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Abstract
Using conventional observational data, FY4A satellite, Doppler weather radar,
and reanalysis data, an analysis was conducted on the circulation background,
environmental conditions, and evolution characteristics of mesoscale convective
systems (MCSs) during the heavy rainstorm event in the Hetao region of Inner
Mongolia on July 19, 2018. The results indicate that: (1) The stable and quasi-
stationary subtropical high, 500 hPa upper-level trough, low-level shear line and
southwest jet, 300 hPa upper-level jet, and surface low pressure system collec-
tively provided a favorable circulation background for this convective rainstorm
event. (2) The persistent low-level southwest jet provided abundant water vapor
transport, while the high-energy tongue of pseudo-equivalent potential temper-
ature, deep warm cloud layer, high convective available potential energy, cold
advection intrusion behind the upper-level trough, and the unstable stratifica-
tion with dry air aloft and moist air below provided favorable environmental
conditions for the development of severe convective rainstorms. (3) MCSs that
developed in both east-west and north-south orientations jointly contributed to
the heavy rainstorm event. The convective rainstorm was primarily generated
by the east-west oriented MCS moving slowly along the Yinshan Mountains.
Heavy precipitation exceeding 20 mm・h−1 occurred near the edge of the up-
wind cloud cluster and in regions with large gradients of cloud top brightness
temperature (TBB). (4) The east-west oriented band echo moved slowly with
its propagation direction essentially parallel to its long axis. The slow eastward
movement of strong echoes formed a significant “train effect,” producing contin-
uous heavy precipitation for over 5 hours. The north-south oriented band echo
persisted longer, but its movement direction was perpendicular to its long axis
and its speed was faster, resulting in weaker rainstorm intensity compared to
the east-west oriented system. (5) The surface mesoscale convergence line was
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the primary triggering mechanism for the mesoscale convective systems. The
complex terrain of the Hetao region and pulsations in the low-level jet further
promoted convective initiation. The surface mesoscale convergence line exhib-
ited a distribution that nearly overlapped with the Yinshan Mountains, which
favored the persistence of precipitation and contributed to the occurrence of
this convective rainstorm event.

Full Text
Abstract
Based on conventional observation data, FY-4A satellite imagery, Doppler
weather radar data, and reanalysis datasets, this study analyzes the synoptic
background, environmental conditions, and evolution characteristics of the
mesoscale convective system (MCS) associated with a heavy rainfall event in the
Hetao region of Inner Mongolia on July 19, 2018. The results indicate: (1) The
stable maintenance of the western Pacific subtropical high, in conjunction with
a 500 hPa upper-level trough, low-level shear line and southwest jet, 300 hPa
upper-level jet stream, and surface low pressure system, provided a favorable
large-scale circulation background for this convective heavy rainfall process. (2)
The persistent low-level southwest jet supplied abundant moisture transport.
A high-energy tongue of pseudo-equivalent potential temperature, a deep warm
cloud layer, high-intensity convective available potential energy (CAPE), cold
advection intrusion behind the upper-level trough, and an unstable atmospheric
layer with dry air aloft and moist air below created favorable environmental
conditions for severe convective rainfall. (3) Two MCSs, oriented east-west
and north-south respectively, developed sequentially and jointly produced the
heavy rainfall event. The convective rainfall in the main heavy rainfall area was
primarily generated by the east-west oriented MCS moving slowly along the
Yinshan Mountains, producing a “train effect.” Short-duration heavy rainfall
exceeding 20 mm・h−1 occurred near the edge of upwind cloud clusters and
in regions with large gradients of cloud top brightness temperature (TBB).
(4) During the severe convective rainfall stage, the east-west oriented banded
echo exhibited a large spatial extent, large scale, and strong intensity, with
characteristics of low-center warm-cloud precipitation. Its slow movement
speed and movement direction essentially parallel to the long axis of the echo
band created a significant “train effect,” resulting in continuous heavy rainfall
exceeding 50 mm for over five hours. Although the north-south oriented banded
echo persisted longer than the east-west echo, its movement direction was
perpendicular to the long axis of the echo band and its movement speed was
relatively faster, resulting in weaker rainfall intensity compared to the east-west
oriented system. (5) The surface mesoscale convergence line was the primary
triggering mechanism for the MCS. The complex terrain of the Hetao region
and pulsations in the low-level jet further promoted convective initiation. The
surface mesoscale convergence line exhibited a distribution pattern that almost
overlapped with the Yinshan Mountains, which was conducive to sustaining
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precipitation and facilitating the occurrence of this convective heavy rainfall
event.

