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Abstract: In recent years, the study of numerical weather prediction (NWP) in complex orographic
areas has attracted a great deal of attention. Complex orography plays an important role in the
occurrence and development of extreme rainfall events. In this study, the Yin—-He Global Spectrum
Model (YHGSM) was used, and the wave number truncation method was employed to decompose
the orographic data to different resolutions. The obtained orographic data with different resolutions
were used to simulate the extreme rainfall in Zhengzhou, Henan Province, China, to discuss the
degree of influence and mechanism of the different orographic resolutions on the extreme rainfall.
The results show that the simulation results of the YHGSM with high-resolution orography are better
than those of the low-resolution orography in terms of the rainfall intensity and range. When the
rainfall intensity is higher, the results of the low-resolution orography simulated the rainfall range
of big heavy rainfall better. The orography mainly affected the rainfall by affecting the velocity of
the updraft, but it had a limited influence on the maximum height that the updraft could reach. A
strong updraft is one of the key factors leading to extreme rainfall in Henan Province. When the
orographic resolution changes, the sensitivity of the vertical velocity of the updraft to the orographic
resolution is the greatest, the sensitivity of the upper-air divergence and low-level vorticity to the
orographic resolution is lower than that of the vertical velocity. In conclusion, the high-resolution
orography is helpful in improving the model’s prediction of extreme rainfall, and when predicting
extreme rainfall in complex orographic areas, forecasters may need to artificially increase rainfall
based on model results.

Keywords: complex orography; orographic resolution; extreme rainfall; numerical weather prediction

1. Introduction

The accurate prediction of rainfall via numerical weather prediction (NWP) can make
up for the lack of precipitation data in areas where meteorological stations are scarce or
insufficient, which is very important for gaining a better understanding of and conducting
research on the hydrological cycle and for water management planning. Moreover, rainfall
also has a significant impact on the other physical components involved in earth system
modeling [1]. However, the current global and regional NWP models still have the problem
of inaccurate prediction in complex orographic regions [2-5]. Due to the limitations of
NWP models’ resolution and orographic resolution, NWP models cannot fully resolve
the orographic effects of extreme rainfall in complex orographic areas. Although the
parameterization of physical processes related to rainfall and orography compensates for
the unresolved part of the models, these parameterization schemes also bring a lot of
uncertainty to the NWP models. In addition, due to the involvement of a large number
of physical processes and interactions between different processes, it is still difficult for
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current NWP models to accurately predict the range and level of extreme rainfall. For
example, Moya-Alvarez et al. [6] evaluated the rainfall simulation of the Weather Research
and Forecasting (WRF) model over the complex Peruvian orography, and they simulated
nine 10-day rainfall and five extreme rainfall events in their experiments. Overall, the
model overestimated the rainfall, but in the case of the five extreme rainfall events, it
underestimated the rainfall. Yanez-Morroni et al. [7] also found that the NWP model was
not ideal for simulating rainfall in complex orographic areas. They conducted numerical
simulations of rainfall events in complex orography, such as Chilean mountainous terrain
and foothills, and found that some problems remained. The NWP models remain a
challenge for extreme rainfall prediction over complex orography.

Complex orography can lead to intense extreme rainfall [8]. Extreme rainfall not only
causes a great deal of damage to the environment, but it also may pose a great threat to the
property and lives of local residents. From 19-21 July 2021, the biggest super rainstorm
in history occurred in Zhengzhou, Henan Province, central China, causing hundreds of
deaths, dozens of missing people, and severe property loss [9,10]. The orography around
Zhengzhou, China, is complex, and it is also an area with frequent rainstorms over the
years. Therefore, it is of great significance to study the extreme rainfall in the surrounding
areas of Zhengzhou to protect people’s lives and safety, and to provide a useful reference
for extreme rainfall prediction in other complex orographic areas. The extreme rainfall in
Henan Province was mainly affected by the orography, typhoon In-Fa, typhoon Cempaka,
the Western Pacific Subtropical High (WPSH), and other systems. The orography played
a role in blocking and uplifting airflow. The combined action of the two typhoons and
the WPSH formed a strong water vapor transport channel, which led to the air flow with
a large amount of water vapor being transported to mainland China. In addition, under
the influence of stable atmospheric circulation, the rainfall in Henan was supported by
continuous water vapor, which led to this extreme rainfall event. During this weather event,
the maximum rainfall in a single hour was greater than 200 mm [11], which attracted a
great deal of attention in China and abroad. However, no consensus has been reached as to
the specific mechanism of the heavy rainfall in Zhengzhou. It is well known that accurate
representation of the orography in NWP models has a great influence on the simulation of
extreme rainfall events, but the specific extent of the impact of the orographic resolution on
the simulation results is not completely clear.

