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Introduction: In this study, based on the ERA5 dataset, the orographic

precipitation characteristics during an extraordinary heavy rainfall event in

Henan Province on 19 July 2016 are analyzed.

Methods: In addition, by using the WRF model and the NCEP GDAS/FNL

dataset, a high-resolution numerical simulation is carried out, including a

series of sensitivity experiments on the Taihang Mountains, Yunmeng

Mountain, and low-altitude areas.

Results and Discussion: The distribution of observed precipitation shows that

the precipitation over the Taihang Mountains in northern Henan during the

daytime on July 19 is significantly enhanced due to the topographic effect

compared with that over the plain on the east. The simulation results

demonstrate that the distribution of simulated precipitation over the steep

terrains on the east side of the Taihang Mountains is closer to the observational

precipitation when SRTM-90m is introduced to the WRF model. When the

altitude of the Taihang Mountains is lowered by 50%, the accumulated

precipitation along the Taihang Mountains in the daytime on July 19

decreases by 26%, accompanied by the northward movement of the heavy

precipitation center over the northern Taihang Mountains. In addition,

Yunmeng Mountain plays an important role in blocking or diverting the

easterly and southeasterly low-level jet. When the terrain elevation of

Yunmeng Mountain is reduced, the convergence zone of the wind field in

the low level moves to the areas along the Taihang Mountains, which leads to

the expansion of the area with heavy rainfall, with the average accumulated

precipitation in mountain areas increasing by 7%. In addition, when the low

altitude terrain in the study region is reduced by 50%, the center of heavy

precipitation obviouslymoveswestward. Combinedwith the diagnostic analysis

of the topographically forced vertical velocity, the results show that the uplift of

the low-level jet caused by the low-altitude terrain in northern Henan is one of

the reasons that affect the location of the heavy rainfall center.
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1 Introduction

China is a country with complex terrains and diverse

climates. On the whole, the terrain is high in the west and

low in the east, and the mountain has a great influence on the

weather and climate. Among them, topographic precipitation has

always been the focus and difficulty in meteorological scientific

research studies and forecasts.

Previous studies have revealed that topography plays a key

role in precipitation formation, and the influences of different

topographies on precipitation show different characteristics. The

main influential mechanisms include dynamic forcings (uplift

and convergence), thermal effects (heating on the underlying

surface and latent heat release), and cloud microphysical

processes influenced by topography (Liao et al., 2007; Houze,

2012; Huang et al., 2020). Moreover, the complex terrain is one of

the crucial factors causing local extraordinary heavy rainfall. The

intensity and distribution of the topographically forced

precipitation vary under different environmental conditions

(Ding, 2015; Wang et al., 2018). So far, there have been many

significant achievements in deciphering the specific role of the

terrain in affecting the precipitation. Based on a statistical

analysis of the precipitation characteristics during 53 typhoon

incidents affecting Taiwan during 1993–2013, Wu et al. (2015)

pointed out that the hourly mean precipitation at the elevation of

500 m above is higher than that at the elevation of 500 m below.

For a topographic precipitation process caused by Typhoon

Morakot in 2013, Yu et al. (2013) proposed that the

topographic effect in northern Taiwan is stronger than that in

southern Taiwan on the enhancement of precipitation.

Moreover, the intensity of the topographic effect is related to

the background precipitation and the mountainward wind speed

caused by large-scale weather systems. Taking a low-pressure

system as an example, the southwest warm and humid airflow on

the front side and the northeast cold and dry airflow on the back

side have different thermal properties and wind directions,

resulting in heavy precipitation of different intensities and

distributions when encountering mountain areas (Tsai et al.,

2018). Meanwhile, forced topographic uplift and vertical wind

shear caused by the terrain also can lead to the enhancement of

thunderstorm downhill (Wang et al., 2017). Based on the

relationship between the characteristics of hourly precipitation

and the altitude in the Sichuan Basin, Zhou et al. (2019) indicates

that the significant growth areas of precipitation and heavy

rainfall days are mainly concentrated in the altitudes of

200–1,200 m. The diurnal changes in the mountain–valley

wind can also cause increased night rain on the one side and

frequent afternoon heavy rainfall on the other side of the

mountain (Zhang et al., 2020). Therefore, the influences of

different mountains, altitudes, and slopes on precipitation are

different, and the influential mechanisms of different terrains on

weather systems and associated precipitation are complex.

