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Abstract: Xinjiang is located in an arid and semi-arid climate region in China, but Xinjiang Ili river
valley is more humid, with higher precipitation intensity and precipitation, which is closely related to
the role of the Tianshan Mountains. In this paper, through the NCRP 1◦ × 1◦ reanalysis data and the
conventional observation data of the Ili River Valley in Xinjiang, the terrain sensitivity experiment
conducted by the WRF model is used to analyze the short-term extreme precipitation event of the Ili
River Valley from 18–19 of May 2017, to reveal the influence of Tianshan Mountains on the extreme
precipitation event of the Ili River Valley. The results show that: (1) The reduction or removal of the
terrain will cause a wide range of wind field changes, weaken the vertical upward movement of
the windward slope, and the accumulation of water vapor before the windward slope will also be
reduced; a large-scale change of the terrain will also affect the direction of water vapor transportation.
These effects together lead to a decrease or increase in regional precipitation. (2) “Fuzzy” (smooth)
terrain will affect the precipitation simulated by changing the local vertical movement and water
vapor transport, which shows that the WRF model’s accurate description of the terrain structure
characteristics of mountainous areas is beneficial to accurately simulate the precipitation process on
the windward slope area.

Keywords: Ili River Valley; numerical simulation; topography; precipitation

1. Introduction

The most extreme precipitation events are inseparable from the interaction with
terrain [1,2]. Terrain can trigger or change the precipitation process [3,4]. Since it is difficult
to accurately describe the physical mechanism of mountainous areas, the misunderstanding
of the various mechanisms of precipitation in mountainous areas may lead to errors
in precipitation forecasts. Therefore, studies of the mechanism of short-term extreme
precipitation events affecting mountain topography are crucial. Previous studies have
shown that low-level wind is uplifted by terrain, which is conducive to generating terrain-
enhanced precipitation [5,6]. Li et al. [7] believed that the obstruction of terrain has
maintained the existence of a precipitation system for a long time, resulting in long-term
heavy precipitation. The protrusion of the terrain and the overall structure will also change
condensation with water vapor and thereby change the intensity and spatial distribution of
precipitation [8]. However, the formative processes of topographic precipitation discussed
previously appear to be diverse in different regions, especially in areas with more complex
topography, which makes the research highly challenging.

Ili River Valley, China (42~45◦ N, 78~85◦ E), is located in the western part of Xinjiang,
China, surrounded by Tianshan Mountains and is located in an arid and semi-arid climate
region [9]. The Tianshan Mountains and the complex surrounding terrain play a key role
in shaping this regional arid and semi-arid climate [10–15]. Due to the barrier effect of the
Tianshan Mountains, a large amount of water vapor from the Mediterranean and Central
Asia carried by the mid-latitude westerly wind is trapped in the Ili River Valley, and water
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vapor is easy to accumulate in the Valley [16–18]. As a result, it has brought abundant
water resources such as precipitation, snow and glaciers, and making the Ili River Valley
a relatively humid area alienated from the surrounding areas, such as Central Asia and
Northwest China. Therefore, a real “Oasis in the Desert” is formed between the arid and
semi-arid zones [19,20]. In recent decades, in the context of climate change, precipitation
in the Ili River Valley has shown an increasing trend, exceeding 5 mm/10a [21]. Besides,
the spatiotemporal characteristics of the precipitation are constantly changing [22]. For
example, the precipitation from 31 July to 1 August 2016 observed by the majority of
meteorological stations broke through the extreme value in the history in the Ili River
Valley. The 24 h cumulative precipitation was exceeded 100 mm at Gongliu in the Ili
River Valley [17]. Record-breaking and more destructive precipitation events may have
a higher probability of occurrence, which has a significant impact on the regional water
cycle and ecological environment. To understand the mechanism and impact of terrain
height and structure on precipitation well, numerical models are applied to study extreme
precipitation events affected by the topography. The analysis and research of extreme
precipitation events in the Ili River Valley, especially the impact of topography, can better
serve the region’s economic construction, disaster prevention and mitigation [23,24].