In recent years, an increasing number of scholars have begun to study the simulation
of extreme rainfall events using NWDP, and the simulation results have been gradually im-
proving [12-15]. The possible reasons for this are improvement in the horizontal resolution
of the NWP models, the optimization of the parameterization schemes, and improvement
in the orographic representation. In view of the orographic problem, several scholars have
reported that using high-resolution orographic data in the model is crucial to improv-
ing the accuracy of rainfall predictions in mountainous areas [16]. Improved orographic
representation allows better prediction of the changes in the airflow, thus improving the
prediction performance of the model [17]. Currently, the computational resources available
allow NWP models to resolve orography data with increasingly fine resolutions, thereby
reducing the impact of the orographic representation uncertainties on the NWP. Davini [18]
found that if the model’s horizontal resolution is improved by refining the grid while
the resolved orography remains unchanged, the model biases are reduced only in some
specific cases. Conversely, increasing the orographic resolution significantly reduces sev-
eral important systematic model errors, including synoptic transient eddies, the North
Atlantic jet stream variability, and the frequency and duration of the atmospheric block-
ing. Therefore, it is very important to fully understand the influence of the orographic
resolution on numerical weather prediction. In this study, the Yin-He Global Spectrum
Model (YHGSM) and orography data with different resolutions were used to simulate
the extreme rainfall in Zhengzhou, Henan Province, in order to analyze the influence and
mechanism of orography with different resolutions on the extreme rainfall. The results
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of this study provide a reference based upon which NWP models can accurately forecast
complex orographic regions.

2. Materials and Methods

The YHGSM is a global spectral numerical weather prediction model developed by
the National University of Defense Technology (NUDT). The YHGSM adopts a global
spectral dynamical core, which satisfies the dry-mass conservation principle [19], and the
fast spherical harmonic transform algorithm developed by Yin et al. [20]. In the horizontal
direction, a spherical harmonic spectrum expansion based on trigonometric truncation (the
maximum truncated wave number is 1279) and a linear Gaussian reduced mesh are used. In
the vertical direction, a finite element discretization based on a cubic spline and the terrain
following pressure-based coordinate are used. There are a total of 137 vertical layers. The
time step is 600 s. The parameterized physical and chemical processes include radiation,
turbulence, sub-grid orographic drag, cumulus convection, large-scale rainfall, land surface
processes, and methane and ozone chemistry [21]. Additional details about the YHGSM
have been reported in previous studies [22-25]. For the wave number truncation problem
of the infinite expansion of the spherical harmonic function in numerical simulations, when
the wave number truncation increases, the horizontal scale of the atmospheric motion
described becomes finer. For example, the orographic height on the earth’s surface can be
expressed by the following formula

FL o)=Y Y EIYVI(A, 0) (1)

where F(A, v) is a function representing the orography, A is the longitude, v = sin ¢, ¢ is
the latitude, n is called the order of the spherical harmonics, F}" is the spectral coefficient,
Y;'(A, v) is the spherical harmonics. The Equation (1) contains an infinite number of
spectral coefficients. However, in the actual numerical calculation, we can only consider
a limited number of spectral coefficients, which is the wave number truncation of the
orography. As m and n increase, the orographic details described by the spectral coeffi-
cients increase. By choosing m and n appropriately, we can filter out the details we do
not need. This filtering method is consistent with the grid spacing selection in the grid
field [26]. However, the way of wave number truncation can make Equation (1) converge
to F(A, v) at a fast speed, and stability is better and its program is simple and easy to
understand. Therefore, we used wave number truncation to decompose the initial oro-
graphic data to different resolutions. When the spherical harmonic function was expanded,
the truncated wave numbers were 511 (T511 orography, which corresponds roughly to
a 40 km grid spacing), 639 (T639 orography, about 31 km), 799 (T799 orography, about
25 km), and 1279 (T1279 orography, about 16 km) (Table 1). In the horizontal direction, all
of the experiments adopted spherical harmonic spectrum expansion based on triangular
truncation and a linear Gaussian grid, with a truncation wave number of 1279 (horizontal
resolution of about 16 km). All observational data used in this paper are from the China
Meteorological Administration.

Table 1. Truncated wave number of orography and its corresponding horizontal resolution.

Experiment Name Truncated Wave Number Horizontal Resolution
T1279 orography 1279 ~16 km

T799 orography 799 ~25 km

T639 orography 639 ~31 km

T511 orography 511 ~40 km
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3. Results
3.1. Overview of the Study Area
3.1.1. Circulation Background

The study area (30-38° N, 108-118° E) includes all of Henan Province. The main body
of the WPSH remained north of 30° N, and the ridge line of the WPSH was close to the
eastern edge of China (Figure 1). In the western Pacific, typhoon In-Fa moved westward
under the guidance of the southern wind steam of the WPSH. The contours between
typhoon In-Fa and the WPSH became denser. Under the influence of the pressure gradient,
the westerly winds between typhoon In-Fa and the WPSH continued to strengthen. At
850 hPa, i.e., the height of the water vapor transport, an obvious water vapor channel
formed in the lower layer between the Western Pacific Ocean and eastern China. Water
vapor and air were transported into central China along the westerly jet stream between
the typhoon and the WPSH. The westward airflow reached the Taihang Mountains and
the Funiu Mountains in western Henan and was uplifted, triggering upward movement,
which was also one of the reasons why the center of the heavy rainfall remained in this area
for a long period of time.