Due to the sparse distribution of observation stations and the

poor representativeness of the data with low spatio-temporal

resolution in mountainous regions with complex terrain, it is

difficult to distinguish the effect of small- and medium-scale

terrain on precipitation by conventional observations. Hence,

many scholars have carried out analyses and research studies on

the influence mechanisms of different terrains on precipitation

through numerical simulation experiments (Chao et al., 2018; He

et al., 2013; He et al., 2015; Wang et al., 2018). The research on

multi-source observation data assimilation technology under

complex terrain is also helpful to deeply understand the

evolution mechanism of topographic precipitation (Shen et al.,

2020; Zhong, 2020; Shen et al., 2021). Pontoppidan et al. (2017)

conducted a series of simulation experiments with different

resolutions on a heavy rainfall event in western Norway in

October 2014. It is found that there is no significant

improvement for the precipitation simulation by WRF with a

finer resolution from 3 km to 1 km, and a reasonable resolution

for the model should be related to the complexity of the terrain in

the model domain. Milrad et al. (2017) designed a topographic

sensitivity experiment for a heavy rainfall case in Alberta, western

Canada, based on the WRF model. The results show that the

intensity and location of the heavy rainfall center will change

obviously when the terrain-smoothing exceeds 25%. Therefore,

the numerical simulation is helpful to deeply analyze and

effectively understand the critical role of different complex

terrains in the evolution of local precipitation.

A regional rainstorm process occurred in North China from

18 to 21 July 2016, which has been widely studied, and

meaningful results have been achieved (Lei et al., 2017; Yi

et al., 2018; Zhao et al., 2018; Han et al., 2018; Jing et al.,

2019). These research studies show that this rainstorm case is

mainly affected by the vortex and the surface cyclone system. In

particular, because the extraordinary heavy rainfall area is located

on the complex terrain along the Taihang Mountains, the

precipitation enhancement due to the topographic effect is

significant. However, it is still necessary to research further

and conduct a detailed study on the specific effect of multi-

scale topographies on this rainstorm process, especially the

internal relationship between terrain features and precipitation

distribution, intensity and evolution, and the mechanism of

terrain triggering the precipitation as well. Therefore, in this

study, the WRF model is used to carry out high-resolution

simulation experiments, and the topographically-forced

vertical motion is also diagnostically analyzed. In addition, the

characteristics and mechanisms for the influence of the large-
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scale terrain around the northern part of Henan Province and the

local complex topography on the precipitation during the “7.19”

process are focused on, aiming to enhance the recognition of the

abnormal precipitation in mountainous areas of northern Henan

Province and provide a necessary basis for the forecasts of

precipitation hazards in mountainous areas.

2 Data and methods

2.1 Data

In this study, the data used for the analysis and diagnosis

include the CMA multisource precipitation analysis system

(CMPA-Hourly V2.0) dataset, which merges the

observational data from automatic meteorological stations of

the China Meteorological Administration and the precipitation

data retrieved from satellite images from the National Oceanic

and Atmospheric Administration (NOAA) adopting the

Climate Prediction Center morphing technique (CMORPH)

with a horizontal resolution of 0.05 × 0.05 (Yang et al., 2019);

the fifth-generation reanalysis dataset from the European

Centre for Medium-Range Weather Forecasts (ERA5)

dataset; the National Centers for Environment Prediction

final reanalysis data from the Global Data Assimilation

System (NCEP GDAS/FNL), which are used as the

background fields for the model, with a horizontal resolution

of 0.25 × 0.25 and temporal resolution of 6 h (http://rda.ucar.

edu/datasets/ds083.3); and the digital elevation model (DEM)

data from the Shuttle Radar Topography Mission (SRTM, with

a resolution of 90 m), which provides high-resolution terrain

data for comparative experiments by high-resolution numerical

simulation.

