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Compared with other arid areas, the convective rainstorm occurs more easily in the east side of the Helan
Mountain, which is characterized by the short duration, large intensity, high precipitation efficiency and sig-
nificant local distribution. In this paper, the 5-min and hourly precipitation at 512 regional automatic weather
stations and other high-resolution observation data are used to analyze the spatio-temporal distribution and
evolution characteristics of the rainstorm in the east side of the Helan Mountain during 2006 and 2019. Then,
based on the daily precipitation data at 12 national observation stations, the rainstorm characteristics in this
region during 1951 and 2005 are analyzed. On this basis, the rainstorm characteristics in the two periods are
compared and studied. Finally, the possible causes of the distribution characteristics of rainstorm are initially
discussed. The results show that the rainstorm with large magnitude and high intensity is mainly located in the
mountainous region, and it mainly occurs in July with a high frequency period from afternoon to the first half of
the night. Compared with 1951-2005, in 2006-2019 the rainstorm frequency, intensity and extremity are all
increased, and the nocturnal and topographic features are more significant. The spatio-temporal distribution of
rainstorm in the east side of the Helan Mountain is closely related to the nighttime enhancement of the low-level
southeasterly jet and the interaction between the low-level jet and the mountainous topography. In the windward
slope of the Helan Mountain, the interaction between the low-level jet and the mountainous topography could
trigger or enhance the meso- and small-scale rainstorm systems, which would favor the occurrence of rainstorm.
Overall, the conclusions in this study can deep the understanding of the rainstorms in the Helan Mountain, which
could provide a reference for the monitoring and warning of rainstorms in this region.

1. Introduction

Under the background of global warming, the frequency of heavy
rainfall events may increase in most of the land over the world (Li et al.,
2011; Fischer and Knutti, 2015). This phenomenon has been confirmed
in Europe, North America and Asia (Schmidli and Frei, 2005; Zhai et al.,
2005; Jung et al., 2011; Nuissier et al., 2011; Chen and Zhai, 2013; Jing
et al., 2016; Zhang et al., 2018). The eastern part of Northwest China
(ENWC) is located in the innermost of the Eurasian continent. The long
distance to the surrounding oceans could cause a more or less dry

climate there. ENWC is one of the regions in China with the lowest
annual precipitation (350 mm) and the lowest number of rainstorm days
(less than 1d/a)(Ding et al., 2007; Shi et al., 2007; Yang et al., 2017); the
east side of the Helan Mountain (37. 8°-39. 4°N, 105. 7°~107°E) is
located in the north of the ENWC and the northern—central Ningxia
Province. The annual precipitation is less than 200 mm, which is the
driest area in ENWC. However, the observation facts over the last decade
show that although the number of rainfall days in the ENWC has
decreased, both the number of rainstorm days and the rainfall intensity
have increased (Xu et al., 2011; Li et al., 2013; Chen et al., 2014; Deng
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et al., 2014; Qin et al., 2017; Wang et al., 2003). In the recent past, the
number of rainstorm days in the east side of the Helan Mountain tends to
be anomalously frequent, and meanwhile the amount and intensity of
rainfall also keep on setting new historical records (Chen et al., 2018;
Sun et al., 2018). For example, at the night of August 21, 2016 and the
night of July 22, 2018, the 12 h rainfall in the Huaxuechang reached
241.7 mm and 277.6 mm, respectively, which are the only two processes
of extraordinary rainstorm of more than 200 mm since the meteoro-
logical records in Ningxia Province. The rainstorm triggered mountain
torrents in many places, which affected many cities or counties causing
the death of four people. As a result, the economic loss reached nearly
400 million yuan. Although the amount and intensity of these two
rainfall processes are only about 50% and 20% of the extreme rainstorm
in South and North China, the precipitation efficiency is higher than that
in North China and is close to that in South China. The relative intensity
of the rainstorm is more intense than that of South China and North
China (Chen et al., 2017a, 2017b). It can be seen that although the
probability of rainstorm in the east side of the Helan Mountain is low,
the intensity and efficiency of precipitation are high. In addition, the
geological and ecological environment is fragile due to the drought all
year round. Once rainstorm occurs, it will cause serious losses.

Most of the climate statistics of rainstorm in China are based on
observed daily precipitation which is obtained from national observa-
tion stations. The reasons are as follows. First, the data sequences of
national stations are long, high-quality and well-managed; second,
regional automatic weather stations (regional stations) are lately con-
structed, widely distributed, difficult to manage, relatively poor in
quality and have different lengths of data sequences; third, traditional
global or regional climate models have limited ability in simulating the
physical processes of extreme precipitation at the sub-daily scale (Hanel
and Buishand, 2010; Ban et al., 2014), which is difficult to be captured
based on conventional meteorological observations from national sta-
tions. Before 2006, there were only twelve national stations in the east
side of the Helan Mountain, with two in mountainous areas. However,
with the deployment of intensified network of automatic weather station
in the recent decades, the number of station has increased to 512 by the
end of 2019, with 78 additions in mountainous areas. The spatial reso-
lution has been improved from hundreds of kilometers to about 5 km,
and the temporal resolution has also increased from 3 to 6 h to 5 min.

Although rainstorm occurs under the interactions of different scale
weather systems, it is a mesoscale phenomenon (Johnson and Mapes,
2003; Ray, 1986; Tao and Ding, 1981; Tao, 1980). So, conventional
meteorological observations are often difficult to capture it, and the
previous climatic statistics cannot detailedly reflect the mesoscale dis-
tribution characteristics and topographic effects of rainstorm. At the
same time, due to the uncertainties of initial conditions and the physical-
process parameterization, the current operational numerical models
have limited ability to simulate precipitation over complex terrain (Chen
et al., 2018; Xue, 2005). Due to the limitations of observation accuracy,
numerical simulation ability and scientific understanding, forecasters
have insufficient understanding of the formation mechanism of rain-
storms triggered by the topography and the low-level jet (LLJ), leading
to the frequent false forecast of the rainstorm events (Chen et al., 2020;
Tao, 1977). Therefore, it poses many problems and challenges to the
rainstorm-disaster prevention and mitigation. Although the observa-
tional data with high spatio-temporal resolution is only in a few decades,
it is enough to question and correct the previous climatic statistics of
rainstorms. Moreover, the relative study can better reveal the triggering
and enhancing effects of topography on the mesoscale rainstorms at the
eastern foot of the Helan Mountain.

Aiming at the above shortcomings, this study focuses on the meso-
scale rainstorm, and makes full use of the high resolution meteorological
observation data. Then, the variation of extreme value, the distribution
of rainstorm center, the frequency, the concentration time and area are
statistically analyzed, so as to reveal the distribution and variation
characteristics of the orographic rainstorm. Overall, this study could
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provide more statistics of the orographic rainstorm. On this basis, the
jointly effect of the LLJ and the topography on rainstorms is preliminary
discussed. The results in this study could improve the understanding on
the formation mechanisms of orographic rainstorms in arid areas, and
could enhance the disaster prevention and mitigation ability on flash
floods in arid areas. The remainder of this paper is organized as follows.
Section 2 gives the data and method. The spatio-temporal distribution
characteristics of rainstorms in the east side of the Helan Mountain are
presented in section 3. Section 4 preliminary explores the joint impact of
the LLJ and topography on the distribution of rainstorms. Conclusions
and discussion are given in section 5.