This research is dedicated to analyzing a typical short-term extreme precipitation event
in the Ili River Valley (18 May 2017–19 May 2017). Multiple stations in the Ili River Valley
detected heavy rain during this extreme precipitation event (precipitation > 24 mm) [25].
The main goal of this paper is to (1) analyze the characteristics of this extreme precipitation
event and explain the mechanism of this extreme precipitation event. (2) The topographical
effect on this extreme precipitation event. (3) The effects of subtle changes in topographic
structure or accurate topographic data on WRF model simulations in mountainous areas.

2. Data and Models
2.1. Data

The observational data used in this paper include conventional meteorological data
(for example, 10 m wind direction and surface precipitation, etc.) from 10 meteorological
stations (Figure 1b) in the Ili River Valley. The data are used for case analysis and verifi-
cation of WRF model simulation results. NCRP FNL(Final) 1◦ × 1◦ global tropospheric
analysis and forecast grid sets are provided every 6 h (https://rda.ucar.edu/datasets/
ds083.2/index.html, accessed on 7 June 2021) [26] for synoptic conditions analysis and
WRF simulation. It is suitable for 32 levels from 1000 hPa to 10 hPa, including tempera-
ture, relative humidity, horizontal wind field, vertical movement, sea level pressure and
other data.

2.2. WRF Model Configuration

The 2-day heavy precipitation process in the Ili area from 18 to 19 May 2017, is studied
in this paper, using the Weather Research and Forecasting Model (WRF, version 4.0). The
horizontal grid spacing of the model is 27 km, 9 km, and 3 km (Figure 1a). All regions use
34 vertical and horizontal layers, and the innermost layer (d03) covers the entire Ili area
and Tianshan Mountains area (Figure 1b) with 322 × 193 grid points. Since the majority
of water vapor from Central Asia and the Mediterranean Sea in the Ili River Valley, the
outermost layer (d01) is shifted to the west of the study. The WRF model is simulated for
5 days, starting from 15 May 2017, the first 3 days are the mode start time, and the next
2 days are the parts required by the research. The physical parameterization scheme is
set as WSM6 microphysical scheme, RTMM (Rapid Radiative Transfer Model) longwave
radiation and Dudia shortwave radiation scheme, MYJboundary layer scheme, Noah
land surface scheme, BMJ convection parameterization scheme, and cumulus convection
parameterization scheme, which is not used in WRF-d03.

https://rda.ucar.edu/datasets/ds083.2/index.html
https://rda.ucar.edu/datasets/ds083.2/index.html
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Figure 1. Numerical simulation domains. (a) The WRF triple nesting frame with d01, d02 and d03 
areas, and the topography of the Ili River Valley in the d03 area of (b) Control, (c) Half, (d) Zero. 
The red triangle shows the location of the 10 meteorological stations in the Ili River Valley, and the 
black boxes are the three areas of the Ili River Valley. 
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Figure 1. Numerical simulation domains. (a) The WRF triple nesting frame with d01, d02 and d03
areas, and the topography of the Ili River Valley in the d03 area of (b) Control, (c) Half, (d) Zero. The
red triangle shows the location of the 10 meteorological stations in the Ili River Valley, and the black
boxes are the three areas of the Ili River Valley.

Table 1 summarizes the parameterization scheme used in this study.

Table 1. A list of configuration settings for WRF.

Parameterisation Option Scheme

Microphysics mp_physics = 6 WSM6
Longwave Radiation ra_lw_physics = 1 RRTM
Shortwave Radiation ra_sw_physics = 1 Dudhia

Land Surfacs sf_surface_physics = 2 Noah Land Surface Model
Planetary Boundary layer bl_pbl_physics = 2 MYJ

Cumulus
Parameterization

cu_physics = 2
(d01, d02 only) Betts-Miller-Janjic

2.3. Design of Terrain Sensitivity Experiment

In this article, considering that most extreme precipitation events are related to terrain,
terrain sensitivity experiments have been conducted. The plan is shown in Table 2. The
model terrain in the d03 is reduced by half (Half) (Figure 1c), removed (Zero), or smoothed
(Smooth) (Figure 1d). The threshold of 1500 m is selected to remove the terrain because it
is similar to the average altitude of the Ili area (d03 area), which can represent the average
geographic background of the d03 area. By comparing the results of the control test and
the sensitive test, the influence of the uplift of the entire Tianshan terrain on the wind field
and the effect of water vapor transportation, and the influence of the terrain effect on the
precipitation in the Ili River Valley can be analyzed.