2.2 Design of numerical simulation
schemes

The mesoscale model WRF V3.9.1 adopts the non-static

equilibrium dynamic framework for double-nested

simulations. The center point of the coarse grids is at 113°E,

37°N, and the horizontal grid intervals are 3 km for domain 1

(D01) and 1 km for domain 2 (D02), with the grid numbers for

calculation being 401 × 401 and 451 × 451, respectively

(Figure 1A). The vertical resolution is 50 layers, with the

model top at 50 hPa. The time-step sizes of integration are

18 s for D01 and 6 s for D02, and the integration time for

simulation is 36 h from 1200 UTC on 18 July 2016 to

0000 UTC on 20 July 2016. The physical schemes used in the

model include the Morrison 2-mom scheme for microphysical

processes (Morrison et al., 2009), the Mellor–Yamada–Janjic

scheme (MYJ) for planetary boundary layer processes (Janjić,

1994), the rapid radiative transfer model (RRTM) (Mlawer et al.,

1997) and the Dudhia schemes for longwave and shortwave

radiation options (Dudhia, 1989), the MYJ Monin–Obukhov

scheme for near-surface layer processes (Janjić, 1994), and the

Noah land surface scheme (Tewari et al., 2004).

2.3 Design of comparative experiments

In this study, the terrains in the study area are mainly

divided into three categories (Figure 1B). The first category is

the Taihang Mountains, with a north–south orientation. The

altitude of the main body of the Taihang Mountains exceeds

1,500 m, with shape slopes on its east and south sides, which

mainly causes the topographically forced uplift and blocking-

induced convergence of the low-level jet. The second category is

FIGURE 1
Coverage of model domains is denoted by D1 and D2, and the area within the red dotted box indicates the study area in Figure 1B (A).
Topographic features of the study area (B).
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Yunmeng Mountain with relatively isolated and bell-shaped

terrains, which is located to the south of the Taihang

Mountains. The highest altitude is close to 1,000 m. The

topographic gradient on its north side is relatively large,

while the slope on its south side is relatively gentle. In

addition to the topographically forced uplift, this terrain

feature also causes the flow around the low-level jet. The

third category is the region with complex terrain at low

altitudes, which are shown in the dotted box in Figure 1B.

The overall altitude is between 300 and 800 m, but the terrain

surface fluctuates greatly, and the influential mechanism on the

precipitation is complex in this region.

TABLE 1 Experimental schemes for terrains with different resolutions.

Name Experimental scheme

Ctrl Original terrain of WRF

Highres Shuttle Radar Topography Mission (SRTM, with a resolution of 90 m)

TABLE 2 Schemes for sensitivity experiments with different terrain heights.

Name Experimental scheme

Test1 Replace the area where the terrain height of SRTM-90 m is greater than 500 m within the range of 35.4°N~36.4°N and 113°E~113.8°E by 50%

Test2 Reduce the area where the terrain height of SRTM-90 m is greater than 200 m within the range of 35.4°N~35.8°N and 113.7°E~114.3°E by 50%

Test3 Reduce the area where the terrain height of SRTM-90 m is greater than 200 m within the range of 35.8°N~36.3°N and 113.8°E~114.3°E by 50%

Test4 Increase the area where the terrain height of SRTM-90 m is greater than 200 m within the range of 35.8°N~36.3°N and 113.8°E~114.3°E by 50%

FIGURE 2
Terrains of the control experiment (A) and comparative experiment HighRes (B), Test1 (C), Test2 (D), Test3 (E), Test4 (F). The area within the box
indicates the terrain modification region or study region.
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In order to study the influences of the terrain data with

different resolutions on numerical simulation results of the

“7.19” precipitation process, first, the simulation results with

the original terrain and SRTM-90 m terrain, respectively,

adopted in the WRF model are compared and analyzed. The

specific design schemes are shown in Table 1.

In order to study the influential mechanisms of the Taihang

Mountains, Yunmeng Mountain, and the low-altitude region

with complex terrain in the study area on this precipitation

process, four groups of sensitivity experiments with different

terrain heights are designed, and the specific schemes are shown

in Table 2.

