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Abstract: The relative importance of topography and soil moisture on the initiation of an afternoon
deep convection under weak synoptic-scale forcing was investigated using the weather research and
forecasting (WRF) model with high resolution (1.33 km). The convection occurred on 29 June 2017,
over the Liupan Mountains, west of the Loess Plateau. The timing and location of the convective
initiation (CI) simulated by the WRF model compared well with the radar observations. It showed
that the warm and humid southerly airflow under 700 hPa was divided into east and west flows
due to the blockage of the Liupan Mountains. The warm and humid air on the west side was forced
to climb along the slope and enhanced the humidity near the ridge. The accumulation of unstable
energy in the middle and north of the ridge led to a strong vertical convergence and triggered the
convection. Sensitivity experiments showed that terrain played a dominant role in triggering the
convection, while the spatial heterogeneity of soil moisture played an indirect role by affecting the
local circulation and the partition of surface energy.

Keywords: land–atmosphere interaction; weak synoptic-scale forcing; terrain; soil moisture

1. Introduction

Meteorological disasters induced by severe weather such as hail, heavy rainfall, and thunderstorms
pose a great threat to our life and property and cause huge economic losses. Efforts have been devoted
to the research of deep convections due to the related severe weather events. However, there remain
uncertainties in the physical mechanism of the evolution of deep convection, leading to major
challenges in predicting strong convective weather accurately [1,2]. Convection initiation (CI) is
currently the most uncertain part of deep convection [3]. Improving the prediction of CI will increase
the accuracy of the precipitation forecast [4,5]. A series of international observation-based experiments
have been carried out to better understand the process of CI, such as the International H2O Project
(IHOP) [6], Convective Storm Initiation Project (CSIP) [7], and Convective and Orographically-induced
Precipitation Study (COPS) [8].

Complex terrains can affect CI through both mechanical and thermodynamical processes [9,10].
Weckwerth et al. [11] analyzed a convective event in the eastern slope of the Vosges Mountains using
the weather research and forecasting (WRF) model and high-resolution observations. Both simulations
and observations showed that convection was triggered by the updraft associated with the low-level
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convergence and water vapor due to the colliding of upslope easterly and downslope westerly.
Moreover, convection is triggered by different mechanisms through the interaction of topography
and synoptic backgrounds. Under conditions of strong synoptic backgrounds such as the passage of
cold fronts and mid-level troughs, terrain alters the convective available potential energy (CAPE) and
the convective inhibition (CIN) through the modification of local wind, temperature, and humidity,
and further indirectly or directly trigger CI [12,13]. Under weak synoptic backgrounds, terrain and land
surface characteristics, such as soil moisture and vegetation, play a more important role in determining
the development of convection [14]. The spatial heterogeneous soil moisture affects CI by changing the
surface energy partitioning and triggering mesoscale circulation [15–19]. Taylor et al. [20] analyzed
the relationship between afternoon convective precipitation and soil moisture on continents based
on observations and pointed out that afternoon convective precipitation tends to occur in areas with
relatively dry soil, especially in semi-arid areas. The mechanism of how soil moisture affecting CI is
more complicated in regions with complex terrain [21–23]. Ideal simulations performed by Imamovic
et al. [24] showed that the sensitivity of convection to soil moisture in mountainous regions depended
on both the heterogeneity of soil moisture and the mountain height.

The Loess Plateau is located in the north central part of China with complex topography and
diverse landforms due to the long history of soil erosion [25]. The Loess Plateau is in the transition
zone of semi-arid and semi-humid regions, where it has been broadly regarded as the “hot-spot” of
land–atmosphere coupling. The weather and climate in the Loess Plateau are highly sensitive to land
surface processes [26,27]. Although the interaction of soil moisture and precipitation (SMP) has been
investigated in this region [28], rare attention has been paid to the role of soil moisture in CI. Moreover,
most studies focused on the sole impact of soil moisture, and the combined effects of soil moisture and
topography on convection remained unknown, which is particularly relevant for the Loess Plateau.

This work aims to investigate the collective impacts of terrain and soil moisture on CI under
weak synoptic forcing. To this end, a linear multi-cell storm occurred on 29 June 2017, near the Liupan
Mountains (LPMs) in the west of the Loess Plateau was selected as a case study. Sensitivity experiments
were performed using high-resolution WRF simulations. This study not only provides a profound
theoretical basis for local deep convection, and fulfills the progressive demand of fine scale precipitation
prediction, but also deepens our understanding of the interaction between soil moisture and CI in
complex terrain.

