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Abstract: To improve the forecast accuracy of heavy precipitation, re-forecasts are conducted for
the Henan 21.7 rainstorm. The Intermediate Complexity Atmospheric Research Model (ICAR) and
the Weather Research and Forecasting Model (WRF) with a 1 km horizontal grid spacing are used
for the re-forecasts. The results indicate that heavy precipitation forecasted by ICAR primarily
accumulates on the windward slopes of the mountains. In contrast, some severe precipitation
forecasted by WRF is beyond the mountains. The main difference between ICAR and WRF is that
ICAR excludes the “impacts of physical processes on winds and the nonlinear interactions between
the small resolvable-scale disturbances” (briefed as the “physical–dynamical interactions”). Thus,
heavy precipitation beyond the mountains is attributed to the “physical–dynamical interactions”.
Furthermore, severe precipitation on the windward slopes of the mountains typically aligns with
the observations, whereas heavy rainfall beyond the mountains seldom matches the observations.
Therefore, severe precipitation on the windward slopes of (beyond) the mountains is more (less)
predictable. Based on these findings and theoretical thinking about the predictability of severe
precipitation, a scheme of using the ICAR’s prediction to adjust the WRF’s prediction is proposed,
thereby improving the forecast accuracy of heavy rainfall.

Keywords: intermediate complexity atmospheric research model; orographic precipitation; quantitative
precipitation forecasting; predictability of precipitation

1. Introduction

From 17 to 22 July 2021, Henan Province encountered historically rare and severe
heavy rain (referred to as “the Henan 21.7 Rainstorm”), resulting in severe flooding and
waterlogging disasters, with especially heavy rainfall near Zhengzhou on July 20 causing
significant casualties and property losses in Zhengzhou City [1]. During this extreme rain
process, the daily precipitation of one-sixth of the meteorological stations in Henan Province
exceeded historical extremes, among which 20 national meteorological stations, including
Zhengzhou, Xinxiang, Jiaozuo, Anyang, and Hebi, exceeded the historical records since
their establishment [2]. The maximum daily precipitation of 32 meteorological stations
exceeded 500 mm, with 5 stations exceeding 600 mm. The maximum daily precipitation in
Hebi reached 777.5 mm, and the maximum hourly rainfall at the Zhengzhou Meteorological
Station reached 201.9 mm, surpassing the historical extreme value of hourly rainfall in
mainland China since records began. The maximum daily precipitation was 624.1 mm,
which is 3.39 times the historical maximum daily rainfall [3–5].

Precipitation is mainly associated with the vertical motion of moist air in the atmo-
sphere. In flat areas, the necessary vertical motion for precipitation comes from the forcing
of weather systems. When terrain exists, the upslope of orography against the winds can
result in horizontal convergences and vertical motions of moist air and produce or enhance
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precipitation. In addition to the slope of orography, the wind speed, the shear of the airflow,
the slope of the orography, and the angle of intersection between the airflow and the orogra-
phy also play a role. The airflow intersects with mountains more perpendicularly, and the
vertical motion and its impact on precipitation become more apparent. When multi-scale
weather systems interact with terrain, the vertical motion generated by the terrain becomes
more complex, and the influence of terrain on precipitation becomes more intricate [6–9].

In general, precipitation generated by topographic uplift of moist air is orographic
precipitation. Since the influence of terrain on precipitation is not limited to the area directly
above the terrain, the distinction between orographic and non-orographic precipitation is
not always clear-cut. For practical application purposes, we refer to precipitation primarily
influenced by the terrain and/or occurring near the terrain as “orographic precipitation”.
Conversely, if precipitation is beyond orography and/or is primarily caused by the forcing
of weather systems, we call it “non-orographic precipitation”. Orographic precipitation
accounts for a large proportion of total precipitation overland. There has been so much
research on orographic precipitation, e.g., [10–21] among others. Tao [10] pointed out that
extreme precipitation in China is often related to terrain. Ding et al. [11] studied heavy
rainfall in Henan in August 1975 and pointed out that terrain was the key factor that caused
the airflow convergence, strongly forcing lifting and storm enhancement. Chen et al. [12]
analyzed the influence of terrain on heavy rain under various natural conditions, indicating
that the thermal and dynamical effects of complex underlying surfaces in mountainous
areas have significant impacts on the initiation, intensification, weakening, and dissipation
of heavy rain. Sun [13] discussed the influence of the vertical shear of winds on precipitation
on the eastern side of the Taihang Mountains in North China. They recognized that when
the easterly airflow perpendicular to the mountain decreases with height, the terrain
manifests the horizontal convergence and increases the cyclonic vorticity on the windward
slope. Thus, the windward slope has a significant effect on the precipitation. Chen et al. [14]
studied the extreme rainfall process of “7.21” in Beijing in 2012. They found that the lower-
level wind field and terrain played critical roles in the triggering, intensification, and
maintenance of mesoscale convective systems (MCS).

The extremely heavy rainfall of the Henan 21.7 Rainstorm was a result of the combined
effects of favorable atmospheric circulation, unique geographical environment, and other
factors. Western Henan is located near the Southern Taihang Mountains and Eastern
Qinling Mountains, while in the western part of Zhengzhou, there are the Funiu Mountains
and Songshan Mountains. The heights of these mountainous are above 500 m, and they
cover a vast area. The interaction between Henan’s terrain and airflows of various scales,
such as low-level warm and moist easterly airflow, high-altitude westerly airflow ahead
of troughs, and continuously occurring small- to medium-scale convective systems, led
to this extreme heavy rainfall event. Many studies (e.g., [1–6,22,23]) have pointed out the
important role of terrain in the Henan 21.7 Rainstorm.

Although many studies have been carried out on severe rainfalls, the orographic
effect and its role in triggering and organizing the mesoscale convective system for the
formation of severe orographic rainfall are still not fully understood. Therefore, more
in-depth studies are needed to reveal the complicated mechanisms of severe orographic
rainfall. In addition, to improve the accuracy of heavy rainfall forecasts, there are still many
questions to be answered, for example: (1) What roles do terrain-induced lifting of airflow,
physical processes, and the nonlinear interaction between resolvable-scale disturbances
play in severe rainfall? (2) Does the forcing of orography impact the predictability of moist
convection? (3) Are there any differences in the predictability of orographic precipitation
and non-orographic precipitation? (4) Can we improve the accuracy of precipitation
forecast by treating orographic and non-orographic precipitation differently according
to their predictability? It is difficult to answer these kinds of questions by diagnosing
the forecast using a single numerical model or by conducting sensitivity experiments
(including ensemble forecasts). Instead, using atmospheric models with different dynamical
complexities to simulate the same weather event can easily separate the effects of various
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factors and, thus, provide answers to these types of questions. In this research, we use the
intermediate complexity atmospheric research model developed by Gutmann et al. [24]
(ICAR, intermediate complexity atmospheric research model) and the weather research and
forecasting (WRF) model (Skamarock et al., [25]) to re-forecast the Henan 21.7 Rainstorm
for a series of times. Here, the term “re-forecast” means that we use a global forecast from
the NCEP Global Forecast System (GFS) like in the real forecast situation instead of using
reanalysis data to generate initial values and lateral boundary conditions.

The ICAR model uses simplified dynamic methods to get the wind fields for advec-
tion. It ignores “the impact of physical-process on winds and the nonlinear interactions
between the resolvable-scale disturbances” (briefly referred to as the “physical–dynamical
interactions”). More discussion about ICAR can be found in Section 3.2. In the following
discussion, we refer to ICAR as a “simplified dynamic atmospheric model” and corre-
spondingly refer to the Weather Research and Forecasting (WRF) model as a “complete
dynamics model” because WRF integrates the complete atmospheric dynamics equations.
The complete dynamics model considers not only topographical forcing but also the impact
of physical processes on the winds and the nonlinear interaction between the resolvable-
scale disturbances, namely, the “physical–dynamical interactions”. Therefore, the essential
differences between the two models are the presence or absence of the “physical–dynamical
interactions” in the model. The differences in the simulations of the complete dynamics
model and the simplified dynamic model for the same weather event can help us separate
the impacts of various factors, such as topography, dynamics, and physics, on precipitation.
It is worth mentioning that, under the same horizontal resolution and forecast range, the
computational load of the simplified dynamic model is two orders of magnitude smaller
than that of the complete dynamics model.