FIGURE 3
Hourly mean precipitation intensity in areas D1 and D2 indicated in Figure 2A and the difference between the two areas from (A) 0000 UTC on
July 19 to 0000 UTC on July 20, (B) 0000 UTC on July 19 to 1200 UTC on July 19, and (C) 1200 UTC on July 19 to 0000 UTC on July 20.

FIGURE 4
Wind field at 850 hPa and sea-level pressure (contour line) at 0000 UTC (A) and 0600 UTC (B) on 19 July 2016. Precipitation from 0000 UTC to
0600 UTC (A) and 0600 to 1200 UTC (B) on 19 July 2016. The wind field and sea-level pressure data are obtained from the ERA5 dataset.
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The terrains for the schemes of the aforementioned

comparative experiments are shown in Figure 2.

3 Characteristics of observational
topographic precipitation

The zonally averaged hourly mean rainfall intensity in areas

D1 and D2 is shown in Figure 3. It can be seen that during the

period from 0000 UTC on July 19 to 1200 UTC on July 19, the

hourly mean rainfall intensity in the area D1 is significantly

larger than that in the area D2, indicating that the topographic

effect on the enhancement of precipitation in this case mainly

occurs in the daytime on July 19. Similar results can also be

found in the zonally averaged hourly rainfall intensity and 850-

hPa wind field in areas D1 and D2. The heavy rainfall in the area

D1 mainly occurs before 1200 UTC on July 19 and is

significantly stronger than that in the area D2. In addition,

the evolution of the 850-hPa wind field shows that there is a

continuous easterly jet stream at the lower level in the study

area (Figure 4). The sea-level pressure also indicates the

development of a ground cyclone, which also represents an

increase in ground wind speed. There was also evidence of

topographic precipitation characteristics derived from the

spatial distribution of observed rainfall, which further

indicates that the terrain plays a key role in the

enhancement of the precipitation during this stage.

4 Influence of the terrain resolution
on precipitation simulation

The accumulated precipitation from 0000 to 1200 UTC on

19 July 2016 (Figures 5A–C) shows that the precipitation amount

exceeding 100 mm appears in a wide region near the Taihang

Mountains (marked as the area D3), while the precipitation

amount over 200 mm mainly appears below the altitude of

500 m on the east side of the Taihang Mountains. In the Ctrl

simulation experiments, the region with the precipitation of

more than 100 mm is close to the observation, but the center

of the region with the precipitation over 200 mm extends

westward along the Taihang Mountains. By adopting the

SRTM-90 m DEM for the HighRes experiment, the simulation

results show similar distribution characteristics to the observed

precipitation; that is, heavy rainfall (above 200 mm) mainly

occurs in the area below the altitude of 500 m. In addition,

the precipitation intensity in the area D3 is closer to the

observation. Compared with the time series of hourly

precipitation intensity simulated by the WRF model

(Figure 5E), the Ctrl and HighRes experiments all show the

FIGURE 5
(A)Observational precipitation and simulated precipitation in (B)Ctrl and (C)HighRes experiments from0000 to 1200UTCon 19 July 2016. The
black solid line denotes the 500 m contour line, and the black dotted line denotes the 1000 m contour line. (D) Time series of area-averaged hourly
precipitation intensity in the area D1 from 0000 UTC on 19 July 2016 to 0000 UTC on 20 July 2016.
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characteristics of weak precipitation in the early daytime and

strong precipitation in the late daytime on 19 July 2016. The

comparison of the rainfall intensity during the period of heavy

rainfall from 0700 to 1100 UTC on July 19 reveals that the

simulation results from the HighRes experiment are closer to the

observation. The aforementioned results indicate that by

interpolating the SRTM-90 m terrain data to the grids with a

resolution of 1 km, there is little difference between the

interpolated terrain and the original terrain in the model.

However, the model with the SRTM-90 m terrain data has a

significant impact on the precipitation near the Taihang

Mountains, and the distribution of the simulated precipitation

is closer to the observation.

5 Influential mechanisms of the
terrain on precipitation

Figure 2 shows that the terrains at high altitudes around the

region with heavy rainfall, in this case, are the Taihang

Mountains in the west and Yunmeng Mountain in the south.