2. Data and method

In this paper, the east side of the Helan Mountain is selected as the
study area. Then, based on the high-resolution rainstorm dataset, the
climate statistics, the synoptic analysis method and the thermal-
dynamic diagnosis method, the spatio-temporal characteristics of rain-
storms and the influence of LLJ and topography on the distribution of
rainstorms are investigated detailedly. The technical route is shown in
Fig. 1, and the specific four steps are shown in the following four
subsections.

2.1. Establishment of the rainstorm dataset

The rainstorm dataset is consisted of four types of data: the con-
ventional and non-conventional observation data, the model reanalysis
data and the surface intensified observation data. The specific infor-
mation of the four types of data is given in Table 1. The topographical
distribution of the study area is presented in Fig. 2. The region with the
altitude above 1200 m is the Helan Mountain area, and the region with
the altitude lower than 1200 m is the Yinchuan Plain. The time in this
paper denotes the Beijing time.

The 5-min and hourly precipitation data is from 512 observation
stations, the spatial resolution is 5-8 km, and the data period is from
2006 to 2019. The distribution of the stations is shown in Fig. 2a, in
which there are 146 mountain stations and 366 plain stations. The
lightning data is from 2007 to 2019, and the spatial and temporal res-
olutions are 500 m and 1 ms, respectively. The lightning identification in
2006 is based on the weather phenomenon observation at national
stations. The 6-min radar data is from the C band radar in Yinchuan
(38.47°E, 106.2°N) with the elevation of 1111.6 m, and the data period
is from 2006 to 2019. The 6-h ERA-interim daily data (0.125° x 0.125°)
is also from 2006 to 2019, and the data include the surface pressure and
other six elements in 13 vertical levels (875-300 hPa), which are tem-
perature, u and v components of wind, vertical velocity, relative hu-
midity and specific humidity. The daily precipitation is obtained from
12 national observation stations, and the data period is from 1951 to
2005. The distribution of the 12 stations is shown in Fig. 2b, in which
there are 2 mountain stations and 10 plain stations.

2.2. Spatio-temporal distribution and variation characteristics of
rainstorms in the east side of the Helan Mountain

According to the Fifth Assessment Report of Intergovernmental Panel
on Climate Change (IPCC, 2013) and the precipitation classification
standard of China Meteorological Administration (2012), the conven-
tional characteristic quantities, such as rainstorm day, frequency and
extreme value, are analyzed. Combined with the researches of Orsolini
etal. (2015), Tu et al. (2011), Xu and Wang (1986) and Bai et al. (1988),
the characteristic quantities that can reflect the rainstorm characteristics
in the northwest arid areas, such as the precipitation efficiency and
relative intensity, are introduced. The definition and standard of each
characteristic quality are as follows:

For rainstorm and rainstorm day, the statistical period is from 20:00
of the previous day to 20:00 of the current day. When the 24-h
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Fig. 1. Research method roadmap.

precipitation (Ra4) > 50 mm, it is defined as a rainstorm event. If rain-
storm occurs in any station of the study area, it is recorded as a rainstorm
day. Specifically, when 50 mm < R4 < 100 mm, it is defined as general
rainstorm (GR); when 100 mm < Rg4 < 200 mm, it is defined as heavy
rainstorm (HR); when Ry4 > 200 mm, it is defined as extraordinary
rainstorm (ER). Similarly, the short-time rainstorm is defined and clas-
sified as follows. With the 1-h precipitation recorded as Rjp, when
20mm < Rjp < 40mm, it is defined as general short-time rainstorm;
when 40mm < Rjp < 60mm, it is defined as heavy short-time rainstorm
(HSR); when Ry, > 60 mm, it is defined as extraordinary short-time
rainstorm (ESR).

Then, the precipitation efficiency and the relative intensity are
defined as follows.

R
Precipitation efficiency (Py;) : Piy = R—lh (€8]
24
.. . Ry
Relative intensity (F) : F = R )

In Egs. 1 and 2, Ryj, and Ro4 respectively correspond to 1-h and 24-h
rainfall. Rgy, at national observation stations is the 30-year (1981-2010)
average of annual precipitation, while R, at regional observation sta-
tions is the annual precipitation averaged since the complete meteoro-
logical observations are available.

In order to highlight the extreme and catastrophic characteristics of
rainstorm in arid areas, the rainstorm process is defined. Referring to the
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Table 1
Rainstorm data set in the east side of the Helan Mountain.
Time Data Type Data Source Level Parameter Temporal Spatial
Resolution Resolution
2006-2019  dense observation Ningxia Meteorological / precipitation 5min,1 h 5-8 km
Yinchuan C-band Information Center 0.5°,1.5°,2.4°,3.4°,4.3°,6.0°,9.9°, echo intensity, velocity, top height, 6 min 5cm
Doppler weather 14.6°,19.5° vertical integrated liquid water
radar content
ERAS hourly data European Centre for 875 hPa,850 hPa,800 hPa,750 Pressure, Temperature, U and V 6 h 0.125° x
Medium-Range Weather hPa, component of wind, Vertical 0.125°
Forecasts reanalysis data 700 hPa,650 hPa,600 hPa,550 velocity, relative humidity, Specific
hPa, humidity
500 hPa,450 hPa,400 hPa,
350 hPa,300 hPa
2007-2019  thunder and Ningxia Meteorological / lightning 1 ms 500 m
lightning Information Center
2006 thunder and / lightning 3h 50-100 km
lightning
1951-2005  conventional / precipitation 24 h 50-100 km
meteorological
observation
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Fig. 2. Topography of the east side of the Helan Mountain and the distribution of weather stations (red and blue dots) in (a) 2006-2019 and (b) 1951-2005. Shading
indicates the altitude (unit: m). Red dots indicate the precipitation centers during rainstorm processes.

past studies (Chen et al., 2020; Yao et al., 2017; Shao et al., 2015; Chen
et al., 2008), before 2006 when R4 > 50 mm occurs at two or more
adjacent stations, it is defined as a rainstorm process. After 2006, when
the 24-h cumulative rainfall (R24’) > 100 mm occurs at one or more
stations, it is defined as a rainstorm process; otherwise when R4 > 25
mm occurs at five or more adjacent stations, in which Ry4’ > 50 mm
occurs at three or more adjacent stations, it is also defined as a rainstorm
process. The time when there are at least five stations with Ry, > 2 mm is
regarded as the beginning of the process; when there is no precipitation
for three consecutive hours, it is considered as the end time of the pro-
cess, and if the duration of rainfall exceeds 24 h, the time when there is
no more than five adjacent stations with Ry, < 2 mm is considered as the

end time. According to the regional average rainfall (E), R < 25 mm,

25 < R < 50 mm and R > 50 mm correspond to local, regional and
whole-area rainstorm processes, respectively. Processes of convective
rainstorm are accompanied by short-time heavy rainfall or thunder and
lightning. According to the above definitions, in the east side of the
Helan Mountain, a total of 21 rainstorm processes in 2006-2019
(Table 2) and 10 processes in 1951-2005 are selected.

Firstly, based on the rainstorm data set in the east side of the Helan

Mountain, the method of linear tendency estimate is used to statistically
analyze the inter-annual, and monthly variations of the rainstorm days,
frequency, process, precipitation and rainfall intensity extreme values of
different rainfall magnitudes, as well as the diurnal variation of the
short-time rainstorm frequency and rainfall intensity extreme values.