In addition, the structural characteristics of the terrain will also affect the precipitation
process in mountainous areas. Therefore, a five-point smoothing method is applied to the
terrain for Smooth experiments. By comparing the results of the control test and the “fuzzy”
terrain processing, the impact of subtle changes in terrain structure or more accurate terrain
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data on the WRF simulation process can be analyzed. Figure 1c,d and Figure 2 show the
d03 after the terrain changes.

Table 2. The topographic representation of the three sensitivity experiments.

Sensitivity Experiments Scheme

Control Real terrain
Half Reduce the terrain in the d03 area to 0.5 times the original terrain
Zero

Smooth
Reduce the terrain above 1.5 km in the d03 area to 1.5 km

Smooth the terrain in the d03 area with five points
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Figure 2. The altitude difference between the original terrain (Control) and the smoothed terrain
(Smooth). Red represents the area where the terrain is lowered, and blue represents the area where
the terrain is raised (unit: m).

3. Precipitation and Synoptic Conditions

An extreme precipitation event in the Ili River Valley from May 18 to 19, 2017 (UTC,
the same below) was selected in this article for analysis. Among the meteorological stations
in the Ili River Valley, there are five stations whose accumulative precipitation reached the
rainstorm level of 24 mm within 24 h. The majority of meteorological stations had detected
about seven rainfall processes with 24 h cumulative precipitation more than 24 mm in Ili
River Valley from 2017 to 2018, and this extreme precipitation event was the most severe
one in most meteorological stations’ observation data. The precipitation process in the
Ili River Valley began at 10:00 on May 18. From 10:00 to 15:00 on 18 May, the center of
heavy precipitation was located in the southern mountain range of the Ili River Valley, the
maximum cumulative precipitation at Zhaosu Station (81.13◦ E, 43.15◦ N) reached 10 mm
at 3 h, but the average precipitation intensity at most stations in the valley with an altitude
below 2 km was less than 1 mm/h. Subsequently, the heavy precipitation center moved
to Gongliu County, Tekes County, and Xinyuan County, and the convection also moved
to the northeast. Among them, the Tekes station (81.77◦ E, 43.18◦ N) had a maximum
hourly precipitation intensity of 13.3 mm/h at 16:00 on the 18th. In addition, a new strong
convective center was formed in the southern mountain range of the Ili River Valley. In
Nilka County in the east of the Ili River Valley and Tekes County in the south, there were
3 h of accumulated heavy precipitation exceeding 20 mm. After 21:00 on 18 May, the impact
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system gradually moved east again. The precipitation process in the southern part of the
Ili Valley basically ended, and the precipitation process in the eastern region also basically
ended at 03:00 on May 19. The rain belt movement of the extreme precipitation event is
similar to the classification of eastward movement in the research of Li et al. [27], which is
the majority of regional rainfall event’s type in the Ili River Valley.

Figure 3 shows the circulation situation field in the upper and lower altitudes during
this precipitation process using FNL 1◦ × 1◦ Global tropospheric analysis and forecast grid
sets. The 500 hPa mid-latitude circulation field during this precipitation is in the form of
“two troughs and one ridge.” There is a deep center of cold low pressure over the Black Sea
at 00:00. The upper mid-latitude troposphere is dominated by westerlies (Figure 3a). The
eastward movement of troughs and ridges in the 500 hPa latitude area weakened at 12:00,
and the upper air is controlled by the southwest airflow. The trough front is conducive
to the large-scale vertical ascending movement in the area, thereby providing this heavy
precipitation favorable background conditions. For the low-altitude situation (Figure 3b,c),
on the circulation diagrams of 700 hPa and 850 hPa, there are high-pressure ridges or warm
high-pressure centers at 60◦ N–70◦ N, and there is a northwesterly airflow north of Xinjiang,
which is conducive to transporting cold air from Siberia to Ili River Valley. Beginning at
12:00 (Figure 3e,f), there is a warm and humid air current in the southwest of the Ili River
Valley in Xinjiang, and there are strong westerlies over the Ili River Valley. Along with the
convergence of airflow, and cold and warm advection converge, which is conducive to
the generation of heavy precipitation. This circulation is continuously maintained before
and during precipitation, which is conducive to continuously transporting water vapor
and cold and warm air to the heavy precipitation zone, the enhancement of the vertical
movement, the continuous occurrence and the development of convective systems.
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4. Simulation and Sensitivity Experiments

