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The Weather Research and Forecasting (WRF) model was used to examine the sensitivities of Typhoon Fitow
(2013) to the variations in horizontal mesh spacing ranging from 9 km to 1 km and to different microphysics
schemes. The minimum sea level pressure decreased by 5 hPa and the maximum wind speeds increased by 20 m
s~ ! near the typhoon center as the horizontal grid spacing decreased from 9 km, 3 km, and 1 km in both Purdue-
Lin and National Severe Storms Laboratory (NSSL) microphysics. The strengthening of the tropical cyclone may
have been due to similar physical processes in the Purdue-Lin and NSSL simulations. Fine-resolution simulations
produced localized and intense rainfall, in correspondence to localized and intense upward motions. Moreover,
as the horizontal mesh spacing reduced from 9 km to 1 km, the distributions of the upward and downward
motions broadened and the radar reflectivity bins with contour frequencies >10% increased. The simulated
rainfall in the NSSL with a horizontal grid spacing below 3 km and in Purdue-Lin with a 1 km grid spacing
reproduced spatial and temporal distributions similar to the actual observations. This suggested that the elab-
orate microphysics may compensate for the lack of horizontal resolution, to some extent. The precipitation
budget analysis further suggested that the diminishment of rainfall was attributed to the reduced net conden-
sation and hydrometeor convergence respectively in the Purdue-Lin and NSSL scheme as the mesh spacing
reduced, which was further attributable to the decreased condensation or deposition.

1. Introduction

Tropical cyclones (TCs) have been a popular research topic for
several decades because of their potentials to cause massive damage to
property and life (Park et al., 2011; Park et al., 2016; Peduzzi et al.,
2012; Rappaport, 2000; Rappaport, 2014; Willoughby, 2012; Wu et al.,
2020). Among the severe hazards triggered by tropical cyclones,
torrential rainfall associated with TC has attracted significant attention
because of its potential to lead to unprecedented floods and landslide
events (Tu et al., 2022; Lin et al., 2015; Guzman and Jiang, 2021). Ac-
curate forecasting of TC rainfall is vital to increasing the public’s con-
fidence in meteorological communities and avoiding financial waste
during evacuation (Fierro et al., 2009). Over the last few decades,
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numerous studies have investigated the physical and thermodynamic
processes associated with TC precipitation. For example, the barotropic
instability contributes to the outward propagating of spiral gravity
waves, the wavenumber 2 is characterized by this instability, and the
spiral rainbands of TC formed by the adjustment of momentum and mass
fileds when the wavenumber 2 rotated in the middle troposphere level
(Jones, 1977); Model results also show that inclusion of ice processes
make the simulated hurricane develop more slowly and the concentric
convective rings more common (Willoughby et al., 1984; Lord et al.,
1984); Literatures illustrate that the exclusion of evaporation of rain and
melting of snow and graupel make the tropical cyclone develop more
rapidly and reach a higher intensity(Wang, 2002; Kim et al., 2006);
Other studies point out that the strong upward motions are related to the
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mesovortices of TCs in the eyewall regions are responsible for the
condensation and precipitation (Braun et al., 2006), and the develop-
ment of intense convection with heavier rainfall in the eyewall can
contribute to the intensification of a TC (Zhu and Zhang, 2006; Tao and
Zhang, 2014; Roberts et al., 2020). These studies have significantly
improved our understanding of the precipitation associated with TCs.

Comprehensive studies have investigated the impact of horizontal
grid spacing on model weather simulations, some of which mainly
considered the model horizontal resolutions on the mean climate fields,
which suggested that a global or regional model with high resolutions is
necessary to improve climate predictions (Tibaldi et al., 1990; Boyle,
1993; Williamson et al., 1995; Brankovi¢ and Gregory, 2001; Mo et al.,
2005; Pieri et al., 2015). Furthermore, precipitation intensity generally
increases with the decrease in grid spacing because more resolvable-
scale vertical moisture transports are resolved (Rauscher et al., 2016;
Mahajan et al., 2018; Mishra et al., 2021; Luo and Guo, 2022; Garcia-
Garcia et al., 2022). Other studies have examined the impact of hori-
zontal grid spacing on simulations of specific weather systems (e.g.,
convective systems, extratropical cyclones, and TCs) by quantifying the
sensitivity of weather system characteristics to horizontal resolution
(Weisman et al., 1997; Bryan et al., 2003; Jung et al., 2006; Fierro et al.,
2009; Gentry and Lackmann, 2010; Bryan and Morrison, 2012). TCis a
kind of extreme weather system that can cause tremendous losses of
social properties and human lives by storm surges, intense winds, and
torrential rainfall. The ultimate aim of improving the understanding of
physical and thermodynamic processes is to acquire realistic TC winds
and rain forecasting (Marks and Shay, 1998; Gopalakrishnan et al.,
2012). As an aspect of these efforts, the sensitivity of horizontal reso-
lution or microphysics on TCs forecast has attracted significant
attention.