2. Data and Model Description

2.1. Model Description

The weather research and forecasting (WRF, Version 4.0, released on 8 June 2018), developed by
the National Center for Atmospheric Research (NCAR) and the National Centers for Environmental
Prediction (NCEP) was used in this study. The WRF model is a fully compressible and non-hydrostatic
model with multiple parameterization schemes for major physical processes. It has been widely
applied to weather and climate studies at various scales [29,30].

The simulation covered the period from 2000 LST (local standard time = UTC + 7 h) 28–30 June
2017. The first 10-hour simulation was discarded as the model spin-up and the remaining simulation
(0600–1400 LST 29 June 2017) was further analyzed. The model output was saved every 10 min. The ERA
(European Centre for Medium-Range Weather Forecasts (ECWMF) reanalysis) -interim reanalysis
data (0.75◦ × 0.75◦) were used to provide the lateral boundary and initial conditions [31]. Four nested
domains in the Lambert projection were applied, with grid spacings of 36, 12, 4, and 1.33 km for the
outmost domain (D1), the second domain (D2), the third domain (D3), and the innermost domain
(D4) respectively (Figure 1a). The simulation was integrated with time steps of 90 s. There were 50
vertical sigma-pressure levels with the lowest level following the terrain and the top level set at 50 hPa.
The outmost domain covers East Asia including China, the second domain covers central China and
includes the entire Loess Plateau and the third domain covers the west of Loess Plateau. The innermost
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domain is centered at Pingliang, covering the Liupan Mountains (LPMs, Pingliang, China; Figure 1b).
The United States Geological Survey (USGS, Reston, VA, USA) static data with 30” in WRF was used
for topography data.
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Figure 1. (a) Map of model domains and (b–d) terrain (shaded, units: m) and soil moisture
(black contours, units: m3 m−3) in the (b) control (CNTL), (c) terrain removal (NOMOUNT),
and (d) homogeneous soil moisture (SMHOM) experiment. PL refers to Pingliang Station and
Liupan Mountains is indicated as LPMs.

Several combinations of physical parameterizations were compared and evaluated to determine the
optimal physical parameterization schemes for this study and the following physical parameterization
schemes were used in all domains: Dudhia scheme for short-wave radiation [32], RRTM (Rapid
Radiative Transfer Model) scheme for long-wave radiation [33], WSM6 scheme for cloud microphysical
processes [34], Kain–Fritsch scheme for cumulus convection parameterization [35], and YSU (Yonsei
University) scheme for boundary layer processes [36], the revised MM5 (Mesoscale Model 5)
Monin–Obukhov scheme was used for the surface layer process [37], and the Noah scheme was
used for the land surface process [38]. Note the cumulus convection parameterization was only used
for the outmost and the second domains.

Three experiments were designed to study the effects of topography and soil moisture on CI
(convective initiation):

(1) Control experiment (CNTL, Figure 1b): default USGS terrain and ERA-Interim soil moisture
were used;

(2) Terrain removal experiment (NOMOUNT, Figure 1c): same as CNTL but the LPMs were removed
from the innermost domain by setting the area above 1500 m as 1500 m. The difference between
CNTL and NOMOUNT indicates the effect of topography;

(3) Homogeneous soil moisture experiment (SMHOM, Figure 1d): same as CNTL but the initial
soil moisture in the innermost domain was spatially homogeneous and set to the mean value
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(0.2 m3m−3) of the innermost domain. A comparison between CNTL and SMHOM gives
information on the effect of the spatial distribution of soil moisture.