Keywords: convective heavy rainfall; mesoscale convective system; train effect;
Hetao region; Inner Mongolia

Introduction
Heavy rainfall represents the primary disastrous weather phenomenon during
summer in Inner Mongolia. In recent years, accompanying global climate warm-
ing, extreme heavy rainfall events have occurred frequently, showing a more
pronounced increasing trend in the Hetao region of Inner Mongolia [Figure 1:
see original paper]. The Hetao region features complex terrain with alternating
distribution of deserts, mountains, and oases, situated in an arid and semi-arid
zone with extremely fragile ecological environments. Rainfall events in this
region are characterized by concentrated scope and strong suddenness, easily
triggering secondary disasters such as landslides, debris flows, and flash floods,
which not only affect local production and life but also cause casualties and
severe economic losses. Convective heavy rainfall events, which account for
most heavy rainfall occurrences, are products of multi-scale system interactions
[Figure 2: see original paper].

Many scholars have conducted in-depth research on heavy rainfall processes
in arid and semi-arid zones from perspectives of circulation background, mois-
ture conditions, and physical quantity evolution [Figure 3: see original paper].
In recent years, with the application of multi-source high-resolution data from
radar, satellite, and automatic weather stations, research on the characteristics
of convective heavy rainfall and associated mesoscale influencing systems has
become increasingly comprehensive [Figure 4: see original paper]. Convective
heavy rainfall is typically triggered by mesoscale and small-scale systems under
favorable circulation backgrounds [Figure 5: see original paper]. Under suitable
environmental conditions, the combined effects of low-level wind shear, low-
level jet speed pulsations, boundary layer convergence lines, and terrain serve
as the primary reasons for triggering mesoscale convective system (MCS) devel-
opment and intensification [Figure 6: see original paper]. Favorable dynamic
and thermal factors play important roles in MCS initiation and propagation
[Figure 7: see original paper], while terrain also significantly influences MCS de-
velopment. Complex terrain facilitates the formation of low-level convergence
centers, and mountain blocking promotes dynamic lifting and back-building of
convective cells, thereby affecting MCS maintenance and development [Figure
8: see original paper].

Previous research on heavy rainfall causes in the Hetao region of Inner Mongolia
[Figure 9: see original paper] has lacked in-depth analysis of mesoscale system
evolution characteristics and formation mechanisms of convective heavy rainfall
in this area. On July 19, 2018, a heavy rainfall event occurred in the Hetao
region of Inner Mongolia, with intense precipitation mainly along the southern
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foothills of the Yinshan Mountains, causing urban waterlogging, communication
disruptions, flash floods, 5 deaths, and severe losses. This paper analyzes the
evolution characteristics and triggering mechanisms of the MCS in this event,
aiming to provide theoretical basis and guidance for improving convective heavy
rainfall forecasting in this region.