The organization of this article is as follows: Section 2 shows the daily precipitation for
a total of 6 days to illustrate the rainfall evolution before, during, and after the occurrence
of the Henan 21.7 Rainstorm. The precipitation dataset for the Chinese Mainland from
the Qinghai-Tibet Plateau Science Data Center (hereafter referred to as CHM_PRE; [26,27])
is used for this study. Section 3 introduces the settings of the WRF and ICAR models for
our re-forecast experiments. With a 1 km grid resolution and the same finest grid, two
models are used to conduct seven 72 h re-forecasts for the Henan 21.7 Rainstorm starting
from 00 UTC on 17 July 2021, every 12 h. Section 4 Results: (1) presents the synoptic
background that led to the Henan 21.7 Rainstorm; (2) provides visual comparisons with
CHM_PRE for the precipitation forecasts of the two models; (3) explores the predictabilities
of orographic and non-orographic precipitations through the potential vorticity (PV) and
winds differences between WRF and ICAR; (4) discusses the predictabilities of orographic
and non-orographic precipitation; (5) gives a quantitative evaluation of the precipitations
from ICAR and WRF using CHM_PRE, and based on the differences in predictability
between orographic and non-orographic heavy precipitation, proposes a new scheme for
precipitation forecast. Section 5 presents the summary and discussion.

2. Daily Rainfall of Henan 21.7 Rainstorm

The gridded precipitation dataset CHM_PRE [26,27] is based on daily precipitation
observations from a total of 2839 stations within and around China from 1961 to 2022. This
dataset was obtained using the traditional precipitation ratio analysis method, combined
with monthly precipitation constraints and terrain feature corrections. Here, a “precipitation
ratio” refers to the ratio of daily observed precipitation at a station to the background
climate field [27]. Miao et al. [26] evaluated CHM_PRE using daily precipitation data from
approximately 40,000 high-density stations across China from 2015 to 2019 and found that
CHM_PRE can effectively represent the spatial variations of daily precipitation. Therefore,
CHM_PRE can be used for the analysis of precipitation processes and the evaluation of
model precipitation.
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Figure 1 shows the daily precipitation of CHM_PRE from 00 UTC on July 17 to 00 UTC
on July 23. To be consistent, all times used in this research are in Coordinated Universal Time
(UTC). The Digital Elevation Model (DEM) reflects the physical surface of the earth and
provides the basis for the modeling and analysis of spatial-topographic information [28,29].
The DEM is essential in hydrological modeling and water cycle understanding [30]. In
this study, the DEM is crucial for predicting and analyzing the impact of topography on
precipitation. To indicate the relationship between the orographic height and precipitation
distribution, the contours of topographic height are illustrated in Figure 1. The color
shadings in Figure 1 demonstrate the main characteristics of this extreme rainfall event.
On the 17th, weak rainfall centers circled with red mainly occurred near Shijiazhuang,
Hebei Province, and Xinzhou, Shanxi Province, with a daily rainfall intensity of around
25 mm appearing at the junction of the Taihang Mountains in northwest Henan and the
plains (Figure 1a). On the 18th (Figure 1c), the rainfall area in Hebei Province significantly
expanded, with the maximum daily rainfall intensity exceeding 50 mm. Rainbands in
northern Henan moved southeastward, intensifying and expanding (Figure 1b). On the
19th, precipitation intensified further, with a rainband located from the east of the Taihang
Mountains in Henan to the western part of Zhengzhou where the maximum daily rainfall
intensity exceeded 100 mm. A long-duration heavy rain event occurred on the 20th, with
the main precipitation area in the central part of Henan and the rainfall in Zhengzhou
exceeding 400 mm (Figure 1d). The extreme hourly rainfall at the Zhengzhou station
reached 201.99 mm between 08 and 09 UTC on the 20th. On the 21st, the rain area moved
northward to affect northern Henan and southern Hebei, with the main precipitation center
exceeding 300 mm (Figure 1e). On the 22nd, the precipitation center was at the border
area and the junction of Henan and Hebei, with a reduced rainfall intensity. However, the
maximum intensity still exceeded 200 mm (Figure 1f). Precipitation gradually weakened
after the 23rd (figure omitted). The most intense rainfall period appeared from the 20th
to the 22nd. Two severe rainfall centers occurred successively in the central (Zhengzhou)
and northern parts of Henan (Xinxiang, Hebi, and Anyang). Rainfall in the central part
of Henan was from 00:00 on the 20th to 00:00 on the 21st, while in northern Henan, it was
from 00:00 on the 21st to 00:00 on the 22nd.

Many studies ([1,2,4,22,23,31] among others) have presented the precipitation charac-
teristics of the Henan 21.7 Rainstorm using observations from dense automatic stations.
Although there are some differences between the CHM_PRE and the observations from
dense automatic stations, e.g., Figure 2 in [1], the precipitation intensity and the position in
CHM_PRE are consistent with their analyses.
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Figure 1. (a–f) The terrain height (contours, interval: 250 m) and the daily precipitation during the
Henan 21.7 Rainstorm (red circles indicate the precipitation centers).
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3. Model Setup

The Henan 21.7 Rainstorm was an event that occurred due to the interaction between
the terrain and various weather systems of different scales. To better understand the process
of how various factors like terrain forcing and dynamical and physical processes influence
heavy rainfall, we conducted a series of re-forecast experiments on this extraordinary heavy
rainfall event using both the mesoscale atmospheric model (WRF) and the Intermediate
Complexity Atmospheric Research model (ICAR). The settings of WRF and ICAR are
as follows.

3.1. The WRF Model Setup

The WRF version 4.4.2 with the Lambert conformal conic projection (Figure 2a) and
4 domains nested is used for this study. One-way nesting is used from the coarser grid
domain to the finer grid domain where the coarser grid domain provides lateral boundaries
for the finer grid domain, and the results of the finer grid domain do not impact the coarser
grid domain. To reduce errors introduced by the lateral boundaries, the outmost domain
D01 with a horizontal grid spacing of 27 km is set to cover a large area of approximately
10,000 km east–west and 10,000 km north–south, extending from about 40◦ E to 160◦ E and
from about 18◦ S to 81◦ N, with the model center at (100◦ E, 35◦ N). The second domain
D02 has a horizontal grid spacing of 9 km, D03 with a horizontal grid spacing of 3 km, and
D04 with a horizontal grid spacing of 1 km. Rainstorms occurred near the center of D04.
The model uses 55 vertical levels with a model top at 5 hPa, approximately 30 km in height.

Atmosphere 2024, 15, x FOR PEER REVIEW 6 of 31 
 

 

Figure 1. (a–f) The terrain height (contours, interval: 250 m) and the daily precipitation during the 
Henan 21.7 Rainstorm (red circles indicate the precipitation centers). 

3. Model Setup 
The Henan 21.7 Rainstorm was an event that occurred due to the interaction between 

the terrain and various weather systems of different scales. To better understand the pro-
cess of how various factors like terrain forcing and dynamical and physical processes in-
fluence heavy rainfall, we conducted a series of re-forecast experiments on this extraordi-
nary heavy rainfall event using both the mesoscale atmospheric model (WRF) and the 
Intermediate Complexity Atmospheric Research model (ICAR). The settings of WRF and 
ICAR are as follows. 

3.1. The WRF Model Setup 
The WRF version 4.4.2 with the Lambert conformal conic projection (Figure 2a) and 

4 domains nested is used for this study. One-way nesting is used from the coarser grid 
domain to the finer grid domain where the coarser grid domain provides lateral bounda-
ries for the finer grid domain, and the results of the finer grid domain do not impact the 
coarser grid domain. To reduce errors introduced by the lateral boundaries, the outmost 
domain D01 with a horizontal grid spacing of 27 km is set to cover a large area of approxi-
mately 10,000 km east–west and 10,000 km north–south, extending from about 40° E to 160° 
E and from about 18° S to 81° N, with the model center at (100° E, 35° N). The second domain 
D02 has a horizontal grid spacing of 9 km, D03 with a horizontal grid spacing of 3 km, and 
D04 with a horizontal grid spacing of 1 km. Rainstorms occurred near the center of D04. The 
model uses 55 vertical levels with a model top at 5 hPa, approximately 30 km in height. 

 
(a) 

Figure 2. Cont.



Atmosphere 2024, 15, 959 7 of 31

Atmosphere 2024, 15, x FOR PEER REVIEW 7 of 31 
 

 

 
(b) 

Figure 2. (a) Four nested domains for the WRF model. (b) Flowchart for the WRF model and the 
ICAR model runs. 

Figure 2. (a) Four nested domains for the WRF model. (b) Flowchart for the WRF model and the
ICAR model runs.