2.2. Data

The ERA-Interim reanalysis data was used to validate the performance of WRF in simulating the
background synoptic-scale circulation. The radiosonde data at Pingliang Station (35.53◦ N, 106.67◦ E,
1468 m ASL) at 0615 LST June 29, provided by the Pingliang municipal meteorological bureau, was used
to verify WR’s performance in simulating vertical atmospheric structure. The reanalysis data and the
radiosonde data were both obtained at 0700 LST 29 June 2017. Data from an X-band Doppler weather
radar (LLX06B, manufactured by Xi’an Institute of Electronic Engineering, Xi’an, China) located at the
Pingliang Land Surface Processes and Severe Weather Research Station (35.57◦ N, 106.69◦ E, 1650 m
ASL, hereinafter referred to as the PL Station), Chinese Academy of Sciences, were used to explore the
evolution of deep convection. X-band radars with a 3-cm wavelength have a high spatial-temporal
resolution and are suitable for monitoring local deep convections [39]. The beamwidth is 1◦, with a
range resolution of 1 km. The radar uses the volume coverage pattern (VCP) 21 mode, and the volume
scan interval is 6 min, which can effectively track convection activities within 150 km centered at
the PL (Pingliang) Station. The radar is located at an altitude of 1650 m ASL and has good sight in
the detection region except slight blocking by the mountain ridge in the west. After ground clutter
filtering, distance correction, and other quality controls, the raw radar data was transferred from the
original polar coordinate to Cartesian coordinates to obtain the combined reflectivity data with a spatial
resolution of 1 km.

In addition, the CSIT (combined storm identification, tracking algorithm) algorithm [40] was used
to automatically identify convective cells using the 4-neighborhood labeling method and a preset
condition of combined reflectivity >30 dBZ and the area >15 km2. The low reflectivity threshold was
chosen to detect CI and distinguish from weak echoes generated by stratiform precipitation [41,42],
which has been checked visually.

3. Model Result

Deep convection is affected by both synoptic-scale circulations and local environment.
The development of convection is more sensitive to changes in the local environment when the
synoptic-scale background is relatively weak. In this section, we compared the simulation results with
ERA-reanalysis data, radiosonde data, and radar reflectivity data to validate the performance of the
WRF model. Moreover, the study area had been cloudless for several days (cloudy on 24–25 June and
sunny during 26–29 June 2017) before the occurrence of the convection. The top soil was dry due to the
lack of rainfall and strong evapotranspiration. In the afternoon of June 29, a severe short-duration
rainfall, accompanied by hail with diameters up to 7 mm, occurred over the study area.

3.1. A Comparison of Large-Scale Circulation and Vertical Atmospheric Structure

As shown on the 500 hPa isobaric level, the west pacific subtropical high (WPSH) dominates the
Southeast China, with the 588 gpm contour line located at the southeastern coastal area of China at
0700 LST 29 June 2017 (Figure 2a). At the same time, there was an anticyclone with central geopotential
height exceeding 584 gpm to the north of China. Between these two systems, there was a trough of low
pressure to the east of the Tibetan plateau, leading to the northwesterly and southwesterly wind before
and after the trough respectively. The study area is located between the northern high-pressure and the
southern trough, controlled by weak south and southwesterly. On the 850 hPa isobaric level, there was
no obvious low-pressure system. Relatively strong warm and humid southerly airflow prevailed in
the southeast coastal area, and the study area was still controlled by the weak south wind (Figure not
shown). WRF can well simulate the large-scale circulation with the northern high pressure slightly at
lower latitudes and larger in area compared with the ERA-Interim data (Figure 2c).
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Figure 2. (a) Composite map of geopotential height (black contours, units: gpm), temperature (shaded,
units: ◦C), and wind vectors (blue vectors, units: m s−1) at 0700 LST at 500 hPa from ERA-interim and
(b) observed radiosonde soundings at 0700 LST at Pingliang on 29 June 2017, black and blue solid lines
denote temperature (units: ◦C) and dew-point temperature (units: ◦C), respectively, and red dotted line
represents the air mass curve. The long and short bars on the right-hand denote 10 m s−1 and 5 m s−1,
respectively, (c) same as (a) but from the WRF simulation, (d) same as (b) but from the WRF simulation.

To facilitate the comparison of WRF results with radiosonde observations, we compared the
simulated values at the grid that was closest to the radiosonde site. The difference of terrain height
between the PL station and the nearest grid point was small (86 m), thus the impact of the elevation
difference was minimal. The radiosonde data showed that the air temperature gradually decreased from
800 hPa, and increased from 200 hPa at 0615 LST June 29 (Figure 2b). The humidity decreased rapidly
with altitude below 500 hPa, but increased rapidly with altitude between 400 and 500 hPa, indicating
an obvious dry air intrusion in the middle troposphere. The observed wind veered anticlockwise from
northeast to northwest and then southwest at the lower to middle troposphere. The CAPE and CIN
was both zero, showing an unfavored environment for convection.