Yunmeng Mountain has an isolated and bell-shaped terrain with

the highest altitude close to 1,000 m, while the highest altitude in

the south of the Taihang Mountains is more than 1,500 m. In this

study, four kinds of terrain sensitivity experiments are designed

to study the influence of the terrains in northern Henan on this

precipitation case. The schemes are shown in Table 2.

5.1 Influence of the topographic height of
the Taihang Mountains on precipitation

Figure 6 shows the distribution of the accumulated

precipitation from 0000 to 1200 UTC on 19 July 2016,

simulated by each experiment. With the addition of SRTM-

90 m terrain data, the simulated precipitation of HighRes in the

D3 area reduced by 24% compared with that of Ctrl, which is

much closer to the observation. The Taihang Mountains have a

significant blocking effect on the easterly wind due to their high

altitude. After the height of the Taihang Mountains is reduced by

50% (Figure 6C), the location and range of heavy precipitation

(≥ 100 mm) in the area D1 show no significant change

compared with the HighRes experiment results, but the area-

averaged accumulated precipitation decreases from 125.6 mm to

93.2 mm. Meanwhile, the precipitation at the border between the

southern Taihang Mountains and Yunmeng Mountain

significantly decreases, which corresponds to a reduction of

26% in the accumulated precipitation averaged in the area D3.

According to the 925-hPa wind field at 0900 UTC on July 19, the

wind field over the Taihang Mountains turns into a consistent

FIGURE 6
(A–F) Simulated precipitation by terrain sensitivity experiments from 0000 to 1200 UTC on 19 July 2016. The vector denotes the wind field at
925 hPa at 0900 UTC on 19 July 2016, simulated by each sensitivity experiment. The black solid line denotes the 500 m contour line, and the black
dotted line denotes the 1000 m contour line.
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southeast wind without the blocking effect of the terrain. The

precipitation produced only by the dynamic convergence of the

environmental wind field is noticeably weaker than the

observation. The comparison between the results of Test1

(Figure 6C) and Test3 (Figure 6E) reveals that the heavy

rainfall area significantly shrinks northward or moves

westward after removing the original topography of the heavy

rainfall region.

According to the vertical cross sections along the straight

line between A1 and A2 of the HighRes, the main precipitation

area is located over the east side of the Taihang Mountains from

0700 UTC to 0800 UTC on July 19, rather than the region along

the mountains (Figure 7A). The low-level wind field shows that

due to the blocking effect of the Taihang Mountains, the

mountainward airflow forms a vertical secondary circulation

(as shown by A, B, and C in Figure 7A) at 925 hPa and below

along the mountains, which blocks the westward movement of

the low-level jet. When the terrain height of the Taihang

Mountains is reduced by 50% (Figure 7B), the low-level

vertical secondary circulation in front of the mountains

disappears. Meanwhile, the low-level jet stream of 12 m/s

moves down to 925 hPa, and the water vapor convergence

center moves westward to the vicinity along the mountains,

which leads to strong precipitation at the foot of the Taihang

Mountains.

Under the background of extreme rainstorm weather

circulation, even the low-altitude area still has a

topographic uplift mechanism. By reducing the height of

the low-altitude area (Figure 7C) in the Test3 experiment,

the precipitation intensity is weakened, and the water vapor

convergence moves westward. The blocking effect of the

Taihang Mountains is affected by the terrain height

difference of the windward slope. In the Test4 experiment

(Figure 7D), the increase in the height of the low-altitude area

leads to the weakening of vertical secondary circulation and

the reduction of precipitation intensity. The aforementioned

results show that the terrain features of high altitude of more

than 1,000 m and steep slope for the Taihang Mountains have

a significant blocking effect on the easterly or southeasterly

wind, resulting in the variation of the convergence ascending

region of the wind field in the lower layer. However, the

precipitation intensity is also affected by the uplift

mechanism of the low-altitude terrain on the east side of

the Taihang Mountains.