The impact of coarse and cloud-resolving horizontal mesh spacing on
TC tracks, intensity, and structure has been comprehensively investi-
gated (Fierro et al., 2009; Gentry and Lackmann, 2010; Sun et al., 2013;
Kanada and Wada, 2016; Wu et al., 2019; Vanniere et al., 2020; Roberts
et al., 2020). However, there are disparities regarding the impact of grid
spacing on TC intensity and structure, some studies found the TC in-
tensity increased with the improvement of horizontal resolutions, and
others supported the notion that the simulations with different hori-
zontal resolutions may produce similar TC intensity. Fierro et al. (2009)
examined the effects of horizontal grid spacing and found that coarser-
resolution model runs with the horizontal resolution of 5 km for the
innermost nest produced larger areal coverage with a larger radius of
maximum wind speeds and mass flux of updrafts, whereas the 1 km
finer-resolution simulations generally produced TCs of similar in-
tensities measured by the minimum sea level pressure (SLP) and
maximum 10-m wind speed (MWS). Gentry and Lackmann (2010)
pointed out that simulations with finer horizontal resolution produced
intensified TCs with significantly decreased minimum SLP, consistent
with other studies (Kanada and Wada, 2016; Wu et al., 2019). Sun et al.
(2013) further suggested that the fine resolution (3 to 1 km) simulations
of a TC illustrated a weaker convergence with greater storm intensity
than coarse resolution (7.5 to 5 km) simulations, which are determined
by the joint effects of eyewall inclinations related to the smaller radius of
maximum wind, smaller energy flux in the lower levels out of the eye-
wall and smaller TC’s asymmetries. Although considerable improve-
ments have been achieved in the prediction of TC tracks using cloud-
resolving simulations (Rogers et al., 2006), TC rainfall modeling still
requires further improvement to reach a more accurate confidence in-
terval, as underlined by meteorological communities (Benfield, 2018).
Thus, a thorough analysis of the model sensitivity of the responses to
different horizontal resolutions and microphysical parameterizations
closely related to surface rainfall is necessary before using the precipi-
tation output from the model (Pieri et al., 2015).

Despite studies focusing on the effects of grid spacing on TCs, the
impacts of microphysics on the sensitivities of horizontal resolutions on
the TC precipitation were rarely thoroughly investigated, and further
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quantitative analyses of the physical terms affecting the TC precipitation
in those sensitivity tests were rarely conducted. Considering that TC
rainfall is directly associated with microphysical schemes (Fierro et al.,
2009; Bryan and Morrison, 2012; Hsu et al., 2021), it is necessary to
understand the realistic results of high-resolution simulations that are
sensitive to different microphysical schemes. In this study, we try to
address the following issues: (1) the impact of horizontal grid spacing on
TC rainfall in terms of spatial and temporal distributions, and (2)
whether the impact of horizontal grid spacing on TC rainfall depends on
the microphysical scheme. To address the above issues, the influence of
microphysics on the sensitivities of horizontal grid spacing on the TC
precipitation was explored by conducting a series of sensitivity tests.
Precipitation budget equations were applied to investigate the detailed
physical processes responsible for the rainfall change in those sensitivity
tests. The study is expected to provide a guideline for communities
involved in numerical research and operations concerning model sen-
sitivities to horizontal grid spacing. Considering that the numerical
weather prediction model at China Meteorological Administrator (CMA)
for TC forecasting is the Global and Regional Assimilation and Predic-
tion System for Typhoon (GRAPES_TYM V3.0), which provides opera-
tional products with the horizontal resolution of 0.09° (Kornich and
Berggren, 2013; Ma et al., 2021).

Typhoon Fitow (2013) was selected as a study subject for this study
because it experienced torrential rainfall during landfall. The structure
of the paper is as follows: an overview of the model configuration and
experimental design of Typhoon Fitow (2013). The third section then
explores the sensitivity of rainfall to the microphysical parameteriza-
tions and horizontal resolutions. Next, possible reasons for the sensi-
tivity of the model rainfall to horizontal grid spacing are analyzed in
Section 4. Section 5 provides the summary.

2. Methodology
2.1. Model and experiment design

Typhoon Fitow (2013) was generated in the Western Pacific Ocean
(13.9°N, 132.5°E) at 1200 UTC on September 30, 2013. It then moved
northwestward, reached the intensity of a tropical storm, and later
intensified into a typhoon. After 1200 UTC on October 4, 2013, Fitow
(2013) moved west-northwestward and made landfall in the Fujian
Province of East China at 1715 UTC on October 6 with typhoon in-
tensity. When Fitow (2013) made landfall, the minimum SLP reached
955 hPa, and the MWS near the typhoon center was approximately 42 m
s~ L. It dissipated rapidly after making landfall in mainland China, and
the China Meteorological Administration (CMA) ceased surveillance at
0300 UTC on 7 October. Fitow (2013) was the typhoon with the stron-
gest intensity since 1949, making landfall in mainland China, and
resulted in a severe economic loss, reaching about 8.5 billion dollars, as
reported by the CMA (http://www.qxkp.net/fzjzxlzt/tf/zysj11/737076.
shtml). The coverage of domain 1 and domain 2 in the simulations was
similar to previous studies carried out in this region (Xu et al., 2016; Xu
and Li, 2017; Xu et al., 2017).

The Advanced Research Weather Research and Forecasting (WRF-
ARW) model version 3.5.1 (Skamarock et al., 2008) was applied to
simulate Typhoon Fitow (2013) (Table 1). The study consists of two
groups of simulations: one group are simulations using a single-moment
Purdue-Lin cloud microphysical parameterization scheme (Chen and
Sun, 2002; Lin et al., 2015), and in the second are applied the
double-moment National Severe Storms Laboratory (NSSL) scheme
(Mansell et al., 2010; Mansell and Ziegler, 2013). Each group in-
corporates three simulations at 1 km, 3 km, and 9 km in the finest mesh,
referred to as the 1 km, 3 km, and 9 km cases, respectively. The Pur-
due-Lin scheme only predicts the mixing ratios of cloud water, water
vapor, ice, raindrops, graupel, and snow. The NSSL scheme predicts the
number concentrations and mixing ratios of water vapor, snow, cloud
ice, graupel, hail, cloud water, and raindrops. The horizontal resolutions
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Table 1
The designation of model domains for six simulations.
Microphysics ~ Case Domain 1 Domain 2 Domain 3 Domain 4
Schemes with 27 km with 9 km with 3 km with 1 km
Purdue_Lin 9 174 x 120 211 x 196 - -
km
Purdue_Lin 3 174 x 120 211 x 196 382 x 231 -
km
Purdue_Lin 1 174 x 120 211 x 196 382 x 231 646 x 646
km
NSSL 9 174 x 120 211 x 196 - -
km
NSSL 3 174 x 120 211 x 196 382 x 231 -
km
NSSL 1 174 x 120 211 x 196 382 x 231 646 x 646
km

and grid designations for the six experiments are summarized in Table 1.
All simulations applied similar model configuration and input data and
simulated with 60 processors.