In this section, observation data and the results of the Control operation are com-
pared to evaluate the accuracy of each element field characteristic and synoptic conditions
simulated by the model at first. It is found that the Control experiment can accurately
simulate the entire precipitation process. Subsequently, the topographical effects of ex-
treme precipitation events are analyzed through the characteristics of each element (such
as convective stability, water vapor flux, wind field, etc.). Finally, subtle changes in terrain
structure or accurate terrain data are used to analyze the impact of WRF model simulation
in mountainous areas.

4.1. Verification of Control Experimental Results
4.1.1. Precipitation

The Ili River Valley is a low-lying area around Tianshan Mountains. From the topog-
raphy of Ili River Valley, as shown in Figure 1b, the Ili River Valley’s west side is divided
into two valleys by mountains, and the south valley is higher and narrower than the north
valley. In order to study the influence of topography on this extreme precipitation, accord-
ing to the terrain characteristics, the Ili River Valley is divided into three parts: the flat and
relatively open northern (Reg-North), the middle (Reg-Middle), where the topography of
the valley gradually narrows from west to east, and the southern valley (Reg-South) where
the elevation is higher (Figure 1b).

Figure 4a is a comparison of the 48 h cumulative precipitation observed by 10 meteo-
rological stations in the Ili area and the Control experimental results. Five meteorological
stations of Reg-North are to the left of the blue line, and three meteorological stations of
Reg-Middle are between the blue line and the red line, and two meteorological stations
of Reg-South are to the right of the red line. The stations are from west to east in turn,
and the specific locations are shown in Figure 3a (red triangle). The precipitation of The
Reg-South and Reg-Middle regions during this extreme precipitation event was much
higher than that of the Reg-North region. This was due to the fact that the valley topogra-
phy of the Reg-South and Reg-Middle region was narrower and higher in altitude than
that of the Reg-North region. In order to determine the accuracy of the WRF simulation
of this precipitation process, the precipitation observed at 10 meteorological stations in
the Ili River Valley was compared with the WRF simulation (Figure 4). The results of the
WRF simulation have an underestimation of precipitation in the Reg-Middle region. The
cumulative precipitation of 48 h is underestimated by about 38.9%. The underestimation of
precipitation continues over time, and the period of heavy precipitation slightly lags behind
the observation data (1–2 h), but overall, the trend of the precipitation process is basically
consistent with the observation data (Figure 4c). During this precipitation process, the
precipitation in Reg-North was small, and the duration was short. The simulation results
also reflect such characteristics. For the Reg-South region, the accumulated precipitation
simulated by WRF is basically the same as the observation data, and the accumulated pre-
cipitation error is about 3 mm. The intensity from 10:00 to 00:00, 18 May, in the simulation
results are accurate, which is the beginning and ending time of the precipitation event. For
all meteorological stations in the Ili River Valley, the correlation coefficient between the 48 h
cumulative precipitation simulated by WRF and the observation data is 0.88, which passes
the 99% confidence test, and the RMSE is 8.46 (Table 3). Figure 5 is the 3 h cumulative
precipitation distribution of the WRF-d03 Control experiment and scatter plot of the Ili
River Valley site. For the 3 h precipitation distribution in the Control experiment, the
simulation results are basically consistent with the observations, except for the fact that
it is 2–4 mm higher in the Reg-Middle area at 15:00–18:00. In short, although the WRF
simulation results of hourly precipitation in the Reg-Middle area are different from the
observation data, it still reflects the overall trend and characteristics of the precipitation
process in the Ili River Valley to a certain extent.
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Figure 4. Control simulation and sensitivity experiments. (a) WRF-d03 output from the nearest
grid point to the Ili River Valley meteorological station simulation Control experiment and Smooth
experiment compared with the observation 48 h cumulative precipitation; the left side of the blue
line is the station on the Reg-North; the blue line and red line is Reg-Middle; the red line on the right
side is Reg-South, site direction in turn from west to east. Average cumulative precipitation (unit:
mm) observed and simulated at the meteorological station at (b) Reg-North, (c) Reg-Middle, and
(d) Reg-South.