1. Data Selection
The observation data used in this study include surface observations from
conventional meteorological stations, densely distributed automatic weather
stations, FY-4A infrared satellite imagery, and Doppler weather radar data
from Ordos, Inner Mongolia, covering the period 02:00–16:00 BT on July
19, 2018. Reanalysis datasets include NCEP/NCAR data (spatial resolution
1°$×1°, 𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛6ℎ)𝑎𝑛𝑑𝐸𝐶𝑀𝑊𝐹𝑑𝑎𝑡𝑎(𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛0.25°×0.25°, 𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛6ℎ)𝑓𝑟𝑜𝑚𝑡ℎ𝑒𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛𝐶𝑒𝑛𝑡𝑟𝑒𝑓𝑜𝑟𝑀𝑒𝑑𝑖𝑢𝑚−
𝑅𝑎𝑛𝑔𝑒𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑠.𝑇 𝑜𝑝𝑜𝑔𝑟𝑎𝑝ℎ𝑖𝑐𝑑𝑎𝑡𝑎𝑤𝑒𝑟𝑒𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑𝑓𝑟𝑜𝑚𝑡ℎ𝑒𝑁𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝐹𝑢𝑛𝑑𝑎𝑚𝑒𝑛𝑡𝑎𝑙𝐺𝑒𝑜𝑔𝑟𝑎𝑝ℎ𝑖𝑐𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝐷𝑎𝑡𝑎𝑏𝑎𝑠𝑒, 𝑢𝑠𝑖𝑛𝑔𝑡ℎ𝑒𝑔𝑙𝑜𝑏𝑎𝑙𝑑𝑖𝑔𝑖𝑡𝑎𝑙𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑚𝑜𝑑𝑒𝑙𝐺𝑇 𝑂𝑃𝑂𝐷𝐸𝑀30

(𝑠𝑝𝑎𝑡𝑖𝑎𝑙𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛1𝑘𝑚×$1
km).

2. Precipitation Overview and Characteristics
The heavy rainfall event on July 19, 2018, exhibited distinct features of convec-
tive heavy rainfall. Figure 1 shows the accumulated precipitation from 06:00
to 18:00 BT and hourly precipitation distribution. The precipitation covered
a wide area, with the heavy rainfall zone exhibiting a banded distribution ori-
ented east-west. Heavy rain and downpour areas were mainly located along the
southern foothills of the Yinshan Mountains, with 28 stations recording precip-
itation exceeding 100 mm, and the maximum precipitation reaching 174.5 mm
at Yangliuqibu in Baotou. Precipitation primarily occurred between 06:00 and
15:00 BT, with 11 stations experiencing multiple occurrences of short-duration
heavy rainfall (>20 mm・h−1). Notably, Yangliuqibu station recorded extreme
short-duration heavy rainfall of 84.7 mm between 07:00 and 08:00 BT. The
event was also accompanied by thunderstorm and gusty wind activity. Figure
1c shows the hourly lightning frequency variation from 04:00 to 14:00 BT, in-
dicating thunderstorm activity lasting over 10 hours, with the most frequent
period occurring between 06:00 and 10:00 BT, peaking at 116 lightning strikes
in Baotou’s Baiyun Obo. In summary, this precipitation event was character-
ized by high intensity, concentrated heavy rainfall area, and close association
with thunderstorms, short-duration heavy rainfall, and terrain.

3. Circulation Background and Environmental Conditions
3.1 Circulation Characteristics

The heavy rainfall event in the Hetao region occurred on the periphery of the
western Pacific subtropical high. At 08:00 BT on July 19, the 500 hPa geopo-
tential height field (Figure 2) shows that the western Pacific subtropical high
exhibited a zonal pattern located in the middle and lower reaches of the Yangtze
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River. Influenced by a typhoon in the tropical region, the 588 dagpm contour
of the subtropical high extended westward to the south of the Hetao region and
remained stable throughout the event, facilitating continuous transport of warm
and moist air from tropical and subtropical regions into the Hetao area along
the subtropical high. An upper-level trough moved eastward upstream of the
Hetao region, with dry and cold air behind the trough converging with warm and
moist air, favoring severe convective weather development. At 700 hPa, under
the combined influence of a southwest low-level jet and a “human-shaped” shear
line, the Hetao region was located on the left front side of the low-level jet and
south of the warm shear line, with strong convergence and upward motion pro-
viding favorable dynamic conditions. The heavy rainfall area occurred near the
surface low-pressure center (figure omitted), with surface temperatures at 02:00
BT reaching 25°C, indicating that the lower atmosphere was warm and moist
with potential for severe convective weather. The stable maintenance of the
subtropical high, the 500 hPa upper-level trough, 700 hPa shear line and south-
west low-level jet, 300 hPa upper-level jet, and surface low pressure provided
favorable large-scale circulation background for this heavy rainfall event. How-
ever, heavy or torrential rainfall also requires coordination of sufficient moisture
conditions, stratification conditions, and lifting mechanisms, which are analyzed
below.