Atmosphere 2024, 15, 959 8 of 31

The integration time step for D01 is 120 s. The time step decreases in 1/3 proportion
for D02, D03, and D04, becoming 40, 13.33, and 4.44 s, respectively. For D01 and D02, the
Kain–Fritsch convective parameterization scheme [32] is used. Since the 3 km and 1 km
grid spacing can roughly resolve convection, the convective parameterization scheme is not
used for D03 and D04. The Thompson cloud physics scheme [33–35] is used for all grids.
The land surface process uses the MM5 soil temperature thermal diffusion model [36–38],
with a modified MM5 Monin–Obukhov scheme [39] for the near-surface layer. The YSU
scheme [40] is used for the planetary boundary layer, and the RRTMG scheme [41] is used
for longwave and shortwave radiation. The initial field and lateral boundary required for
the model forecasts are from the NCEP GFS. The model runs in a cold start mode. The
forecasts are issued at 00 and 12 UTC from 17 July 2021 to 20 July 2021, each day, with a
forecast duration of 72 h.

3.2. The ICAR Model Setup

The Intermediate Complexity Atmospheric Research model (ICAR) is a simplified
three-dimensional atmospheric model developed by Gutmann et al. [24]. ICAR uses a
terrain-following coordinate system in the vertical direction and an Arakawa-C staggered
grid in the horizontal direction. To run ICAR requires static data and forcing data. The
static data refer to land use, land–sea distribution, and orographic elevation defined on
latitude and longitude grids within the model’s operating area. To directly compare with
the high-resolution forecasts from the WRF D04, ICAR uses the static data of the WRF’s
fourth domain (D04) generated by the WPS (WRF, preprocessing system). ICAR uses the
same physical schemes as WRF. The forcing data required by ICAR are similar to those of
the Regional Climate Model (RCM), including three-dimensional temperature, pressure,
humidity, and wind fields that change with time. However, unlike traditional RCMs in
their use of driving data, the low-resolution forecast fields are not only used to provide
lateral boundaries but also the model fields throughout the model’s integration. If there
are other relevant fields, such as cloud water, rainwater, ice, etc., these fields can also be
input into the ICAR model through lateral boundaries. ICAR will read these data at each
input time and perform linear interpolation to match the time integration within the ICAR
model. ICAR can directly use atmospheric-sounding data as driving data. The flowchart of
the WRF and ICAR model operation is shown in Figure 2b.

The core of the dynamic atmosphere model usually gets the wind field through the
numerical solution of the Navier–Stokes equations. However, ICAR avoids directly solving
the Navier–Stokes motion equations but uses simplified dynamic methods to get the wind
fields above the high-resolution terrain. In this study, ICAR uses the hourly output of
the WRF model at a coarse resolution (D02 at 9 km grid spacings) as the forcing data. It
first interpolates the 3D temperature, pressure, humidity, and wind fields provided by the
D02 grids onto a high-resolution grid (1 km grid spacing). Then, it uses the hydrostatic
equation to correct the temperature and pressure fields above the high-resolution terrain
and uses variational methods to adjust the wind fields under minimum whole-column
mass divergence constraints with a variational method. After the adjustment of winds,
ICAR can further correct the airflow above the terrain through linear mountain waves.
Mountain waves are disturbances generated in stable atmospheres by terrain forcing. They
are the main contribution of small-scale terrain to flow ranging from a few kilometers to
tens of kilometers [18]. Mountain waves further refine the airflow forced by the terrain. The
adjusted wind fields plus mountain waves are the approximate wind fields above the high-
resolution terrain. To simplify the problem as much as possible, we did not use mountain
wave solutions in this paper. The adjusted wind fields are interpolated linearly into 3D
space at 2 min intervals. Then, the wind fields are used to transport (advect) heat, water
vapor, and condensate (clouds) in the atmosphere. Thus, the precipitation and tendencies of
the thermal fields are obtained through physical schemes (such as cloud physics, boundary
layer, land surface, etc.) as in the complete dynamics model. ICAR is integrated in time by
alternately executing calculations of physical schemes and advection. There is no difference
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between ICAR and WRF except that the winds for advection calculations in ICAR come
from the adjustment of the coarse resolution model’s winds rather than through solving
the fluid dynamics equations. In this way, ICAR ignores the impact of physical processes
on the winds and the nonlinear interaction between the small resolvable-scale disturbances
under high-resolution conditions. Therefore, ICAR mainly predicts precipitation due to the
forcing of the high-resolution terrain on the background flow and some non-orographic
precipitation due to the forcing of the coarse-resolution background flow. Due to the
simplification of dynamic processes, with the same resolution as the complete dynamic
atmosphere model such as WRF, ICAR’s computation is 100 to 1000 times faster than that
of complete dynamic atmospheric models. With our settings, the WRF model requires
120 wall-clock hours and 108 CPU cores to get a 3-day forecast, whereas the ICAR model
only takes 1 wall-clock hour to finish the forecast for the same duration. Therefore, with the
same computational resources, ICAR can make higher-resolution forecasts or more forecast
samples, which helps better characterize the uncertainty of forecasts. In this research, we
use ICAR to conduct the same forecasts as WRF, from 17 July 2021 to 20 July 2021, with a
72 h forecast made daily at 00 and 12 UTC.

The simplified dynamics of ICAR essentially turn it into a linear model. One of the key
characteristics of a linear model is that various components satisfy the superposition princi-
ple. It is easy to separate orographic precipitation from the non-orographic precipitation in
the ICAR model. In contrast, there may be an interaction between orographic precipitation
and non-orographic precipitation due to the “physical–dynamical interactions” in the WRF
model. If the orographic precipitation predicted by ICAR is similar to the orographic pre-
cipitation predicted by WRF, we can conclude that the action of the “physical–dynamical
interactions” in the WRF model is not significant in the process of orographic precipitation.
Thus, we can approximately separate the orographic precipitation from the non-orographic
precipitation in the WRF model through ICAR’s precipitation.

4. Results
4.1. The Synoptic Background That Caused the Henan 21.7 Rainstorm

Ding [42] listed the conditions for sustained severe MCS: (1) strong water vapor
convergence in the lower atmosphere; (2) strong upward motion in the mid-troposphere;
(3) constant rebuilding of potential instability; and (4) favorable terrain forcings. To check
whether these conditions are met in the Henan 21.7 Rainstorm, first, we analyze the large-
scale weather situation.

4.1.1. Sea-Level Pressure and Orographic Height

Figure 3a–d shows the forecasts at 0, 1, 2, and 3 days from D02 of the WRF model
initialized on 00 UTC, July 19, 2021. The figure depicts sea-level pressure (contours), 10 m
winds (barbs), and the terrain height (shaded). At the starting time, Typhoon Cempaka
was in the South China Sea, then it moved toward the Guangdong coast and gradually
intensified. After 21 July, it made landfall and weakened gradually, appearing as a weak
low-pressure system on July 22. Typhoon In-Fa was significantly stronger than Typhoon
Cempaka over the eastern ocean of Taiwan on 00 UTC, 19 July 2021. There existed a
strong pressure gradient and westward airflow between In-Fa and the subtropical high-
pressure system, which was near the Sea of Japan. Over time, Typhoon In-Fa intensified
and moved westward. The westward airflow in between subtropical high and Typhoon
In-Fa was strengthening and extending westward. The shadings in Figure 3 show the
terrain characteristics surrounding Henan: the eastern part is the alluvial plain between the
Huaihe River and the Yellow River, while the southwest of Zhengzhou has the Songshan,
Funiu, and Qinling Mountains and the northwest has the Taihang Mountains. When the
warm and moist westward airflow carrying a large amount of water vapor encountered the
terrain of western Henan, the terrain uplifted the westward airflow, which led to upward
motion and severe orographic precipitation.
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4.1.2. The 850 hPa Height and Precipitable Water

Figure 4 shows the evolution of geopotential height (contours, units in 10 gpm), winds
(barbs), and atmospheric precipitable water (shading, in units of kg m−2) on the 850 hPa
pressure surface. The atmospheric precipitable water indicates a high humidity zone from
Wuhan to Zhengzhou and Shijiazhuang, with maximum values exceeding 65 kg m-2 near
Zhengzhou. Sun et al. [43] analyzed the causes of extreme precipitation in Beijing on
21 July 2012. They found that abnormally high water vapor content (with precipitable
water reaching 60–80 mm) is a crucial condition for extreme precipitation. Xu et al. [44]
analyzed a typical heavy rain event in the warm sector of a midlatitude cyclone between
the Huang River and the Huai River on 17 July 2012. They found that a high-humidity
environment throughout the troposphere increases precipitation efficiency, reduces lifting
condensation levels, and favors the repetitive generation of MCS. Typhoon Cempaka,
located on Guangdong’s coast, transported water vapor inland with a southerly airflow on
its eastern side. The easterly airflow associated with the strong pressure gradient between
Typhoon In-Fa and the subtropical high pressure system near the Japan Sea also transported
water vapor from the ocean toward Henan Province. The synoptic background provided
abundant moisture for the Henan 21.7 Rainstorm [31,45]. The two moisture conveyor
belts converged in central-western Henan where the obstruction of the Taihang Mountains
and Song Mountains exists. Buhe et al. [46] found that during the extreme precipitation
on 20 July, the meridional moisture flux in southern Henan enhanced significantly. The
enhanced flux provided more moisture for the extreme rainstorm.
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4.1.3. The 500 hPa Height and Temperature