Secondly, the correlation analysis is used to analyze the spatial dis-
tribution of rainstorm days, short-time rainstorm frequency, precipita-
tion amount and rainfall intensity extreme values of different rainfall
magnitudes, as well as the correlation between altitude and (short-time)
rainstorm frequency, magnitude and intensity.

Then, the detailed characteristics of the 21 rainstorm processes, such
as precipitation nature, duration, magnitude, intensity, range, and
concentrated period and region, are further analyzed.

Finally, the inter-annual and monthly variations of the rainstorm
days, frequency, process, precipitation amount, and rainfall intensity
extreme values of different rainfall magnitudes in 1951-2005 are sta-
tistically analyzed and compared with the rainfall processes in
2006-2019.

Through above analyses, the influence of ground-based intensified
observation and topography on spatio-temporal distribution of rain-
storms in the study area, the regional characteristics of rainstorms in
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Table 2
Rainstorm processes in the east side of the Helan Mountain from 2006 to 2019.

Rainstorm Duration/ Average Rainstorm Short-time Lightning Lightning Maximum Maximum Maximum 5 P F
period h rainfall/ frequency rainstorm frequency intensity / cumulative hour rainfall min rainfall
mm frequency KA(Time) rainfall/ mm intensity/ mm  intensity/
(time) mm

1100 BJT 14 23 78.7 14 16 yes 168.2 *33.3(0000) 11.4 0.34 0.72
Jul-1000
BJT 15 Jul
2006

1300 BJT 16 24 58.1 14 2 115.0 93.5 16.6(0800) 5.1 0.2 0.39
Jun-1200 (1300)
BJT 17 Jun
2007

0800 BJT 7 24 22.6 10 8 14 -122.2 107.6 39.6(2200) 5.2 0.36  0.47
Jul-0700 (1600)
BJT 8 Jul
2009

2000 BJT 29 16 59.8 52 21 440 —196.0 174.3 *47.7(0000) 15 0.37  0.55
Jul-1100 (2200)
BJT 30 Jul
2012

0400 BJT 3 21 18 11 1 65.9 *27.9(0700) 15.5 0.6 0.33
Sept-0100
BJT 4 Sept
2015

0100-2000 20 23 5 3 69.6 *50.4(1000) 8.6 0.77  0.46
BJT 8 Sept
2015

0500-1200 8 25.1 8 20 9 65.2 (0500) 89.5 56.5(0700) 8.3 0.72 038
BJT 24 Jul
2016

1500 BJT 13 24 13.5 32 48 136 216.0 110.2 *51.7(1800) 12.4 0.73  0.67
Aug-1400 (1700)
BJT 14 Aug
2016

1900 BJT 21 14 6.6 10 28 265 —216.4 241.7 82.5(0100) 16.6 0.86 0.72
Aug-0800 (0100)
BJT 22 Aug
2016

2200 BJT 22 9 6.7 3 14 20 —152.8 57.3 *53.7(0400) 5.9 0.99 0.34
Aug-0600 (0300)
BJT 23 Aug
2016

1500 BJT 4 20 37.9 121 4 116.5 26.7(2300) 8 0.36  0.55
Jun-1000
BJT 5 Jun
2017

0300-1800 16 10.9 10 17 65 107.5 114.4 47.4(1300) 9.7 071  0.34
BJT 5 Jul (0300)
2017

2000 BJT 25 6 4.7 4 35 4 -77.3 64.4 *57.7(2200) 14.3 0.94  0.27
Jul-0200 (2200)
BJT 26 Jul
2017

0900 BJT 1 17 19.5 38 24 84.3 *29.8(2000) 9.5 0.51  0.47
Jul-0100
BJT 2 Jul
2018

0300-1000 8 8.7 21 39 115 —124.9 136.2 *54.5(0500) 9.4 0.65 0.51
BJT 19 Jul (0300)
2018

1900 BJT 22 13 11.7 35 61 1820 177.4 277.6 74.1(0200) 18.7 0.5 0.83
July-0700 (0000)
BJT 23 Jul
2018

1200-2000 9 19.4 21 95 101 159.7 89.3 *58(1600) 15.5 0.82  0.46
BJT 23 Jul (1400)
2018

1200 BJT 6 29 14.7 18 51 396 —151.8 119.1 *51(1700) 16.3 0.52  0.47
Aug-1600 (1500)
BJT 7 Aug
2018

1200 BJT 9 26 13.4 14 29 911 —218.2 71.4 71.4(1300) 12.1 1 0.42
Aug-1300 (1100)
BJT 10 Aug
2018

(continued on next page)
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Table 2 (continued)
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Rainstorm Duration/ Average Rainstorm Short-time Lightning Lightning Maximum Maximum Maximum 5 P F
period h rainfall/ frequency rainstorm frequency intensity / cumulative hour rainfall min rainfall
mm frequency KA(Time) rainfall/ mm intensity/ mm  intensity/
(time) mm
1900 BJT 31 23 22.8 60 53 5 52.4 (2300) 136.9 *65.1(0100) 8.7 0.64 071
Aug-1700
BJT 1 Sept
2018
1800 BJT 2 7 9.8 6 35 60 168.6 71 53.9(2100) 8.5 0.98 0.41
Aug-0000 (1900)
BJT 3 Aug
2019

Note: all precipitation statistics in the table include all stations throughout the study area; % indicates that the center of rainstorm is not consistent with the maximum

rainfall intensity.

arid areas, the variation trend of rainstorm magnitude and intensity
could be better understood under the background of global warming.

2.3. Preliminary exploration of the joint effect of low-level jet and
topography on the distribution of rainstorms

In the past 30 years, several observational experiments have been
carried out to investigate the dynamic and thermal effects of topography
on precipitation (Houze et al., 2017; Smith et al., 2012; Xu and Chen,
2006; Rotunno and Houze, 2007; Neiman et al., 2002). The results show
that the synoptic and mesoscale environments generally favorable for
the formation of orographic precipitation include strong LLJ, strong
unsteady airflow passing mountains, steep terrain and a quasi-stationary
weather system (Lin et al., 2001; Sinclair et al., 1997; Hobbs, 1975;
Bergeron, 1960). The researches of Colle (2004), Ralph et al. (2004,
2005), Galewsky and Sobel (2005) and Veals et al. (2018) also showed
that under the complex terrain conditions, the increasing effect of LLJ on
precipitation is mainly reflected in the enhancement of moisture
convergence and uplifting trigger mechanism in front of the windward
slope, which reduces the atmospheric stability and is conducive to the
occurrence and development of mesoscale convective systems in front of
mountain. Tao (1980), Qian et al. (2018) and Chen et al. (2020) pointed
out that the rainstorm in the east of Northwest China is closely related to
the LLJ, and the rainstorm center usually appears on the windward
slope. Therefore, in this paper, the typical rainstorm processes are
selected. Then, the ERA-Interim daily reanalysis data, radar data and 5-
min surface precipitation are used to investigate the joint effect of LLJ
and topography on rainstorms in the Helan Mountain area.

To date, no unified standard on LLJ has been formed due to the
differences in the altitude, range, wind speed intensity and wind shear of
LLJs in different regions. Referring to past studies (Bonner, 1968;
Stensrud, 1996; Higgins et al., 1997; Tao, 1980; Chen et al., 2005; Vera
et al., 2006; Pham et al., 2008; Du et al., 2012; Rijo et al., 2018), in our
study the LLJ is identified if the following conditions are satisfied. First,
in 30-40°N and 100-120°E, the easterly or southerly wind belt is of a
wind speed larger than 10 m/s at 850 hPa or 12 m/s at 700 hPa. Second,
its length and width should be larger than 100 km and 10 km, respec-
tively. Third, the vertical wind shear in the jet zone should be more than
2/s, or the wind speed larger than 10 m/s below the height of 3 km could
be detected in radar products. When the distance between the rainstorm
area and the LLJ axis does not exceed four latitudes (longitudes), it is
judged that there are some relations between the LLJ and rainstorm.