WRF simulated air temperature compared well with the observation (Figure 2d). However,
WRF did not capture the vertical variation of humidity, and missed the dry air intrusion in the middle
troposphere. In addition, a consistent southerly wind was simulated throughout the whole troposphere,
with calm wind at low to middle levels. The CAPE (33 J) and CIN (76.3 J) were a little higher than
the observation.

Overall, the WRF model performs well in simulating the background large-scale circulation
although there remains inconsistency in the vertical structure of the planetary boundary layer (PBL)
before CI between simulation and observation.
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3.2. Comparison of Radar Reflectivity

We further validate the performance of WRF in simulating the initiation of convection (Figure 3).
The radar observation showed the convection was initiated in the middle of LPMs at 1100 LST
(Figure 3a), and then multiple convective cells occurred along the ridge at 1200 LST (Figure 3b).
These convective cells moved slowly to the northwest and more convective cells were enhanced locally
with composite reflectivity exceeding 45 dBZ at 1300 LST (Figure 3c). By 1400 LST, these convective
cells moved to the west of the LPMs, merged to a linear multicell storm along the 2000 m terrain
contour (Figure 3d). The multicell storm gradually weakened as it moved slowly westward, causing a
large area of the stratiform in the mountain region. The combined radar reflectivity simulated by WRF
was generally consistent with the observation except that the simulated convection was triggered
about one hour earlier. Moreover, the convective cells in the middle of the mountain rapidly dissipated
at 1300 LST, thus not producing the multicell with the same area and magnitude as the observations
(Figure 3h). Convections triggered in the southeast and moved from the outside of the study area were
not concerned in this study.
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Figure 3. Observed (a–d) and simulated (e–h) radar composite reflectivity (shaded, units: dBZ),
(a) 1100, (b) 1200, (c) 1300, (d) 1400; (e) 1000, (f) 1100, (g) 1200, and (h) 1300 LST. The solid black lines
are the 2000 m terrain contours.

The triggered convection did not necessarily develop into deep convection, we therefore focused
on the initiations of deep convection. Two initiations were identified in observations marked as A
(Figure 4a) and B (Figure 4c). A is the first initiation point that occurred at 1044 LST in the middle of
the mountain; while B was initiated at 1212 LST in the north of the mountain. As for WRF, the first
convection was triggered at point A1 at 0920 LST in the middle of the mountain and at point B1 at
1110 LST in the north of the mountain (Figure 4b,d). Generally, the locations of the observed and the
simulated convection initiation were quite similar, but the timing of convection initiations are different.
The simulated convections tend to be triggered earlier than observations.
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point (black dots), (a) 1044, (b) 0920, (c) 1212, and (d) 1110 LST. The solid black lines are the 2000 m
terrain contours.

The above comparative analysis indicates a good performance of WRF in simulating the position
and the intensity of convection. The location of CI simulated by WRF almost overlaps with that
observed. The simulated CI occurred slightly earlier than the observation by 1 h. Although the WRF
model failed to reproduce the convective enhancement (CE) at 1400 LST, the simulated CI is consistent
with the observation in terms of time and location. In general, the WRF model well simulates the CI
process of this deep convection, and the high-resolution data from the model can be used to perform a
further mechanism analysis.

3.3. Horizontal Structure

To explore the triggering factors of CI and reveal the related physical mechanisms,
multiple simulated variables, such as wind, temperature, specific humidity, relative vorticity, and the
water vapor flux, were diagnosed.