50N
40N
30N

20N

100E 120E 140E

5660 5700 5740 5780 5820 5860 5900

Figure 1. 500 hPa height field (colored) (unit: m?/s?) and 850 hPa wind field at 20:00 UTC on 19 July
2021. The white solid line is the Western Pacific Subtropical High ridge.

Zhengzhou in Henan Province was located in the center of a low-pressure zone with
strong upward movement. Analysis showed that the joint action of the systems with
different scales, including the WPSH, typhoons, and low-pressure center, led to continuous
water vapor transportation. The orography in Henan is high in the west and low in the east,
providing important background conditions for this heavy rainfall. During this extreme
rainfall event in Henan, the peak rainfall occurred at 09:00 UTC on 20 July 2021, and the
rainfall in a single hour was as high as 201.9 mm, exceeding all historical records (Figure 2).
This time is called the peak rainfall time, which was extremely abnormal and disastrous. In
this study, in order to explore the impact of the orography data with different resolutions
on the Henan’s rainfall simulation before and after the enhancement of the airflow and
water vapor transport, the accumulated rainfall was mainly simulated in two periods, i.e.,
from 00:00 on 19 July 2021 to 00:00 on 20 July 2021 before the peak of rainfall and from 12:00
on 19 July 2021 to 12:00 on 20 July 2021 during the peak rainfall period. The starting times
of these experiments were 00:00 on 18 July 2021 and 12:00 on 18 July 2021, respectively
(Table 2), and the two simulation time periods represent periods of relatively weak and
relatively strong airflow and water vapor transport, respectively. All of the times reported
in this paper are in universal time.
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Figure 2. Change in the hourly measured rainfall with time at Zhengzhou Station from 00:00 19 July
2021 to 22:00 20 July 2021.

Table 2. Initiation time and simulation intervals of the experiments.

Start Time Time Range Interval
Experiment 1 0000 UTC 18 July 2021 0000 UTC 19 July 2021-0000 UTC 19 July 2021 24h
Experiment 2 1200 UTC 18 July 2021 1200 UTC 19 July 2021-1200 UTC 20 July 2021 24h

3.1.2. Orographic Features

The Zhengzhou is located in the northern part of central Henan, and the orography
in Henan is high in the west and low in the east (Figure 3). Zhengzhou is located at the
junction of the high mountains in the west and the plains in the east. On the northwest
side of Zhengzhou is the famous Taihang Mountains, with an average altitude of more
than 1200 m; on the southwest side is the Funiu Mountains, with altitudes of more than
1000 m. The main part of the Funiu Mountains lies on the western edge of Henan, but
the Songshan Mountain are also close to Zhengzhou. Their highest peak is over 1000 m.
The Loess Plateau and Qinghai-Tibet Plateau are located on the west side of the Taihang
Mountains and Funiu Mountains. Such orographic features allow warm and moist air to
flow from the South China Sea and Pacific Ocean into the study area, where it is blocked by
mountains and accumulates or rises.

38°N

36°N

T T T T
108°E 10°E 12°E 114°E 116°E 118°E 108°E 10°E 12°E 1M4°E 116°E 118°E

100 400 700 1000

Figure 3. Truncated orography (unit: m): (a) T1279 orography and (b) T511 orography. The solid
black lines are the 1000 m contour lines. The black dot denotes the location of Zhengzhou. The two
large white rectangles indicate the Taihang Mountains (top) and the Funiu Mountains (bottom). The
small white rectangle in the lower rectangle indicates the Songshan Mountains, which are part of the

Funiu Mountains.
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By comparing the T1279 orography and T511 orography, it was found that the wave
number truncation method filters out the details of the orography, and the orographic
height distribution becomes smooth. In T511 orography, the 1000 m contour of the Funiu
Mountains is shifted westward. The height of the Song Mountains is completely filtered
and disappears. The orography at the edge of the Funiu Mountains becomes very smooth.
The peak 1500 m above the Taihang Mountains on the north side of Zhengzhou disappears,
and the overall height decreases.