Table 3. The statistical relationship between the observation conditions of various meteorological
elements and the WRF-Control experiment.

Elements Pearson Correlation p-Value RMSE

Precipitation 0.87798 0.00083 8.45833
Wind 0.54707 0.00878 2.85

4.1.2. Wind Simulation

In this heavy precipitation process, according to the observation of the wind field
on the surface and the results of the Control experiment, during the whole precipitation
period (10:00–03:00 on the 18th), the westerly wind in the Reg-North region was mainly
stable and accompanied by strong winds over 10 m/s. The westerly wind did not change
until the end of precipitation (Figure 6a–d). There was a counterclockwise wind field in
the Reg-South area, and the lower troposphere swirl was conducive to the convergence of
the wind field, forming an updraft (Figure 6c). Both the windward side and the leeward
side of the Tianshan Mountains had large wind speed zones, especially at the end of the
precipitation process, and the south side had a northerly wind greater than 20 m/s on
the leeward side (Figure 6f). The correlation coefficient between the hourly wind field
simulated by WRF and the observed wind field is 0.55, and it has passed the confidence
level of 99%, and the RMSE is 2.85. The simulation of the wind field is generally consistent
with the observation data.
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In summary, the WRF-Control experiment can accurately reflect the characteristics of
various meteorological elements in the precipitation process of the Ili River Valley. It shows
that the configuration of the parameterization scheme in the terrain sensitivity experiment
is reasonable, which can be used to better discuss the dynamic influence of the overall
structure of the Tianshan Mountains on the precipitation in the Ili River Valley.

4.2. Topographic Effects
4.2.1. The Impact of Topographic Effects on Precipitation

Figure 7 shows the spatial distribution of the 48 h cumulative precipitation of the
Control experiment in the Ili River Valley. The simulated precipitation is distributed along
Tianshan Mountains. The higher the altitude, the higher the cumulative precipitation.
The heavy precipitation centers of the Ili River Valley appear in the east and south of Ili.
When the altitude is greatly reduced, the rainfall intensity corresponding to the Ili River
Valley area is also greatly reduced, especially in the area where the original altitude is
higher than 2000 m, and the area where the accumulated precipitation over 32 mm in
48 h basically disappears in the Control experiment. When the altitude is reduced by half
(Half), the change in terrain height has little effect on the distribution of the precipitation
belt in the Tianshan Mountains in the south of Ili. The precipitation belt distribution in
the Reg-Middle area basically disappears, and the reduction of the terrain altitude has a
particularly strong impact on the precipitation intensity significantly. The 48 h average
cumulative precipitation in Reg-Middle and Reg-South regions decreased by 54.6% and
70.5%, respectively, and the cumulative precipitation of more than half of the stations in
these two regions decreases by more than 1/2 (Table 4). After removing the topography of
the Tianshan Mountains (Zero), the average cumulative precipitation in the Reg-Middle
and Reg-South regions decreased by 68.0% and 76.6%, respectively, and the cumulative
precipitation of 80% of the stations in the region drops by more than 2/3 (Table 4). This is
caused by the weakening or disappearing vertical movement due to the weakening of the
terrain uplift. It is worth noting that the region of the Tianshan Mountains corresponds
with a higher amount of precipitation in the Zero simulation. It may be due to the fact
that the zero simulation only removed the terrain above 2 km, and there is still a small
topographic effect on the south slope of Tianshan Mountain. Besides, a free convergence
might superimpose over the region. In addition, the precipitation period in Reg-Middle
and Reg-South lags about 2 h (Figure 4c,d), which may also be caused by changes in the
movement speed of the system that affect precipitation due to changes in terrain. However,
for some stations in the Reg-North area with open and flat terrain, and for the experiment
of greatly reducing the terrain height, there will be an increase in precipitation at individual
stations. This may be due to the change in the wind field, the direction of water vapor
transportation caused by the change in terrain and changes in the movement direction
of the system that affects precipitation. Therefore, during this precipitation process, the
Tianshan topography has an obvious effect on the increase and spatial alienation of the
precipitation process.
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Figure 7. The distribution of 48 h cumulative precipitation in the WRF-d03 (a) Control, (b) Smooth,
(c) Half, and (d) Zero.

