time-averaged hy-
drometeors (water vapor, rainwater, cloud water, cloud
ice, snow, and graupel) of the 456 km x 456 km domain
around the inner core in the pre-RI, RI, and post-RI
stages of Typhoon Hato. Similarly, the averaged poten-
tial temperature perturbation, tangential wind, vertical
velocity, and the secondary circulation during the pre-RI,
RI, and post-RI stages of Typhoon Hato are further illus-
trated in Fig. 6. The change characteristics of water sub-
stances in these three stages of Hato and their relation-
ship with the structural characteristics of the inner-core
region are analyzed in the following passage.

During the three stages of Hato as mentioned above,
the inner-core region of the typhoon has abundant water
vapor supply, and the water vapor content changes little.
The water vapor distribution is relatively uniform both in
the horizontal and vertical direction; the radial gradient is
close to zero, and little variation exists inside and out-
side the eyewall (Fig. 5). Overall, the vertical gradient
changes little before and after the RI process. Compared
with the other five water substances, the water vapor
content changes minimally before and after the RI pro-
cess, which is related to the typhoon’s activity over the
ocean during this period and strong inflow in the bound-
ary layer (Fig. 6), thus possessing a continuous supply of
water vapor. It should be pointed out that our simulation
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Fig. 3. Time series of the simulated (Simu; red) and best-track (Obs; blue) maximum surface wind speed (dashed line; m s™') and minimum sea
level pressure (solid line; hPa) of Typhoon Hato during 1800 UTC 21-1800 UTC 24 August 2017. The pre-RI (1800 UTC 21-1200 UTC 22), RI
(1200 UTC 22-0300 UTC 23), and post-RI (0300 UTC 23—-1800 UTC 23) periods are separated by three vertical gray dashed lines.
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Fig. 4. Horizontal maps of the (a, c, e) observed and (b, d, f) simulated composite radar reflectivity (shading; dBZ) valid at (a, b) 2100 UTC 22,

(c, d) 0000 UTC 23, and (e, f) 0300 UTC 23 August 2017, respectively.

results might be improved further by using an atmo-
sphere—ocean-wave coupled model, since the SST cool-
ing effect (Bender et al., 1993), subsurface ocean anom-
aly (Lin et al., 2009), and sea spray (Ma et al., 2017) can
be fully taken into consideration under high-wind condi-
tions.

For the two types of liquid water substances: rainwa-
ter and cloud water, in the pre-RI phase, they are mainly
concentrated in the typhoon eyewall area below 6 km,
and there also exists a small amount in the rainband out-
side the typhoon center 200 km away. In the RI phase,
both the rainwater and the cloud water in the eyewall in-
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crease, and the maximum belts are respectively below
2-4 and 2 km. Besides, the large-value area extends bey-
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ond the eyewall (Fig. 5d), and this corresponds to the en-
hanced upward motion in the eyewall region (Fig. 6b). In
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Fig. 5. Azimuthal- and time-averaged mixing ratio (contours; g kg™') of six hydrometeors in WSM6: (a, c, €) water vapor (coral line), cloud ice
(green line), and snow (cyan line); (b, d, f) rainwater (gold line), cloud water (red line), and graupel (blue line) during the (a, b) pre-RI, (c, d) RI,
and (e, f) post-RI stages of Typhoon Hato.
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the post-RI phase, as the intensity of the typhoon weak-
ens, the vertical velocity in the eyewall also weakens
(Fig. 6¢), and the rainwater and cloud water decrease sig-
nificantly.