According to the above analyses, the distribution characteristics of
rainstorm in the study area and the influence mechanism of LLJ and
topography on the rainstorm distribution are summarized. The detailed
analyses are given in the following section.

3. Spatio-temporal distribution of rainstorms in the east side of
the Helan Mountain

3.1. Temporal variations

3.1.1. Inter-annual variations

As shown in Table 3, there are 56 rainstorm days (4 days per year),
479 station times with rainstorm (34.2 station times per year), 21 times
rainstorm processes (1.5 times per year), and 1031 station times with
short-time rainstorm (73.6 station times per year) during 2006-2019.
Specifically, there are 46 GR days (3.2 days per year), 8 HR days (0.5 day
per year), and 2 ER days (0.1 day per year). There are 431 station times
with GR (30.7 station times per year), 43 station times with HR (3 sta-
tion times per year), and 5 station times with ER (0.1 station time per
year). 10 times GR processes (0.7 time per year), 9 times HR processes
(0.6 time per year) and 2 times ER processes (0.1 time per year) are
found in the study period. There are 917 station times with GSR (65.5
station times per year), 101 station times with HSR (7.2 station times per
year) and 13 station times with ESR (0.9 station time per year). Overall,
it can be seen that the rainstorm in the east side of the Helan Mountain is
mainly of small magnitude, but the rainstorm process with large rainfall
amount is more (accounting for 52% of the total).

In the past 14 years, for all the rainfall magnitudes the rainstorm

Table 3
Comparison of rainfall characteristics in the east side of the Helan Mountain
between 2006 and 2019 and 1951-2005.

Characteristic quantity ~ 2006-2019 1951-2005

of Rainstorm

Quantity Trend
estimate

Quantity  Trend
estimate

value/ 10a value/ 10a
Rainstorm GR 46d 4.3d* * 37d —0.04
day HR 8d 1.0d* * * 3d
ER 2d od
Total  56d 5.1d* * 40d —0.06
Rainstorm GR 431 68.6* 80 —0.06
frequency HR 43 64.1* 3
ER 5 27.3 0
Total 479 68.6* 83 —0.08
Rainstorm GR 10 0.6 7
process HR 9 1.2% * 3
ER 2
Total 21 2.4* 10 —0.01
Short-time GSR 917 149.1*
rainstorm HSR 101 16.7*
ESR 13 2.1
Total 1302 149.1*
Extreme value of daily ~ 291.6 75.7 mm 132.9 —0.7 mm
rainfall mm
Extreme value of hour 82.9 mm 25.4 mm*

rainfall intensity

Note: *, * * and * * * indicate passing the significance tests of « = 0.05, a = 0.01
and o = 0.001, respectively.
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days (Fig. 3a), frequency (Fig. 3b), processes (Fig. 3c), extreme values of
daily rainfall and hourly rainfall (Fig. 3d), as well as the frequency of
short-time rainstorms (Fig. 3e) have all increased. Except for the ER, ESR
and the extreme values of daily rainfall, the increasing trends of other
characteristic quantities have all passed the significance test. The
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total rainstorm day

12 general rainstorm day
m heavy rainstorm day

10 |- mmmmm extraordinary rainstorm day

14

= 8
B ‘
o 6 }
a0
2 ¢
|
o L bl BN RN
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
e (b) rainstorm frequency in 2006-2019
[ total rainstorm frequency
- 180 general rainstorm frequency
g 160 | === heavy rainstorm frequency
= = extraordinary rainstorm frequency
= 140 linear(total rainstorm frequency)
S
S 120 -
=
2 100
9
g 80
S 60
g w
&=
20
o U N .. L. |
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
year
(c) rainstorm process in 2006-2019
7

total rainstorm process
6 | general rainstorm process
mmmm heavy rainstorm process
mm— extraordinary rainstorm process

S linear(total rainstorm process)
™ |
E a
=
7 |
g 3
[
a 3|
1}
[ I ] i
o LR B Nl L AR L J L " J
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
year
(d) extreme value of daily and hourly rainfall in 2006-2019
300
| extreme value of daily rainfall
’E‘ mmmm extreme value of hourly rainfall intensity
£ 250 ‘ linear(extreme value of daily rainfall)
O linear(extreme value of hourly rainfall intensity)
£ 200 |
c
®
2 150
>
2 |
5 100 |
<
2> 50 B bR
=
¢ kil iadl 1
Sl IR R R ARRAARRNRRAARI

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
year

(e) short-time rainstorm frequency in 2006-2019

450
total short-time rainstorm frequency
T 400 - general short-time rainstorm frequency
_g 350 wmm heavy short-time rainstorm frequency
= mmmm extraordinary short-time rainstorm frequency
-79_6 300 linear(total short-time rainstorm frequency)
5 250
S
2 200
@
é’ 150
< 100 -
S0
- e o e e HY
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
year

Fig. 3. Comparison of rainstorm days (unit of a and f: day), frequencies (unit of b and g: station time), processes (unit of ¢ and h: time), extreme values (unit of d and
i: mm), the inter-annual (unit of e: station time) and daily variations (unit of j: station times) f short-time rainstorm in the east side of the Helan Mountain between
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greater the rainfall and rainfall intensity are, the more significant the
increasing trend is. Every 10 years, the rainstorm days, frequency and
processes of all the rainstorm events have increased by 5.1 days, 68.6
station times and 2.4 times, respectively. Similarly, the rainstorm days,
frequency and processes of GR events have increased by 4.3 days, 68.6

(f) rainstorm day in 1951-2005

3
total rainstorm day
general rainstorm day
mmmm heavy rainstorm day
linear(total rainstorm day)
—_ 2
2
>
o
°
1
0 1 oyl A

1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001

year
(g) rainstorm frequency in 1951-2005
10
total rainstorm frequency
general rainstorm frequency

T g s heavy rainstorm frequency
§ linear(total rainstorm frequency)
=
§
S 6 -
bl
@
=
gt
@
3
g
& 2

o LA, {11 . ?