3.2.1 Water Vapor Conditions

Figure 3 shows the 700 hPa water vapor flux and specific humidity distribution
at 08:00 BT on July 19. A distinct moisture transport belt extended to the Hetao
region, corresponding to the southwest warm and moist jet. The formation and
maintenance of the low-level jet were closely related to this heavy rainfall event.
The low-level jet intensity continuously strengthened, reaching its maximum at
08:00 BT with a central wind speed of 18 m・s−1. The stable and quasi-stationary
low-level jet persisted over the heavy rainfall area for more than 10 hours. The
heavy rainfall zone was located on the left front side of the low-level jet exit
region, which favored the generation of cyclonic shear and continuously brought
warm and moist airflow to the lower levels. A high-value tongue of water vapor
flux greater than 20$×10^{-6}$ g・cm−2・hPa−1・s−1 penetrated into the Hetao
region, promoting moisture transport and enhancing atmospheric stratification
instability. The specific humidity in the heavy rainfall area exceeded 10 g・kg−1

at 700 hPa, showing a distinct moist tongue with a maximum value of 12 g・
kg−1.

A vertical cross-section along 40°N through the heavy rainfall area (Figure 3b)
reveals that the high-value zone of water vapor flux coincided with the conver-
gence area of water vapor flux divergence. Significant southwest jets existed in
the middle and lower layers, facilitating vertical moisture transport. A water
vapor flux divergence convergence zone was evident from the surface to 500 hPa,
with divergence above 500 hPa, further promoting moisture accumulation and
indicating deep vertical moisture accumulation. The specific humidity in the
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heavy rainfall area remained stable between 6–15 g・kg−1 from 850–500 hPa.
The water vapor transport for this heavy rainfall event primarily originated from
the southwest wind jet in the middle and lower layers, which not only promoted
dynamic convergence and lifting at low levels but also, through its stable main-
tenance, facilitated continuous transport of warm and moist air from the south,
promoting moisture convergence and accumulation in the heavy rainfall area.
The extreme short-duration heavy rainfall of 90 mm at Yangliuqibu station be-
tween 07:00–08:00 BT was closely related to the significant humidity increase
under the action of the low-level jet.

3.2.2 Layer Stability

Pseudo-equivalent potential temperature (�_{se}) is a comprehensive character-
istic quantity representing atmospheric temperature, pressure, and humidity,
whose horizontal and vertical distribution can reflect atmospheric energy dis-
tribution and stratification stability [Figure 10: see original paper]. Figure 4
shows the vertical cross-section of �_{se} and temperature advection along 40°N
at 08:00 BT. From the surface to 500 hPa, �_{se} decreased with height, ex-
hibiting an inverted funnel-shaped distribution with increasing vertical gradient,
indicating obvious convective instability stratification. The �_{se} high-energy
tongue extended northward to the Hetao region and beyond, favoring the ac-
cumulation of unstable energy. The K-index in the heavy rainfall area reached
35°C or higher, and convective available potential energy (CAPE) generally
ranged from 300–1000 J・kg−1 (figure omitted), indicating abundant unstable
energy from all aspects, favorable for convective heavy rainfall occurrence.

The temperature advection vertical cross-section shows warm advection through-
out the entire layer in the heavy rainfall area, with particularly strong warm
advection at low levels. The upstream area was influenced by northwesterly
winds at middle and high levels, with cold advection intrusion. The intersec-
tion of cold and warm advection favored the triggering of unstable energy in
the heavy rainfall area. The horizontal gradient of �_{se} was more signifi-
cant at low levels, indicating the existence of an energy front zone with obvious
atmospheric moist baroclinicity, favorable for MCS development.