In all simulations, the model was integrated for 36 h from 0000 UTC
on October 6, 2013 to 1200 UTC on October 7, 2013, since rainfall in the
coastal regions mainly occurred during that period. All model domains
set the model top at 50 hPa and 35 layers were incorporated in the
vertical direction. The 6 hourly National Centers for Environmental
Prediction global forecast system final (NCEP FNL) operational global
analysis 1° x 1° data provided the boundary and initial conditions for
the model runs. Except for the microphysics scheme, the same param-
eterization scheme was used in all domains for all runs, and the cumulus
parameterization (CP) was turned off on all the outer and inner domains
following Xu et al. (2017). The other physical parameterizations
included the five-layer thermal diffusion parameterization (Dudhia,
1996), the longwave radiation scheme (Mlawer et al., 1997), and
shortwave radiation scheme (Dudhia, 1989), and the Yonsei University
planetary boundary layer parameterization scheme (Hong et al., 2006;
Hong and Pan, 1996).

The observation datasets included the best-track data issued by the
China Meteorological Administration (CMA). The TC best-track datasets
can be obtained from the tcdata.typhoon.org.cn, and the detailed track
datasets can also be accessed via http://m.wztf121.com/ during the
periods from 0000 UTC 6 October to 0100 UTC 7 October 2013, more
detailed information can refer to Ying et al. (2014) and Lu et al. (2021).
The sounding observations of water vapor mixing ratio, temperature at
Hangzhou station, and wind speeds at Hangzhou, Quzhou, and Taizhou
stations in China acquired by the CMA National Meteorological Infor-
mation Center, which can obtain by http://data.cma.cn/en/?r=data/
detail&dataCode=B.0011.0001C according to the website re-
quirements. The observations of rainfall are the Chinese Precipitation
Analyses (Pan et al., 2012), which incorporated a 0.1° x 0.1°rainfall
product per hour from the China Meteorological Administration. These
rainfall datasets merged Climate Prediction Center Morphing technique
(CMORPH) satellite data (Joyce et al., 2004) and gauged rainfall from
over 30,000 automatic weather stations. The simulated data generally
over the innermost domain of Fig. la covering the domain of
25.4—31.3°N, 118.2—124.0°E were used in the following analyses.

2.2. Rainfall budget equations

Applying the moisture equations in Skamarock et al. (2008) to
conduct mass-integration as Xu et al. (2016), and Xu and Li (2017), we
can derive the mass-integrated surface rainfall budget equation in the
WRF model, which can be expressed as:

Py = QNC + QCM €y

PS = QCM + QWVF + QWVT + QWVE + QDIFV (2)
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in both the Purdue-Lin and NSSL schemes.

In Eq. (1), surface rainfall is linked to cloud hydrometeor diver-
gence/convergence (Qcm), as well as the condensation (Qnc). In Eq. (2),
the surface precipitation rate (Pg) is related to atmospheric drying/
moistening (Qwvt), evaporation (Qwyg), convergence/divergence of
vapor (Qwvr), Qcm, as well as diffusion (Qpyry). Qpiry is negligible; Qwve
is positive; and Qcm, Qwvr, and Qwyr can be either positive or negative.
Further information on the above equations can be found in Xu and Li
(2017).

Following Xu and Li (2019), Qcym can be further decomposed into.

Qem = Qeme + Qemr + Qe + Qemss + Qemc + Qemme 3

in the NSSL scheme.
Qnc can be further rewritten as:

Qnc = Pssus (T < To) +Pspep (T < To) + Preve + Posus (T
< To) + Poper (T < To) + Psmureve (T > To) + Pomureve (T
> To) + Praps + Prans e))

in the Purdue-Lin scheme, where T is 0 °C. Detailed descriptions of the
microphysical processes in Egs. (4) are listed in Table 2.
Qcmc can be further rewritten as:

Qeme = qwenr + giacw + qwirze 4 qwetfze + gicichr 4 qracw + gsacw )
+ grenw + ghacw + ghlacw + gevap + dcloud

in the NSSL scheme.

Detailed descriptions of the cloud microphysical processes in Egs. (5)
are listed in Table 3. They were neglected because that qwenr, qwfrzc,
qwectfze, and qicichr were negligibly small after conducting the domain
mean (< 0.01 mm).

RMSD = (S: —0,)° (6)

1 M
M i=1

In Eq. (6), S; snd O;, respectively, denotes the simulated and
sounding-observed temperature, wind speeds, water vapor mixing ratio.
The simulated variables were interpolated in the 10 observed pressure
levels of 150 hPa, 200 hPa, 250 hPa, 300 hPa, 400 hPa, 500 hPa, 700

hPa, 850 hPa, 925 hPa, 1000 hPa. M is the total pressure level of 10.
3. Results
3.1. Simulated typhoon intensity comparison