For the three types of solid water substances (ice,
snow, and graupel) in the pre-RI stage, graupel is mainly
distributed in the middle layer of the troposphere at 6—8
km, and spreads to the entire typhoon inner-core area.
Cloud ice is mainly distributed in the upper troposphere
at 10-14 km, with a large radial gradient. Snow is mainly
distributed in the upper troposphere above 10 km from
the center of the typhoon to the eyewall. In the RI stage,
the graupel located in the eyewall of the middle tropo-
sphere increases rapidly with obviously vertical upward
transport (Fig. 6b), but decreases outside the eyewall. At
the same time, the cloud ice and snow in the entire inner
core increase. Again, there is clear vertical upward devel-
opment in the eyewall region. In the post-RI stage,
graupel and snow reduce significantly. The distribution
pattern of cloud ice changes little, and the radius of the
eyewall becomes larger, corresponding to the cloud ice
maximum value center moving along the outflow direc-
tion. Overall, in the RI stage, there is a significant in-
crease for the three types of solid water substances (ice,
snow, and graupel) at 812 km in the middle and upper
troposphere of the eyewall of Hato, which corresponds to
the enhanced TC secondary circulation, and this process
is accompanied by the formation of the upper-level warm
core and enhancement of the lower-level warm core (Fig.
6b), which is consistent with findings reported for the RI
of Hurricane Wilma (Miller et al., 2015; Qin et al,,
2018).
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Equations (1)—(6) below are used to calculate the lat-
ent heating of microphysical processes. Here, O, is the
net latent heat rate (K h™') associated with the process of
condensation, O, with evaporation, O, with freezing,
Omic With melting, Oy, with deposition, and Oy, with
sublimation. L,, L, and L are the latent heat of condens-
ation, fusion, and sublimation, respectively, which are
functions of temperature 7, when 7, = 273.15 K, L, =
2.50 x 10° T kg™', Ly=0.35 x 10° J kg™!, and L, = 2.85 x
10° J kg', in the calculation process of the WSM6
scheme. Cp, is the specific heat of moist air at constant
pressure: Cpp, = Cpq X (1 = q) + g x Cpy, where Cpy =
1005.7 J kg™ K™, C,, = 1870 J kg'' K'', and ¢ is the
mixing ratio of water vapor. Py, is the production rate
(kg kg' s of each microphysical process, and the spe-
cific meaning of each term is listed in Table 2.

Qcon = Ly X Peond/Cpm, (1)
Qevp = Ly X (Pevap + Prevp + Pevp + Pgevp) /Com, )
Otz =Lt X (Pinmf + Pinet + Pgfrz + Piacr + Pgacr

+ Pgacr +2 X Pyacw)/Cpm, A3)
Omie = Lt X (Psmlt + Pgmit + Pimie + Psemt + Pgeml) /Cpm, (4)
Qdep = Ls X (Pidep + Pygep + Padep + Pigen) /Cpms %)
Qsub = Ls X (Pisub + Pasub + Pesub) /Cpm (6)
Orotal = Ocon + Qevp + Otz + Omic + Qaep + Osub- (7

Latent heating is the main energy source for the devel-
opment of a TC, playing a leading role in TC intensity
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Fig. 6. Azimuthally and temporally averaged potential temperature perturbation (red contours; K), tangential wind (shading; m s™1), vertical ve-
locity (black contours; m s™"), and the secondary circulation (arrows; m s™') during the (a) pre-RI, (b) RI, and (c) post-RI stages of Typhoon Hato.
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Table 2. Average vertical integration of the microphysical latent heat rate budget and its standard deviation of the inner-core region during the
RI stage of Typhoon Hato
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Production rate

Microphysical process

Latent heat rate (K h™")

Percentage (%)

Peona Condensation of cloud water 3578 +1.91 67.59% + 3.60%
Pigep Deposition of ice 6.83+0.37 12.90% £ 0.70%
Pigen Generation (nucleation) of ice from vapor 4.18+£0.27 7.90% +0.51%
Pygep Deposition of snow 3.52+£0.23 6.65% = 0.43%
Pyaep Deposition of graupel 1.12+0.09 2.12% + 0.02%
Pacw Accretion of cloud water by snow and graupel 1.06 +0.09 2.00% £ 0.02%
Poacr Accretion of rain by graupel 0.18£0.00 0.34% = 0.00%
P Accretion of rain by cloud ice 0.15+0.00 0.28% = 0.00%
Py Accretion of rain by snow 0.08 £ 0.00 0.15% £ 0.00%
Pipme Homogeneous freezing of cloud water to form cloud ice 0.04 +0.00 0.08% =+ 0.00%
Py, Freezing of rainwater to graupel 0.00 £ 0.00 0.00% + 0.00%
Piir Heterogeneous freezing of cloud water to form cloud ice 0.00 £ 0.00 0.00% + 0.00%
Total heating 52.94 100%
Prevp Evaporation of rain —6.66 £ 0.31 47.57% £2.21%
Pyt Melting of snow to form cloud water -3.88+0.14 27.71% = 1.00%
Pt Melting of graupel to form cloud water -1.37£0.06 9.79% + 0.42%
Pyevp Evaporation of melting graupel —0.59 £ 0.04 4.21% + 0.28%
Poemi Induced by enhanced melting rate of graupel —0.44 £ 0.02 3.14% + 0.14%
Py Sublimation of snow -0.38+£0.02 2.71% £ 0.14%
Peyap Evaporation of cloud water into water vapor —-0.20+£0.01 1.43% £ 0.07%
Pyevp Evaporation of melting snow -0.19+0.00 1.36% £ 0.00%
Pogiy Sublimation of graupel —0.19+0.00 1.36% £ 0.00%
Py Sublimation of cloud ice —0.07 £ 0.00 0.50% = 0.00%
Py Induced by enhanced melting of snow —0.02 £ 0.00 0.14% £ 0.00%
P Instantaneous melting of cloud ice —0.01 £0.00 0.07% + 0.00%
Total cooling —14.00 100%

