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Abstract: Typhoon Usagi (1319) was simulated by using the Advanced Weather Research and Forecasting numerical
model (WRF) with different horizontal resolution to understand the impact of horizontal resolution on the intensity and
characteristics of typhoon's microstructures (including dynamic and microphysical structure). The simulated results show
that the improvement of horizontal resolution from 5 km to 1 km has little impact on the track which is comparable to
real results, but has a significant impact on the intensity and microstructures, and especially, the impact on wind speed
at 10 m height, the vertical movement and precipitation intensity is the greatest. When the resolution is increased to 1
km, the intensity and characteristics of typhoon's microstructures can be simulated better. In lower resolution
simulations, some structural characteristics, including more asymmetrical and more outward tilted eyewall, and less
water vapor flux on sea surface, work together to weaken typhoon intensity.
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1 INTRODUCTION

Much attention has been focused on the influence of
the horizontal resolution of a weather simulation model
on the simulation outcomes. Weisman et al. simulated
squall lines using models with different horizontal
resolutions (1-12 km), and discovered that mesoscale
circulation and convective structure of the squall line
varied significantly in different horizontal resolutions .
There was a delay in convection occurrence time when a
coarse mesh was used because it failed to adequately
simulate the non-hydrostatic process. They concluded that
a 4 km resolution was sufficient to simulate the main
characteristics of the squall line. Deng et al. studied
models with different horizontal resolutions (45, 30, 20,
and 10 km) in simulating rainstorms in the Huaihe River
Basin®. Horizontal resolution had a great influence on the
simulation of precipitation. Enhancing the horizontal
resolution of the model improved the forecasting results.
However, the precipitation intensity simulated by a
high-resolution model was high and had a large false
forecast rate. Different resolutions had little effect on the
simulation effect of circulation. Zhang et al. simulated the
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weather development process in the agro-pastoral
transitional zone of Naiman Banner, Inner Mongolia,
China, using the mesoscale numerical model Advanced
Regional Prediction System (ARPS) and found that
enhancing horizontal resolution can recapitulate the
multiscale features of atmospheric motion . Davis et al.
simulated hurricanes using the WRF model and found
that the minimum sea-level pressure changed by 20 hPa
and maximum wind speed increased by 13 m/s when the
horizontal resolution changed from 4 km to 1.3 km ™.
Gentry and Lackmann used the WRF model to study the
sensitivity of typhoons to horizontal grid intervals ranging
from 1-8 km® . The central minimum air pressure
declined markedly with increased resolution and large
numbers of strongly ascending motion centers occurred at
the eyewall when the grid interval was less than 4 km.
They concluded that the grid interval used in the model
should be smaller than 3 km for numerical forecasting.
Chen et al. and Yau et al. simulated hurricanes using the
MM35 model with different horizontal resolutions 7. The
eyewall was wider when simulated by models with lower
resolution. These studies focused on the macroscopic
changes of simulation results but did not determine the
influence of horizontal resolution on micro-structural
(including kinetics and micro-physics) simulation.
McFarquhar and Black and Rogers et al. conducted a
hurricane simulation using the horizontal model and
found large differences between the simulated kinetics
and micro-physical structure and observations ¥, They
suggested that this resulted mainly from the horizontal
resolution although this possibility was not verified with
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additional research®™,

To study the influence of horizontal model
resolutions on the kinetics and micro-physical structure of
typhoons, we conducted sensitivity tests using different
horizontal resolutions. Because the intensity of the
typhoon center and the precipitation are largely
determined by the kinetics and micro-physical structural
characteristics of the typhoon (Cheng et al."”; He et al.l'}),
this study may provide a better simulation of typhoon
intensity, precipitation, and micro-structural
characteristics. The results could therefore improve the
accuracy of typhoon intensity prediction.