Figure 5a shows the sounding curve for Yangliuqibu station at 08:00 BT, cor-
rected using surface temperature and dewpoint temperature. Below 750 hPa,
the atmosphere was relatively moist with T-Td < 5°C, while above 750 hPa,
T-Td > 15°C, indicating dry air intrusion and a significant characteristic of dry
air above and moist air below, providing good thermal instability conditions.
The lifting condensation level was low at 0.81 km, with a deep warm cloud
layer of 5.68 km thickness. A low-level inversion layer existed, favoring the
accumulation of unstable energy. CAPE reached 2801.6 J・kg−1, the K-index
was 38°C, and the Lifted Index and Showalter Index were -1.9°C and -1.11°C
respectively, indicating strong layer instability. The 0–6 km vertical wind shear
was 19 m・s−1, with moderate vertical wind shear favorable for the development
and maintenance of well-organized convective storms [Figure 11: see original

chinarxiv.org/items/chinaxiv-202301.00151 Machine Translation

https://chinarxiv.org/items/chinaxiv-202301.00151


paper].

3.2.3 Lifting Conditions

Figure 5b shows the time-height profile of vertical velocity at the heavy rainfall
center (41°N, 109°E) from 18:00 BT on July 18 to 02:00 BT on July 20. Upward
motion began at 02:00 BT, consistent with the onset of precipitation. By 08:00
BT, upward motion significantly intensified, with strong upward motion main-
tained throughout the entire layer from 08:00–14:00 BT. The upward motion
in the middle and upper layers was particularly strong, persisting for a long
duration, corresponding to short-duration heavy rainfall at multiple stations in
the Hetao region. The strongest upward motion occurred at 500 hPa around
08:00–10:00 BT. After 14:00 BT, convective clouds gradually weakened and dis-
sipated, precipitation decreased to about 10 mm・h−1, and downward motion
began to appear with gradually decreasing rainfall intensity. Strong lifting mo-
tion favored convective heavy rainfall occurrence, and the longer its duration,
the stronger the heavy rainfall intensity.

4. Structure Characteristics, Development, and Triggering
Mechanism of the Mesoscale Convective System
4.1 Structural Characteristics of the MCS in FY-4A Satellite Imagery

The mesoscale convective system (MCS) is the primary contributor to short-
duration heavy rainfall in extreme precipitation events [Figure 12: see original
paper]. The evolution of high spatiotemporal resolution FY-4A infrared satellite
imagery (Figure 6) shows that two MCSs developed sequentially, causing the
convective heavy rainfall process in the Hetao region. At 04:00 BT, a strong
isolated convective cloud cluster (MCS1) formed in the northern Hetao region,
with 20 mm・h−1 heavy rainfall already occurring on its upwind side. By 06:00
BT, the cloud top brightness temperature (TBB) decreased to ≤-52°C, the
cloud area gradually expanded, and the convective cloud cluster strengthened
and developed into an MCS with a horizontal scale of 400–500 km. At 08:00
BT, TBB decreased to below -60°C, marking the most vigorous stage of MCS1,
which moved slowly eastward along the Yinshan Mountains. Between 08:00–
10:00 BT, MCS1 remained quasi-stationary along the mountainous area of the
Hetao region, with its long axis direction essentially parallel to the movement
direction. Heavy rainfall exceeding 20 mm・h−1 appeared near the edge of
upwind cloud clusters and in regions with large TBB gradients. When TBB
was below -60°C, extreme short-duration heavy rainfall exceeding 80 mm・h−1

occurred near the large gradient areas.

After 12:00 BT, MCS1 gradually weakened and dissipated. Meanwhile, another
convective cloud cluster (MCS2) developed in the southern Hetao region, reach-
ing a horizontal scale of 300 km by 12:00–14:00 BT. MCS2 moved and intensified
with its long axis direction essentially perpendicular to its movement direction.
Although heavy rainfall exceeding 20 mm・h−1 also occurred near the large gra-
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dient areas, the faster movement speed prevented sustained heavy rainfall at
the same location, resulting in weaker precipitation intensity compared to the
first stage MCS1.

From generation to dissipation, both MCSs were accompanied by short-duration
heavy rainfall of varying intensities, persisting for over 10 hours and causing the
extensive heavy precipitation event. The MCSs were the direct producers of
the severe precipitation, with the heavy rainfall in the main downpour area
primarily generated by the “train effect” produced by the slow-moving MCS1
along the Yinshan Mountains.