Table 4. The ratio of 48 h cumulative precipitation and the Control experiment.

Experiment
Station

ST1 ST2 ST3 ST4 ST5 ST6 ST7 ST8 ST9 ST10

Smooth 0.25 2.38 0.65 1.67 0.53 1.75 0.98 1.06 0.82 1.07
Half 0.00 0.48 1.95 1.04 0.92 0.61 0.24 0.51 0.39 0.21
Zero 0.04 0.15 0.12 1.21 3.96 0.23 0.33 0.34 0.43 0.24

4.2.2. Analysis of Topographic Effects on the Cause of Heavy Rain

Because topographic precipitation is closely related to atmospheric water vapor con-
tent and unstable layer formation, it is important to analyze the mechanism of topographic
effects on the enhancement of atmospheric water vapor transport and wind. In view of the
fact that the Ili River Valley is dominated by zonal wind during this precipitation event,
and the strong precipitation center has obvious characteristics along the zonal direction,
the average latitude of the stations in the three regions of Reg-North, Reg-Middle, and
Reg-South (43.99◦ N, 43.57◦ N, 43.17◦ N) is selected in this paper, and a vertical section
along the zonal direction (80◦ E–84◦ E) is used to analyze the influence of terrain effects on
this extreme precipitation (Figure 8).
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Figure 8. WRF-simulated topographic height (solid line, unit: m) and 48 h cumulative precipitation
(dashed line, unit: mm) zonal vertical section of the average latitude of the control experiment and
the sensitivity experiment in the 3 zones of d03, Including Control (black), Smooth (red), Half (blue),
Zero (green), (a) the Reg-North area (43.99◦ N), (b) the Reg-Middle area (43.57◦ N), and (c) the
Reg-South area (43.17◦ N).

Complicated terrain will affect the horizontal and vertical distribution of water vapor.
Figures 9 and 10 show the water vapor fluxes (blue and red shades) at 12:00 on and 18:00,
18 May 2017, respectively. The Reg-North and Reg-Middle areas gradually increase in
elevation from west to east. Additionally, the whole layer was dominated by westerly
winds. There are windward slopes in the east of these areas. Due to the obstruction of the
Tianshan Mountains, there is a large amount of water vapor accumulation near the surface
and above the windward slope at 12:00 and 18:00 in the Tianshan Mountains (Figure 9a,b
and Figure 10a,b). When the terrain height drops by half, a large amount of water vapor
can directly across the mountains instead of accumulating near the surface layer before
the windward slope. Water vapor flux decreases in front of windward slope and near the
surface (Figure 9g,h,j,k and Figure 10g,h,j,k). The Reg-South area is surrounded by the
Tianshan Mountains from north to south, and higher altitude in east and west and lower
in the middle. At 12:00, the water vapor flux in the upper atmosphere is opposite to the
water vapor flux in the lower layer. The water vapor flux in the upper layer is westward,
and the lower layer is eastward. Because the topography of the valley is conducive to the
accumulation of water vapor, there is a high-value area of water vapor flux in the middle
of the Reg-South region (Figure 9c). When the elevation of the Reg-South area is reduced
by half or the mountain terrain is removed, the high-value area of water vapor flux near
the surface at 12:00 moves to the east and west sides and no longer appears in the middle
area, even if there is a strong upward movement in the middle area at this time. However,
in response to insufficient water vapor, it is difficult to form a heavy rainfall process
(Figure 9i,l).