1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001
year
(h) rainstorm process in 1951-2005
2

total rainstorm process

general rainstorm process
s heavy rainstorm process.

linear(total rainstorm process)

process(time)
-

(LT NTETTETEY W T T W T T T T E e e [eeeeee e
1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001
year
(i) extreme value of daily rainfall in 1951-2005
140
extreme value of daily rainfall
linear(extreme value of daily rainfall)
120
E 100
E
= 80 -
=
S 60
=
5 a0
20 -

IAARARAN IRARAI

1976 1981 1986 1991 1996 2001
year

1951 1956 1961 1966 1971

(j) il]ort—time rainstorm frequency and extreme value of hourly rainfall intensity in 2006-2019

£
%0 total short-time rainstorm frequency
80 F general short-time rainstorm frequency
mmm heavy short-time rainstorm frequency
70 - wmmm extraordinary short-time rainstorm frequs
—— extreme value of hou nfall intensity

20

i

frequency(station time) and rainfall(m
B
o

10 Jl
o BB N B B .I._l __-A.L_x AN _l A A AR J A
8 91011121314151617181920212223 0 1 2 3 4 5
hour

L "
6 7



Y. Chen et al.

station times and 0.6 time, respectively. The rainstorm days, frequency
and processes of HR events have increased by 1.0 day, 64.1 station times
and 1.2 times, respectively. The frequency of ER has increased by 27.3
station times. The total frequency of short-time rainstorm, GSR, HSR and
ESR has increased by 149.1, 149.1, 16.7 and 2.1 station times, respec-
tively. The extreme values of daily rainfall and hourly rainfall have
increased by 75.7 mm and 25.4 mm, respectively. In 2006-2014 and
2019, the rainstorm is relatively few. The rainstorm days, rainstorm
frequency and rainstorm processes are mostly below 4 days, 20 station
times and 1 time, respectively. In 2015-2018, the rainstorm outbreaks,
the days, frequency and processes of rainstorms are above 4 days, 20
station times and 2 times each year. Specially among them, the days,
frequency and processes of HR are more than 2 days, 2 station times and
2 times in each year from 2016 to 2018. Besides, in 2016 and 2018, there
is one ER event at 2-3 station times. The extreme value of daily rainfall
has broken the historical record for four times: 112.1 mm in 2006, 152.9
mm in 2012, 239.1 mm in 2016 and 291.6 mm in 2018, respectively.
Before 2015, except 2007, the total frequency of short-time rainstorm
larger than 40 station times appears only in 2012 and 2013. In the next
four years (2016-2019), the total frequency of short-time rainstorm is
all more than 45 station times, which even reaches 137 and 369 station
times in 2016 and 2018, respectively. For short-time rainstorm of
different magnitudes, when the rainfall intensity is larger, the frequency
is lower, and the occurrence years are more concentrated. Specifically,
ESR only appears in 4 years (2012, 2014, 2016 and 2018), and the
corresponding extreme values of rainfall intensity are 66.7 mm, 66.6
mm, 82.5 mm and 74.1 mm, respectively. The updating frequency of
rainstorm extreme-value historical record has been accelerated from 6
years to 2 years.

3.1.2. Monthly and seasonal variations

The days and frequency of rainstorm in the east side of the Helan
Mountain appear from late May to early September (Fig. 4a and b), and
the rainstorm processes appear from early June to early September
(Fig. 4c). The main concentration period of rainstorm is July, and the
rainstorm days, frequency and processes account for about 50% of the
total. Among them, the rainstorm days are the most in mid July (10 d)
and the least in late May and June (1 d). The frequency of rainstorm is
the largest in late of July (141 station times) and the least in late May (1
station time). The rainstorm process is the most in late July (5 times),
and there are no rainstorm processes in late June. The days and

(a) rainstorm day in 2006-2019

T 150
20 total rainstorm day

(b) rainstorm frequency in 2006-2019

total rainstorm frequency
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frequency of GR are consistent with the distribution of the total amount
of rainstorm, and the GR process has the maximum of 3 times in late
July, followed by twice in early both August and September. HR is
concentrated in early and mid July (2 d). The frequency of HR has the
maximum of 22 station times in late July, followed by 8 station times in
mid July; there are no HR in late May, mid June and early August. The
HR processes are concentrated in early and mid July (2 times), and there
are no HR processes in late August. The ER occurs only in late July and
August, with the days, frequency and processes being 1 day, 2-3 station
times and 1 time, respectively.

The rainstorm is mainly concentrated in July in the east side of the
Helan Mountain. However, it cannot be ignored that, from late May to
early June, the strong convective weather in the afternoon increases,
and at the same time local HR also occur occasionally. In addition, for
early September in early autumn, when the convective weather is not
over, the continuous rain in autumn follows subsequently. As the
continuous rain process is accompanied by rainstorm and even HR, it is
also worthy of attention.

3.1.3. Diurnal variation

From the hourly variations of the total frequency of short-time
rainstorm, the rainstorm frequency of different magnitudes and the
extreme values of hourly rainfall intensity (Fig. 3j), the diurnal variation
has significant nocturnal characteristics. The afternoon to the first half
of the night is a period of high frequency. The frequency of short-time
rainstorm exhibits a type of double peaks, with the primary and sec-
ondary peaks at 21: 00-22: 00 and 16: 00-17: 00 (GSR is opposite),
respectively. The extreme value of rainfall intensity exhibits a type of
single peak, with the peak value at 01: 00. From 09: 00, the frequency of
short-time rainstorm gradually increases, reaching the secondary (pri-
mary) peak at 16: 00-17: 00, and rapidly decreases in the subsequent
2-3 h, reaching the maximum (secondary) peak at 21: 00-22: 00, and
then slowly declines in fluctuations. The extreme value of rainfall in-
tensity slowly increases in the daytime, peaking at 01: 00, and then
rapidly decreases. The total frequencies of short-time rainstorm/GSR/
HSR/ ESR in the morning (08: 00-14: 00), afternoon (14: 00-20: 00), the
first half of the night (20: 00-02: 00) and the second half of the night
(02: 00-08: 00) are 153/ 141/ 11/ 1 station times, 294/ 263/ 28/ 3
station times, 361,/312/40/9 stations and 223/ 201/ 22/0 station times,
respectively. It can be seen that the frequencies of GSR/HSR/ESR at
night are 1.3/ 1.3/1.6/2.3 station times more than that in the daytime,

(c) rainstorm process in 2006-2019
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Fig. 4. Comparison of monthly variations of rainstorm days (unit of a and d: day), frequencies (unit of b and e: station time) and processes (unit of ¢ and f: time) in
the east side of the Helan Mountain between (a—c) 2006-2019 and (d—f) 1951-2005.
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respectively. The greater the rainfall intensity is, the more the times will
be. The short-time rainstorm is most likely to occur at the first half of the
night, followed by in the afternoon, and the least is in the morning.
However, the frequency of ESR has only appeared at 14: 00-17: 00 and
22: 00-01: 00, and the frequency of the latter is 2.5 times larger than
that of the former. The top 3 of the extreme values of hourly rainfall
intensity, namely 82.5 mm, 80.6 mm and 76.6 mm, appear at 01: 00, 00:
00 and 22: 00, respectively, with all at the first half of the night.

3.2. Spatial distribution

3.2.1. Rainstorm days and short-time rainstorm frequency

Due to a larger proportion of stations in plain areas, the total (short-
time) rainstorm, general (short-time) rainstorm and heavy (short-time)
rainstorm are mainly distributed in plain areas, and the short-time
rainstorm is more widely distributed than the rainstorm days. Howev-
er, the stations with total rainstorm days >6 d, GR days >5 d, HR days
>2 d, frequency of both total rainstorm and GSR > 7 d and frequency of
HSR > 2 d are mainly concentrated in mountainous areas, among which
the three stations with ER and four stations with ESR are all located in
mountainous areas. The greater the magnitude of precipitation is, the
lower the days or frequencies, the fewer the stations and the more
concentrated the rainfall area will be, indicating a more obvious
topography-induced effect (Fig. 5).

3.2.2. Extreme values of rainstorm

There are 237 stations (46%) with the extreme value of daily rainfall
>50 mm, which appear throughout the region, but are more concen-
trated in the mountainous areas with larger magnitude. There are 44
stations with extreme value above 100 mm and three stations with

(a) total rainstorm day (b) general rainstorm day
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extreme value above 200 mm, accounting for 19% and 1% of the
number of stations with extreme value above 50 mm, respectively,
which mainly appear in mountainous areas, with an average altitude of
1350 mm. The top three extreme values are 291.6 mm for Huaxuechang,
229.9 mm for Yanhua and 225.6 mm for Baisigou, with the altitude of
1494 m, 1443 m and 1384 m, respectively. The stations with the extreme
value of daily rainfall of >50 mm in the plain areas are relatively scat-
tered, with most stations less than 75 mm (Fig. 6a).