FIGURE 7
Vertical cross sections of the simulation experiment using the HighRes terrain (A), Test1 (B), Test3 (C) and Test4 (D) along the straight line
between A1 and A2 (as shown in Figure 6A) at 0700 UTC on 19 July 2016. The red line indicates the hourly precipitation (0700–0800 UTC on 19 July
2016), and the wind vector is the combination of the U-wind component and the vertical velocity (W × 10). The black contour line indicates the
U-wind speed exceeding 8 and 12 m/s. The shaded area indicates the vapor flux divergence (units: 10−7 · kg ·m−2 · s−1 · hPa−1).
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FIGURE 8
Simulated wind field at 925 hPa at 0800 UTC on July 19 and precipitation (red line) exceeding 50 mm/h (0800–0900 UTC on July 19) by
HighRes terrain (A), Test1 (B) and Test2 (C). The black solid line denotes the 500 m contour line, and the black dotted line denotes the 1000 m
contour line. The shaded area indicates the vapor flux divergence (units: 10−7 · kg ·m−2 · s−1 · hPa−1).

FIGURE 9
(A,B) Shaded regions indicate the difference in accumulated precipitation between the Test3 or Test4 experiment and the HighRes from
0000 UTC to 1200 UTC on July 19, 2016. The solid and dotted lines indicate the average vertical velocity forced by the terrain below 1,000 m in
HighRes (contour; the interval is 0.1 m s−1 for the solid line and 0.3 m s−1 for the dashed line). (C,D) Shaded regions indicate the terrain height of the
Test3 and Test4 experiments. The solid and dotted lines indicate the average vertical velocity forced by the terrain below 1,000 m in Test3 and
Test4 experiments (contour; the interval is 0.1 m s−1 for the solid line and 0.3 m s−1 for the dashed line).
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5.2 Influence of the bell-shaped terrain of
Yunmeng Mountain on precipitation

When the terrain height of the Yunmeng Mountain is

reduced by 50% while other terrains remain unchanged

(Figure 6D), the region with precipitation over 200 mm

extends southward along the Taihang Mountains, and the

region with heavy rainfall on the north side of D1 becomes

larger. The area-averaged accumulated precipitation of

D1 increases by 7% compared with that in the HighRes

experiment. The region with the most significant

enhancement of precipitation is D3 located along the east side

of the Taihang Mountains, with an average accumulated

precipitation increasing by 64%. The results show that

although the reduction of terrain height from Yunmeng

Mountain makes the low-level jet more prone to move

northward, it also leads to a decrease in precipitation intensity

caused by topographic lifting or topographic turbulence

convergence. From the 925-hPa wind field at 0900 UTC on

19 July 2016, it can be seen that the easterly or southeasterly in

the lower layer is blocked or divided by Yunmeng Mountain.

When the terrain height of Yunmeng Mountain is lowered, the

convergence zone of the low-level wind field moves to the area

along the Taihang Mountains, resulting in the westward

movement of the heavy rainfall area.

Figure 8 shows the spatial distribution of the 925-hPa wind

field, strong hourly precipitation, and water vapor convergence at

0800 UTC on July 19. In the HighRes experiment, the low-level

southeast airflow is blocked and split by Yunmeng Mountain.

Therefore, the low-level wind speed on the leeward slope of

Yunmeng Mountain is weak, and the precipitation is mainly

concentrated in the valley between Yunmeng Mountain and the

Taihang Mountains. However, after reducing the terrain height

of Yunmeng Mountain, the low-level southeast airflow continues

to move to the Taihang Mountains (Figure 8C), and an area with

the significant water vapor convergence center appears over the

southeast side of the Taihang Mountains, resulting in an increase

in precipitation. The aforementioned results show that the

blocking effect of Yunmeng Mountain on the low-level jet

causes the weakening of the low-level mountainward wind on

the east side of the TaihangMountains, thus leading to a decrease

in precipitation intensity. The disturbed low-level jet produced

by Yunmeng Mountain also affects the water vapor convergence,

which leads to the change in the heavy rainfall center.