Complex terrain will affect the direction of water vapor transportation. At 12:00, the
water vapor flux in the upper atmosphere of the Reg-North region increases in the west
and decreases in the east (Figure 9g,j); at 18: 00, the water vapor flux in the lower east of
the Reg-South region increases (Figure 10i,l). Therefore, when the large-scale topography
changes, the water vapor transport in the entire atmosphere changes. For example, after
the terrain changes, the water vapor flux in the southern part of the Tianshan Mountains
will increase significantly at 18:00 (Figure 11).
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Figure 9. The zonal vertical profile of the average latitude of the control experiment and the sensitivity experiment in
the 3 zones of the WRF simulation d03 at 12:00 on 18 May 2017, including the water vapor flux (red and blue shading),
pseudo-equivalent potential temperature θse (black contour interval is 4 K, unit: K), cloud–water mixing ratio (purple
contour, value 0.2 g/kg), u-w synthetic wind field (black wind vector, w × 20, unit: m/s), terrain features (shaded gray).
The left is the Reg-North area, the middle is the Reg-Middle area, and the right is the Reg-South area, (a–c) Control,
(d–f) Smooth, (g–i) Half, and (j–l) Zero experiment.

Mountain terrain will produce strong vertical updrafts in the windward slope area,
and strong ascending motion can trigger the release of unstable energy and cause convective
instability. The stability of atmospheric junction can be expressed as the change of pseudo-
equivalent potential temperature with height (θse). When the low-level pseudo-equivalent
potential temperature decreases with height (∂θse/∂p > 0), there is strong convective
unstable stratification in the rainstorm area, and the strong vertical upward movement
and a large amount of water vapor accumulation are conducive to the formation of water
vapor condensation. These results are similar to Liu et al. [25] that the rapid development
of vertical movement and convective instability in the lower atmosphere with the uplift
of terrain are the reasons for the first heavy precipitation stage on the windward slope.
At 12:00 and 18:00, the pseudo-equivalent equivalent potential temperature contours of
the windward slopes are dense and decrease with height, which will produce a large
cloud–water mixing ratio area, which provides favorable conditions for the outbreak of
strong convective weather (Figure 9a,b and Figure 10a,b, purple dotted line). As the slope
of the Tianshan Mountains decreases, the uplifting effect weakens, and the vertical upward
movement also weakens. Meanwhile, the content of water vapor in the atmosphere also



Atmosphere 2021, 12, 750 13 of 17

changes with the change of terrain. The cloud–water mixing ratio becomes smaller or
disappears corresponding to the large value area, and the precipitation intensity weakens
(Figure 9g,h and Figure 10g,h).
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Therefore, vertical movement, water vapor content, and transportation are essential
parts of cloud and precipitation in the WRF model. The values of these elements have
changed significantly in these experiments of terrain change. This indicates that the vertical
ascending motion and the content and transportation of water vapor in the atmosphere
are strongly related to the terrain, and changes to local terrain will have a huge impact on
local precipitation.

4.2.3. Impact of Smooth Terrain on Simulation Results

The terrain of the Tianshan Mountains in Ili River Valley is very complex, and even
the 3 km resolution accuracy of the d03 area cannot accurately describe the features of
the Tianshan terrain structure. Because topographic precipitation is closely related to
atmospheric water vapor content and vertical movement, it is also important to predict
future extreme precipitation events by analyzing the results of WRF simulation after a
“fuzzy” representation of topographic characteristics.
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When the terrain is smooth, the average 48 h accumulated precipitation of the stations
in the Reg-North and Reg-South regions of the Smooth experiment decreases by 34.7%
and 4.4%, respectively, and the Reg-Middle region increases by 20.3%. The results of the
Smooth experiment simulation of cumulative precipitation in Reg-Middle and Reg-South
regions are not so different from those of Control experiments, but for stations in the
Reg-North region, the changes are large (Table 4). The east–west distribution characteris-
tics of the 48 h cumulative precipitation in the three regions have basically not changed,
but the local precipitation has changed, especially in the windward slopes of Tianshan
Mountains. For example, in the Smooth experiment, the accumulated precipitation in the
Reg-South windward slope area decreases by 8.1% compared with the Control experiment
(Figure 8c), but the corresponding precipitation intensity south and north of Reg-South be-
comes stronger, and the range of the heavy precipitation center also expands
(Figure 7b). The cumulative precipitation of Reg-North decreases by 12.4%, and the
cumulative precipitation of the windward slope of the Reg-Middle area increases by 14.1%
(Figure 8a,b). It can be seen that even small changes in the terrain will affect the intensity
of local precipitation.