3.2. Rainfall Analysis

In the main rainfall areas (33-38° N,111-116° E), compared with the actual rainfall,
the intensity of the simulated accumulative rainfall was low, but the change in the rainfall
was successfully simulated to different degrees. In the main area, the rainfall gradually
increased on 19 July 2021, and a small peak appeared around 00:00 on 20 July 2021. Then, the
rainfall decreased slightly and then increased again. The maximum rainfall was recorded
at 20:00 on 20 July 2021, and then the rainfall gradually weakened (Figure 4). It can be seen
that the YHGSM has a certain degree of credibility for the simulation of rainfall trends in
complex orographic areas.
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Figure 4. The average hourly rainfall measured and simulated at different orographic resolutions in
the main rainfall area (33-38° N, 111-116° E).

Figure 5a,b are obtained by interpolating the measured meteorological station data to
the plane, which show that the heavy rainfall area on 19 July 2021 was mainly distributed
near Zhengzhou, and the 24 h accumulated rainfall in this area was >150 mm.

On 19 July, there were two main strong rainfall centers: one on the south side of the
Taihang Mountains and the other on the east side of the Funiu Mountains. During the
period from 12:00 on 19 July 2021 to 12:00 on 20 July 2021, the rainfall intensity increased.
The previous two rainfall centers combined into one center, and the rainfall range contin-
ued to expand. Based on the classification of rainfall levels by the China Meteorological
Administration (Table 3), the maximum rainfall at the station was more than twice the stan-
dard for extraordinarily heavy rain. Most of the rainfall was distributed on the windward
side of the front side of the mountains, which is consistent with Kirshbaum’s first case
in the study of wet orographic convection (Figure 6a) [27]. Kirshbaum et al. [27] studied
the physical mechanisms of different moist orographic convection, and its connection to
ground exchange processes (Figure 6).
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Figure 5. The 24 h accumulated rainfall (a,c,e,f) from 00:00 on 19 July 2021 to 00:00 on 20 July 2021,
and (b,d,f,h) from 12:00 on 19 July 2021 to 12:00 on 20 July 2021. (a,b) Measured rainfall, (c,d) station
rainfall, (e f) T1279_orography simulation rainfall, (g,h) GPM IMERG rainfall data (unit: mm).
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Table 3. Classification standards of rainfall intensity in the inland areas of China.

Rainfall Level 24 h Total Rainfall (mm)
Light rain 0.1-9.9
Moderate rain 10.0-24.9
Big rain 25.0-49.9
Heavy rain 50.0-99.9
Big heavy rain 100.0-249.9
Extraordinarily heavy rain >250.0

—

Figure 6. Schematic diagram of the basic mechanisms of convective initiation over mountains:
(a) forced ascent, (b) upstream blocking, (c) lee-side convergence, (d) thermally forced anabatic flow
and convection over the crest, (e) nocturnal katabatic flow and convection near the mountain base,
(f) lee-side thermally driven upslope flow and gravity-wave ascent aloft, and (g) a quasi-stationary
cold pool beneath precipitating convection [27].

Among them, the triggering mechanism of orographic forced ascent to produce rainfall
was the simplest (Figure 6a). The airflow hits or climbs up the mountains and is forced to
rise to a higher position, or it saturates the unstable layer, thereby causing rainfall. Most
of this type of rainfall occurred on the front side of the mountains. Khodayar et al. [28]
also found that this type of rainfall mostly occurs at lower heights in the mountains.
Zhengzhou is located on the south side of the Taihang Mountains and the east side of the
Funiu Mountains. From Zhengzhou to the west, the altitude gradually increases, while
the rainfall mainly occurred at a lower altitude on the east side of the mountains (around
113.5° E). Zhengzhou is located at exactly 113.5° E (Figure 7). All of these facts confirm
that the orographic features of Zhengzhou had an important influence on this extreme
rainfall event.
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Figure 7. The change in the altitude (column shadow) at the same latitude of 34.7° N passing
Zhengzhou Station and the cumulative rainfall from 08:00 on 19 July 2021 to 20:00 on 21 July 2021.