The 10-m wind, 2-m temperature, and humidity from the CNTL experiment were analyzed as
shown in Figure 5. Downwind from the mountain ridge controlled the north mountain ridge and the
east side of LPMs at 0600 LST. With the increase of solar radiation, the downwind gradually weakened,
and the near-surface temperature and humidity began to rise (Figure 5b). The near-surface wind speed
began to increase at 0800 LST, and the wind direction was mainly southerly as the stronger southerly
winds began to control the study area. Later, the wind speed on the west side of the mountain increased
due to the transition of mountain wind to valley wind, while the speed on the east side of the mountain
was weak due to the mountain blockage (Figure 5c). The wind direction changed to southeast in the
east side of the mountain after passing LPMs at 0900 LST. Low-level convergence appeared near the
ridge of the mountain due to the mechanical forced flow (Figure 5d).
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Figure 5. Simulated temperature (shaded, units: ◦C) and specific humidity (black thick line, units:
g kg−1) at 2 m overlapped with 10 m wind field (blue vector, units: m s−1), (a) 0600, (b) 0700, (c) 0800,
and (d) 0900 LST. The gray thin lines are the 2000 m terrain contours, the black solid line is the location
of the cross-section shown in Figure 6.
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(a) 0600, (b) 0700, (c) 0800, and (d) 0900 LST. The gray-shaded area is the terrain, and the red pentagram
indicates the location of A1.
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Low-level water vapor mainly comes from external transport and local evapotranspiration [43].
The southerly was divided into two branches, i.e., the east and the west parts, below 700 hPa due to
the blocking of LPMs, moistening the low-level atmosphere at the east side of the mountain. A weak
moisture flux convergence (MFC) was also observed at 0800 LST in the middle of the mountain ridge.
Besides, a weak divergence and positive relative vorticity were located at the position of the two CIs
(A1 and B1) at 0600 LST at 850 hPa, and the intensity then became weak. At 700 hPa, the corresponding
area had negative relative vorticity and weaker updraft in divergence center. The upper wind at
500 hPa distributed in counterclockwise centered on the southern LPMs (figure not shown), leading to
easterly in the middle of LPMs. These results indicate that the configuration of the high-level to
low-level wind field was conducive to the occurrence of convection.

3.4. Vertical Structure

To analyze the vertical structure of the atmospheric boundary layer before CI, a latitudinal
cross-section along the CI point A1 (35.26◦ N, 106.4◦ E) was drawn, as shown in Figure 6.
The pseudo-equivalent temperature was characterized by a high value on the western side of the
mountain, a low value near the eastern side of the mountain, and another high value away from the
mountain. The dense contours of pseudo-equivalent temperature near the mountain ridge indicate
unstable air and large unstable energy near the mountain ridge. The distribution of specific humidity
was consistent with the pseudo-equivalent temperature. There was a 1-km-thick layer of warm and
humid air extending to the top of the mountain on the western side of the mountain (Figure 6a),
while cold and dry air prevailed on the eastern side. After sunrise, the air near the mountain ridge
began to heat up due to surface heating, accompanied by the decrease of a cold center area (Figure 6b).
The difference in elevation between the ridge and the foothills on both sides resulted in a stronger
upslope on the western side and a weaker one on the eastern side at 0800 LST (Figure 6c). A strong
updraft appeared at 0900 LST at the mountain ridge, which generated a convective cell with intensity
greater than 30 dBZ at 0920 LST (CI point A1). A similar temperature and humidity distribution
were observed at the CI point B1 at 1110 LST on the northern ridge of LPMs. A comparison of the
temperature and humidity profiles at the two CI points indicates that the CAPE (CIN) of the CI point
B1 (CAPE: 350.89 J; CIN: 3.25 J) on the northern ridge was lower (bigger) than that of A1 (CAPE:
594.4 J; CIN: 0 J) in the central ridge in the early morning (0900 LST), which is the main reason why B1
appeared later than A1.

3.5. The Trigger Mechanism of CI

According to the analysis in the previous subsections, it can be seen that the atmosphere was
unstable before CI. The configuration of high-level and low-level wind, water vapor, and thermal
conditions were all conducive to the development of convection. The mechanically forced flows by
the terrain generated an updraft on the windward slope and convergence around the mountain ridge
under the background of the southerly wind. The moist updraft heated by the land surface triggered
the convection due to the unstable energy and accumulation of water vapor. The timing of CI at point
B1 over dry soil was later than point A1, and was closer to the observation, though the low-level
wind, temperature and humidity conditions were more conducive to convection. Soil moisture may
influence the timing of CI as the wind speed, CAPE, and CIN over the dry surface are all greater than
that over the wet surface. In general, the combined effect of soil moisture and topography during the
convection process resulted in a boundary layer environment conducive to CI. A series of sensitivity
experiments were designed to further analyze the impact of topography and soil moisture on CI in the
following section.

4. Results of Sensitivity Experiments

The CI points in the control and sensitivity experiments were identified using the CSIT algorithm
proposed by Zan et al. [40]. It was found that the initiation time of A1 was 0920 LST in CNTL,
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and 1000 LST in SMHOM, respectively; while B1 appeared in CNTL at 1110 LST, and at 1050 LST
respectively in SMHOM. In NOMOUNT, few convective cells were identified. The above analysis
indicates that the topography was the most important factor affecting the occurrence of CI, while the
spatial distribution of soil moisture would affect the triggering time of convection.