After the terrain is smoothed, the subtle changes of the underlying surface will
basically not affect the upper atmosphere but will make the amplitude of the local terrain
undulations smaller, thereby changing the vertical movement and water vapor distribution
in the local area. For example, the whole layer of water vapor flux in the eastern part of the
Ili River Valley in the Smooth experiment is larger than the Control experiment, but the
central intensity will decrease accordingly (Figure 11a,b,e,f). In the Smooth experiment, the
water vapor flux large value area in the Reg-South valley area is more widely distributed,
the center intensity is weakened, and the intensity of the vertical ascending motion will
also be weakened. The junction instability is weaker (Figure 10c,f). Under the combined
effect of these influences, the rainfall intensity on the windward slopes of the mountains
is lower. For the Reg-Middle area, even though the Smooth experiment has a relatively
lower value of water vapor flux in the windward slope area compared to the Control
experiment, the vertical upward movement area is wider, and the upward area is more
westward (Figure 10e), so as a result, the amount of precipitation on the windward slopes
in the area increases.

In summary, the “fuzzy” terrain can affect WRF-simulated precipitation by changing
local vertical motion and water vapor transport, even by small changes. The area with
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obvious precipitation change corresponds to the area with obvious terrain change, no
matter the terrain altitude increases or decreases. As Wang et al. [2] point out, the sim-
ulations with high horizontal resolution or using the accurate dataset can increase the
spatial consistency between the observed and simulated precipitation. This indicates that
the accurate description of mountainous terrain structure is conducive to the accurate
simulation of precipitation process by the WRF model in mountainous areas, especially in
the windward slope area.

5. Conclusions and Discussion

FNL reanalysis data and site observation data from the Ili River Valley in Xinjiang,
China, are selected in this paper and committed to analyzing the characteristics of a typical
short-term extreme precipitation event in the Ili River Valley in Xinjiang, China (18 May
2017 to 19 May 2017). The terrain sensitivity experiments can be conducted further through
the WRF model, aiming to obtain the topographic effect of this extreme precipitation event
and subtle changes in topographic structure or the impact of accurate topographic data on
the simulation of the WRF model in mountainous areas.

(1) The precipitation process in the Ili River Valley began at 10:00, May 18 and ended
at 03: 00 on May 19. The maximum precipitation intensity occurred around 16:00, May
18. The center of heavy precipitation in this precipitation event appeared in the east and
south of the Ili River Valley.It is flat and wide in the west of the Ili River Valley, with low
precipitation. The precipitation process is mainly caused by the uplift of warm and humid
air caused by the convergence of warm and cold advection in the Ili Valley.

(2) The reduction or removal of terrain will cause a wide range of wind field changes,
weaken the vertical upward movement of the windward slope, and reduce the accumu-
lation of water vapor in front of the windward slope, which will lead to the reduction of
precipitation intensity and precipitation in the windward slope area. Large-scale changes to
the terrain will also affect the direction of water vapor transportation, resulting in increased
precipitation in flat areas where the precipitation was originally low.

(3) “Fuzzy” terrain will affect the precipitation of WRF simulation results by changing
the local vertical movement and water vapor transportation. The main change area of
precipitation appears in the place with higher smoothness (the place with greater altitude
change). For mountainous areas, the accurate description of the structural characteristics
of the WRF model is conducive to the accurate simulation of the precipitation process in
the windward slope area.

In summary, topographic uplift will significantly enhance the precipitation process
in the region. In the simulation process of WRF for mountainous regions, more accurate
topographic data are used to describe the topographic structure of the region, which may
be able to more accurately predict the precipitation intensity and precipitation in the region.
In the subsequent work, Shuttle Radar Topography Mission (SRTM) data can be used to
replace the original topographic dataset recommended by WRF for the simulation of plain
or mountainous areas so as to better determine the impact of accurate terrain data on the
simulation results.
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