2 CASE DESCRIPTION

Typhoon Usagi, a super Typhoon coded 1319, was
formed on the ocean surface to the east of the Philippines
at 18:00 UTC (Coordinated Universal Time) on
September 16, 2013. It strengthened from a severe
tropical storm at 01:00 UTC to a typhoon at 13:00 UTC
on September 18, a strong typhoon at 04:00 UTC on
September 19, and further to a super typhoon at 10:00
UTC on September 19. Subject to a subtropical ridge, it
moved in a WNW direction. It reached its peak intensity
at 18:00 UTC on September 19 when the minimum air
pressure reached 910 hPa near the typhoon center and the
migration speed was 18 km/h. In the next two days, the
typhoon continued to migrate in the same direction,
crossing Luzong Strait and reaching the northeast area of
the South China Sea. Having been downgraded to a
strong typhoon at 12:00 UTC on September 21, Usagi
finally landed along the coast of Dahu Township, Haifeng
County, Shanwei, Guangdong Province at 11:00 UTC on
September 22. Under the influence of drier air, the storm
faded rapidly into a typhoon at 16:00 UTC, a severe
tropical storm at 21:00 UTC, a tropical storm at 23:00
UTC on September 22, and then to a tropical depression
at 08:00 UTC the day after.

3 EXPERIMENTAL SCHEME

In this study, the non-hydrostatic mesoscale
numerical model WRF V3.5.1 was used. The initial field
and lateral boundary of the numerical model were
obtained from final operational global analysis data (ata
time interval of 6 h and a horizontal resolution of 1°x1°)
from the National Centers for Environmental Prediction.
Five triple-nested, bi-directional grid tests were designed.
Table 1 shows that the areas of innermost grids in the five
tests were the same and they moved with the typhoon.
The 9-3-1 km test means a test where the horizontal
resolutions of the outermost grid, the middle grid and the
innermost grid were 9 km, 3 km and 1 km, respectively.
Emanuel noted that latent heat flux and sensible heat flux
are the major energy sources of typhoons!"”. The intensity
of the secondary circulation of the typhoon is largely
determined by the ventilating air in upper troposphere
(about 15-18 km). Therefore, unequal-distance layering
was applied in the vertical direction, with the boundary

layer and troposphere encrypted. There were a total of 65
layers. Dougherty and Kimball suggested that a typhoon
could be better simulated using this type of vertical
layering model ™. Molinari and Dudek indicated that the
grid was able to identify cumulus convection when
horizontal and vertical resolutions were smaller than 5
km". Thus, the GD cumulus parameterization scheme
(CPS) of the innermost grid was shut down in all of the
tests (Grell and Devenyi"). By conducting a test using a
3 km coarse grid interval and 1 km fine grid interval,
Fierro et al. found that typhoon intensity and structure
simulated by the coarse grid, with and without CPS, were
similar!®, Therefore, CPS was used on the second layer of
the grid in the 9-3-1 km test to ensure consistency. The
other parameterization schemes of physical processes
remained the same in all five tests. The micro-physical
scheme, long-wave radiation scheme, short-wave
radiation scheme, and boundary layer scheme were
WDM6 (Lim and Hong "), RRTM (Mlawer et al.!'),
Dudhia’s model™, and YSU (Hong et al.”), respectively.
The simulated typhoon time was between 18:00 UTC on
September 19 and 12:00 UTC on September 21, 2013 (42
h), during which the typhoon was in the maturity stage.

Table 1. Dimensions of the domains for the five tests.

Tests Domainl Domain2 Domian3
9-3-1km 596x496 421x301 454x454
18-6-2km 299%x249 208x157 226x226
27-9-3km 199x166 142x103 151x151
36-12-4km 150x125 106x76 115x115
45-15-5km 120x100 85%61 91x91

4 SIMULATION RESULTS

Observation data of the track and intensity of
typhoon used in this study was collected from the optimal
track dataset for tropical cyclones developed by the China
Meteorological ~Administration  Shanghai  Typhoon
Institute (Ying et al.?"). The precipitation rate was from
the 2A12 dataset of the tropical rainfall measuring
mission.