There are 300 stations (58.7%) with the extreme value of hourly
rainfall intensity of >20 mm, scattered throughout the region, but with
larger magnitude and more concentrated in the mountainous area. The
areas with the extreme value of >40 mm/h are concentrated in the
mountainous areas, while the areas with the extreme value above 60
mm/h are only in the mountainous areas, with an average altitude of
1237 m. The top three are 82.5 mm/h for Huaxuechang, 80.6 mm/h for
Baisigou and 66.9 mm/h for Mingchangcheng (with an average altitude
of 1272 m). There are also stations with extreme values >40 mm/h in
the plains, distributing dispersedly with a smaller range, with the
extreme values at most stations below 40 mm/h (Fig. 6¢).

In general, with the increase of altitude, the number of rainstorm
days increases, the magnitude and intensity increases and the region
with rainstorm is more concentrated, but the correlation is not obvious
across all study areas. The correlation coefficients of the altitude with
the number of rainstorm days (Fig. 7a), the frequency of short-time
rainstorm (Fig. 7b), the daily rainfall (Fig. 7c) and the extreme value
of hourly rainfall intensity (Fig. 7d) are 0.1, 0.09, 0.06 and 0.01,
respectively. The altitude corresponding to the large-value centers of
these four quantities is 1385 m, 1337/ 1827/ 2421 m, 1494 m and 1494
m, respectively. Only in the range of 1200-494 m, for an increase of
every 100 m in altitude, the daily rainfall and hourly rainfall intensity
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(a) extreme values of daily rainfall in 2006-2019

(b) extreme values of daily rainfall in 1951-2005
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(c) extreme values of hourly rainfall intensity in 2006-2019
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would increase by about 21 mm and 5 mm, respectively, with relatively

obvious correspondences.

3.3. Characteristics of precipitation distribution during rainstorm process

The fine distribution characteristics of the precipitation in the rain-
storm process in the east side of the Helan Mountain are further analyzed
from the perspective of the magnitude, intensity, precipitation effi-
ciency, concentration period and region, as well as extreme value

change (Table 2).

(1) Severe convection generally occur during the rainstorm pro-

cesses. There are 20 processes accompanied by the short-time
rainstorm (95%), 17 processes by the thunder and lightning
(81%), 16 processes by both (76%), and all processes are
accompanied by either short-time rainstorm or thunder and
lightning. For most of the processes with the frequency of thunder
and lightning over 100 times, the frequency of rainstorm (short-
time rainstorm) is >20 (30) stations, the maximum R;, is >50
mm, and the maximum Rspj; is >12 mm; while for most of the
processes without thunder and lightning, the frequency of short-
time rainstorm is <4 stations, Rjp is <30 mm and Rsp, is <10
mm. It can be seen that the higher the frequency and intensity of

10

thunder and lightning are, the higher the frequency and intensity
of rainstorm and short-time rainstorm are, and the greater the
rainfall intensity will be. The maximum intensity of thunder and
lightning in most processes occur 1-2 h ahead of the maximum
rain intensity.

(2) The processes in the study area are dominated by long duration

3

-

rainstorm. There are 15 processes with durations >10 h (71%),
among which the durations of 10 processes are >20 h (48%), but
there are only 6 processes with durations <10 h (29%). The study
area is dominated by long duration rainstorm.

The precipitation during the rainstorm process is also character-
ized by large magnitude, strong intensity and high precipitation
efficiency. The number of the process with the total rainfall of
Ry4' > 100 mm is more than half of the total; 20 processes are
with F > 0.33, of which 8 processes are with F > 0.5, with the
maximum of 0.83 (occurring on July 22, 2018, 18.7.22 for short,
the same below); 13 processes are with Ry, > 50 mm and P > 0.6,
9 processes with Rspmin > 10 mm. Fig. 7e-h shows that 50-99% of
the total rainfall is concentrated within 4 h. For two ER processes
(occurring on July 22, 2018 and August 21, 2016), the Ry4' are
277.6 mm and 241.7 mm, respectively; Ri, are 71.4 mm and 82.5
mm, respectively; Rsmyin are 16.6 mm and 18.7 mm, respectively;
the 4-h rainfall accounts for more than 80% of Ry4’. It can be seen
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(b) short-time rainstorm frequency
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Fig. 7. Variations of (a) rainstorm day, (b) short-time rainstorm frequency, extreme value of (c) daily rainfall and (d) hourly rainfall intensity with the altitude (unit:
m) from 2006 to 2019 in the east side of the Helan Mountain (unit of rainstorm day and frequency: day; unit of rainfall and rainfall intensity: mm).

that in the east side of the Helan mountainous areas although the
rainstorm processes are characterized by long durations, the
short-time rainstorm accounts for the most, and the precipitation
during 1-2 HR processes mainly contributes to the annual pre-
cipitation of most stations.

Local and topographical features are prominent with the rain-
storm processes. There are 16 local (76%), 2 regional (24%) and 3
whole-area (14%) rainstorm processes, with the maximum
regional average rainfall of 78.7 mm (occurring on July 14, 2006)
and the minimum regional average rainfall of 4.7 mm (occurring
on July 25, 2017); among them, 2 ER and 4 HR processes are
classified as local rainstorm, and 5 HR processes as regional or
whole-area rainstorm. The rainfall distribution during the rain-
storm processes (Figs. 1a and 8a-d) reveals that the rainstorm
areas and centers of the whole-area, most local and partial
regional processes are distributed in mountainous areas, ac-
counting for 71% of the total processes; the centers of both HR
and ER are in mountainous areas, with an average altitude of
1407 m. The rainstorm centers are mostly concentrated at the
station of the Huaxuechang, with 2 ER and 1 HR. It can be seen
that the east side of the Helan Mountain is dominated by local
rainstorm, with the rainstorm areas and centers mainly concen-
trated in mountainous areas.

The rainstorm tends to peak at night. There are 13 rainstorm
processes with the heavy rainfall concentrating during the night
(62%), when the peak rainfall intensities of 2 ER and 7 HR
appear. For 17 processes accompanied by thunder and lightning,
severe thunder and lightning of 10 processes occur at night
(59%).

Moreover, the frequency of extreme rainstorms has increased in
recent years. During 2016-2019, the number of HR processes and
the number of stations with short-time rainstorm are 2 times and
11 times more than those before 2016, respectively; the features

(€))

)

(6)

11

of rainstorm such as the number of stations with HR, the rainfall
at the rainstorm center, the maximum 1 h and 5 min rainfall in-
tensity, precipitation efficiency and relative intensity are 1 time
larger, and the ER even broke the record of zero; all the extreme
values of rainstorm appeared in 2016 and 2018, with the
refreshing frequency of extreme values of rainstorm accelerating
to 2 years (Fig. 3a—e).