Figure 5 shows the evolution of the geopotential height, winds, and temperature
in the middle troposphere. There was a quasi-steady cold trough over the north Lake
Balkhash and the west of Lake Baikal. The pressure ridge from the Qinghai-Tibet Plateau
to Ningxia and Inner Mongolia was reinforced gradually and extended eastward. The
North Pacific subtropical high extended westward from the Sea of Japan to the east-central
region of China. A shortwave trough splitting off the quasi-steady cold trough was moving
southeastward from the southwest of Lake Baikal, which indicated a small burst of cold air
moving south that might uplift moist warm air to produce precipitation. There was a wide
low-pressure zone between the Yellow River and the Huai River. Meanwhile, Typhoon
Cempaka was in the South China Sea and Typhoon In-Fa was in the Eastern Ocean. From a
macro perspective, the east-central region of the mainland was within a wide and broad
saddle region. This synoptic background led to the precipitation systems occurring in
Henan within a relatively less-moving atmospheric environment.
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Figure 5. (a–d) represents the surface pressure and wind field obtained for the forecast at 0, 1, 2, and
3 days, respectively, starting from 00 UTC, 19 July 2021. Same as Figure 3 but shows the geopotential
height (contours), winds (barbs), and temperature (shadings) on the 500 hPa pressure surface.

4.1.4. The 200 hPa Height and Potential Vorticity

Figure 6 shows the evolution of geopotential height, winds, and potential vorticity
(PV, shading) on the 200 hPa pressure surface. A wide positive PV area (corresponding to
a cold trough) extended from northern Xinjiang to the west of Lake Baikal. There was a
negative PV zone from Lake Baikal to Inner Mongolia, which corresponded to the strong
shear on the left side of the jet stream in front of the 200 hPa trough. The negative PV
over the Qinghai-Tibet Plateau corresponded to the Qinghai-Tibet High, which gradually
strengthened and extended northeastward from the 19th to the 22nd. Furthermore, there
was a positive PV zone (corresponding to the weak trough) in the east of the Qinghai-
Tibet high, extending across Yunnan, Sichuan, Ningxia, and Inner Mongolia. Under
the influence of the northeastward flow in the southeast of Qinghai-Tibet high and the
southwest flow ahead of the weak trough in eastern Inner Mongolia, the PV zone was
gradually stretched into a narrower PV band from the northeast to the southwest. The PV
value above Zhengzhou changed gradually from positive to negative from the 19th to the
21st. Meanwhile, the positive PV on the 850 hPa near Zhengzhou gradually strengthened.
From the 19th to the 20th, the water vapor was transported continuously by the low-level
jet stream to central and western Henan [31]. The heavy rainfall occurred in west and
central Henan under the condition of uplifting the easterly airflow by the terrain along with
the latent heat releasing in the middle and lower troposphere. According to the principle of
PV conservation [47–49], the PV increased below (decreased above) the maximum heating
layer in the troposphere. The PV redistribution resulted in anticyclonic vorticity in the
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upper troposphere and cyclonic vorticity in the lower troposphere. The redistribution of
PV strengthened the MCS in central and western Henan.
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Figure 6. (a–d) represents the surface pressure and wind field obtained for the forecast at 0, 1, 2, and
3 days, respectively, starting from 00 UTC, 19 July 2021. Same as Figure 3 but shows the geopotential
height (contours), winds (barbs), and potential vorticity (shading) on the 200 hPa pressure surface.

4.2. Reliability of Forecasting and Predicatability
4.2.1. The 3-Day Accumulative Precipitation

We have discussed the synoptic backgrounds that led to the Henan 21.7 Rainstorm.
Now we pay attention to precipitation forecasts and their reliability. At first, we evaluate
the 3-day total precipitation predicted by the WRF and the ICAR models with CHM_PRE
as an observation. In this subsection, we assess the precipitation through visual comparison
with the observation. Figure 7a–c shows the 3-day total precipitation in CHM_PRE and
the forecasts of WRF and ICAR from 00 UTC on July 19 to 00 UTC on July 22. Figure 7d
shows the terrain height in D04. The extreme rainfall of the Henan 21.7 Rainstorm oc-
curred during this period. The precipitation forecasts for other times can be seen in the
supplementary materials.
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There are two heavy precipitation regions in Figure 7a. One is a wide precipitation
band with 450–600 mm rainfall between Zhengzhou and Luoyang. The other is a pre-
cipitation band stretching from Hebi to Xinxiang and Jiaozuo north of the Yellow River,
with rainfall of 350–450 mm. Both severe precipitation bands are situated on the wind-
ward slopes of mountains or in the transition zones between mountains and plains. The
precipitation distribution strongly suggests the impacts of the terrain. Figure 7b shows
the 72 h precipitation forecast from the WRF model. There are two precipitation bands
also. One is situated near Zhengzhou, with precipitation of 350–450 mm. The area with
rainfall exceeding 350 mm is significantly smaller than CHM_PRE in Figure 7a. Another
precipitation band is situated on the east slope of the Taihang Mountains at the border of
Henan and Shanxi, with a maximum rainfall exceeding 600 mm, which is heavier than
CHM_PRE. Correspondingly, the distribution of heavy precipitation in Figure 7c (from
ICAR) is in a narrow band, which inclines toward the windward slopes of the terrain
or flared valleys. The area with precipitation exceeding 350 mm in Figure 7c is much
smaller than CHM_PRE and WRF. However, the severe precipitation of ICAR indicates
that the southwest of Zhengzhou experienced greater precipitation. It is very much in line



Atmosphere 2024, 15, 959 15 of 31

with observations. In addition, the severe precipitation on the east slope of the Taihang
Mountains coincides with the region of large gradient of terrain height (cf. Figure 7d). In
the area beyond the terrain, ICAR’s precipitation is only 5–25 mm and in a wider range. It
is noticeably weaker than WRF’s precipitation.

The difference between Figure 7b,c can be attributed to the presence or absence of
the “physical–dynamical interactions.” The key point is that the ICAR model neglects the
actions of physical processes on the winds, e.g., the latent heat released by condensation
increases mid-level vertical motion, and the vertical motion enhances the low-level con-
vergence. If the location and intensity are correct, the “physical–dynamical interactions”
do make the precipitation distribution appear more similar to the observed precipitation
(Figure 7a vs. Figure 7b). However, the heavy rainfall beyond the terrain in the WRF model
has no clear correspondence with the observations in location and intensity. On the other
hand, the ICAR’s heavy rainfall in the west of Zhengzhou and along the Taihang Mountains
is quite consistent with the observation in Figure 7a. This fact indicates the simple dynami-
cal model captures the features of the orographic precipitation. Moreover, the differences
between the complete dynamical model and the simplified dynamical model can help us
understand the impacts of complex terrain and the “physical–dynamical interactions” on
precipitation. ICAR’s precipitation provides us with an important reference to distinguish
the orographic and non-orographic precipitation.

Many studies [1–6,16,18,23] have analyzed the Henan 21.7 Rainstorm and its relation-
ship with the terrain. Among them, Zhang et al. [4] found that during the Henan 21.7
Rainstorm, 400–800 mm precipitation accumulated from 00 UTC on 16 July to 00 UTC on
23 July concentrated near the eastern foot of the Taihang Mountains, the windward slopes
of the Funiu Mountains, or flared valleys. Only a few stations in the plains had heavy
precipitation. Two heavy rainfall centers exceeding 800 mm are adjacent to the Taihang
Mountains in northern Henan and along the eastern side of the Funiu Mountains in the west
of Zhengzhou. Wang et al. [31] found that under the combined effect of large-scale thermal
and dynamic blocking, the heavy rainfall ultimately presented a distribution pattern on
the windward slopes of the terrain. Zhang et al. [22] pointed out that the low-level airflow
blocked by the Taihang Mountains and the strong convergence of water vapor flux on the
eastern side of the terrains was conducive to the continuous merging and development of
newly formed convective cells. As a matter of fact, this kind of rainfall distribution is not
rare. Many studies have demonstrated the importance of terrain in the formation of severe
rainstorms. For example, Li et al. [50] analyzed the “7.19” extreme rainstorm in 2016 with
accumulative rainfall exceeding 250 mm near the eastern foot of the Taihang Mountains.
They found that rainfalls exceeding 500 mm were all located at elevations above 300 m.
Our results are consistent with their findings.