4.1 Tracks

The tracks of all five tests during the simulation
were similar (Fig. 1), suggesting that the horizontal
resolution had minor influence on the track of the
typhoon. The similarity of simulated and observed tracks
suggested that the grids in these tests were able to identify
large-scale weather systems that determine typhoon tracks
(Goerss™). However, the simulated tracks in all five tests
migrated southward compared with the measured tracks
during the entire simulation process, especially from
06:00 UTC to 12:00 UTC on September 21. This
occurred because the subtropical high simulated in the
tests was slightly high. In general, typhoon tracks were
accurately simulated in all five tests and this indicated
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that the environment field was accurately simulated in the
tests. Differences in horizontal resolution were embodied
in the simulation of typhoon intensity and micro-structure.
Therefore, it was more conducive to analyzing typhoon
intensity and micro-structure than analyzing typhoon
track.
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Figure 1. The typhoon tracks of five tests and the measured
track from 18:00 UTC on September 19 to 12:00 UTC on
September 21. The time interval is 6 hours.

4.2 Minimum sea—level pressure and 10 m maximum
wind speed

Measured and simulated values of minimum
sea-level pressure at 6 h intervals are shown in Table 2.
Initial values of minimum sea-level pressure in all five
tests were much larger than the measured values, which
resulted from the low resolution of the initial field. Except
for the 27-9-3 km test where the final simulated minimum
sea-level pressure was about 9 hPa lower than the
measured value, the remainder of the tests accurately
simulated the minimum sea-level pressure of the typhoon
from 00:00 UTC of September 21. The simulation effect
of the 9-3-1 km test was better than that of any other tests.
The maximum difference between minimum sea-level
pressure values, simulated by various tests, was about 5
hPa throughout the entire simulation, which was different
from the simulation result obtained by Davis et al.'. A 20
hPa decline of minimum sea-level pressure was observed
using the WRF model as the horizontal resolution

increased from 4 km to 1.3 km. This might have been
caused by selection bias.

In all five tests, the initial 10 m maximum wind
speed (MWS) was much smaller than the measured value.
The 10 m MWS was accurately simulated by the 9-3-1
km test from 06:00 UTC on September 20, which was
much earlier than the other tests (Fig. 2). The difference
between the 10 m MWS simulated by the 9-3-1 km test
and the measured value was 2.7 m/s, whereas this
difference was > 7 m/s in all other tests. The 10 m MWS
simulated by the 36-12-4 km test rose by 7.8 m/s from
12:00 UTC on September 20 to 00:00 UTC on September
21, during which the 10 m MWS values varied little in the
other tests. Simulation effects of tests with higher
resolutions were better than those of tests with lower
resolutions. The measured 10 m MWS declined and
dropped by 5.6 m/s from 00:00 UTC to 12:00 UTC on
September 21. During the same period of time, 10 m
MWS values of the 9-3-1 km test and the 36-12-4 km test
showed the same trend of change as the measured value
and declined by 5.6 m/s and 6.5 m/s, respectively. The 10
m MWS of the 18-6-2 km test and the 27-9-3 km test
increased by 7.6 m/s and 7.2 m/s, respectively. The 10 m
MWS of the 45-15-5 km test declined after an initial
increase. These results indicate that the simulation effects
of 10 m MWS differed greatly when using different
horizontal resolutions. The 10 m MWS simulated with a
higher resolution was larger than that with a smaller
resolution. The simulation of 10 m MWS at a 1 km

resolution was the most accurate.
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Figure 2. Time series of measured and simulated values of 10 m
MWS.

Table 2. Measured and simulated values of minimum sea-level pressure (hPa).

Time (UTC) Measured values 9-3-1km 18-6-2km 27-9-3km 36-12-4km 45-15-5km
18:00, 19th 915 964.922 964.921 965.073 965.158 964.946
00:00,20th 915 939.542 940.089 940.536 941.052 941.820
06:00,20th 915 931.648 933.901 934.704 935.959 935.149
12:00,20th 920 926.155 927.085 929.632 930.944 932.141
18:00,20th 920 927.828 926.738 926.461 927.401 930.026
00:00,21st 925 926.535 925.139 926.343 924.100 925.129
06:00,21st 925 925.356 922.095 922.829 922.711 921.517
12:00,21st 930 925.599 920.865 923.428 924.501 923.444
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4.3 Precipitation