4.2 Movement Characteristics of the MCS in Radar Echoes

Precipitation intensity is closely related to the movement speed, direction, and
intensity of the MCS. The larger the scale of high rainfall rate areas along the
movement direction and the slower the system moves, the longer the duration
and the more likely severe precipitation becomes. Figure 7 shows the evolution
of composite reflectivity from the Ordos Doppler radar during the heavy rainfall
event, indicating that the process was mainly influenced by east-west and north-
south oriented banded echoes.

Initially (figure omitted), scattered strong echoes with reflectivity >55 dBZ
formed in the northwest upstream of the heavy rainfall area. Under the influ-
ence of the low-level southwest jet, new strong echoes continuously developed
and moved northeastward along the low-level jet. By 05:38 BT, the precipitation
echoes gradually merged and intensified. By 06:58 BT, they had merged into an
east-west oriented banded strong echo (Figure 7c) with a length exceeding 300
km and reflectivity between 35–55 dBZ. A north-south oriented echo also began
to form with a length of about 200 km. By 08:02 BT, both echoes further inten-
sified, with reflectivity reaching 40–60 dBZ and precipitation intensifying, with
hourly rainfall at some stations exceeding 50 mm・h−1. The east-west oriented
echo maintained a tight structure and moved slowly eastward along the Yin-
shan Mountains, with new convective cells continuously generating on its west
side, exhibiting back-building propagation characteristics and causing extensive
heavy rainfall exceeding 20 mm・h−1, even >80 mm・h−1. After 11:10 BT, the
east-west banded echo weakened and broke apart during its eastward movement,
while the north-south banded echo persisted longer but moved relatively faster.

Analysis of the vertical cross-section of radar reflectivity factor during the vig-
orous stage (Figure 7e, f) shows that the strong echo centers >50 dBZ were
all below 9.56 km, characteristic of low-center warm-cloud precipitation. The
east-west banded echo maintained a continuous and compact structure, with
low-level strong echoes reaching >50 dBZ, indicating that this heavy rainfall
process featured large-scale, intense east-west banded echoes with slow move-
ment speed, essentially parallel to the long axis direction, forming a significant
“train effect” that promoted the heavy rainfall event. Although the north-south
oriented echo persisted longer than the east-west echo, its movement direction
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was perpendicular to the long axis and its movement speed was relatively faster,
resulting in weaker rainfall intensity.

4.3 Triggering Mechanism of the MCS

Synoptic-scale upward motion typically does not directly trigger convection;
upward motion that triggers convection is mostly provided by mesoscale sys-
tems [Figure 13: see original paper]. The Hetao region has complex terrain
and diverse landforms, surrounded by mountains, rivers, and deserts, with the
Yinshan Mountains to the north (elevation 1500–2300 m) and the Mongolian
Plateau to the south (elevation 1300–1500 m), creating undulating topography.
The evolution characteristics of surface wind fields were analyzed using hourly
data and terrain data.

Figure 8 shows that from 04:00 BT, an east-west oriented surface mesoscale con-
vergence line formed in the Hetao region (black dashed line), with its orientation
essentially consistent with the Yinshan Mountains. On the windward slope of
the Yinshan Mountains’ southern foothills, surface wind speeds strengthened,
with southerly winds reaching >8 m・s−1 on the south side. The convergence
in the divergence field at low levels also significantly intensified, corresponding
to radar echo development with gradually increasing reflectivity, reaching max-
imum reflectivity >50 dBZ and enhanced precipitation with hourly rainfall of
30–60 mm. The east-west oriented surface mesoscale convergence line remained
stable and quasi-stationary over the heavy rainfall area from 04:00–10:00 BT,
with strong convergence zones also maintained. After 10:00 BT, as the east-west
mesoscale convergence line weakened and moved eastward, the convergence cen-
ter gradually shifted eastward and precipitation intensity decreased to about
10 mm・h−1. The north-south oriented mesoscale convergence line persisted
upstream of the Hetao region from 04:00–08:00 BT, then began moving east-
ward, lasting until 18:00 BT and affecting the Hetao region, with precipitation
intensity mainly maintained at 10–20 mm・h−1.