3.4. Comparison of rainstorm characteristics after and before 2006

As shown in Table 3, from 1951 to 2005, there are 40 rainstorm days
(0.7 day per year), 83 stations with rainstorm (1.5 station times per
year) and 10 rainstorm processes (0.1 time per year) in total in the east
side of the Helan Mountain, including 37 GR days (0.6 day per year) and
3 HR days (0.05 day per year); 80 station times with GR (1.4 station
times per year) and 3 station times with HR (0.05 station time per year);
7 GR processes (0.1 time per year) and 3 HR processes (0.05 time per
year). The rainstorm days, frequency, processes and extreme values of
daily rainfall with different magnitudes show weak decreasing trend,
and do not change significantly. The historical record of extreme rain-
storm occurred at Pingluo in 1970 (113.2 mm) and at Dawukou in 1973
(132.9 mm) (Fig. 3f-i), with both the rainfall area, center, extreme
rainstorm in the plain areas (Figs. 2b, 6b and d-f). The rainstorm is
mainly concentrated in August, with high incidence in early August, and
the rainstorm processes end in the middle August (Fig. 4d-f).

Compared with the decreasing trend in previous 55 years
(1951-2005), since 2006, the increasing trend in recent 14 years is more
significantly. The concentration period of rainstorm is one month ahead
and the end of the process has been delayed by 20 days (Fig. 4). The
annual average rainstorm days, rainstorm process, rainstorm frequency
and the maximum daily rainfall have increased by 5.6, 7.5, 22.8 and 2.7
times, respectively. The days, processes and frequencies of GR and HR
have increased by 4.9/ 7/ 21.9 times and 12.8/ 2/ 60 times,
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(a) precipitation on July 2018

(b) precipitation on August 2016
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(c) precipitation on June 2017 (d) precipitation on July 2012
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Fig. 8. Distribution of cumulative precipitation and the variation of hourly rainfall intensity at the rainstorm centers of typical rainstorm processes in the east side of
the Helan Mountain (unit: mm; black dots indicate rainstorm centers) at Huaxuechang (hxc) (a and e) from 19:00 on July 22 to 05:00 on July 23, 2018 and (b and f)
from 19:00 on August 21 to 08:00 on August 22, 2016; (c and g) at Huangqikou (hgk) from 16:00 on June 4 to 10:00 on June 5, 2017; (d and h) at Gunzhongkou (gzk)

from 20:00 on July 29 to 10:00 on July 30, 2012.

respectively; the increase times of HR is 2-3 times that of GR; moreover,
the ER not only create a breakthrough of the zero record, but also set the
historical record for two consecutive times in just three year (Fig. 3).
Compared with the previous rainstorm distribution based on national
stations, which cannot reflect the effect of the topography of the Helan
Mountain on rainstorm, the rainstorm area and center in recent 14 years
are mainly distributed in mountainous areas, with all the rainstorm
centers located in regional stations, thereby the influence of topography,
distribution and number of stations on rainstorm is clearly depicted
(Figs. 5-6).

The above analyses show that in the context of global warming, with
the improvement of observation technology and data refinement, we
have found more mesoscale information of rainstorm in the east side of
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the Helan Mountain. The rainstorms are more frequent and intense, and
the extremity is more severe. Besides, the influence of topography on
rainstorm distribution is more clearly presented. Then in the following,
aimed at the concentration period, area and magnitude of rainstorms,
which are the focus and difficulty of rainstorm forecast, we discuss the
joint impact of LLJ and topography on rainstorm distribution.

4. Preliminary exploration of the impact of the combination of
low-level jet and topography on the distribution of rainstorm

The above analysis shows that the topography has an important in-
fluence on the distribution of precipitation. The topography has a sig-
nificant effect on the increase of precipitation, and rainstorm always
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occurs at night. LLJ is the key weather system because the topography is
constant and it needs to interact with other physical quantities. Previous
studies have shown that the nighttime enhancement of the rainstorm in
front of the windward slope is closely related to the super-geostrophic
characteristics of the LLJ, the cyclonic convergence caused by the
forced lifting of the airflow in front of the windward slope, and the
vertical momentum transport caused by the thermodynamic effect of the
atmosphere. These key factors could provide sufficient vapor, strong
instability energy and favorable triggering conditions for the nighttime
development of the mesoscale rainstorm systems (Hovmoller, 1949;
Rudari et al., 2004; Qian et al., 2004; Tucker and Crook, 2005; Chen
et al., 2005; Zhang et al., 2006; Zhao, 2012; Wang et al., 2014; Yuan
et al., 2014; Li et al., 2017; Chen et al., 2017a, 2017b; Chen et al., 2018;
Lietal., 2018; Fu et al., 2019; Pan and chen, 2019; Ivonne and Bollasina,
2020; Zhao et al., 2020).

Statistics show that all 21 rainstorm processes in the east side of the
Helan Mountain are accompanied by LLJ. Taking the nighttime rain-
storm on July 22, 2018 as an example, the evolution process of the
topographic rainstorm enhanced by LLJ in conjunction with topography
is preliminarily discussed.

Heavy precipitation was concentrated in front of the east side of the
Helan Mountain at the first half of the night on July 22, which is a typical
topography-induced localized severe convective rainstorm (Table 2 and

(a) 700 hPa wind field and low-level jet
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Fig. 8a). 6 h before the rainstorm (14: 00-20: 00 on July 22), the LLJ at
700 hPa was established, thereby the warm and humid airflows from the
South China Sea, the East China Sea and the Yellow Sea were merged in
the Sichuan Basin, which then strengthened and turned northward,
forming a water vapor transport channel that passed through the rain-
storm area. The increased temperature and humidity in lower layer
promoted the reduction of atmospheric stability. During the period of
heavy precipitation from 20: 00 on July 22 to 02: 00 on July 23, with the
strengthening and northward moving of the LLJ, the area from Sichuan
to the central-southern Ningxia was dominated by a strengthened
southerly jet with the central wind speed >18 m/s (Fig. 9a), which
continuously transported the water vapor to the rainstorm area. The
rainstorm area was located in the large-value area of water vapor flux
and convergence, and there was a region with high temperature and
high humidity in mid and low level, and the dense area of the gradient of
6se (potential pseudo-equivalent temperature) isolines formed in the
vertical and horizontal directions was the front area where the cold and
warm air masses interacted, which was conducive to the development of
the atmospheric instability. However, as there was no obvious hori-
zontal wind convergence at low level, the weak synoptic system forced a
weak upward movement, of which the center was located at 800 hPa,
with the center value of only 0.2 Pa/s (Fig. 9b). Although the effect of
dynamic lifting is insufficient, the strong and persistent high

(b) time-space section of wind vector,upward motion,rela-
tive humidity,potential pseudo-equivalent temperature
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Fig. 9. (a) 700 hPa wind field (unit: m/s) and the low-level jet (shading indicates wind speed >12 m/s) at 02:00 on July 23, 2018; (b) time-space section of wind
vector, upward motion (dashed line; unit: hPa/s), relative humidity >70% (shadow) and potential pseudo-equivalent temperature (black solid line; unit: K) at the
rainstorm center of ski resort (105.9°E, 38.7°N) at the night on July 22; (c) temporal variations of 5-min rainfall (unit: mm), radar echo intensity (unit: dBZ), echo top
height (unit: km) and vertical integrated liquid water content (unit: g/kg) and the echo top height of 55 dBZ (unit: km).
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temperature and high humidity at low level provided important ther-
modynamic conditions for triggering the mesoscale convective system.
The orographic lifting formed by the combination of the LLJ and the
topography of the Helan Mountain was also an important mechanism for
triggering the mesoscale convective system related to rainstorm. The
monitoring from Yinchuan radar shows that during the strongest period
of rainstorm from 21: 00 to 22: 00, the southeastern LLJ reached its
strongest development and maintained. The jet core (23.5 m/s) was
located about 0.8 km above the radar, and about 15 km southeast away
from the radar (Fig. 10a—d). The LLJ moved west to the front of the
mountain, and a number of convective cells triggered by orographic
lifting propagated along the mountain and moved northward slowly.
When passing through the center of the rainstorm, the convective cells
were strengthened, forming a cyclonic convergence with stability and
less movement (Fig. 10e-h). The hourly average echo intensity near the
rainstorm center was 61 dBZ with the top height of 16 km, the liquid
water content was 45 kg/g, and the strong echo above 55 dBZ was at the
height of about 7.6 km (Fig. 9¢), resulting in the heavy rainfall of 74.1
mm/h in the Huaxuechang of rainstorm center (Fig. 8e).