The observed precipitation (Fig. 3f) showed two
heavy precipitation areas on the southwest and southeast
side of the typhoon center at 02:00 UTC on September
21. The precipitation on the southeast side was heavier
and reached a maximum of 67 mm/h. The precipitation
areas simulated in all five tests were similar to the
observed areas (Figs.3a-3e). Differences were seen in the
36-12-4 km test and the 45-15-5 km test where heavy
precipitation was concentrated on the southwest side of
typhoon center. Heavy precipitation was observed on both
southwest and southeast sides of the typhoon center in the
rest of the tests. Simulated precipitation intensities varied
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with horizontal resolutions. Maximum precipitation rates
in the 9-3-1 km, 18-6-2 km, 27-9-3 km, 36-12-4 km, and
45-15-5 km tests were 75 mm/h, 88 mm/h, 110 mm/h, 61
mm/h, and 70 mm/h, respectively. This indicated that
precipitation intensities of 18-6-2 km test and 27-9-3 km
test were larger than observed values, which could be
verified by the area of precipitation larger than 50 mm/h.
Moreover, the 9-3-1 km test was the only test where the
heavy precipitation at the south end of Taiwan Island and
north end of the Philippines, brought about by a spiral
rain band, was simulated. In terms of precipitation
distribution and intensity, the 9-3-1 km test was close to
the actual situation.
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Figure 3. Measured and simulated precipitation (mm/h) at 02:00 UTC on September 21. a.9-3-1km test; b.18-6-2km test; ¢.27-9-3km

test; d.36-12-4km test; e.45-15-5km test; f. Measured value.
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4.4  Sea surface water—vapor flux

The sea surface water-vapor flux varied with the
horizontal resolution. In the 27-9-3 km test and the
45-15-5 km test, areas with sea surface water-vapor flux
larger than 0.4 g/(m? -s) were small (Fig. 4). This
corresponded with the small 10 m MWS values in the two
tests and indicated that the typhoon intensity was largely
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Figure 4. Simulated sea surface water-vapor flux (g/m?- s) at 02:00 UTC on September 21. a. 9-3-1km test; b. 18-6-2km test; c.
27-9-3km test; d. 36-12-4km test; e. 45-15-5km test.

4.5 Vertical speed

Figure 5 (bl-b5) shows that convective
characteristics at the height of 1 km varied with different
resolutions. Vertical motions in the eyewall and
peripheral spiral rain bands were primarily ascending
motions in the 45-15-5 km test and the 36-12-4 km test.
There was no noticeable sinking motion in the eye area in
the 45-15-5 km test. As horizontal resolution enhanced,
noticeable sinking motions occurred in the eye area and
the strength of ascending motions in the eyewall and
peripheral spiral rain band, along with the upward mass
flux within the corresponding boundary layer (Table 3),
increased. When resolution reached 1 km, a large number
of strong ascending motion centers and a small number of
strong descending motion occurred in the eyewall.
Vertical speed range was 9-13 m/s in the eyewall,
whereas it was 1-3 m/s in the 45-15-5 km test. In the
presence of a small number of strong descending
motions, the net mass flux in the vertical direction within
the boundary layer still declined even though ascending
motions were strengthened (Table 3). Maximum vertical
speed in the lower layers, at the 1 km resolution, agreed
with the observations of Jorgensen et al.®!, Marks and
Houze™, Black et al.®), Eastin et al.”, and Marks et al.”"
in the order of magnitude. Therefore, the 9-3-1 km test

determined by sea surface water-vapor flux. In addition,
the sea surface water-vapor flux in the 45-15-5 km test
showed asymmetry—the water-vapor flux on the east side
of typhoon center was larger than that on the west side,
which might be a primary cause of the distinct structural
asymmetry of the typhoon simulated in this test.

100 200 200 400

was close to the observed vertical speed condition.

Table 3. Upward mass flux and vertically net mass flux at
02:00 UTC on September 21 averaged in the cube whose
center is the location of minimum sea-level pressure. The
dimensions of the cube are respectively 300 km, 300 km, and
1.125 km.