The Global Precipitation Measurement (GPM) mission is an international network of
satellites that provide next-generation global observations of rain and snow. To validate the
model and results, this study intensified the comparison of rainfall results from different
sources. The study used measured data of 521 meteorological stations in the main study
area from the China Meteorological Administration (Figure 5¢,d) and the Integrated Multi-
satellitE Retrievals for GPM (IMERG), which is the unified U.S. algorithm that provides the
multi-satellite precipitation product (Figure 5g,h). The spatial resolution of GPM IMERG
version 6 data is 0.1° x 0.1°, and its high spatial and time resolution makes it often used
in many studies. Before the peak rainfall, the YHGSM also simulated two rainfall centers.
The two rainfall centers were located along the north—south direction (Figure 5e). One
was located on the south side of the Tathang Mountains and the other was located on the
east side of the Funiu Mountains, which is roughly similar to the actual locations of the
rainfall centers. The area of the simulated rainfall center was larger than the actual area
of the rainfall center, and the intensity was lower, but it also successfully simulated the
rainfall of the heavy rainfall level. When the peak rainfall occurred, the range and intensity
of the simulated 24 h accumulated rainfall increased compared with that before the peak
rainfall (Figure 5f). Compared with the actual rainfall, there was a certain difference, but
the simulated rainfall center had a > 150 mm big heavy rainfall level. Compared with
GPM IMERG data, the range and intensity of the simulated rainfall were better than GPM
IMERG data. The GPM IMERG rainfall range is exactly the intensity center of the actual
rainfall. It can be seen that although the rainfall simulated by YHGSM is worse than the
actual observed rainfall, it still has great advantages compared with the rainfall products.
After the airflow and water vapor transportation were strengthened, the simulated rainfall
mainly exhibited three rainfall centers. The two rainfall centers crossed the mountains
and moved into the Taihang Mountain gorge, similar to the rainfall mechanism shown
in Figure 6f. There are two possible reasons for this phenomenon. One is that the model
overestimated the height of the airflow from the Pacific Ocean, which caused the airflow
to cross the mountains; the other is that the high-resolution T1279 orography still cannot
completely represent the true orographic height, which caused the airflow to flow around
or climb over the mountains. The maximum rainfall occurred on the east side of the Funiu
Mountains, with a maximum of 210.6 mm, and the rainfall intensity was closer to the actual
rainfall. Overall, the YHGSM simulated the area of the extreme rainfall in Henan. Although
the simulated rainfall intensity was smaller than the actual rainfall intensity, the YHGSM
also successfully simulated the heavy rainfall level and the big heavy rainfall level. In
addition, the orography with different resolutions successfully simulated the general trend
of the rainfall, which shows that the YHGSM has a good forecasting ability.

3.3. Sensitivity of the Rainfall to the Orographic Resolution

The orography contributed greatly to the extreme rainfall in Zhengzhou. In NWP, it
is generally believed that the higher the orographic resolution, the better the forecasting
results. However, few scholars have analyzed the degree of influence of the orographic
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resolution on rainfall and the main aspects of the impact of the orography on rainfall.
Aiming at these problems, in this study, the rainfall simulation results under different
orographic resolutions were compared.

For the rainfall simulated using the T799 orography, the main rainfall range occurred
in the central part of Henan, which is similar to the actual rainfall, but the simulated rainfall
intensity was lower than the actual rainfall (Figure 8a).

N

N N

38N 38N 38N o

8N 36N - 36N

N N o N o

32N o 32N o

[ S S I S I —— ]
-30 20 -15 -10 -5 0 5 10 15 20 30

Figure 8. Rainfall simulations (unit: mm) for the (a) T799 orography, (b) T639 orography, and (c) T511
orography from 00:00 on 19 July 2021 to 00:00 on 20 July 2021 and their differences from the T1279
orography simulation: (d) T1279—T799, (e) T1279—T639, and (f) T1279—-T511.

Compared with the T1279 orography simulation, the T799 orography only simulated
the rainfall center on the east side of the Funiu Mountains and missed the rainfall center on
the south side of the Taihang Mountains (Figure 8d). The possible reason for this is that the
surrounding height of the Taihang Mountains decreased, and the airflow flowed around
from the lower altitude surrounding areas after being blocked by the Taihang Mountains,
which is similar to the mechanism shown in Figure 6c. However, after the end of the
detour, the airflow did not merge or the merged airflow was weak, so no strong rainfall
center formed.

For the rainfall simulated using the T639 orography, the rainfall center area was slightly
different. The rainfall center on the east side of the Funiu Mountains was shifted southward,
and only a small area of heavy rainfall occurred on the south side of the Taihang Mountains
(Figure 8b). The difference between the simulation results for the T1279 orography and the
T799 orography was mainly reflected in the rainfall intensity. The difference between the
simulation results for the T1279 orography and the T639 orography was not only reflected
in the rainfall intensity but also in the range of the rainfall center (Figure 8e).

When the orographic resolution was further reduced, for the rainfall simulated using
the T511 orography, the rainfall center’s area was significantly different. The rainfall center
split into one center on the south side of the Taihang Mountains and another on the east
side of the Funiu Mountains (Figure 8c). The airflow on the south side of the Taihang
Mountains exhibited obvious climbing movement. Part of the airflow produced convection
on the windward slope in front of the mountains and caused rainfall, and the other part
of the airflow crossed the mountains and caused rainfall in Shanxi Province due to the
greatly reduced mountain height. The maximum rainfall on the eastern side of the Funiu
Mountains reached 112.6 mm. It can be seen that the rainfall intensity simulation was
improved. The possible reason for this is that convective rainfall with the mechanism
shown in Figure 6¢ occurred after the orographic height of the mountain range on the south



Atmosphere 2022, 13, 600

11 0f 19

side of Henan decreased. In general, the high-resolution orography simulated the east side
of the Funiu Mountains relatively well. When the orographic resolution was reduced, the
simulated rainfall intensity on the south side of the Tathang Mountains and the east side of
the Funiu Mountains was lower.