Net microphysical latent heat

38.94

change (Malkus and Riehl, 1960; Anthes, 1982; Nolan
and Grasso, 2003; Nolan et al., 2007). The evolutionary
characteristics of water substances before and after RI are
analyzed. The vertical profile of the microphysical latent
heating rate (Fig. 7) is calculated during the pre-RI, RI,
and post-RI stages of Typhoon Hato, with equal time in-
tervals.

Consistent with the evolutionary characteristics of the
warm core (Fig. 6), the results show that the total micro-
physical latent heating rate of the inner-core region
reaches a maximum in the RI stage at 2100 UTC 22 Au-
gust 2017, contrasting with the pre- and post-RI stages
(Fig. 7). The total latent heating is mainly characterized
by a significant increase in the middle to upper tropo-
sphere (5—12 km). In the surface layer, below 0.5 km,
negative latent heating is continuously maintained, due to
the effect of evaporative cooling, but it is slightly less in
the RI stage than in the pre- or post-RI stage. From 0.5 to
6 km, the total microphysical latent heating is mainly
contributed by condensation heating and melting cooling,
and reaches its maximum and minimum at 5 km. At this
height, due to the remarkable melting cooling, the total
heating profile shows an inversion pattern. Similarly, the
condensation heating reaches its maximum at this height,

which clearly compensates the melting cooling effect.
Above 6 km, the condensation heating decreases rapidly
with height. Meanwhile, deposition heating increases,
and gradually becomes the major positive contributor to
the total microphysical latent heating, while the melting
cooling decreases with height.

Overall, in the RI stage of Typhoon Hato, the total lat-
ent heating shows a significant increase with height from
0.5 to 15 km. At a height of 5 km, the net freezing heat-
ing and melting cooling reaches its maximum, and the
condensation heating is partly balanced by the melting
cooling. Above 6 km, the net deposition heating begins
to increase and, from 8 km and above, the deposition
heating becomes the major contributor to the total latent
heating in the atmospheric column, coupled with the re-
duced condensation heating, resulting in the total latent
heating reaching a maximum at 9 km. This indicates that,
in the middle to upper troposphere (6—15 km), due to the
enhanced upward motion in the eyewall region (Fig. 6b),
more kinds of water substances corresponding to more
complicated cloud microphysical processes play differ-
ent roles at different heights. Thus, coupled together,
they greatly impact the structure and change in intensity
of the typhoon, particularly in the RI stage. It is worth
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Fig. 7. Vertical profiles of the microphysical latent heating rate (°C h™') during (a—c) the pre-RI, (d—f) R, and (g—i) post-RI stages of Typhoon
Hato for the total latent heating profile (black solid line), condensation- and evaporation-associated heating (blue dotted-dashed line; con + evp),
freezing- and melting-associated heating (red dotted line; frz + mlt), and deposition- and sublimation-associated heating (green dashed line; dep + sub).

noting that convective cells possess considerable ran-

domness and uncertainty in typhoon circulation. The fo- budget
cus of this study is the thermodynamic budget of the azi-

muthal and temporal average of the whole inner-core re-
gion of Hato, i.e., not specific to each convective cell.