5.3 Influence of the dynamic uplift of
complex terrain at low altitude on
precipitation

In order to further analyze the dynamic effects of the complex

terrain at low altitude on the precipitation in northern Henan

during the “7.19” event, the variation in topographically forced

vertical velocity is calculated. The variation in vertical velocity

caused by the topographic lifting effect of the windward slope can

be estimated by referring to previous studies (Sinclair, 1994; Yu

et al., 2013; Cheng et al., 2019), and the formula is as follows:

Wter x, y, t( ) � �u H, t( ) zH x, y( )

zx
+ �v H, t( ) zH x, y( )

zy
, (1)

where H is the altitude of the terrain, �u and �v are the average

zonal and meridional wind components below the altitude ofH,

respectively, and Wter is the vertical velocity caused by the

topographic uplift.

The contour lines in Figures 9A, B show the distribution of

Wter averaged from 0100 UTC to 1200 UTC on 19 July 2016 in

the simulation experiment using the HighRes terrain. It can be

seen that in addition to the dynamic effects of the Taihang

Mountains and Yunmeng Mountain, the low-altitude terrain in

the north of the area D1 is also an important factor causing

noticeable changes in the vertical motion as well. Two large-value

areas of orographic forced vertical velocity (Wter) appear over the

aforementioned regions. One is the uplift over the east side of the

Taihang Mountains forced by the large-scale terrain of the

Taihang Mountains, and the other is caused by the high

altitude in D4. From the difference in the accumulated

precipitation between the HighRes and Test3 (Figure 9A)

experiments, it can be seen that the accumulated precipitation

decreases by 40–60 mm in the area D4 and increases by

40–80 mm in the area D5 from 0100 UTC to 1200 UTC on

July 19, 2016, when the low-altitude terrain in the north of the

area D1 is reduced by 50% and the terrains of the Taihang

Mountains in the west and Yunmeng Mountain in the south

remain unchanged (Figure 9C). The accumulated precipitation of

the northern area in Figure 9B also reduced by about 60 mm,

while the accumulated precipitation of the eastern area near

36.1°N increased due to the increase in orographic forced vertical

velocity in Test4 (Figure 9D).

When the low-altitude, complex terrain on the east side of the

Taihang Mountains is reduced (Figure 10B), the original

precipitation center during the two precipitation stages

(0500 UTC and 0900 UTC on July 19) weakens and extends

westward. From the variation in simulated vertical velocity before

and after the modification of the terrains (Figures 10A, B), the

large-value area with ascending motion in low altitude over the

east side of the original terrain is mainly located to the east of

113.9°E, while the ascending motion center appears near 113.8°E

in the Test3 experiment. According to the changes in Wter,

around 0900 UTC on July 19, the wind in the lower layer of

the area D6 gradually changes to the easterly airflow on the north

side of the vortex, and the wind speed increases significantly.

Correspondingly, there is also a significant topographically

forced uplift area in the range of 114°E–114.1°E (filled by

diagonal lines in Figure 10A). After increasing the height of

the low-latitude area in Test4, the intensity and range of

orographic forced vertical velocity enhanced (filled by
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diagonal lines in Figure 10C), resulting in the increase in

precipitation of the east area. The aforementioned results

indicate that, although the terrain height in the area D4 is

low, it still has a great impact on the location of the heavy

rainfall center due to orographic forcing uplift in this process.

6 Conclusion and discussion

In this study, based on the CMPA-Hourly V2.0 and

ERA5 reanalysis datasets, the topographical precipitation

characteristics during the “7.19” process are analyzed. In

addition, the WRF V3.9.1 and NCEP GDAS/FNL reanalysis

data are used for the high-resolution numerical simulations,

and the SRTM-90 m terrain data are used to carry out high-

resolution terrain simulation experiments. The influential

mechanisms of different terrains on the precipitation in

terrain sensitivity experiments by different schemes are

compared. Finally, the vertical velocity forced by the terrain is

diagnostically analyzed, and the influence of dynamic uplift

forced by the complex terrain with low altitude on the

precipitation is investigated. The main conclusions are as follows:

The observational precipitation characteristics show that

under the condition of similar environmental dynamic fields

(i.e., the wind field at 850 hPa), the precipitation over the

mountainous area of northern Henan Province (area D1) is

significantly stronger than that over the eastern plain (area

D2) from 0000 UTC to 1200 UTC on July 19. The terrain of

the northern mountain (area D1) plays an essential role in the

precipitation increase during this heavy rainfall event.

he simulations by using terrain data with different

resolutions show that there is little difference between the

modified terrain and the original terrain of the model.