When the airflow and water vapor transportation were further strengthened and
the peak rainfall occurred, the simulated accumulated rainfall from 12:00 on 19 July 2021
to 12:00 on 20 July 2021 is shown in Figure 9. For the rainfall simulated using the T799
orography, the rainfall on the east side of the Funiu Mountains and the rainfall on the
south side of the Taihang Mountains formed a rainfall belt. The range of the heavy rainfall
level was similar to the simulation results for the T1279 orography, but the range of big
heavy rainfall level was larger than that of the simulation results obtained using the T1279
orography (Figure 9a).
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Figure 9. Rainfall simulations (unit: mm) for the (a) T799 orography, (b) T639 orography, and (c) T511
orography from 12:00 on 19 July 2021 to 12:00 on 20 July 2021 and their differences from the T1279
orography simulation: (d) T1279—-T799, (e) T1279—-T639, and (f) T1279—-T511.

For the rainfall simulated using the T639 orography, the range of the heavy rainfall
level was obviously smaller than that for the simulation result obtained using the T1279
orography, but the range of the big heavy rainfall level was larger than that for the sim-
ulation results obtained using the T1279 orography (Figure 9b). The maximum rainfall
obtained using the T639 orography reached 251.2 mm, and the maximum rainfall obtained
using the T1279 orography was 210.6 mm. However, the maximum rainfall area obtained
using the T639 orography was located farther east than that obtained using the T1279
orography. The ranges of the big heavy rainfall level simulated using the lower resolution
T799 orography and T639 orography were slightly larger than that of the simulation result
obtained using the high-resolution T1279 orography. The reason for this phenomenon
may be that after the orographic resolution was reduced, the detailed features and height
extremes of the mountains were filtered out, causing the orographic slope to decrease.
The shallower slope was more conducive to the rise of the airflow, causing convection
to develop.

When the orographic resolution was further reduced, for the rainfall simulated using
the T511 orography, the range of the heavy rainfall level was also smaller than that for
the simulation results obtained using the T1279 orography, and the range of the big heavy
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rainfall level was also slightly larger than that for the simulation results obtained using the
T1279 orography, but the rainfall center of the big heavy rainfall level was located farther
south (Figure 9c). In general, when the peak rainfall occurred, the rainfall simulation
obtained using the high-resolution orography was better than that obtained using the
low-resolution orography during the heavy level. However, from the perspective of the
big heavy rainfall level, the rainfall range of the low-resolution orographic simulations
were relatively large, but the position of the rainfall center of the big heavy rainfall level
was different.

3.4. Analysis of Element Fields Related to Orography and Rainfall

In order to explore the specific mechanism by which the orography affects the rainfall,
the element fields related to the orography and rainfall, such as the high-level divergence,
bottom-level vorticity, and vertical velocity, were calculated under different orographic
resolutions. At 700 hPa, from 19 July 2021 to 20 July 2021, the upward vertical velocity
increased significantly, and most of Henan was in the updraft zone (Figure 10). Before
the peak rainfall occurred, the large vertical velocity areas simulated using the T1279
orography were mainly located on the south side of the Taihang Mountains and the east
side of the Funiu Mountains (Figure 10a), which is consistent with the rainfall center shown
in Figure 5e. However, the simulated updraft centers for the T799 orography (Figure 10c),
T639 orography (Figure 10e), and T511 orography (Figure 10g) were only located on the
east side of the Funiu Mountains, and the strong updraft on the south side of the Taihang
Mountains was missing. The areas with large vertical velocities in Figure 10c,e,g are
consistent with the positions of the rainfall centers in Figure 8a—c, indicating that the strong
updraft was one of the key factors leading to the extreme rainfall in Henan.

When the peak rainfall occurred, the airflow was further strengthened and greatly
uplifted by the mountains, and the vertical velocity increased further. From 12:00 on 19
July 2021 to 12:00 on 20 July 2021, the area with large vertical velocities simulated using
the T1279 orography was mainly located on the east side of the Funiu Mountains, while
the vertical velocity on the south side of the Taihang Mountains was relatively small
(Figure 10b). However, the low-resolution T799 orography (Figure 10d), T639 orography
(Figure 10f), and T511 orography (Figure 10h) all simulated the updraft on the south side
of the Taihang Mountains to varying degrees, which confirms the conclusion in Section 3.3.;
that is, using low-resolution orography to simulate big heavy rainfall produces a larger
rainfall range. In the low-resolution orography, the mountain details were filtered out and
the altitude was smoothed, resulting in a shallower slope, which was more conducive to
the development of updrafts.