6. RI and microphysical latent heating

To further understand the three-dimensional structure
of the microphysical latent heating rate during the RI
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stage of Typhoon Hato, Fig. 8 shows the radius—height
vertical distributions of three kinds of latent heating: con-
densation- and evaporation-associated latent heating;
freezing- and melting-associated latent heating; and de-
position- and sublimation-associated latent heating; as
well as the total.

The large-value center of the condensation heating of
water vapor is mainly distributed in the eyewall area be-
low the 0°C isotherm layer, at about 3—6 km (Fig. 8a,
solid line). In the boundary layer near the ocean surface,
the latent heating is dominated by evaporative cooling
(Fig. 8a, dashed line). Freezing heating is mainly distrib-
uted above the 0°C isotherm layer, which is also mainly
located in the eyewall, but its contribution to the total lat-
ent heating is limited. Melting cooling is mainly distrib-
uted below the 0°C isotherm layer, which also reaches its
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maximum in the eyewall region and is distributed
throughout the inner-core region (Fig. 8b). Deposition
heating is mainly located at 8—14 km, reaching a maximum
at 11 km in the eyewall region. Around the eye of the
typhoon, sublimation cooling exists, which is related to
the warm downdraft in the typhoon eye (Fig. 8c).

In general, in the air—sea boundary layer and near the
ocean surface, microphysical latent heating is dominated
by water vapor evaporative cooling (Fig. 8d). In the
lower troposphere (0—4 km), water vapor condensation
heating is the dominant process, while the upper tropo-
sphere (above 10 km) is dominated by deposition heat-
ing. The heating composition in the middle layer of the
troposphere (4-10 km) is relatively complicated, with
condensation heating (Fig. 8a), freezing heating (Fig.
8b), and deposition heating (Fig. 8c) existing simultan-

(b)
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200

(d
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Fig. 8. Azimuthally and temporally averaged microphysical latent heating rate (contours; °C h™') in the RI stage of Typhoon Hato for (a) con-
densation/evaporation process (solid/dashed lines); (b) freezing/melting process (solid/dashed lines); (c) deposition/sublimation process
(solid/dashed lines); and (d) the total microphysical process. Red solid line represents the 0°C isotherm.
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eously. Besides, sublimation cooling and melting cool-
ing exist simultaneously; thus, coupled together, these
components present the total latent heating structure and
evolutionary pattern, which is closely associated with the
RI of Hato (Fig. 8c).

To further understand the vertical structure of latent
heating, especially the relatively complicated cloud mi-
crophysical activity and the associated heat release and
absorption of heat in the middle troposphere, and to ex-
plore the relative importance of each cloud microphysical
process to the latent heating budget, Table 2 illustrates
the vertical integration of the microphysical latent heat
budget of the inner-core region of Typhoon Hato during
the RI stage, which involves all 24 types of cloud micro-
physical processes accompanied by latent heat changes in
the WSM6 scheme.

From a column vertical integration viewpoint, the rate
of latent heat release associated with the condensation of
cloud water can reach 35.78 K h™!  accounting for
67.59% of the total latent heat (Table 2). This is fol-
lowed by the deposition rate of ice, the generation (nuc-
leation) of ice from vapor, and the deposition rate for
snow, accounting for 12.9%, 7.9%, and 6.65% of the
total latent heating, respectively. The latent heat released
by the above four microphysical processes accounts for
more than 95% of the total latent heat. On the other hand,
the top five latent heat cooling processes are the evapora-
tion of rain, the melting of snow to form cloud water, the
melting of graupel to form cloud water, the evaporation
of melting graupel, and the enhanced melting rate of
graupel, accounting for 47.57%, 27.71%, 9.79%, 4.21%,
and 3.14% of the total latent cooling, respectively. The
latent heat absorbed by the above five microphysical pro-
cesses accounts for more than 90% of the total latent
cooling. It can be concluded that the microphysical pro-
cesses that play a leading role in the evolution of total
latent heat are these nine microphysical processes men-
tioned above (Table 2). Taking the standard deviation into
account, the top four microphysical processes with posit-
ive latent heating (heating effect) contribution can still
maintain the larger contribution, but the latent heat con-
tribution of the other microphysical processes will vary.
To further understand the evolution of the latent heat re-
leased and absorbed in association with the above major
cloud microphysical processes, the top four most import-
ant microphysical processes associated with the release
and absorption of latent heat in the RI stage of Typhoon
Hato are shown in Figs. 9, 10.