4.2.2. The Daily Cumulative Precipitation

In this subsection, we evaluate the daily precipitation forecasts by WRF and ICAR
with CHM_PRE’s. Figure 8 presents the accumulative precipitation from WRF and ICAR
for 0–24 h, 24–48 h, and 48–72 h from 19 July 2021, 00 UTC. The plots of accumulative
precipitation forecasts from 17 July 2021 to 20 July 2021 can be found in the Supplemental
file. For the convenience of direct visual comparison, we place CHM_PRE’s precipitation
analysis on the left side. Figure 8a–c shows that on the 19th (from 00 UTC on the 19th to
00 UTC on the 20th, and so forth), areas with precipitation intensity exceeding 50 mm are
mainly situated to the west of Zhengzhou and to the east of the southern Taihang Moun-
tains. Additionally, there are localized heavy rainfalls (daily precipitation of 100–150 mm)
near Luoyang. The precipitation center on the 20th is located in Zhengzhou and nearby
areas, with the maximum daily precipitation ranging from 350 mm to 450 mm. By the
21st, the precipitation center moves northward, with severe rain distributed in northern
Henan and along the east slope of the Taihang Mountains. The severe precipitation band is
along the line from Hebi to Xinxiang and Jiaozuo, in which the daily precipitation values
range from 250 mm to 350 mm. The most intense precipitation of this rainstorm occurred
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on the 20th, with the precipitation center near Zhengzhou. The maximum hourly precip-
itation at the Zhengzhou meteorological station occurred on the 20th [2,4,31]. Figure 8
illustrates that the daily precipitation forecasts from WRF and ICAR generally replicate the
intense precipitation processes near Zhengzhou and the Taihang Mountains. However, for
the extreme precipitation events near Zhengzhou and the Taihang Mountains, there are
deviations between the forecasts and actual observations. Additionally, the precipitation
intensity and range forecasted by the two models are also different.
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Figure 8d shows the 0–24 h precipitation forecast from the WRF model. Compared
with the observations (Figure 8a), the area of precipitation exceeding 5 mm in the WRF
forecast is smaller than CHM_PRE. However, the area of precipitation exceeding 25 mm



Atmosphere 2024, 15, 959 17 of 31

in Figure 8d is significantly larger than CHM_PRE. Additionally, several scattered heavy
precipitation centers are deviating far from the terrain. The maximum daily precipitation
in the WRF forecast exceeding 200 mm is in the south of Ruyang County, but there is
only 10–20 mm precipitation in CHM_PRE (Figure 8a) at the same place. Furthermore,
the precipitation center in Figure 8a is near Luoyang with a maximum of 150 mm only.
The total area of precipitation exceeding 5 mm in the ICAR forecast (Figure 8g) is smaller
than WRF, and the area of precipitation above 50 mm is similar to that of CHM_PRE.
The region with precipitation above 100 mm tends to be on the windward slope of the
terrain. Outside the intense precipitation, there is a wide range of 5–25 mm precipitation
area in Figure 8g, which is related to the background forcing. Compared with WRF,
the precipitation due to background forcing is much weaker. As we have mentioned
earlier, this is mostly due to the neglect of the action of physical processes on wind in
ICAR. Compared with the terrain height in Figure 7d, it is easy to find that the intense
precipitation in Figure 8g coincides with the height gradient on the windward slope of the
terrain. Therefore, the intense precipitation in the ICAR model is mainly due to terrain
forcing. Comparing Figure 8d with Figure 8g, we can find that the precipitation in WRF is
slightly toward the mountain front rather than the mountainside as in ICAR. The hourly
precipitation (figure omitted) from the WRF model shows the continuous emergence
of small and medium-sized rain clusters from southeast to northwest or from south to
north. However, the hourly precipitation in the ICAR model mainly congregates along
the windward slope of the terrain. The hourly precipitations in the WRF prediction are
quite similar to the analysis in [1–6]: The rainfall during the Henan 21.7 Rainstorm was
primarily caused by a meso-α (horizontal scales L~200–2000 km) scale convective system
characterized by a nearly circular structure spanning about 300 km horizontally. The
longtime presence of this meso-α system was linked to the merging of several meso-β
(L~20–200 km) scale convective systems within it and the train-like continuous coming
up of single-cell systems from the warm and moist areas on its southeastern periphery.
They also highlighted that the extreme hourly precipitation (201.9 mm h−1) in Zhengzhou
was mainly due to the development of a very strong meso-γ (L~2–20 km) scale convective
system located on its southwest side. Wang et al. [15] studied extreme heavy precipitation
weather with hourly rainfall exceeding 50 mm on the eastern foot of the Taihang Mountains
under two different weather backgrounds. They pointed out that the easterly flow and
downslope thunderstorm outflow can form a mesoscale convergence line that triggers new
thunderstorms. Radar echoes showing backward propagation characteristics and the effect
of deep convection sequences that pass one after another like trains cause local extreme
short-duration heavy precipitation.

Figure 8e,h shows the 24–48 h cumulative precipitation forecasts from WRF and ICAR.
The total areas of precipitation exceeding 5 mm in both forecasts are smaller than that in
CHM_PRE. The heavy precipitation forecast from the ICAR remains in bands, mainly dis-
tributed on the windward slopes of the terrains. The area of precipitation exceeding 50 mm
in the ICAR model is comparable to CHM_PRE. The area of precipitation exceeding 50 mm
in the WRF is larger than CHM_PRE. In Figure 8e, multiple daily precipitation centers
exceeding 200 mm are distributed along the eastern foothills of the Taihang Mountains and
near Zhengzhou. However, the precipitation in the west of Zhengzhou is heavier than in the
east of Zhengzhou. In addition, Figure 8e shows that two precipitation centers exceeding
200 mm in northeast Zhengzhou along the Yellow River are absent in the 24–48 h precip-
itation of ICAR (Figure 8h). Therefore, the two severe precipitation centers in Figure 8e
are due to the “physical–dynamical interactions”. Such severe precipitation centers do not
appear in CHM_PRE (Figure 8b); therefore, the severe non-orographic precipitation due to
the “physical–dynamical interactions” does not align with the observation.
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Figure 8f,i shows the 48–72 h precipitation forecasts from WRF and ICAR. Still, the area
with precipitation exceeding 5 mm in the WRF model is smaller than in CHM_PRE. Figure 8i
indicates that precipitation forecasted by the ICAR model remains in the band structure,
with a smaller area of heavy precipitation than in the WRF model. The precipitation center
is also concentrated on the windward slope of the terrain. The thick gray dashed lines
in Figure 8d–f respectively correspond to the severe precipitation band along the eastern
side of the Taihang Mountains in Figure 8g–i. Comparing Figure 8d–f with Figure 8g–i,
we can find that the precipitation over the east of the Taihang Mountains in the WRF
model corresponds well with the precipitation band in the ICAR model and CHM_PRE.
In other words, the terrain-induced precipitations in the complete dynamic model and
the simplified dynamic model have a good correlation with the observation. Furthermore,
from Figure 8g–i, we can see that the terrain-induced precipitation in the ICAR model
does not change much over time, indicating that terrain-forced precipitation is relatively
insensitive to changes in the background airflow. This, on the other side, demonstrates that
terrain-induced precipitation has better predictability.

Based on the above analyses, we can conclude that the predictability of severe pre-
cipitation induced by terrain is higher than that of severe precipitation produced by the
“physical–dynamical interactions”. The main differences in precipitation between WRF
and ICAR are due to the “physical–dynamical interactions”. Without considering errors
such as precipitation phase and intensity, the “physical–dynamical interactions” make the
precipitation forecast in WRF look more like observations, but unfortunately, that does not
guarantee it is consistent with actual precipitation.