In order to better understand the rising intensity of the airflow at different heights,
vertical velocity zonal profiles along Zhengzhou (34.7° N) were constructed (Figure 11).
Before the peak rainfall occurred, the T1279 orography simulated a strong updraft over
Zhengzhou (at about 113° E), with an average vertical velocity of 1.3 Pa/s. The strong
updraft center was located at about 600 hPa and extended upward to about 300 hPa
(Figure 11a). The updraft strengths simulated using the T799 orography (Figure 11c), T639
orography (Figure 11d), and T511 orography (Figure 11g) were weaker than that simulated
using the T1279 orography, and there was no strong updraft center. However, the maximum
heights of the upward extension were similar to that for the T1279 orography.
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Figure 10. The average vertical velocities (unit: Pa/s) at 700 hPa simulated using the different
orographic resolutions: (a,b) T1279 orography; (c,d) T799 orography; (e,f) T639 orography; (g,h) T511
orography; (a,c,e,g) from 00:00 on 19 July 2021 to 00:00 on 20 July 2021 and (b,d,f,h) from 12:00 on 19
July 2021 to 12:00 on 20 July 2021.

When the peak rainfall occurred, the updraft became stronger. The strongest center of
the updraft simulated using the T1279 orography was located at about 400 hPa, and the
maximum height of the upward extension was 200 hPa (Figure 11b). Compared with the
updraft before the peak rainfall occurred, the height of the strongest updraft center and the
maximum height of the upward extension were both higher. This indicates that from 19 July
2021 to 20 July 2021, the convective system over Zhengzhou, Henan, quickly developed into
a deep system located directly in the tropopause. The long-term maintenance of this deep
convection system provided the dynamic conditions for the heavy rainfall in Zhengzhou,
Henan. The updraft intensity simulated using the T799 orography was much stronger than
that simulated using the T1279 orography (Figure 11d), which confirms the conclusion
and conjectures in Section 3.3 The airflow with an intensity of >1.0 Pa/s simulated using
the T799 orography extended from 800 hPa to 300 hPa, which better reflected the deep
convection system over Zhengzhou, Henan. The updraft strengths simulated using the
T639 orography (Figure 11f) and the T511 orography (Figure 11h) were slightly weaker
than that simulated using the T799 orography, but their maximum upward extensions were
similar. This demonstrates that the orography had a great influence on the velocity of the
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updraft, but it had a limited influence on the maximum height that the updraft could reach.
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Figure 11. The vertical velocity zonal profiles (unit: Pa/s) along Zhengzhou (34.7° N) simulated
by using different orographic resolutions: (a,b) T1279 orography; (c,d) T799 orography; (e,f) T639
orography; (g,h) T511 orography; (a,c,e,g) from 00:00 on 19 July 2021 to 00:00 on 20 July 2021 and
(b,d,f,h) from 12:00 on 19 July 2021 to 12:00 on 20 July 2021.

Before the peak rainfall occurred, the vorticity distributions and intensities simulated
using the different orographic resolutions were roughly the same. When the peak rainfall
occurred, compared with the vorticity before the peak rainfall, the convergence center
moved further westward on the east side of the Funiu Mountains, and the vorticity intensity
was also greater (Figure 12).
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Figure 12. The average vorticity (unit: s~!) at 850 hPa simulated using the different orographic
resolutions: (a,b) T1279 orography; (c,d) T799 orography; (e,f) T639 orography; (g,h) T511 orography;
(a,c,e,g) from 00:00 on 19 July 2021 to 00:00 on 20 July 2021 and (b,d,f,h) from 12:00 on 19 July 2021 to
12:00 on 20 July 2021.

In Henan Province, Zhengzhou was located on the dividing line. There was posi-
tive vorticity advection in the west of Zhengzhou, while the vorticity value in the east
of Zhengzhou was very small. The vorticity simulated using the different orographic
resolutions was roughly the same, and it was found that the orography had little effect on
the vorticity. However, the vorticity at the bottom had a good corresponding relationship
with the divergence in the upper level (Figure 13).
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Figure 13. The average divergence (unit: s 1) at 200 hPa simulated using the different orographic
resolutions: (a,b) T1279 orography; (c,d) T799 orography; (e, f) T639 orography; (g,h) T511 orography;
(a,c,e,g) from 00:00 on 19 July 2021 to 00:00 on 20 July 20201 and (b,d,£,h) from 12:00 on 19 July 2021
to 12:00 on 20 July 2021.