It can be seen from Figure 7a that there were some weak echoes along the ridge of LPMs at
0920 LST in CNTL. The study area was dominated by southerly winds. From the difference of the
wind field between the CNTL and the NOMOUNT experiments in Figure 7b, it can be found that the
presence of the mountain in CNTL enhanced the convergence at the ridge, which further suggested
that terrain is an important factor for the occurrence of CI for the studied case. In Figure 7c, there were
weak convergences in the transition area of wet and dry soil (between 0.18 and 0.2 m3 m−3) in the
south of the innermost domain. These results indicate that the spatial heterogeneity of soil moisture
would enhance local low-level wind speed and convergence.
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Figure 7. Simulated radar composite reflectivity (shaded, units: dBZ), wind field (blue vector, units:
m s−1), and 7 cm-soil moisture (red solid lines in (a) and (b), and red dashed lines in (c), units: m3 m−3)
at 0920 LST. (a) CNTL, (b) NOMOUNT, and (c) SMHOM. The wind shown in (a) is the 10 m wind from
CNTL, in (b,c) are the differences of 10 m wind field between CNTL and the corresponding sensitivity
tests. The solid black lines are 2000 m topographic contours, the dash black lines in (b) are 1500 and
2000 m topographic contours of CNTL.

Spatial distribution of the near-surface temperature, specific humidity, pseudo-equivalent
temperature, and other variables in the sensitivity experiments also changed compared with the
CNTL experiment. Warm and humid (cold and dry) air exhibited on the western (eastern) side of the
mountain, with a deep cold center on the mountain ridge in different numerical experiments (except
the NOMOUNT experiment).

Surface energy, as an important factor driving the development of local circulation, restricts the
changes of heat, momentum, and humidity in the PBL [17]. The surface flux is unevenly distributed
in space due to the influence of terrain and land use, etc. The difference in the sensible heat flux
(SH) and latent heat flux (LH) between 0500 and 0800 in each experiment was calculated to study
the variation in surface energy changes before convection (Figure 8). SH increased in the middle and
south of the ridge through the surface heating in the CNTL and SMHOM experiments. As for LH,
it increased in the middle of the ridge and the southern foothills in the CNTL and SMHOM experiments
(figure not shown). The above results showed that removing terrain reduced the SH near the ridge,
meanwhile, the non-uniform distribution of soil moisture effected the partitioning of surface energy
and its spatial distribution.
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Figure 8. Sensible heat flux (SH, shaded, units: W m−2) difference between 0500 and 0800, (a) CNTL,
(b) NOMOUNT, and (c) SMHOM. The solid black lines in (a), and (c) are 2000 m topographic contours,
the black dash line in (b) outline the region with removed terrain (1500 m topographic contour).

The above analysis shows that CI was affected by the topography and soil moisture collectively.
In the NOMOUNT experiment, none of the convective cells were initiated in the area where the
original mountain was located, suggesting the importance of terrain in triggering convection. However,
the near-surface wind speeds and the changes of CI in the north of the ridge in the SMHOM experiments
indicate that the effect of soil moisture cannot be ignored. The terrain induced convergence on the
ridge by blocking the southerly airflow, and the spatial distribution of soil moisture changed the
local low-level wind. The continuous accumulation of energy in the ridge and the dry surface due to
the heterogeneous distribution of terrain and soil moisture affected the timing and location of CI by
altering the strength of the local circulation.

5. Conclusions and Discussion

The initiation of a linear multicell storm in Liupan Mountain, west of the Loess Plateau, on 29
June 2017, was examined based on radar observation data, reanalysis data, and high resolution
(1.33 km) simulation using the WRF model. Impacts of both topography and soil moisture on the
initiation of deep convection under weak synoptic forcing were analyzed. The vertical atmospheric
structure was adjusted by the land surface heating and evapotranspiration after the sunrise, making the
local environment conducive to the occurrence of convection. The water vapor and wind field were
also changed due to the collective influences of the southerly wind, the blockage of LPMs, and the
heterogeneous distribution of soil moisture. Specifically, the LPMs divided the southerly airflow into
two branches: the west flow, which was warm and humid as a result of the altitude difference and dry
surface, was forced to lift along the mountain, while the east flow, which was dry and cold, was blocked
by the steep ridge. With the accumulation of CAPE and water vapor, a strong updraft emerged by the
convergence in the middle of the ridge, and triggered the convection. Meanwhile, the initiation time of
convection in the north of the ridge was later than that in the middle of the ridge due to a larger CIN.