Fig. 1b—e shows the TC tracks from the observations and simulations
using the Purdue-Lin and NSSL schemes during the periods from 0000
UTC 6 October to 0100 UTC 7 October 2013. The tracks from simula-
tions are obtained by locating the minimum sea level pressure to define
the TC center (Suzuki-Parker, 2012). Combined with Table 4, it is
interesting to note that there seems to be more track differences
changing microphysical schemes than resolution, the track differences
are especially small when the resolution changed from 3 km to 1 km for
both Purdue-Lin and NSSL schemes; The track differences with different
resolutions were more relevant over the land than those over the ocean.
Table 4 further shows that the differences between the simulated tracks
and observations were within 30.1 km. This suggests that the WRF-ARW
generally captures the Fitow (2013) tracks well as in Fierro et al. (2009).
The smaller differences between the different simulations may be not
surprising. The reason may be that the simulated tracks depend more on
large-scale physical processes related to weather conditions, for
example, the location and intensity of subtropical high (Xu and Li,
2019). Those can be well reproduced with numerical models using a
coarse grid resolution. These results confirmed the findings reported by
the previous studies (Marks and Shay, 1998; Goerss, 2006; Fierro et al.,


http://tcdata.typhoon.org.cn
http://m.wztf121.com/
http://data.cma.cn/en/?r=data/detail&amp;dataCode=B.0011.0001C
http://data.cma.cn/en/?r=data/detail&amp;dataCode=B.0011.0001C

H. Xu et al.

do1

40°N

35°N

30°N

25°N

20°N

15°N

Atmospheric Research 296 (2023) 107022

105°E 110°E 115°E 120°E 125°E 130°E 135°E 140°E

b d
0 1000 © 70 @

4 —9km - n —9km |
SN il 3 km N . —3km [

B —é)]l;rg - ~ 60 —| — lkm [~

990 4 — . B - C

30°N = ] N ; ] OBS |-

A q F & N »

; = ] L g 507 -
20N>y & 980 -1 B Fog

a [ — — o

g 2N E A r 8 _// -
= § 970 - 2 ] g
8 27N S N - -

- = 5 S -
26°N | 960 - = 20 o —
25N i ; - ’/" ; ; 950 TT T [ T T T [T T T [ T T T[T T T[T 1] 10 U B 0 N O T B R W R

118°E 119°E 120°E 121°E 122°E 123°E 124°E 00:00 04:00 08:00 12:00 16:00 20:00 00:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00

10/06 . 10/07 10/06 . 10/07

. 2013 Time(UTC) 2013 Time(UTC)
Longitude
(e) ® [€)
- = 1000 70

—9 km) - ——9km - ] Ok [

31°N-| 1—3km B ] 3km |-

990;_&"3"51 -~ 60 —ikm [

30°N ] . - ] o —OBS [

£ 7 - & 7 B

-~ = i Fog 50 -
g N £ 980 = B 0§ e
3 n i N - F 4
B= y g ] L2 407 -2

S 28°N- g ] . b r

= £ 970 - ] E

E i B 3 C

27°N-| s . i E 30 =

i B 7 ] B
26°N - 960 C = 20 -
25°N+ s | £ \‘! : : 950 LA L L I I B B B BB 10 LI L L O L B B

118°E  119°E  120°E 121°E 122°E 123°E 124°E 00:00 04:00 08:00 12:00 16:00 20:00 00:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00
10/06 10/07 10/06 10/07
Longitude 2013 Time(UTC) 2013 Time(UTC)

Fig. 1. Model domains and tracks. The top plot shows the (a) simulated domains for Typhoon Fitow (2013). The horizontal grid spacing for the outermost domain
do01 is 27 km. The inner domains of d02, d03, and d04 are nested domains with a grid mesh of 9 km, 3 km, and 1 km, respectively. The shaded magenta rectangular is
generally located within the domain of 25.4—31.3°N, 118.2—124.0°E, which denotes the domain this study is focused on. Tracks simulated using different hori-
zontal grid spacing in the (b) Purdue-Lin and (e) NSSL schemes. Temporal evolution of (¢) minimum SLP, (d) MWS from the Purdue-Lin scheme, (f) minimum SLP,
and (g) MWS from the NSSL scheme overlaid by the observations from the best-track data (black solid lines). Black lines represent observations from the best-track
data during the periods of 0000 UTC 6 October to 0100 UTC 7 October 2013. The red, blue, and gold lines are simulated tracks with a grid spacing of 1 km, 3 km, and
9 km, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2009). Marks and Shay (1998) illustrated that TC track forecast is more
dependent on large-scale processes, and large-scale processes can be
simulated with coarse resolution (Goerss, 2006); Fierro et al. (2009) also
showed that the simulations with resolutions ranging from 5 km to 1 km
can generally reproduce the TC tracks. The reduction of errors in track
prediction results from the synergism of enhanced resolutions, physics,
and initial conditions enhanced from observations, and the improve-
ment of resolutions alone is not enough to improve track predictions
(Leroux et al., 2018; Heming et al., 2019).

Fig. 1c—d and Fig. 1f-g show the time evolutions of the minimum SLP

and maximum surface wind speed near the TC center (MWS) for the
simulations of typhoon Fitow (2013), as well as the observations from
the TC best-track datasets. The minimum SLP and maximum MWS for a
simulated TC were obtained by calculating the minimum SLP and the
maximum 10-m wind speed in the innermost domain of Fig. 1a. In the
simulations using the Purdue-Lin scheme, the TC with the horizontal
mesh resolution of 1 km presents the lowest SLP with the value of 959.0
hPa, following the 3 km simulation with the minimum SLP of 960.5 hPa,
and then following the 9 km simulated SLP of 962.8 hPa (Fig. 1c). The
minimum SLP for the 1 km, 3 km, 9 km simulations, reached 959.5 hPa,
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Table 2
List of net condensation in the Purdue-Lin scheme presented in Eq. (4).
Notation  Description
Pssug Growth of water vapor by sublimation of snow
Psprp Growth of water vapor by deposition of snow
Prevp Growth of water vapor by evaporation of rain
Pgsus Growth of water vapor by sublimation of graupel
Pepep Growth of water vapor by deposition of graupel
Psyiteve Growth of water vapor by evaporation of melting snow
Pomrreve  Growth of water vapor by evaporation of melting graupel
Piapy Growth of water vapor by saturation adjustment of cloud ice (deposition
of ice)
Prapy Growth of water vapor by saturation adjustment of cloud water
(condensation of water vapor)
Table 3
Description of microphysical terms in the NSSL scheme presented in Eq. (5).
Number Symbol Description
1 qwenr Rain converted to cloud water
2 qiacw Heterogeneous raindrop freezing
3 qwfrze Homogeneous freezing of cloud to ice crystals
4 qwectfze Contact freezing nucleation
5 gicichr Hobbs-Rangno ice enhancement (Ferrier, 1994)
6 qracw Accretion of cloud water by snow
7 qsacw Accretion of cloud by snow
8 qrenw Cloud converted to rain
9 qhacw Accretion of cloud by graupel
10 ghlacw Accretion of cloud by hail
11 qevap Evaporation of cloud water
12 dcloud Water vapor condensation to form cloud water
Table 4