It can be seen from Figure 13a,c,e,g that the divergence value was very small because
the updraft did not develop to a height of 200 hPa before the peak rainfall occurred. This
demonstrates the correctness of the results, i.e., that the updraft simulated in Figure 11
extended to 300 hPa before the peak rainfall occurred. When the peak rainfall occurred,
the updraft was strong and the airflow rose higher. There were many divergent centers at
200 hPa. The 200 hPa divergence simulated using the T1279 orography showed that there
were clear divergence areas over Henan with strong upward motion (Figure 13b). The
divergence intensities on the south side of the Taihang Mountains simulated using the T799
orography (Figure 13d), T639 orography (Figure 13f), and T511 orography (Figure 13h) were
larger than that simulated using the T1279 orography, so the updraft was stronger. This
confirms the conclusion that the updrafts simulated using the lower resolution orography
were stronger (Figures 10 and 11).
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4. Discussion and Conclusions

In this study, the YHGSM was used to simulate an extreme rainfall event in Zhengzhou,
Henan Province. Four orographic resolutions were used in the model, i.e., the T1279
orography, T799 orography, T639 orography, and T511 orography, to test the degree of
influence and influence mechanism of the different orographic resolutions on the extreme
rainfall in Henan Province.

The extreme rainfall in Zhengzhou, Henan, was closely related to the continuous
strong divergence in the upper troposphere and the strong convergence in the lower
troposphere. The orography in western Henan lifted the westward airflow between the
typhoon and the WPSH to a higher level, causing strong upward movement and forming a
deep convection system. These processes were conducive to the long-term maintenance
of heavy rainfall, thus forming an unprecedented heavy rainfall event in Henan. Before
the peak rainfall occurred, the difference between the rainfall simulations obtained using
the T1279 orography and the T799 orography was mainly reflected in the rainfall intensity.
However, when the orographic resolution was further reduced, the difference in the rainfall
simulation was not only reflected in the rainfall intensity but also in the rainfall range. When
the peak rainfall occurred, the airflow and water vapor transport were further strengthened,
and a false rainfall area behind the Taihang Mountains was simulated using the orography
with different resolutions. There are two possible reasons for this phenomenon. One
is that the model overestimated the height of the airflow from the Pacific Ocean, which
caused the airflow to cross the mountains. The other is that the orography still cannot
completely represent the true orographic height, which caused the airflow to flow around
or climb over the mountains. When simulating the rainfall with a heavy rainfall level, the
high-resolution orography performed better than the low-resolution orography. When
simulating rainfall with a big heavy rainfall level, the rainfall range simulated using
the low-resolution orography was relatively large, but the position of the simulated big
heavy rainfall center deviated from the real position. Based on the analysis illustrated in
Figures 10 and 11, it was determined that the reason for this phenomenon may be that the
low-resolution orography in Henan was more conducive to the development of updrafts.

When the orographic resolution changed, the vertical velocity was the most sensitive to
the orographic resolution. Before the peak rainfall occurred, the high-resolution orography
simulated the updrafts on the south side of the Taihang Mountains and the east side
of the Funiu Mountains better. The simulations obtained using the lower resolution
orography did not reproduce the updraft on the south side of the Taihang Mountains.
When the peak rainfall occurred, the airflow was strengthened, and the low-resolution
orography simulated the stronger updraft on the south side of the Taihang Mountains.
The possible reason for this is that when the orographic resolution was reduced, the slope
of the mountains became shallower, which was more conducive to the development of
vertical airflow. The sensitivity of the high-level divergence to the orographic resolution
was less than that of the vertical velocity. However, the divergence and the vertical velocity
have something in common. For example, when the peak rainfall occurred, the simulated
value of the low-resolution orography on the south side of the Taihang Mountains was
larger than that for the T1279 orography. The low-level vorticity was the least sensitive to
the orographic resolution. It was found that the vorticity was not directly affected by the
orography in this extreme rainfall event in Henan.

In conclusion, although the YHGSM simulated the range of big heavy rainfall level
(100-249.9 mm) better in Henan by using low-resolution orography when the rainfall
intensity increased, the simulation deviation in rainfall intensity still existed. In most cases,
the simulations of extreme rainfall in Henan using high-resolution orography were better
than those using low-resolution orography. This is similar to what Torma and Giorgi [16]
found. When studying rainfall in the complex orographic region of the Carpathians, they
found that representation of high-resolution orography is crucial for the accurate prediction
of rainfall in mountainous areas. Moreover, Caccamo et al. [13] and Kirthiga et al. [29] also
introduced high-resolution orography into the NWP model, respectively, and found that
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both improved the prediction performance of the model. The orography mainly affected
the rainfall by affecting the velocity of the updraft, but it had a limited influence on the
maximum height that the updraft could reach. A strong updraft was one of the key factors
leading to the extreme rainfall in Henan Province. In general, YHGSM’s simulations of
the extreme rainfall in Henan are slightly lower. Moya-Alvarez et al. [30] also found that
the NWP model underestimates the simulation of extreme rainfall totals in the Central
Andes of Peru in approximately 50-60% of cases. Moreover, many studies have found that
NWP models underestimate rainfall in complex orographic areas [6,31-34]. This seems
to be a common problem with most NWP models. When predicting extreme rainfall in
complex orographic areas, forecasters may need to artificially increase rainfall based on
model results.
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