By removing the LPMs and modifying the spatial distribution of soil moisture, the impacts of
topography and soil moisture on CI was discussed. Sensitivity experiments show that topography and
soil moisture can affect the time, location, and intensity of CI through the modification of near-surface
energy partition and its spatial distribution, the spatial distribution of the wind field and water
vapor, etc.

In this paper, through the diagnosis of near-surface thermodynamic conditions and wind field
based on observations and sensitivity experiments, the physical mechanism of CI is analyzed to provide
insight into the collective influences of complex terrain and the spatial distribution of soil moisture.
Results show that not only the terrain but also the heterogeneous distribution of soil moisture led to the
low-level convergence through the alteration of land surface energy partitioning. It is consistent with
the previous studies, which suggested that the initiation of convection is sensitive to dry soil owing
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to the impact of soil moisture in terms of modulating surface fluxes and local convergence [44–46].
However, these studies were mostly based on ideal simulations and a lack of validation with actual
events. This work verifies that soil moisture does influence the timing, location, and intensity under
weak synoptic forcing by performing sensitivity experiments on a real case.

Our study helps to deepen the understanding of the CI process and improve the prediction of
deep convection in complex terrain. Numerical models, such as WRF, are widely used in analyzing the
physical processes of deep convection, but uncertainties still exist in these models. A great majority
of uncertainties result from the choice of physical parameterization schemes, such as microphysics,
convection, radiation, and PBL schemes, which largely affect the accuracy of the simulated temperature,
humidity, and wind field [47,48]. The deviation between observations and model simulations in
the vertical structure of PBL in the early morning also leads to uncertainty in convection initiation.
Model ensembles have been used to improve the robustness of model results, which will be investigated
in our future work.

More cases under a weak synoptic background and high-resolution simulations are needed in
the future to obtain a robust physical mechanism to enhance the capacity of the model ulteriorly.
Previous studies have pointed out that the relationship of SMP is largely depended on the data source of
the soil moisture [49,50], so more precise data with high spatial-temporal resolution, such as SMOS (Soil
Moisture and Ocean Salinity), GLDAS (Global Land Data Assimilation Systems), and ERA5 (European
Centre for Medium-Range Weather Forecasts Reanalysis 5) [51,52], is necessary to improve the model
initial conditions. Besides, the climatic effects owing to the vegetation changes resulting from the Grain
for Green Program (GFGP) over the Loess Plateau have received huge attention in recent years [30],
while few studies have explored its impact on precipitation on convective scales [53]. Considering the
background of global warming, rainfall is prone to occur as heavy, short-duration storms [54,55],
so land surface processes may play an increasingly indispensable role and the connection between
precipitation and vegetation and soil moisture deserves more attention.

Author Contributions: Conceptualization, Y.Y.; Data curation, T.Z.; Formal analysis, B.Z.; Funding acquisition,
Y.Y.; Investigation, B.Z.; Methodology, B.Z.; Project administration, J.L.; Resources, G.Z.; Software, L.D.; Validation,
B.Z.; Visualization, B.Z.; Writing—original draft, B.Z.; Writing—review & editing, Y.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Basic Research and Development Program of China (grant
number 2018YFC1505701), National Natural Science Foundation of China (grant number 41575014), The Second
Tibetan Plateau Scientific Expedition and Research (STEP) program (grant number 2019QZKK0102) and the
Youth Fund of Northwest Institute of Eco-Environmental Resources, Chinese Academy of Sciences (grant number
Y851D21001).

Acknowledgments: Technical support was provided by Technology Service Center, Northwest Eco-Environmental
Resources Research Institute of Chinese Academy of Sciences. Thanks to the anonymous reviewers for their
constructive comments and suggestions for the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Miyamoto, Y.; Yamaura, T.; Yoshida, R.; Yashiro, H.; Tomita, H.; Kajikawa, Y.; Xu, L.; Middlebrook, A.M.;
Liao, J.; Gouw, J.A.; et al. Precursors of deep moist convection in a subkilometer global simulation. JGR Atmos.
2016, 121, 12080–12088. [CrossRef]
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