atmosphere

Article

On the Mechanisms of a Snowstorm Associated with a
Low-Level Cold Front and Low-Level Jet in the Western
Mountainous Region of the Junggar Basin, Xinjiang,
Northwest China

Xiaoning He !, Abuduwaili Abulikemu *, Ali Mamtimin 2345, Ruqi Li 6, Aerzuna Abulimiti !, Dawei An 6%,
Mangsuer Aireti 6, Yaman Zhou ¢, Qi Sun ?, Zhiyi Li %, Lin Yuan * and Tao Xi’

Citation: He, X_; Abulikemu, A.;
Mamtimin, A.; Li, R.; Abulimiti, A.;
An, D.; Aireti, M.; Zhou, Y.; Sun, Q.;
Li, Z.; et al. On the Mechanisms of a
Snowstorm Associated with a
Low-Level Cold Front and
Low-Level Jet in the Western
Mountainous Region of the Junggar
Basin, Xinjiang, Northwest China.
Atmosphere 2023, 14, 919.
https://doi.org/10.3390/
atmos14060919

Academic Editors: Zuohao Cao,

Huagqing Cai and Xiaofan Li

Received: 22 March 2023
Revised: 5 May 2023
Accepted: 15 May 2023
Published: 24 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY) license
(https://creativecommons.org/license

s/by/4.0/).

1 Xinjiang Key Laboratory of Oasis Ecology, College of Geography and Remote Sensing Sciences,
Xinjiang University, Urumgi 830017, China; xiaoninghe@stu.xju.edu.cn (X.H.);
107556518080@stu.xju.edu.cn (A.A.); sunqi990129@stu.xju.edu.cn (Q.S.); lizhiyi@stu.xju.edu.cn (Z.L.);
linyuan0812@stu.xju.edu.cn (L.Y.)

2 Institute of Desert Meteorology, CMA, Urumgi 830002, China; ali@idm.cn

3 National Observation and Research Station of Desert Meteorology, Taklimakan Desert of Xinjiang,
Urumgqi 830002, China

4 Taklimakan Desert Meteorology Field Experiment Station of CMA, Urumgqi 830002, China

5 Xinjiang Key Laboratory of Desert Meteorology and Sandstorm, Urumgqi 830002, China

¢ Xinjiang Meteorological Observatory, Urumgqi 830002, China; lirugi@sohu.com (R.L.);
mangsuer269004@cma.cn (M.A.); zhouyaman291694@cma.cn (Y.Z.)

7 Liaoning Provincial Meteorological Service Center, Shenyang 110166, China; xitao335891@cma.cn

* Correspondence: abduwaly@xju.edu.cn (A.A.); andawei817582@cma.cn (D.A.)

Abstract: Snowstorms frequently hit large parts of the Northern Hemisphere, and their causative
factors have been drawing increasing attention in recent years. As the first in-depth study on the
mechanisms of a snowstorm associated with a low-level cold front (LLCF) and low-level westerly
jet (LLW]) in the western mountainous region of the Junggar Basin, Xinjiang, based on both obser-
vations and numerical simulation, the major findings of this work are as follows: At the early stage,
instabilities were mainly dominated by inertial instability (II) occurring near the core region of the
LLWJ, while the lower level was mainly controlled by the baroclinic component of moist potential
vorticity (MPV2), which was mainly contributed by the vertical shear of the horizontal wind, which
is also located near the LLW]. At the later stage, Il was released significantly, whereas the MPV2 still
supported snowfall clouds. Further analysis based on the decomposition of the frontogenetical forc-
ing required for the release of the instabilities indicated that the slantwise term was the major con-
tributor, whereas convergence and deformation also played significant roles at low levels above the
windward slope. The slantwise term resulted from the combined effects of baroclinicity due to the
LLCF and the inhomogeneity of the momentum due to the LLW]J.

Keywords: instabilities; frontogenetical function terms; moist potential vorticity; inertial instability;
slantwise precipitation; regional high-resolution numerical simulation; Junggar Basin; snowstorm
maintenance

1. Introduction

Snowstorms are one of the major catastrophic weather events in mid- and high lati-
tudes in winter and often pose serious threats to lives, properties, transportation, agricul-
ture, and energy supply via heavy snow, high wind, low temperature, and low visibility
[1-6]. In recent years, snowstorms have frequently hit large parts of the Northern Hemi-
spheric continents, and increasing attention has been shown to the causes of snowstorms
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[7]. Although numerical weather prediction has made great progress so far, accurate pre-
diction of local heavy snowfall weather is still challenging for meteorologists [8]. Gaining
a better understanding of the mechanisms controlling the occurrence and development of
snowstorms is very important to improve snowstorm forecasts [9-11], and it has some
implications for improving the seasonal runoff predictions and projections of the devel-
opment and utilization of water resources [12-14].