Mean absolute error (MAE) between the tracks of observations and simulations
from the Purdue-Lin and NSSL microphysical schemes.

MAE 1 km 3 km 9 km
Purdue-Lin 24.4 23.8 37.5
NSSL 30.1 29.3 23.2

961.3 hPa, and 963.2 hPa, respectively, in the NSSL simulation (Fig. 1f).
The maximum WS for the 1 km, 3 km, 9 km simulations, reached 69.0 m
s 1, 60.0ms ), and 55.4 m s}, respectively, in the Purdue-Lin simu-
lation (Fig. 1d), and 65.0 m s1,58.2ms !, and53.2ms "}, respectively,
in the NSSL simulation (Fig. 1g). The case is similar in the model runs
with the NSSL and Purdue-Lin parameterizations, in which the model
runs in the finer-resolution simulated strengthened intensity than those
in the coarser-resolution, along with a higher minimum SLP and
maximum WS in the finer-resolution simulations.

To quantify the differences in the minimum SLP between the ob-
servations and simulations, Fig. 2 shows the root-mean-square differ-
ences (RMSDs) of the minimum SLP between the observations and
simulations. The RMSDs of the minimum SLP between the 9 km, 3 km,
and 1 km simulations and observations in the Purdue-Lin (NSSL)
scheme were approximately 8.25 hPa (7.63 hPa), 8.53 hPa (8.28 hPa),
and 7.92 hPa (7.24 hPa), respectively. This suggests that the 1 km
simulations reproduced the minimum SLP closest to the observations in
both the Purdue-Lin and NSSL simulations. To carry out the comparison
of the simulations with observations, the simulation data are extracted
in the same grid as the location of the observation stations. Fig. 2d-f
shows the mean RMSDs of the temperature and water vapor mixing ratio
between the simulations and observations using sounding data averaged
over 0000 UTC October 6, 1200 UTC October 6, 0000 UTC October 7,
and 1200 UTC October 7 throughout the entire troposphere. The RMSDs
of temperature between the observations and 9 km, 3 km, and 1 km
simulations in the Purdue-Lin and NSSL schemes were approximately
0.60 °C, and the differences did not exceed 0.05 °C. This is true for the
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RMSDs of the water vapor mixing ratios between the observations and
the 9 km, 3 km, and 1 km simulations in the Purdue-Lin and NSSL
schemes. The RMSDs of wind speeds between the observations and the 9
km, 3 km, and 1 km simulations in Purdue-Lin and NSSL schemes are
generally within 20 m s™! in the coastal observational stations
(Fig. 2d-1).

In general, the 1 km simulations in the Purdue-Lin and NSSL
schemes produced smaller RMSDs than the 9 km simulations, and the
differences between the 3 km and 1 km simulations were negligible in
terms of water vapor mixing ratios, temperature, and wind speeds in the
coastal observational stations. This indicates that the simulations of
water vapor mixing ratios, temperature, and wind speeds at the coastal
observational stations improved as the horizontal mesh spacing reduced
from 9 km to 3 km; however, they did not improve significantly when
the horizontal mesh spacing reduced from 3 km to 1 km.

3.2. Simulated precipitation field characteristics

The 12 h rainfall amounts for the first 12 h of simulation (period 1),
and for the last 12 h of simulation (period 2), and those from the ob-
servations are shown in Fig. 3. The 12 h of observations are directly
drawn using the 0.1° x 0.1° rainfall product mentioned Torrential
rainfall during periods 1 and 2 mainly occurred in the coastal region of
Zhejiang Province in all simulations and observations (Fig. 3). The
southeast-northwest oriented rainband from Ningbo to Hangzhou (NH)
in period 1 and that from Ningbo, Hangzhou, to Anji (NHA) in period 2
in the torrential rainfall of period 2 from the 9 km simulations in the
Purdue-Lin and NSSL schemes were displaced more southward than the
observations, and those from the 3 km and 1 km simulations were closer
to the observation. Compared to the 9 km simulations in the Purdue-Lin
and NSSL schemes, the 3 km and 1 km simulations better reproduced the
other rain center oriented in Wenzhou (WZ) in period 1 and that ori-
ented from Wenzhou to Quzhou (WQ) in period 2. It is interesting to
notice that the area of the max intensity of precipitation was better
captured in 3 km and 1 km simulations, whereas the area is larger with a
coarser resolution.