4.2.3. The Reliability of Severe Precipitation Prediction

To understand the impacts of topography and the “physical–dynamical interactions”
on the severe precipitation and the reliability/predictability of the Henan 21.7 Rainstorm,
we conduct further analyses of the MCS associated with precipitation. Figure 9a–f displays
wind fields at 2 km, 5.5 km, and 8.5 km heights for the 36 h lead time (at 12 UTC on 20 July
2021) of WRF and ICAR. The shading illustrates the accumulative precipitation from 24 h
to 36 h. Figure 9a–c is from the ICAR model, while Figure 9d–f represents the WRF model.
Figure 9 reveals that the winds over Henan flow predominantly southeast at 2 km height,
transitioning to southerly flow at the middle level (5.5 km) and westerly flow at the upper
level (8.5 km). A cyclonic vortex is observed in the mid-level troposphere (5.5 km) over
Shanxi Province. Figure 9a–c suggests that the spatial variation of the winds predicted by
the ICAR model is relatively smooth, whereas Figure 9d–f exhibits more fluctuations. The
white contour lines in Figure 9 representing the vertical velocity of 1, 2, and 3 ms−1 illustrate
the distribution of strong vertical motions. In the ICAR model (Figure 9a–c), the strong
vertical motions are primarily on the windward slopes of the terrain, and vertical velocity
diminishes relatively slowly with the height. In contrast, the strong vertical motions near
the terrain in the WRF model (Figure 9d–f) are more on the lower and middle levels of
the troposphere. Additionally, beyond the terrain, there are strong vertical motions that
are associated with freely developing mesoscale convective systems. The white contour
lines reflect the relationship between precipitation and vertical velocity approximately.
With shorter time intervals, heavy precipitation and vertical velocity align more closely,
indicating that areas of heavy precipitation generally coincide with a strong upward motion
(figure omitted). Therefore, the heavy precipitations beyond the mountains in Figure 9d–f
are associated with severe moist convection.
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ξa, the absolute vorticity, θ, potential temperature,

→
V, the winds,

→
F, the friction, and

.
θ the non-adiabatic heating rate. Equation (1) indicates

that the PV is conserved in an adiabatic, frictionless closed system. Define the PV substance
Π as:

Π = ρPV =
→
ξa·∇θ, (2)

PV is the amount of Π per unit air mass. Equation (1) can be simplified as:
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, (3)

Since PV is not conserved in the presence of diabatic processes, the PV tendency can be
utilized to identify the contribution of non-conservation processes to the PV field, and then
quantify the impact of these processes on the atmosphere via piecewise PV inversion. In a
complete dynamic model, such as the WRF model, (3) is fully operational. However, in the
ICAR model, due to the simplified dynamics, the PV tendency is not the same as in WRF
because the physical processes like the diabatic heating do not interact with the winds.

∂Π
∂t ICAR

= −∇·
(→
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→
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.
θ −

→
F ×∇θ

)
ICAR

, (4)
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The differences on the right-hand side of (3) and (4) can help us comprehend the impact
of the “physical–dynamical interactions” on the predictability of precipitation. Subtracting
(4) from (3) and taking a volume integral,
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Figure 10 depicts the PV (color-filled) and winds (wind vector) at 2 km, 5.5 km, and 
8.5 km heights at 12 UTC on 20 July 2021. Compared with Figure 10d–f, Figure 10a–c 
shows that the PV in the ICAR model is smooth and exhibits coarse grain characteristics. 
In contrast, in Figure 10d–f, the PV from the WRF model exhibits intense small-scale PV 
bands corresponding to the moist convection. Figure 10g–i highlights the disparities in PV 
and wind fields between WRF and ICAR. Essentially, the PV difference between WRF and 
ICAR is related to the differences between the winds and potential temperature fields of 
the two models. Specifically, the fluctuations in the PV and wind fields over the plains 
region correspond to the small-scale convective systems generated by the “physical–dy-
namical interactions”. When the lower isentropic surface is above the planetary boundary 
layer and over a short duration, the contribution of friction and PV flux at the lateral 
boundaries to PV tendency are relatively small, and the PV difference in the volume is 
mainly due to the diabatic heating at the upper and bottom boundaries. The latent heat 
release resulting from the condensation of water vapor typically peaks at mid-to-high lev-
els. Therefore, the latent heat release modifies the vertical distribution of PV. The precipi-
tation in Figure 9 and the PV disparities shown in Figure 10g–i qualitatively demonstrate 
the impact of latent heat release. In particular, the mean latent heat release above a large 
area of precipitation enhances (reduces) the PV below (above) the maximum condensation 
level. The shading in Figure 10j–l shows the disparities of vertical vorticity, which closely 
aligns with the PV disparities in Figure 10g–i. According to Stoke’s theorem (∮ 𝑉ሬ⃗ · 𝒅𝒍 =∬ 𝝃ሬ⃗ · 𝒅𝒔), the circulation of any closed loop (e.g., the red ellipses in Figure 10j–l is equal to 
the integral of the normal component of vorticity over the area enclosed by the closed loop 
(e.g., the red ellipses). Then, the cyclonic and anticyclonic circulations in Figure 10j–l are 
associated with the area integral of the vertical vorticity disparities (shadings), which is 
proportional to the PV disparities in Figure 10g–i. Actually, the wind differences derived 
by subtracting the winds of ICAR from those of WRF shown in Figure 10g–i and its 
streamlines shown in Figure 10j–l reveal that there are larger-scale cyclonic circulations in 
the lower- to mid-level of atmosphere and anticyclonic circulations in the upper atmos-
phere in areas with precipitation. 
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convective-scale motions may lead to inaccuracies in large-scale winds. These results pro-
vide us with a basis to understand the predictability of severe precipitation and the con-
nections between provincial-scale and convective-scale precipitation. We should mention 
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Figure 10 depicts the PV (color-filled) and winds (wind vector) at 2 km, 5.5 km, and
8.5 km heights at 12 UTC on 20 July 2021. Compared with Figure 10d–f, Figure 10a–c
shows that the PV in the ICAR model is smooth and exhibits coarse grain characteristics.
In contrast, in Figure 10d–f, the PV from the WRF model exhibits intense small-scale PV
bands corresponding to the moist convection. Figure 10g–i highlights the disparities in PV
and wind fields between WRF and ICAR. Essentially, the PV difference between WRF and
ICAR is related to the differences between the winds and potential temperature fields of the
two models. Specifically, the fluctuations in the PV and wind fields over the plains region
correspond to the small-scale convective systems generated by the “physical–dynamical
interactions”. When the lower isentropic surface is above the planetary boundary layer
and over a short duration, the contribution of friction and PV flux at the lateral boundaries
to PV tendency are relatively small, and the PV difference in the volume is mainly due to
the diabatic heating at the upper and bottom boundaries. The latent heat release resulting
from the condensation of water vapor typically peaks at mid-to-high levels. Therefore, the
latent heat release modifies the vertical distribution of PV. The precipitation in Figure 9 and
the PV disparities shown in Figure 10g–i qualitatively demonstrate the impact of latent
heat release. In particular, the mean latent heat release above a large area of precipitation
enhances (reduces) the PV below (above) the maximum condensation level. The shading
in Figure 10j–l shows the disparities of vertical vorticity, which closely aligns with the PV

disparities in Figure 10g–i. According to Stoke’s theorem (
∮ →

V·dl =
s →

ξ ·ds), the circulation
of any closed loop (e.g., the red ellipses in Figure 10j–l is equal to the integral of the normal
component of vorticity over the area enclosed by the closed loop (e.g., the red ellipses). Then,
the cyclonic and anticyclonic circulations in Figure 10j–l are associated with the area integral
of the vertical vorticity disparities (shadings), which is proportional to the PV disparities
in Figure 10g–i. Actually, the wind differences derived by subtracting the winds of ICAR
from those of WRF shown in Figure 10g–i and its streamlines shown in Figure 10j–l reveal
that there are larger-scale cyclonic circulations in the lower- to mid-level of atmosphere and
anticyclonic circulations in the upper atmosphere in areas with precipitation.