In summary, the east-west and north-south oriented surface mesoscale conver-
gence lines corresponded closely with the positions of radar banded echoes,
indicating that the primary triggering mechanism for the MCS in this heavy
rainfall event was the surface mesoscale convergence line. Its formation, main-
tenance, and movement promoted the initiation and development of the MCS.
This heavy rainfall event was also closely connected with terrain effects. The
heavy rainfall area was mainly located on the windward slope of the Yinshan
Mountains’ southern foothills. The prevailing southerly low-level jet entering
the Hetao region was blocked by the Yinshan Mountains. On one hand, the
high elevation and steep slopes of the mountains forced the southerly warm and
moist jet to ascend; on the other hand, upstream cold air entering the heavy
rainfall area caused strong convergence of cold and warm airflow under the ac-
tion of the windward slope, further promoting upward motion and enhancing
precipitation efficiency. The special terrain of the Hetao region thus provided
favorable conditions for MCS triggering. This convective heavy rainfall event
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was closely related to surface convergence lines, terrain lifting along the Yin-
shan Mountains, and pulsations in the low-level jet. The surface mesoscale
convergence line was the main reason for triggering the MCS, and its consis-
tent distribution with the Yinshan Mountains favored sustained precipitation,
leading to this heavy rainfall event.

5. Conclusions
Using conventional meteorological observation data, satellite cloud imagery,
Doppler radar data, and reanalysis datasets, this paper conducted a detailed
analysis of the circulation background, environmental conditions, evolution char-
acteristics, and triggering factors of the convective heavy rainfall event in the
Hetao region of Inner Mongolia on July 19, 2018. The main conclusions are as
follows:

1. This heavy rainfall event was characterized by high intensity, long dura-
tion, concentrated heavy rainfall area, obvious convective precipitation
features, and close relationship with terrain. The stable maintenance of
the subtropical high, coordinated with the 500 hPa upper-level trough,
low-level shear line and southwest low-level jet, 300 hPa upper-level jet,
and surface low pressure system, provided favorable large-scale circulation
background conditions for this convective heavy rainfall process.

2. The stable maintenance of the low-level southwest jet provided abundant
moisture transport. The high-energy tongue of pseudo-equivalent poten-
tial temperature, deep warm cloud layer, “tall and narrow” high-intensity
CAPE, cold advection intrusion behind the upper-level trough, and un-
stable atmospheric layer with dry air aloft and moist air below provided
favorable environmental conditions for the generation of severe convective
heavy rainfall.

3. Two MCSs, oriented east-west and north-south respectively, developed se-
quentially and jointly caused this heavy rainfall event, persisting for over
10 hours. The convective rainfall in the main heavy rainfall area was pri-
marily produced by the “train effect” generated by the east-west oriented
MCS moving slowly along the Yinshan Mountains. Short-duration heavy
rainfall exceeding 20 mm・h−1 occurred near the edge of upwind cloud clus-
ters and in regions with large TBB gradients, with precipitation intensity
closely related to the development degree of convective cloud clusters.

4. During the severe convective rainfall stage, the east-west oriented banded
echo featured large spatial extent, large scale, and strong intensity, with
characteristics of low-center warm-cloud precipitation. Its slow movement
speed and movement direction essentially parallel to the long axis of the
echo band created a significant “train effect,” resulting in continuous heavy
rainfall exceeding 50 mm for over five hours. Although the north-south
oriented echo persisted longer than the east-west echo, its movement di-
rection was perpendicular to the long axis and its movement speed was
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relatively faster, resulting in weaker rainfall intensity.

5. The surface mesoscale convergence line was the primary triggering mech-
anism for the MCS. The complex terrain of the Hetao region and pul-
sations in the low-level jet further promoted convective initiation. The
distribution pattern of the surface mesoscale convergence line that almost
overlapped with the Yinshan Mountains was conducive to sustaining pre-
cipitation and facilitating the occurrence of this convective heavy rainfall
event.
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