The mechanisms underlying the occurrence and development of snowstorms are
complicated. Many studies have analyzed the causes and mechanisms of snowstorms in
a climatological context [7,15-18]. Wang et al. [18] investigated the results of snowstorms
in northern China from 1961 to 2014 and showed that the snowstorms corresponded to
the negative phases of the North Atlantic Oscillation (NAO) and the Arctic Oscillation
(AO). Zhou et al. [7] stated that the shift from negative to positive polarity in the mid-
1990s in the main pattern of snowstorms in northern China from 1961 to 2014 was linked
to the southward shift of the polar frontal jet and the northward shift of the upper sub-
tropical jet in the troposphere. Sun et al. [15] studied the first two leading modes of the
interannual variability of the frequency of snowfall events (FSE) in China in the winter
from 1986 to 2018. They found that the positive phase of the first leading mode (EOF1) is
primarily characterized by positive FSE anomalies in northeastern to northwestern China,
as well as negative FSE anomalies in the Three-River-Source region. On the contrary, the
positive phase of the second leading mode (EOF2) is mainly characterized by positive FSE
anomalies in central-eastern China.

Furthermore, there are many aspects within the context of land surface patterns and
mesoscale weather systems that can play important roles in the mechanisms of snow-
storms, such as oceans, lakes, complex terrain, cold fronts, and jet streams [19-22]. For
example, Aikins et al. [23] studied the role of a cross-barrier jet and turbulence on an oro-
graphic snowfall and stated that the presence of cross-barrier jets favors the shear-induced
turbulent zones, and this turbulence is a key mechanism in enhancing snow growth. Fur-
thermore, Campbell et al. [9] studied the influences of orography and coastal geometry on
a sea-effect snowstorm over Hokkaido Island, Japan. They found that the orographic flow
deflection by the coastal mountains produced convergence and ascent along the elongated
enhancement region near the entrance to Ishikari Bay. In addition, Ma et al. [24] studied
the mechanisms of vertical velocity and vertical kinetic energy changes during heavy
snowfall in complex terrains. They stated that the passage of a cold front increases the
surface pressure due to the arrival of the cold high behind, resulting in changes in the
vertical pressure gradient force and the dry air column buoyancy, which in turn resulted
in the development of vertical motion. Gehring et al. [25] found that orographic gravity
waves (GWs) induced over the ice ridge upstream of Davis in the Vestfold Hills, East Ant-
arctica, were responsible for snowfall sublimation through a foehn effect, and there was
almost no precipitation reaching the ground at Davis, despite a strong moisture advection
that occurred during this event.

Moreover, the frontogenetical forcing and some accompanying instabilities have also
been considered important mechanisms of snowstorms [26-28]. For example, Sanders and
Bosart [29] investigated a heavy snowstorm event that affected major cities in the north-
eastern United States and stated that the snowfall is attributable mainly to frontogenetical
forcing and symmetric instability (SI). Similarly, Wang and Ding [30] suggested that fron-
togenetical forcing played an important role in the occurrence of a strong snowstorm
event in North China in 1986. Schultz and Schumacher [31] stated that the release of con-
ditional symmetric instability (CSI) is predicated upon slantwise air parcel lifting beyond
the condensation level to the level of free slantwise convection (LFSC). They also claimed
that the frontogenetical circulation is one of the mechanisms that can produce an ascent
flow required to lift an air parcel forcibly to its LFSC. Schumacher et al. [32] also stated
that the major snowbands were associated with frontogenesis along a cold front, and the
minor snowbands formed due to the release of CSI and II. Taylor et al. [33] investigated
the synoptic/mesoscale dynamics responsible for an unusually heavy snowstorm in the
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southern US where the convective instability (CI) and CSI, terrain blocking, and a double
low-level jet (LL]) development process played an important, in addition to the synoptic
scale process. Li et al. [34] investigated the mechanism of a terrain-influenced snowstorm
event in Northeast China. Their numerical experiments showed that without the influence
of the Changbai Mountains, the release of CI and II within a weak frontogenetical envi-
ronment was responsible for the maintenance of the snowbands. They also stated that the
release of the CI at the mid-level and other low-level or near-surface instabilities (II, CI, or
CSI) contributed to the formation of the snowbands. In addition, some studies have been
conducted to investigate the contribution of each sub-terms of the frontogenetical forcing
to heavy precipitation by decomposing the frontogenesis function [35]. Xu et al. [36] ana-
lyzed the strong precipitation of the Meiyu front in the Zhejiang Province and found that
the low-level frontal generation was mainly contributed by the convergence term and de-
formation term, and the slantwise term played a negative role. Furthermore, He et al. [37]
found that the largest contribution to frontogenesis was the deformation term, whereas
the slantwise term played a major role in frontolysis during a rainstorm event in Henan
Province.