Corresponding to numerous convective-scale heavy rainfalls, there are several smaller but
intense cyclonic/anticyclonic circulations within the area of larger-scale cyclonic/anticyclonic
circulation in Figure 10j–l. With the Stoke’s theorem, we know that the small-scale vorticity can
impact the larger-scale circulation. That is why inaccuracies in convective-scale motions may
lead to inaccuracies in large-scale winds. These results provide us with a basis to understand
the predictability of severe precipitation and the connections between provincial-scale and
convective-scale precipitation. We should mention that the vertical shear of horizontal winds
and strong vertical motions may change the vertical distribution of vorticity on the convective
scale. For example, Weijenborg et al. [51] discovered that vertical wind shear distorts the
centers of small and intense positive/negative vorticity. However, in general, our discussion
about the circulation is still correct.
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We have seen that severe precipitation is associated with a smaller-scale moist convec-
tion and possible impacts of the moist convection on a larger-scale flow. To understand the
predictability of heavy rainfall and use the predictability to improve the forecast accuracy
of heavy precipitation, let us refresh our knowledge about the predictability first. The
intrinsic predictability and the initial error growth at different scales have been thoroughly
investigated [52–56]. The predictability of the atmosphere at the convective scale is different
from that at the synoptic scale. Many studies (e.g., [57–60]) have underlined the importance
of convective instability in disrupting mesoscale predictability. Other than intrinsic pre-
dictability, practical predictability refers to the “ability to predict based on the procedures
currently available” [61,62]. The practical predictability of atmospheric motions with differ-
ent scales has been investigated using various numerical models. Walser et al. [63] pointed
out that the uncertainties in precipitation forecasts increase rapidly with decreasing scale
as individual convective cells are rendered unpredictable by chaotic aspects of the moist
dynamics. Wang et al. [64] investigated the predictability of heavy precipitation through a
series of convection-permitting simulations of three cases in different synoptic backgrounds.
They found that heavier precipitation has larger uncertainty or less predictability. More
recently, Zhu et al. [65] studied the predictability of the Henan 21.7 Rainstorm through en-
semble forecasts of two sets of convective discernible scales. They found that most members
had position biases in the extreme precipitation near Zhengzhou. For the extreme hourly
rainfall, the position error ranged from tens to hundreds of kilometers. Zhang et al. [66]
conducted convection-resolvable ensemble simulations of the Henan 21.7 Rainstorm using
the WRF model. They found that errors in moist convection activity can increase the error
growth rates at all scales, especially at small scales. Their findings are consistent with the
error growth model of Zhang et al. [67]. Selz and Craig [68] pointed out that while the
initial growth was mainly in the divergent part of the flow, the eventual slow growth on
large scales was more in the rotational component. Hohenegger et al. [69,70] illustrated
that the error growth rates are around 10 times larger and the tangent linear approximation
breaks down within a couple of hours. They thought that rapid loss of linearity implies a
fundamental qualitative difference between convective-scale and synoptic-scale forecasting.
Poor convective-scale predictability is most likely due to the significant nonlinearities of
the atmosphere at smaller scales: microphysics, turbulence, radiation, and flow dynamics
are strongly coupled and can act to amplify both model and observation uncertainties.

While the predictability of severe precipitation is limited by the rapid error growth
dominated by the nonlinear moist processes in it, the background forcing can increase the
predictability of small-scale convection. Done et al. [71] and Flack et al. [72] showed that
convection in “non-equilibrium” convective conditions [73], that is under the influence of
fronts and other localized synoptic features, exhibited better predictability than convection
in “quasi-equilibrium” conditions with a fairly uniform large-scale environment. Surcel
et al. [74] showed that diurnally forced convection under weak synoptic forcing exhibited
lower predictability and higher sensitivity to initial conditions than widespread convection
under strong synoptic forcing. Following these results, the terrain as a fixed geographical
forcing characteristic should increase the predictability of severe precipitation. For example,
mountain topography could decrease the degree of freedom of the atmosphere by providing
a stationary, steady-state forcing [20]. However, the study about the impact of topography
on the convective scale predictability is still limited. Bachmann et al. [75,76] demonstrated in
an idealized setup that orographic forcing alters the likelihood of convection occurrence in
its vicinity where both lower and higher probabilities of convection enhance predictability
at a particular location. Wu and Takemi [77,78] conducted identical twin experiments with
and without topography in an idealized framework to investigate the impact of topography
on the initial error growth associated with moist convection. They found that moist
convection develops and organizes into a larger size in the experiment with topography.
Their analysis based on individual cloud areas shows that the convective clouds developing
over the mountain have less error growth at the early stage of development. The studies
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indicated that orography reduces displacement errors nearby and, consequently, enhances
the predictability of convective precipitation.

To summarize the discussion: the larger-scale systems have a longer predictable
time (higher predictability), while the smaller-scale systems have a shorter predictable
time (lower predictability). Due to the uncertainty in initial conditions, deficiencies in
model physics, and inaccurate empirical parameters describing convective processes in
the model, the predictability of moist convection is generally low. The moist convective
systems are more predictable in a strong forcing environment than in a weak forcing
environment. This research focuses on the prediction of severe precipitation. We decompose
the precipitation according to its formation mechanism and the effects of orographic forcing
and the “physical–dynamical interactions” on the practical predictability. At first, the WRF’s
forecast is divided into a slowly varying larger-scale background field and a rapidly varying
small-to-medium-scale residual. In this study, we use the forecast of the coarse-resolution
WRF model as the background field. The spatiotemporal variation of the background field
is relatively slow (e.g., Figure 10a–c). Meanwhile, the spatiotemporal variation of residual
dominated by the small-to-medium-scale systems is rapid (e.g., Figure 10g–i). The residual
can be further decomposed into a “terrain-forced component” and a “non-terrain-forced
component”. The disparities between WRF and ICAR are due to the “physical–dynamic
interactions”. Though the “physical–dynamical interactions” also influence the “terrain-
forced component”, e.g., the orographic precipitation, our previous analysis indicates that
the nonlinear interactions between the terrain-forced component and the small-scale flow
are relatively weak. Therefore, the “terrain-forced component” is primarily generated by the
forcing of smaller-scale terrain (such as mountains, valleys, etc.) on the smooth background
field. Since ICAR’s forecast is composed of a “terrain-forced component” and a weak
background forcing component, the “terrain-forced component” of ICAR approximately
represents the “terrain-forced component” of WRF. Meanwhile, the “non-terrain-forced
component” beyond terrain can be approximated by the disparities between WRF and
ICAR, and the “non-terrain-forced component” beyond terrain is mostly generated by
the “physical–dynamical interactions”. For instance, the small eddies beyond the terrain
in Figure 10j–l are the “non-terrain-forced component”. With this decomposition and
the common understanding of predictability, we know that the predictability of severe
small-scale orographic precipitation should be relatively high because it is generated by
the forcing of settled orography on the larger-scale background field. On the other hand,
the predictability of severe non-orographic precipitation is relatively low because the moist
convection in a weak forcing environment is generally less predictable. Knowing that severe
orographic precipitation is more predictable than severe non-orographic precipitation, the
concern is whether we can improve precipitation forecasts through the predictability of
various severe rainfalls, e.g., by giving more weight to severe orographic precipitation and
less weight to severe non-orographic precipitation.

4.3. Quantitative Evaluation of Rainfall Forecasting and Accuracy Improvement

The CHM_PRE dataset [26,27] effectively represents the spatiotemporal distribution
of actual precipitation. Hence, CHM_PRE is utilized for the quantitative assessment of
precipitation forecasts. Following procedures used for other case studies [64,79,80], a
quantitative evaluation of precipitation is carried out for four 72 h forecasts from 00 UTC
on 17 July 2021, to 00 UTC on 20 July 2021, at 24 h intervals. The skill scores of BS, TS,
FAR, and POD within the geographical range of 111–118◦ E, 32–38◦ N are computed with
CHM_PRE as observations. The definitions of BS, TS, FAR, and POD and the Contingency
Table A1 are in Appendix A. Figure 11 illustrates BS, TS, FAR, and POD of the 0–24 h,
24–48 h, and 48–72 h accumulative precipitation forecasts for the Henan 21.7 Rainstorm
event. The scores suggest that the precipitation forecast skill for 24–48 h is superior to that
for 0–24 h and 48–72 h because the initial field is downscaled solely from the NCEP GFS
forecast without data assimilation. This outcome aligns with the typical error patterns
in numerical weather prediction: (1) a larger forecast error is observed during the model
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spin-up phase, (2) the error decreases to its minimum after the spin-up, and (3) as the
forecast progresses, the error grows with the forecast lead time. Figure 11 illustrates that
for the 24–48 h cumulative precipitation, the WRF model outperforms the ICAR model
in TS and POD scores but exhibits over-forecast (BS > 1) and a larger false alarm rate
(FAR). When daily precipitation exceeds 200 mm, the skill scores of WRF and ICAR are
closer. For 0–24 h and 48–72 h daily accumulative precipitation, the conclusions are similar.
The direct comparison of precipitation forecasts with CHM_PRE depicted in Figure 8
aligns with this quantitative evaluation. From the perspective of precipitation forecasting
skill scores for both models, the WRF model exhibits higher accuracy than the ICAR
model. However, the “physical–dynamical interactions” within the WRF model can lead
to larger errors in convective precipitation as the rainfall intensity increases. In contrast,
the ICAR model effectively reflects the key mechanism of heavy precipitation induced
by topographic forcing in the mountainous regions. Consequently, the error associated
with intensive precipitation remains relatively minor, thereby partially compensating
for the shortcomings of the WRF model. We can explain the skill differences through
the vorticity and circulation shown in Figure 10g–l. Since the WRF model considers
the impacts of precipitation physics on the winds, the mesoscale circulation caused by
mesoscale precipitation (e.g., the area with daily precipitation exceeding 5 mm) can be
depicted. In the meantime, the mesoscale circulation caused by mesoscale precipitation
is neglected in the ICAR model. Therefore, the skill scores of WRF are higher than ICAR
when daily precipitation is less than 100 mm. The skill scores of ICAR and WRF start
to converge as the precipitation intensity exceeds 100 mm. This fact again highlights the
difference in predictability between severe orographic and non-orographic precipitation.
Previous analysis shows that severe non-orographic precipitation caused by small-scale
moist convection is associated with the “physical–dynamical interactions” in the WRF
model. It is difficult to predict the moist convection in a weak forcing environment in terms
of timing and spatial distribution (e.g., Figure 8b vs. Figure 8e). In contrast, the ICAR
model filters out these poorly predictable processes linked to the “physical–dynamical
interactions” while keeping the more predictable processes related to the topographic
forcing on the larger-scale airflow, which dominates the severe orographic precipitation.
The skill scores of ICAR decrease more slowly as rainfall intensity increases.