Similar evolutions can also be found during other rainstorm pro-
cesses accompanied by LLJ. In general, the LLJ is generally established
6-12 h before the rainstorm, and a water vapor transport channel, which
is formed by the low-level (easterly) southerly warm-wet air flow at 700
hPa or (and) 850 hPa from the eastern or (and) southern ocean, passes
through the rainstorm area. The LLJ starts from the Sichuan basin,
which is also the place for the gathering and transferring of water vapor;

(a) echo velocity at 21:31

(b) echo velocity at 21:37
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at night, the LLJ enhances and moves northward or westward, with the
front of the jet axis moving toward the eastern slope of the Helan
Mountain. The warming and humidifying of the rainstorm area at low-
level, the increase of the atmospheric instability, and the enhancement
of the dynamic or (and) thermal as well as the orographic lifting con-
ditions, provide favorable environmental conditions for the triggering
and developing of the mesoscale convection system related to the
rainstorm. The rainstorm area is mostly found on the left front of the LLJ
axis; when the LLJ is the strongest and the LLJ axis is the closest to the
rainstorm area, the precipitation is the strongest; the closer the LLJ axis
moves northward or westward to the east slope of the Helan Mountain
and the larger the LLJ core is, the stronger the magnitude and the in-
tensity of the rainstorm will be.

5. Conclusions and discussion

By using high-resolution rainstorm data sets, the distribution and
variation characteristics of the rainstorm in the east side of the Helan
Mountain in China from 2006 to 2019 are statistically analyzed, and the
comparison with those in 1951-2005 has also been conducted. More-
over, the influences of the interaction between LLJ and topography on
the distribution of rainstorm are preliminarily explored. The conclusions
are as follows.

(1) The rainstorm in arid areas is characterized by distinctive
geographical characteristics, including small scope, high

(c) echo velocity at 21:43 (d) echo velocity at 21:48
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Fig. 10. (a—d) Echo reflectivity (unit: dBZ) and (e-h) velocity (unit: m/s) at the elevation angle of 2.4° of Yinchuan radar at (a, e) 21:31, (b, f) 21:37, (c, g) 21:43 and
(d, h) 21:48 on July 22, 2018 (purple circles indicate the mesoscale systems near the rainstorm center, and red circles indicate the low-level jet cores).
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intensity, short duration for heavy rainfall, strong localization,
high precipitation efficiency and obvious topographic features,
with significant night peaks. The process is often accompanied by
LLJ, short-time rainstorm or (and) thunder and lightning. Such
precipitation distribution is closely related to the increase of
topography induced precipitation caused by the nighttime
enhancement of the low-level southeastern jets and the combi-
nation with the topographic influence in front of the east side of
the Helan Mountain that triggers or enhances the meso- and
micro-scale systems related to rainstorm.

In general, the frequency and magnitude of rainstorms are
smaller in our study area than those in other regions. The annual
average for the days and frequency of GR are 3.2 days and 30.7
station times, while that for the days of both HR and ER is less
than 1 day, but the processes account for 52%. Compared with
1951-2005, during 2006-2019 the annual average of rainstorm
days, processes, frequencies and the extreme value of daily
rainfall have increased by 5.6 times, 7.5 times, 22.8 times and 2.7
times, respectively, and the greater the rainfall and rainfall in-
tensity are, the more obvious the increase will be; the increase of
the days and frequency of HR is 2-3 times more than that of the
GR; ER has not only created a breakthrough of the zero record,
but also refreshed the historical record for two consecutive times
in just 3 years. The more frequent and intense rainstorm and the
severer extremity are related to the global climate warming and
the intense observation data used in this study.

The days and frequencies of rainstorm appear from the last ten
days of May to the first ten days of September, and the rainstorm
processes occur from the first ten days of June to the first ten days
of September, with July being the concentration period and the
last ten days of July being the peak period. The days of GR are
concentrated in the middle ten days of July, while the frequency
and process aappear in the last ten days of July; the days and
processes of HR are concentrated in the first and middle ten days
of July, with the frequencies in the last ten days of July; the ER
has only occurred in the last ten days of both July and August.
During 2006-2019, the concentration period of rainstorm is one
month ahead and the end of the rainstorm process is delayed by
20 days compared with those before 2006. The monthly and
seasonal variations of rainstorms in arid areas are closely related
to the position of the ridge line of the western Pacific tropical
high. From the middle ten days of June to the last ten days of
August, as the ridge line of the western Pacific tropical high
jumps to about 30°N, the rainy season of North China begins.
The short-time rainstorm has significant diurnal variations with
significant night peaks, showing a distribution of double peaks
for the frequency and a distribution of single peak for the extreme
values, with the high-frequency occurrence appearing from the
afternoon to the first half of the night. The stronger the rainfall
intensity is, the more? the times will be; the first half of the night
has the most, followed by the afternoon, and the least is in the
morning; the primary and secondary peaks occur at 21: 00-22: 00
and 16: 00-17: 00, respectively (which is opposite for GSR),
while ESR only appears at 14: 00-17: 00 and 22: 00-01: 00, and
the frequency of the latter is 2.5 times more than that of the
former; the top three extreme values of rainfall intensity all
appear in the first half of the night. The nocturnal occurrence of
rainstorm is related to the enhancement of the LLJ super-
geostrophic characteristics (Tao, 1980).

The high-frequency, high-value areas and the centers of the
rainstorm are mainly located in mountainous areas. In general, as
the altitude increases, the frequency, magnitude and intensity of
rainstorm increase. Within the range of 1200-1494 m, the daily
rainfall and hourly rain intensity increase by about 21 mm and 5
mm for every increase of 100 m in the altitude. The rainstorm
distribution in plain areas is relatively more scattered, with lower
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frequency and smaller magnitude. At most stations, the total
frequency of rainstorms is below 3 days, the extreme daily rain-
fall is less than 75 mm, and the extreme hourly rainfall intensity is
less than 40 mm. The topography has important influence on
rainstorms, and the rainstorm frequency and rainfall intensity are
more frequent and intense in mountain areas.

The influence of the LLJ combined with the topography on the dis-
tribution of rainstorm is preliminarily explored. Considering the paper
length limit, only the observational facts are detailedly presented, but
the reasons behind the facts are just preliminarily analyzed. The trig-
gering mechanisms of rainstorms over complex terrain still need further
investigation. In future researches, based on high-resolution numerical
simulation and sensitivity test on typical rainstorm processes, the trig-
gering, developing and dissipation mechanisms for the rainstorm-
related mesoscale systems over complex terrains will be thoroughly
explored, aiming to figure out the formation mechanisms of the rain-
storm in the east side of the Helan Mountain.
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