As shown in Fig. 9, the condensation of water vapor
into cloud water occurs almost throughout the tropo-
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sphere in the vertical direction, reaches a maximum at 5
km in the typhoon eyewall region, and reduces with the
radius away from the TC eyewall. It is worth noting that
there is also a condensation heating zone below 2 km in
the eye of Typhoon Hato, which is related to the low-
level cloud activity in the typhoon eye. The latent heat
due to the deposition rate of ice is mainly distributed
around 10 km near the —15°C isotherm, as is the genera-
tion (nucleation) of ice from vapor, while the deposition
rate for snow is located around 11 km. The above four
main latent heating processes occur in the middle and up-
per troposphere. This suggests that, when RI occurs in a
TC, special attention should be paid to the diabatic heat-
ing evolution of the TC eyewall region in the middle tro-
posphere. The importance of water vapor condensation
heating has reached a consensus, with several related
studies drawing similar conclusions. For example, Li et
al. (2013a) demonstrated that the water vapor condensa-
tion heating accounts for 73.2% of the total microphysical
heating for Typhoon Hagupit (2008). Li et al. (2019)
pointed that the condensation of water vapor accounts for
76.3% of the total heating for Typhoon Meranti (2016).
Taking the latest research (Tang et al., 2018, 2019; Li et
al., 2019) into account, we should pay special attention to
the cloud ice and snow deposition and generation (nucle-
ation) processes in the upper troposphere and their ac-
companying latent heating.

As shown in Fig. 10, first and foremost, the evapora-
tion of rain is the most important latent cooling item. Its
contribution to the total latent cooling rate is close to
half, and the stronger cooling occurs in the lower tropo-
sphere between 2 and 4 km. Unlike condensation heat-
ing, the radial gradient of the process is relatively small;
that is, there always exists a cooling effect of the evapor-
ation of rain in the lower troposphere of the TC inner-
core region. Second, the latent cooling associated with
the melting of snow to form cloud water mainly occurs in
the shallow layer below the 0°C isotherm layer, at about
5—6 km. Its radial distribution is relatively uniform and
the gradient is small, but its absolute value is large and
contributes greatly to the total cooling, followed by the
melting of graupel to form cloud water and evaporation
of melting graupel distributed below the 0°C isotherm
layer in the eyewall region. In conclusion, the above four
main latent cooling processes occur in the middle and
lower troposphere, and special attention needs to be paid
to the latent cooling between 5 and 6 km in a predictive
sense, which causes the total latent heat profile to de-
crease at this height, similar to the “inverse temperature”
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Fig. 9. Production rate (contours; kg kg™' s™") for top four most important positive microphysical processes in the RI stage of Typhoon Hato: (a)
condensation of water vapor into cloud water; (b) deposition of ice; (c) generation (nucleation) of ice from vapor; and (d) deposition of snow.

The red dashed lines indicate the 0, —15, and —40°C isotherms.

profile pattern (see Fig. 7 for details).

For a more detailed and intuitive expression, follow-
ing Table 2, combined with the schematic diagram of the
cloud microphysical conversion processes of water sub-
stances in the WSM6 scheme, Fig. 11 shows the time-av-
eraged vertical integration of the microphysical latent
heat budget of Typhoon Hato during the RI stage, which
includes all 24 types of cloud microphysical processes
associated with latent heat changes in the WSM6
scheme. Considering the relative contributions of the
various microphysical processes to the latent heat budget
revealed that the main positive microphysical processes
for the RI of Typhoon Hato are water vapor condensing
into cloud water, the deposition rate of ice, generation
(nucleation) of ice from vapor, and the deposition rate for
snow. Meanwhile, the main negative microphysical pro-

cesses to RI of Typhoon Hato are the evaporation of rain,
the melting of snow to form cloud water, the melting of
graupel to form cloud water, the evaporation of melting
graupel, and the enhanced melting rate of graupel. The
latent heating/cooling associated with other physical pro-
cesses is shown in detail in Fig. 11.

7. Sensitivity experiments

Four ice phase-related microphysical process sensitiv-
ity experiments are designed to explore the main conclu-
sions drawn from the control simulation. Detailed de-
scriptions of each sensitivity experiment are provided in
Table 3.