However, by interpolating the SRTM-90 m terrain data to the

grids with the resolution of 1 km, the refined terrain still has an

obvious impact on the precipitation simulation results. The

distribution characteristics of simulated precipitation are

closer to the observations, while the lower-resolution terrain

leads to the heavy precipitation area in D1 moving toward the

region along the Taihang Mountains. Therefore, the refined

terrain is beneficial to the model to effectively reproduce the

distribution and evolution characteristics of local precipitation in

the area with complex terrains.

The results of several terrain sensitivity experiments show

that the terrain of the Taihang Mountains plays a crucial role in

the precipitation along the mountains. After reducing the terrain

by 50%, the accumulated precipitation along the mountains (area

D3) during the daytime on July 19 decreases by 26%. However,

FIGURE 10
Meridionally averaged hourly precipitation, the average vertical velocity below the altitude of 1,000 m (contour; the interval is 0.1 m s−1 for the
solid line and 0.3 m s−1 for the dashed line), the vertical velocity due to topographically forced uplift (shaded area filled by diagonal lines, unit:
0.1 m s−1), and the meridionally averaged altitude in the area D6 from 0100 UTC to 1200 UTC on 19 July 2016 in the (A) HighRes, (B) Test3, and (C)
Test4 experiments.
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the terrain change in the Taihang Mountains has little effect on

the precipitation over the northern part of the area D1. The

precipitation in this region is mainly closely related to the

complex terrains at a low altitude of about 500 m in the area

D4. In addition, the low-level easterly jet uplifted by the local

complex terrain at low altitudes also plays a key role in the

variation in the intensity and distribution of heavy rainfall.

The southeasterly in the lower level is blocked or split by

Yunmeng Mountain, which is not conducive to the movement of

the low-level jet to the area along the Taihang Mountains and the

westward movement of the heavy rainfall area. When the terrain

height of YunmengMountain is reduced by 50%, the low-level jet

is prone to move to the area along the Taihang Mountains,

resulting in a corresponding increase in the precipitation on the

north side of Yunmeng Mountain and the east side of the

Taihang Mountains, corresponding to the increases in the

area-averaged accumulated precipitation in D1 by 7%.

The accumulated precipitation decreases by 40–60 mm in

the area D4 and increases by 40–80 mm in the area D5 from

0100 to 1200 UTC on July 19 when the low-altitude terrain in

the north of the area D1 is reduced by 50%, while the terrains

of the Taihang Mountains in the west and Yunmeng Mountain

in the south remain unchanged. Moreover, the heavy rainfall

center significantly moves westward to the vicinity along the

Taihang Mountains. The local terrain in the area D4 leads to

remarkable changes in vertical movement, forming a local

ascending motion region, which is one of the reasons for

increasing the precipitation in this area and further affecting

the location of the heavy precipitation center.

In this study, the WRF model is used to carry out the high-

resolution terrain simulation experiments for the “7.19”

extraordinary heavy rainfall process. The distribution

characteristics of topographically forced vertical movement

are analyzed, and the specific impact of complex terrain on the

precipitation in northern Henan Province is studied. On this

basis, some quantitative conclusions have been obtained, and

the spatio-temporal variation characteristics of precipitation

in different terrain sensitivity experiments have been

analyzed. However, the aforementioned conclusions are

only limited to the case of the “7.19” extraordinary heavy

rainfall process, while the assessment and analysis for multiple

cases have not been carried out yet. Therefore, it is necessary

to systematically and quantitatively evaluate the precipitation

changes caused by the topography-caused lifting, blocking,

and convergence. In addition, it is also essential to further

study the climatic characteristics for the influence of

topography on the precipitation, the thermal effect of

complex underlying surfaces related to topography, and the

triggering and strengthening mechanisms of convective

precipitation by topographic uplift.
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