Knowing that severe orographic precipitation is more predictable than severe non-
orographic precipitation, we can give more weight to severe orographic precipitation and
less weight to severe non-orographic precipitation. As a trial, we take an arithmetic mean
of precipitation on grid points where ICAR predicts daily precipitation exceeding 100 mm
and WRF predicts daily precipitation less than 100 mm. This adjustment increases the
weight of severe orographic precipitation. Also, we take an arithmetic mean of grid point
daily precipitation where ICAR predicts less than 15 mm and WRF predicts more than
100 mm to decrease the weight of severe non-orographic precipitation. Meanwhile, we
continue to use the WRF’s precipitation forecast for other grid points. As shown by the
dashed line in Figure 10, the skill scores of precipitation forecasts are indeed improved.
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5. Discussion

Heavy precipitation events often challenge agriculture, infrastructure, and public
safety. Timely and precise predictions of heavy precipitation enable authorities to imple-
ment necessary measures, thereby mitigating potential harm to individuals and minimizing
property damage. Therefore, heavy precipitation forecasting is integral to disaster pre-
paredness, agricultural management, and economic stability. By enhancing our ability to
predict and respond to heavy precipitation, societies can significantly mitigate the risks
associated with extreme weather, safeguarding lives, livelihoods, and infrastructure.

Previous studies have shown that orography plays a significant role in triggering
and organizing the moist convection responsible for the formation of severe orographic
rainfall. However, more in-depth studies are needed to reveal the complicated mechanisms
of severe orographic precipitation. How do the complex terrain and associated dynamical
and physical processes affect the intensity and location of precipitation? Can we use the
predictabilities caused by various factors to improve the accuracy of precipitation forecasts?
It is hard to answer these questions just by diagnosing the results from a single numerical
model because the effects of various processes on precipitation are mixed. Conducting
ensemble sensitivity experiments with a dynamic model may answer these questions.
However, the huge computational cost of high-resolution ensemble sensitivity experiments
makes it impracticable in a workplace with limited computational resources. In addition,
extracting conclusive information from a large volume of complex data is another intricate
task. In contrast, using atmospheric models with different complexities of dynamics to
simulate the same weather event can easily provide answers to these questions. This article
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provides an example by conducting re-forecast experiments on the Henan 21.7 Rainstorm
using a simplified dynamics model (ICAR) and a complete dynamics model (WRF).

Since the WRF model has considered the impacts of precipitation physics on the winds,
the mesoscale circulation caused by mesoscale precipitation (e.g., the area with daily pre-
cipitation exceeding 5 mm) can be depicted. ICAR ignores the impact of physical processes
on the winds. Therefore, the mesoscale circulation caused by mesoscale precipitation
cannot be considered in ICAR. That is the reason why WRF’s skills are higher than the
ICAR model’s when precipitation is weak. On the other hand, due to large uncertainty
(error) in the small-scale moist convection in the weak forcing environment, the forecasting
skills for severe non-orographic precipitation are much lower than for severe orographic
precipitation. The fact that the forecasting skills of ICAR do not rapidly decrease with
increasing intensity indicates that ICAR captures the key factor for the generation of severe
orographic precipitation. The key factor is the forcing of high-resolution topography on the
smooth background airflow, which has better predictability.

Based on the fact that ICAR has good skill in predicting severe orographic precipi-
tation, we proposed a precipitation forecast scheme to improve the skill of precipitation
forecasts by giving more weight to severe orographic precipitation and less weight to
severe non-orographic precipitation. When severe precipitation occurs near orography in
the ICAR model, we think that the severe precipitation occurs there. Conversely, when
the severe precipitation in the WRF model occurs beyond the orography, the severe pre-
cipitation is unlikely to be there. As an initial prototype, we take an arithmetic mean of
precipitation on grid points where ICAR predicts daily precipitation exceeding 100 mm and
WRF predicts daily precipitation of less than 100 mm. Meanwhile, we take an arithmetic
mean of daily precipitation on grid points where ICAR’s prediction is less than 15 mm
and WRF’s prediction is more than 100 mm. The precipitation on other grid points is
unchanged. These weighting methods increase (decrease) the points of severe orographic
(non-orographic) precipitation. The good thing is the adjustment has improved the quanti-
tative precipitation prediction.

Despite the apparent improvement in this prototype’s ability to forecast severe oro-
graphic precipitation, the prototype should be cautiously accepted. We should remember
the necessity of further investigation across multiple cases to substantiate its validity and
enhance its robustness in practical applications. We will test this approach with more
events, particularly extreme events, to demonstrate its reliability. In essence, the richness
of a single case event should be integrated within a broader framework of inquiry to
truly capture the nuances and variances inherent in the severe orographic precipitation.
In addition, the “impacts of physical processes on winds and the nonlinear interactions
between the small resolvable-scale disturbances” on precipitation is a synthetic effect of
winds, cloud physics, and topography profiles. More diagnoses are needed to get specific
information about the actions of each component.

As a prototype for adjustment of WRF’s precipitation forecasts in this study, we
intuitively use a simple arithmetic mean of the two models’ precipitations of different
predictability. More sophisticated approaches can be used to modify the precipitation
forecast of WRF with ICAR’s precipitation forecast. The forecast accuracy can be further
improved with a better adjustment method. In the future, we will collect high-resolution
automatic weather station data to evaluate our forecasts and conduct more case studies
using the same procedure.

6. Conclusions

The Intermediate Complexity Atmospheric Research Model (ICAR) and the Weather
Research and Forecasting Model (WRF) with a 1 km horizontal grid spacing are used for
the re-forecasts for the Henan 21.7 Rainstorm. The forecast differences between WRF and
ICAR are due to the presence/absence of the “physical–dynamical interactions”.

The severe precipitation in ICAR is primarily due to the uplifting of terrain against rel-
atively gentle background airflow. Thus, heavy precipitation forecasted by ICAR primarily
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accumulates on the windward slopes of the mountains, and the location of the orographic
precipitation in ICAR varies slowly over time. The non-orographic precipitation of ICAR is
much weaker than that of WRF.

The orographic precipitation of WRF corresponds well with the orographic precipita-
tion of ICAR. In addition the severe orographic precipitation, some severe precipitation
forecasted by WRF is beyond the mountains. The heavy precipitation beyond the moun-
tains is attributed to the “physical–dynamical interactions”. The coincidence of severe
precipitation and vertical velocity indicates that severe non-orographic precipitation in
WRF is associated with moist convection. Due to the uncertainty in initial conditions,
deficiencies in model physics, and inaccurate empirical parameters describing convective
processes in the complete dynamical model, the predictability of moist convective systems
is generally low in a weak forcing environment. Therefore, the severe non-orographic
precipitation forecasted by WRF has little correspondence with the observations.

The severe precipitation on the windward slopes of the mountains typically aligns
with the observations, whereas the heavy rainfall beyond the mountains seldom matches
the observations. Therefore, the severe precipitation on the windward slopes of (beyond)
the mountains is more (less) predictable. The quantitative evaluation of the precipitation
forecasts of the two models demonstrates the following. The forecasting skills of the WRF
model are higher than the ICAR model when precipitation is weak (daily precipitation
less than 100 mm). For severe precipitation (daily precipitation exceeding 100 mm), the
forecasting skills of the two models are close. Based on these findings and theoretical
thinking about the predictability of severe precipitation, a scheme of using ICAR’s predic-
tion to adjust WRF’s prediction is proposed, thereby improving the forecast accuracy of
heavy rainfall.
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Appendix A Definitions of BS, TS, POD and FAR

Table A1. Contingency table [80].

Observation YES Observation NO

Forecast YES a b

Forecast NO c d

BS =
a + b
a + c

TS =
a

(a + b + c)

POD =
a

a + c

FAR =
b

a + b
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