The maximum surface winds of the four sensitivity ex-
periments are compared with that of the control experi-
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Fig. 10. Production rate (contours; kg kg! s™") for four most important negative microphysical processes in the RI stage of Typhoon Hato: (a)
evaporation of rain; (b) melting of snow to form cloud water; (c) melting of graupel to form cloud water; and (d) evaporation of melting graupel.

The red dashed lines indicate the 0°C, —15°C, and —40°C isotherms.

ment and the best analysis in Fig. 12. The results show
that the intensification speed and the ultimate peak in-
tensity are highly correlated with these four microphysical
processes.

Specifically, in the NoSMLT experiment, Hato shows
the highest RI rate from 1200 UTC 22 to 1800 UTC 22
August 2017, as well as the strongest peak intensity,
which is followed by the NoGMLT experiment. On the
contrary, in the NoIDEP experiment, Hato shows the
weakest peak intensity and even quickly weakens at 1800
UTC 22 August 2017. The same variations are also
shown in the NoIDEP experiment. We can conclude that
the microphysical latent heating from the depositional
growth of ice and the generation (nucleation) of ice con-
tributes greatly to the RI of Hato and the microphysical
latent cooling from the melting of snow and the graupel
to form cloud water slows down the intensification speed

Table 3. Summary of the ice phase—related microphysical process

sensitivity experiments

Experiment Description

CTL Control simulation with the WSM6 microphysical
scheme

NoGMLT  Asin CTL but without the latent cooling of melting of
graupel to form cloud water

NoSMLT  Asin CTL but without the latent cooling of melting of
snow to form cloud water

NoIGEN As in CTL but without the latent heating of the nucle-
ation of ice from vapor

NoIDEP As in CTL but without the latent heating of depositional

growth of ice

and the ultimate peak intensity to some extent.

The differences of each sensitivity test are analyzed in
terms of the convection and mass flux by combining the
characteristics of inflow in the boundary layer and out-
flow in the upper layer associated with the secondary cir-
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Fig. 12. Time series of the maximum surface wind speed (m s™') from the best analysis (Obs.; black line), control simulation (CTL; red line),
and four ice-phase microphysical process sensitivity experiments (green/ blue lines).

culation. Figure 13 compares the azimuthally and tem-
porally averaged mass flux and convection characterist-
ics of the control simulation and two of the sensitivity
experiments: NoSMLT and NoIDEP.

Compared with the control simulation (Figs. 13a, b),
the simulated Hato shows the strongest secondary circu-
lation and minimum RMW in the NoSMLT experiment,
which are characterized by the stronger vertical mass flux
in the eyewall region (Fig. 13c) and larger reflectivity in
the boundary layer within the RMW (Fig. 13d). This in-
dicates that the cooling effect of the melting of snow to
form cloud water can restrain the speed of RI and the ul-

timate peak intensity of the simulated Hato to some ex-
tent. For the NoIDEP experiment, the simulated Hato
shows the weakest secondary circulation and reflectivity
among all the sensitivity experiments, which corres-
ponds to its intensity change (Fig. 12). One striking fea-
ture is that the convective activity in the upper tropo-
sphere near 10 km (Fig. 13f) is obviously weakened in
terms of its range and intensity compared with the con-
trol experiment results (Fig. 13b). Besides, the convect-
ive activity in the lower troposphere below 4 km is
mainly located outside the RMW, and the related vertical
mass flux (Fig. 13e) is significantly reduced. This
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Fig. 13. Azimuthally and temporally averaged (a, c, €) vertical mass flux (shading; 10% kg s™!) and secondary circulation (arrows; m s™!), and (b,
d, ) tangential wind (contours; m s™!), RMW (black thick dashed line; km), and reflectivity (shading; dBZ), in the (a, b) control experiment, (c,
d) NoSMLT experiment, and (e, f) NoIDEP experiment during the RI stage of Typhoon Hato.

demonstrates that the heating effect associated with the GEN) are also analyzed. The NoGMLT experiment
deposition of ice is critical to the RI of Hato. Besides, the shows similar mass flux and convection response fea-
other two sensitivity experiments (NoGMLT and Nol- tures as the NoSMLT experiment, and the NoIGEN ex-
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periment result is similar to that of the NoIDEP simula-
tion (figures omitted).