To further analyze the impact of horizontal mesh spacing on TC
rainfall, the contoured frequency with altitude diagrams (CFADs) of
hourly rainfall from observations and simulations are shown in Fig. 4.
The rainfall from observation and simulation grids covered the same
area was applied to conduct CFADs plots in Fig. 4, which generally
covered the region of the innermost domain in Fig. 1a. The range of the
hourly rainfall CFADs was narrowing as the mesh spacing lessened from
9 km to 1 km in the Purdue-Lin scheme, whereas they were generally
similar for the 9 km, 3 km, 1 km simulations in the NSSL scheme. These
results reaffirm what was observed in Fig. 3 where the maximum in-
tensity of precipitation area became smaller with increasing resolution
in the Purdue-Lin scheme. The 1 km simulations in the Purdue-Lin and
the 3 km NSSL simulations generally captured the maximum hourly
rainfall reaching a value of about 90 mm near 1800 UTC on October 7
with a 0.01% contour, and the maximum hourly rainfall was over 20 mm
larger in the 9 km simulations. The range of the observed hourly rainfall
CFADs with the 0.01%-10% contours narrowed from 1800 UTC October
6 to 0000 UTC October 7 (Fig. 4g), suggesting the hourly rainfall
weakened quickly. The 1 km Purdue-Lin and 3 km NSSL simulations
better reproduced the narrowing trends compared to the others.

In addition to inspecting the mean values of simulated rainfall, it
may also be important to investigate the characteristics of radar
reflectivity in the entire domain. The CFADs from the Purdue-Lin and
NSSL schemes present a negative bias compared with the CFADs from
the observations (Fig. 5). Overall, the finer-resolution simulations
showed a noticeable improvement in the mid- and upper troposphere
(between 6 and 9 km), with peak probabilities lying between 20 and 30
dBZ as the mesh spacing reduced from 9 km to 1 km in both Purdue-Lin
and NSSL simulations (Fig. 5a—f, Fig. 5g). From the bottom (1 km) to the
upper troposphere (> 9 km), the observed peak radar frequencies (>
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Fig. 2. Root mean squared differences (RMSDs) of (a) water vapor mixing ratio (g kg™*), (b) minimum SLP (hPa), (c) temperature (°C), (d) wind speeds in Hangzhou
sounding station (m s’l), (e) wind speeds in Quzhou sounding station (m s’l), and (f) wind speeds in Taizhou sounding station (m s~ 1) between the simulations and
observations from sounding data averaged at 0000 UTC 6 October, 1200 UTC 6 October, 0000 UTC 7 October, and 1200 UTC 7 October. Simulations in temperature
and water vapor mixing ratio were interpolated into the coastal observational stations.

6%) gradually diminished from 10 to 40 dBZ to 0-25 dBZ (Fig. 5g),
whereas they shifted significantly from 15 to 40 dBZ to 0-15 dBZ in the
3 km and 1 km Purdue-Lin and NSSL simulations (Fig. 5b—c, 5e—f). The
observed maximum frequencies (> 16%) lie 15-30 dBZ at a height of
6-9 km (Fig. 5g), whereas they degraded to 15-25 dBZ at a lower height
of 4-8 km in 1 km Purdue-Lin simulation with lower frequencies (>
14%) and in 1 km NSSL simulation with much lower frequencies (>
10%). In general, the peak frequencies and frequency gradients for the
observations were larger than those from the simulations, although
significant improvements were achieved as the mesh spacing reduced
from 9 km to 1 km in Purdue-Lin and NSSL schemes. The peak radar
reflectivities from the surface to the storm top near 16 km in the 1 km
Purdue-Lin and NSSL simulations are higher than those reported in the
studies of tropical convective systems of Lang et al. (2011), whereas they
are lower than those of heavy rainfall cases of Song and Sunny Lim
(2022).

3.3. Physical processes responsible for the precipitation differences

Differences in rainfall in simulations at different resolutions can be
further quantified using precipitation equation budgets. As mesh
spacing reduced from 9 km to 3 km (from 3 km to 1 km), the domain
mean surface rainfall decreased by 3.0 mm and 5.4 mm (8.9 mm and 0.1
mm) in the Purdue-Lin scheme and NSSL scheme, respectively; The
decreased rainfall was mainly contributed by the reduced net conden-
sation (Qnc) in the Purdue-Lin scheme, and the decreased cloud hy-
drometeor convergence (Qcym) in the NSSL scheme (Table 5). The
decomposition of the Qcy further shows that the decreased Qcy was
associated with the increased cloud water divergence (Qcymc) as the
mesh spacing decreased from 9 km to 3 km in the NSSL scheme
(Table 6a). The decreased Qcmc was associated with the decreased
condensation (dcloud) as the mesh spacing reduced from 9 km to 3 km in
the NSSL scheme (Table 6b). The decreased net condensation associated
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km, (f2) 1 km in the NSSL scheme, and that of (h) observations from 0000 UTC 7 October to 1200 UTC 7 October 2013.

with the local change in water vapor was mainly attributed to the
decreased condensation as the mesh spacing lessened from 3 km to 1 km,
which were mainly attributed to the decreased deposition as the mesh
spacing reduced from 9 km to 3 km (Table 7). The above analysis sug-
gests that constrained net condensation and hydrometeor convergence
contributed to the decreased rainfall in the Purdue-Lin and NSSL
schemes, respectively, as the horizontal mesh spacing diminished from
9 km to 3 km and from 3 km to 1 km. This indicates that the sophisti-
cated NSSL microphysical scheme can improve rainfall simulations
when grid spacing is <3 km compared to the simple Purdue-Lin scheme.