Upward mass flux ~ Vertical net mass flux

Tests

(g'm-s™) (g'm-s™)
45-15-5km 1.346 0.773
36-12-4km 1.627 0.707
27-9-3km 1.926 0.711
18-6-2km 2.705 0.739
9-3-1km 3.570 0.624

To fully describe the vertical motion characteristics
of the typhoon, the simulated vertical speed was averaged
along the azimuth. There were multiple large-value zones
of ascending motions distributed along the vertical profile
in all the tests (Fig. 6). Similar structures were also found
by Black et al. ™ when they observed and simulated
mature hurricanes and by Samsury and Zipse™, May and
Rajopadhyaya ™ and Fierro et al.® and Fierro et al.
when they investigated tropical ocean squall lines. They
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found that large-value zones of lower-layer ascending
motions were the result of dynamic friction, whereas
large-value zones on upper layers resulted from water
unloading and buoyancy. Vertical motions in both lower
and upper layers were large in the 18-6-2 and 36-12-3 km
tests, suggesting that overall intensities of ascending
motions were strong in these two tests. Although the
intensities of lower-layer ascending motions simulated in

the 9-3-1 km test were the strongest, based on Fig. 5, the
overall intensity of ascending motions was still weak
since there were some strong descending motions in the
lower levels simulated in this test. This was confirmed by
the small net mass flux in the vertical direction on the
boundary layer in the 9-3-1 km test. It also indicated that
the inclination of a large-value zone of ascending motions
increased with the grid interval, suggesting an increasing
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Figure 5. Simulated radar reflectivity (al-a5, dBZ) and vertical wind speed (b1-b5, m/s) at z=1 km at 02:00 UTC on September 21.
The order of the five tests is with the finest-resolution test shown at the top line and the coarsest simulation test shown at the bottom

line.
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eyewall inclination with grid interval. When the eyewall
inclination of the typhoon was large, the heating effect
with the release of latent heat of condensation within
middle layers reduced the pressure gradient in the radius
of maximum wind and enhanced the pressure gradient
outside the radius of maximum wind, which not only
weakened typhoon intensity but also enlarged the scale of
the inner zone of the typhoon (Wang?). According to the
eyewall inclination, the intensity of the typhoon simulated
by the model with a low resolution was weak, which is
consistent with the low 10 m MWS in low resolution
tests.
4.6 Eyewadll of the typhoon

The typhoon eyewall is the source of heavy

precipitation and the intensity of the storm surge is largely
determined by the range of lower-layer high wind speed.
Therefore, it is important to study the eyewall structural
characteristics simulated with different resolutions. The
eyewall simulated by a low resolution model was wide,
which was attributed to the large eyewall inclination (Fig. 5
(al-a5)). This also suggested more prominent asymmetry
of the eyewall at a low resolution. In mature typhoons,
asymmetric flow would absorb kinetic energy from
symmetric flow, in which tangential wind speed and
radial wind speed decreases (Peng et al.®, Wu and Braun®¥;
Yang et al. ). Thus, when the resolution is low, an
eyewall with prominent asymmetry results in a typhoon
with low wind speed.
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Figure 6. Height-radius plots of mean azimuthal vertical wind speed (m/s) at 02:00 UTC on September 21. a. 9-3-1 km test; b. 18-6-2

km test; ¢. 27-9-3 km test; d. 36-12-4 km test; e. 45-15-5 km test.

4.7 Hydrometer distribution

Figure 7 (al-a5) shows that the area enclosed by the
isoline where graupel content was 1.5 g/kg was the
smallest in the 9-3-1 km test, in which the maximum
mixing ratio of graupel was 2 g/kg. The area was the
largest in the 18-6-2 km test and the 36-12-3 km test, in
which the maximum mixing ratio of graupel reached 3.6
g/kg. The area enclosed by the isoline where rain water
content was 2 g/kg was also the largest in the 18-6-2 km
test and the 36-12-3 km test and smallest in the 9-3-1 km
test. Snow content was the largest in the 27-9-3 km test
and the smallest in the 45-15-5 km test. The large-value
zone of snow was above that of graupel, suggesting that a
large amount of graupel originated from snow.
Large-value zones of rain water were below the

large-value zone of graupel in all of the tests, which
indicated a large amount of rain water derived from
melted graupel particles. Fig. 7 (bl-b5) shows that
large-value zones of cloud ice were near a height of 12
km in all the tests. Cloud ice content was the largest in the
27-9-3 km test and the smallest in the 45-15-5 km test.
Large-value zones of cloud ice content were observed
near the melting layer (at a height of ~5 km) and the top
boundary layer. Cloud water content near the top layer of
the eye area varied significantly and was largest in the
45-15-5 km test. Such a difference might be attributed to
a different description of turbulence on the low-altitude
frictional layer by the model at different resolutions.