8. Conclusions and discussion

In this study, the WRF-ARW (V3.8.1) model with a
horizontal resolution of 2 km is used to investigate the RI
of Typhoon Hato (2017). Overall, the model well repro-
duced the best-track surface maximum wind speed, sea
surface pressure, and radar reflectivity. More specific-
ally, the model can be used to simulate the TC track and
intensity change well, especially during the process of
RI, as well as the landfalling time and landfalling loca-
tion. Besides, the simulated eyewall and rainband pat-
terns are comparable to the observation in the inner-core
region. Based on model outputs, cloud microphysical
processes and their associated three-dimensional latent
heating in the inner core of Hato are analyzed in detail.
Moreover, their relative importance and contributions to
the RI stage of Typhoon Hato are investigated.

From the viewpoint of cloud microphysical processes
and their associated three-dimensional latent heating, in
the RI stage, there is a significant increase of ice, snow,
and graupel at levels between 8 and 12 km in the eye-
wall of Typhoon Hato. The total latent heating increases
significantly with height from 0.5 to 15 km, which bears
a close relationship with its RI. The positive latent heat-
ing or cooling under 0.5 km is dominated by water vapor
evaporation. In the lower troposphere (0—4 km), water
vapor condensation heating is the leading process, while
deposition heating is dominant above 10 km. However,
the heating composition between 4 and 10 km is com-
plicated. Condensation, freezing, and deposition pro-
cesses exist simultaneously, as does cooling from sub-
limation and melting. The total latent heating from all the
processes combined plays significant roles in the struc-
ture and intensity changes of typhoon, particularly dur-
ing the RI stage. After considering the contribution of
each process, we find that water vapor condensation into
cloud water contributes the largest positive latent heat-
ing (67.6%), followed by the depositional growth of ice
(12.9%), and then the generation (nucleation) of ice from
vapor (7.9%), similar to that shown for Typhoon Hag-
upit (Li et al., 2013a, b) and Meranti (Li et al., 2019). As
for the cooling processes, the evaporation of rain is
ranked in first place (47.6%), followed by the melting of
snow to form cloud water (27.7%), and then the melting
of graupel to form cloud water (9.8%). Based on the
budget analysis, it may be helpful to pay special atten-
tion to cloud ice and snow deposition, as well as the gen-
eration (nucleation) processes, in the upper troposphere,
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when attempting to simulate the RI of a typhoon by nu-
merical models with regard to the cloud microphysical
parameterization scheme. Meanwhile, focus should also
be given to the four main latent cooling processes in the
middle and lower troposphere (especially between 5 and
6 km), which cause the total latent heat profile to de-
crease at those levels to some extent, similar to the inver-
sion profile pattern. Sensitivity experiments further
demonstrate that the intensification speed and the ulti-
mate peak intensity are highly correlated with the domin-
ant heating-effect microphysical processes, while the
dominant cooling-effect ones have a relatively small im-
pact on the RI and peak intensity. This suggests that im-
proving the description of these large latent heating-asso-
ciated processes in current cloud microphysical paramet-
erization schemes is crucial to the numerical modeling of
TCRL

However, only a small number of microphysical
schemes are tested, and thus some deficiencies still exist
due to the microphysical parameterization scheme of a
model. In fact, there are differences among the micro-
physics schemes in the WRF model package, and these
might produce different results. Even with the WSM6
scheme used in their TC simulation, Li et al. (2013a, b)
reproduced well the evolution of the intensity of
Typhoon Hagupit (2008), while Ming et al. (2012) found
less diabetic heating and weaker upward motion, and
thus no RI, in simulating the evolution of the intensity of
Super Typhoon Saomai (2006). Meanwhile, we are
deeply aware of the complexity of the microphysical pro-
cesses and their relationships with the evolution of TC
intensity, especially RI. It is very important to reveal the
underlying mechanisms of the different microphysical
processes that impact upon RI from different aspects.
Therefore, more simulations using different microphysical
parameterization schemes and different cases are re-
quired in the future for a more detailed understanding of
the mechanisms involved in the RI processes of
typhoons. In forthcoming papers, we will focus on the
physical relationship between latent heating and TC RI,
and a detailed mechanistic study will be carried out.
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