Vertical velocity is one of the most important variables affecting
water vapor convergence and condensation (Grant et al., 2022; Xu et al.,
2021) thus, the influence of resolution on the vertical velocity

distributions is examined in Fig. 6. Fig. 6 reveals that the majority of the
vertical speeds for both updrafts and downdrafts were limited within 2
m s}, and this was generally in agreement with previous studies from
observations (Black et al., 1996; Rogers et al., 2007) and simulations
(Rogers et al., 2007; Gentry and Lackmann, 2010; Fierro et al., 2009). As
the horizontal resolution increased from 9 km to 3 km to 1 km, the range
of vertical motions broadened; the 0.01% frequency contour of upward
motions reached larger values, and the values shifted from 9 ms™! to 12
m s ™! to 14 m s~! in the Purdue-Lin scheme, and they shifted from 6 m

1t0 10 m s to 12 m s~ in the NSSL scheme. The downdrafts
enhanced as the horizontal resolution increased from 9 km to 3 km to 1
km, with the 1 km simulation reaching the strongest downward motions
of —6 m s™! near the ground both in NSSL and Purdue-Lin schemes.
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probability distribution (frequency of occurrence) of hourly rainfall.

Overall, Purdue-Lin schemes simulated a broader range of vertical ve-
locities than NSSL schemes.

4. Conclusions and discussion

This study investigated the sensitivity of the torrential rainfall of
Typhoon Fitow (2013) to horizontal resolutions with mesh spacings
ranging from 9 km to 1 km. All simulations captured the TC tracks well.
Different resolution runs simulated similar tracks, which may be
ascribed to the reality that the steering flow dominantly determined
typhoon Fitow (2013) tracks, and the steering flow was mainly associ-
ated with large-scale environments. The 9 km to 1 km simulations
generally simulated similar large-scale environments. The sensitivity of
TC intensity was also discussed, aiming to obtain an appropriate hori-
zontal spacing for operational forecasting as the mesh spacing lessened
from 9 km to 3 km, the TC intensity generally increased with lowered
minimum SLP and higher MWS near the TC center, which is the same
case as the mesh spacing lessened from 3 km to 1 km. This suggests that a
finer resolution simulates a more intense TC by lowering the minimum
sea level pressure.

By examining the impacts of horizontal resolution on the spatial and
temporal distributions of typhoon rainfall, this study determined the
physical processes important to the changes in rainfall and examined
whether the differences in the physical processes determining surface
rainfall depend on microphysical schemes. As the mesh spacing dimin-
ished from 9 km to 3 km, the decreased mean surface rainfall was mainly
caused by the constraints of hydrometeor convergence and net
condensation in the Purdue-Lin and NSSL schemes, respectively. As the

mesh spacing diminished from 3 km to 1 km, the mean surface rainfall
decreased in the Purdue-Lin and NSSL schemes, whereas the main
physical processes responsible for the constrained mean surface rainfall
differed in the different microphysics schemes. In the Purdue-Lin
scheme, the deduced rainfall was associated with reduced net conden-
sation resulting from the local moistening of water vapor corresponding
to condensation as the mesh spacing lessened from 3 km to 1 km,
whereas it rarely changed in the NSSL scheme. In addition, surface
rainfall changed substantially as the mesh spacing lessened from 9 km to
3 km and from 3 km to 1 km in the Purdue-Lin scheme, whereas it did
not change as much as the mesh spacing lessened from 3 km to 1 km in
the NSSL scheme. This indicates that the horizontal resolution is sensi-
tive to the microphysical scheme, and the sophisticated microphysical
scheme predicting both mixing ratio and number concentration of cloud
droplets, rain, ice, snow, and graupel and considering more complex
microphysical processes may compensate for the deficiency of coarse
resolution to some extent.

In addition to the differences in rainfall distribution, the CFADs of
the vertical velocities were investigated as the mesh spacing lessened. As
the horizontal resolution enhanced, the range of the CFADs of the ver-
tical velocities broadened, and more upward and downward motions
were resolved. When the horizontal resolution diminished from 9 km to
3 km, the maximum updrafts enhanced by 5-6 m s}, and the maximum
downdrafts enhanced by 2 m s™!. As the horizontal resolution was
increased from 3 km to 1 km, the maximum updrafts and downdrafts
were enhanced by approximately 2 m s~ *. The sensitivity of vertical
velocities to the horizontal grids corresponded to that of surface rainfall,
that is, as the mesh spacing was diminished from 9 km to 3 km, surface
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experiments with horizontal mesh grid of (a) 9 km, (b) 3 km, (c) and 1 km in the Purdue-Lin scheme, and those of (d) 9 km, (e) 3 km, and (f) 1 km in the NSSL scheme,
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Table 5

Daily and model domain averaged surface rain rate (Ps), net condensation (Qc),
and local hydrometeor change/convergence (Qcy) and their differences be-
tween the 9 km and 3 km, as well as the 3 km and 1 km simulations in the
Purdue-Lin scheme (left four columns) and NSSL scheme (right three columns).

Purdue-Lin NSSL
Different resolutions Ps Qcm Qnc Ps Qcm Qnc
1 km 107.4 24.9 82.5 102.5 42.5 60.1
3 km 116.2 8.0 108.2 102.6 47.1 55.5
9 km 119.3 1.2 118.1 108.0 67.4 40.6
1 km-3 km —8.9 17.0 —25.9 -0.1 —4.6 4.5
3 km-9 km -3.0 6.9 -9.9 —5.4 —20.3 14.9

rainfall increased substantially, whereas it did not change as much as the
mesh spacing was reduced from 3 km to 1 km. The above-mentioned
analysis suggests that as the mesh spacing changed from 9 km to 3
km, the physical processes (such as water vapor convergence) associated
with updrafts and downdrafts were notably resolved. Furthermore, the
sensitivities of the vertical velocity and surface rainfall to horizontal
grids in different microphysics schemes differed. The disparities be-
tween the 3 km and 1 km results in the NSSL scheme were generally
smaller than those in the Purdue-Lin scheme, indicating that a more
sophisticated microphysics scheme may compensate for the deficiency
of low resolution in the WRF simulations. This is similar to the results of
previous studies (Sun et al., 2013; Zhang et al., 2021).