In general, there was more hydrometeor simulation
at the resolution of 18-6-2 km and 27-9-3 km, which
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Figure 7. Height-radius plots of mean azimuthal hydrometer mixing ratio (g/kg) at 02:00 UTC on September 21. In the left column
shadow shows rain (Qr) , dashed line shows graupel and solid line shows snow. In the right column shadow shows cloud water (Qc)
and line shows cloud ice. The order of five tests is with the finest-resolution test shown at the top line and the coarsest simulation test

shown at the bottom line.

would enhance precipitation. This was consistent with the
results shown in Fig. 3. Surface precipitation intensity
was high in the 18-6-2 km and 36-12-3 km tests.
Ascending motions showed an overall strong intensity in
both tests, suggesting that the hydrometeor contents and
precipitation intensity were largely determined by the
overall intensity of ascending motions. The 1 km
resolution was more capable of simulating precipitation

intensity than the other resolutions, which further
indicated that the vertical motions simulated at the
resolution of 1 km were close to actual conditions. The
radius of large-value zones of graupel and snow content
increased with the grid interval, suggesting that the
eyewall inclination rose with grid interval. This was
consistent with the conclusion that eyewall inclination
was the largest in the 45-15-5 km test, which was judged
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based on ascending motions.
5 DISCUSSION AND CONCLUSIONS

A mesoscale model WRF with different horizontal
resolutions (1, 2, 3, 4, and 5 km) was used to simulate
Typhoon Usagi. We reached the following conclusions.

(1) Horizontal resolutions do not have significant
influence on the simulation effect of typhoon tracks; the
model can accurately simulate typhoon tracks at various
resolutions.

(2) Different horizontal resolutions show different
simulation effects on typhoon intensity (defined by
minimum sea-level pressure or 10 m MWS), especially
for 10 m MWS. The typhoon intensity simulated at 1 km
resolution was close to the observed value.

(3) Horizontal resolutions have a significant
influence on the simulation effects of the microstructure
of typhoons (including dynamics and micro-physics). The
greatest influence was found on vertical motions and
precipitation intensity. There were high precipitation
intensities, high hydrometeor content, and strong overall
intensity of ascending motions when the horizontal
resolutions were 2 km and 3 km, indicating that the
difference in the capability of different horizontal
resolutions in vertical motion simulation is the major
cause leading to the difference of the capability of the
model in precipitation intensity simulation. A 1 km
resolution showed the best precipitation intensity
simulation and indicates that the wvertical motions
simulated at a 1 km resolution are close to actual
conditions. The magnitude of lower-layer vertical
motions simulated at 1 km resolution is the same as that
of mass observation, verifying the previous conclusion.
Increasing the horizontal resolution model to 1 km was
helpful for improving the simulation effects of
precipitation intensity and vertical motion.

(4) The simulated typhoon intensity is small when
simulated at a low resolution, which is associated with the
small water-vapor flux, asymmetry of the eyewall, and
large eyewall inclination.

Previous studies reported that enhancing the
horizontal resolution would contribute to the explicit
description of atmospheric thermal processes and
dynamic processes by the model and reduce the
parameterization process (Zhang and Wei P Chen and
Xue P7; Liao P¥). This might be the main reason why
various factors like ascending motion and upward mass
transport are large. For calculation accuracy, the smaller
the grid interval, the better the numerical calculations
reflect the actual climate situation. Therefore, the
simulation result with 1 km horizontal resolution is
superior to those with lower resolutions. However, our
results are presented considering all physical processes,
whereas there are interactions, including non-linear
energy cascades, between these physical processes. Due
to the limited space of this paper, it is difficult to conduct
detailed analysis of the mechanism leading to different

micro-structures here.

The conclusions of this study are based on a single
case with specific physical processes. Situations with
different parameters might produce different results.
Thus, statistical analysis of more cases is required before
reaching more general conclusions.
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