Gentry and Lackmann (2010) found that localized and intense

updrafts began to resolve when the mesh spacing was refined to <3 km.
Fierro et al. (2009) suggested that TC rainbands begin to resolve at a
horizontal resolution of 3 km. However, Eastin et al. (2005) suggested
that higher resolutions are required to fully resolve all updraft and
downdraft cores in a TC system. Unlike the above studies, Kim et al.
(2006) suggested that a 4 km horizontal resolution was generally
acceptable for TC simulations. This study indicated that a horizontal
resolution of 3 km or even 1 km was needed to resolve the characteristics
of typhoon rainfall, whereas the spatial and temporal distributions
largely depended on the choice of microphysical schemes. This study
may provide theoretical guidelines and references for the choices of
resolutions and microphysical schemes both in numerical simulation
research and meteorological operational forecasts.

This study conducted a series of simulations with the grid spacings
from 9 km to 1 km, and showed that all the simulations generally
captured the tracks of the tropical cyclone. As the resolution increased,
the tropical cyclone intensity enhanced with the decreased minimum sea
level pressure and increased maximum wind speeds near the TC center.
This may make a significant contribution to the literature because
making accurate forecasts of tropical cyclone rainfall is crucial for
building public trust in meteorological agencies. As a case study, the
results indicated that a 1 km horizontal resolution is necessary when
using a simple Purdue-Lin microphysics scheme, whereas a 3 km hori-
zontal resolution is acceptable using a sophisticated NSSL scheme.
Furthermore, the constrained net condensation and hydrometeor
convergence contributed to the decreased rainfall in the Purdue-Lin and
NSSL schemes, respectively. This may serve as a valuable reference for
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Table 6

Cloud microphysical equation, daily and model domain averaged (a) local hydrometeor change/convergence (Qcy) decomposition, and (b) cloud water divergence
(Qcmc) decomposition averaged for 24 h in the sensitivity experiments, and the differences in simulations between the 9 km, 3 km, and 1 km simulations in the NSSL
scheme. Unit is mm h™'. Here qiacw and ghacw are 0.0, and they are neglected.

(@

Different resolutions Qcm Qcmc Qcmr Qcmr Qcms Qcme QcmHL
1 km 42.5 —44.7 88.7 -0.1 -0.9 -0.5 0.0

3 km 47.1 —-39.8 88.3 —0.1 -0.9 —-0.4 0.0

9 km 67.4 —-23.9 929 -0.1 -1.0 -0.5 0.0

1 km-3 km —4.6 —4.9 0.4 0.0 0.0 -0.1 0.0

3 km-9 km —20.3 —16.0 —4.6 0.0 0.1 0.2 0.0
(b)

Different resolutions Qcmc qracw gsacw qrenw ghacw qevap dcloud
1 km —44.7 9.5 0.8 0.7 1.5 14.6 -71.7
3 km —39.8 9.4 0.8 0.8 1.3 7.2 —-59.4
9 km -23.9 8.2 1.0 1.5 1.4 2.8 -38.7
1 km-3 km —4.9 0.1 0.0 -0.1 0.2 7.4 —12.3
3 km-9 km —16.0 1.3 -0.2 -0.7 -0.1 4.5 —20.7

Table 7

Daily and model domain averaged Qc, and budget terms and their differences between 9 km and 3 km, as well as 3 km and 1 km simulations in the Purdue-Lin scheme.
Here Psmlitevp is 0.0, and they are neglected.

Different resolutions Qnc Pssub Psdep Prevp Pgsub Pgdep Pgmltevp Piadj Pladj
1 km 82.5 —-0.4 2.7 -19.1 -1.0 5.3 -0.4 -3.6 99.1
3km 108.2 -0.5 2.0 -17.2 -1.3 5.1 —-0.6 6.8 114.0
9 km 118.1 -0.5 2.4 —-14.5 -1.4 6.1 -0.9 129 114.0
1 km-3 km —25.7 0.1 0.6 -1.8 0.3 0.2 0.2 -10.4 —14.9
3 km-9 km -9.9 —-0.1 -0.3 -2.8 0.1 -1.0 0.3 —6.1 0.0

1 3ll(Il’l 1 L L L L
SPE [C) s g
—_~ C Als_ o —~ —,:
g E £ 121 - E £
5 E-XE - 5 -5
2 F 2 6 - - 2 L&
o 3 L d
2 16 4 0 4 8 12 16 2 16
184@ a a i
157 F - -
£ - £ 3
£ 91 ) ) -~
Z 6 - - .
3_ L b -
8 12 16 4 0 4 8 12 16 8 12 16

vertical velocity(m-s™)

025 1 3 10 70%

Fig. 6. Contoured frequency with altitude diagrams (CFADs) of vertical velocity (m s™') over the analysis domain of 25.4—31.3°N, 118.2—124.0°E for all the
sensitivity experiments with horizontal mesh grid of (a) 9 km, (b) 3 km, and (c¢) 1 km in the Purdue-Lin scheme, and those of (d) 9 km, (e) 3 km, and (f) 1 km in the
NSSL scheme. CFADs were calculated using 24 h integration periods from 1200 UTC 6 October to 1200 UTC 7 October 2013. We conduct probability distributions on
35 vertical levels, with a bin size of 1 m s™!. Contour intervals are 0.25%, 1%, 3%, 10%, and 70%.

both research and operational communities in the field of numerical sensitivities. The caution should be exercised because the conclusions
weather prediction. Specifically, we examined how different horizontal are derived from a solitary typhoon case. Additional three-dimensional
mesh spacing may impact model performance of rainfall, and explored simulations of typhoons and other rainfall systems (e.g. squall lines)
the physical processes responsible for the rainfall at different resolu- might be necessary to generalize the conclusions of this study.

tions, which is expected to provide important insights into model
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