In addition, the moist potential vorticity (MPV) has been widely used to diagnose
atmospheric instability in studies on the mechanisms of the occurrence and development
of mid-latitude heavy precipitation events, including both rainstorms [38-40] and snow-
storms [41-43]. For instance, Feng et al. [41] studied the occurrence and development
mechanism of a snowstorm in Henan Province, China. Based on the analysis of the MPYV,
they showed that the area with a negative value of the baroclinic component of the MPV
was conducive to the release of SI and consequently favorable for the occurrence of snow-
fall.

There are relatively few in-depth studies on winter snowstorms, especially in the
Tacheng region of northern Xinjiang, in contrast to the relatively extensive and in-depth
studies on summer precipitation both in the mid-eastern part of China and Xinjiang [44—
47]. Consequently, the mechanisms of the snowstorms in northern Xinjiang are poorly
understood. Furthermore, to the authors” knowledge, systematic and in-depth research
on the occurrence and development of snowstorms based on high tempo-spatial resolu-
tion and numerical simulation is absent, especially for snowstorms associated with mul-
tiple aspects such as cold fronts, low-level jets, and unstable energy over mountainous
regions. The purpose of this study is to explore the mechanisms of snowstorms associated
with low-level cold fronts, low-level westerly jets, and unstable energy in the western
mountainous region of the Junggar Basin, Xinjiang, Northwest China, using a high-reso-
lution numerical simulation.

The rest of this paper is organized as follows. Section 2 provides a brief overview of
the snowstorms, and Section 3 presents the setup of the numerical simulation and evalu-
ation. The mechanisms of snowstorms are analyzed in detail in Section 4. Finally, a sum-
mary and discussion are presented in Section 5. All abbreviations appearing in this article
and their explanations are shown in Table 1.

Table 1. List of the abbreviations and their explanations used in this study.

Abbreviations Explanation
AGL Above Ground Level
ASL Above Sea Level
UTC Universal Time Coordinated
WRF Weather Research and Forecasting model
LLCF Low-level Cold Front
LLW]J Low-level Westerly Jet
MPV Moist Potential Vorticity
CI Convective Instability

11 Inertial Instability




Atmosphere 2023, 14, 919 4 of 31
HGw Horizontal Gradient of vertical velocity
HGOe Horizontal Gradient of the equivalent potential temperature
VSHW Vertical Shear of the Horizontal Wind
HHV Hybrid effect of HGOe and VSHW
Ft Frontogenesis function

2. Case Overview

A severe snowstorm occurred in northern Xinjiang, Northwest China, on 22 January
2021. A total of 128 stations observed snowfall during this snowstorm event. Among them,
28 stations had moderate snow, 17 stations had heavy snow, 7 stations had very heavy
snow (i.e., reaching 12.1 mm), and the heaviest snow was 19.2 mm (the snowfall intensities
mentioned in this study indicate snow water equivalent value. According to the local pre-
cipitation level classification criteria of Xinjiang, the snowstorm was defined as the snow
water equivalent values ranging from 12.1 mm day 1 to 24.0 mm day 1). In addition, the
daily snowfall of four stations broke the record of historical extreme values in January.
The areas that this article focuses on are shown in Figure 1a.
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Figure 1. (a) Geographic location and terrain altitude (shading, unit: m) of the study area where the
snowstorm occurred. The black five-pointed star (%) indicates the location (46.73° N, 83° E) of the
Tacheng Radiosonde station, and the red dots indicate the locations of the ground-based automatic
weather stations (AWSs) (S1, S2, and S3). The solid black and thin gray lines indicate the national
and district boundaries, respectively. (b) Geographic locations and terrain altitudes (shading, unit:
m) of the WRF model domains.

2.1. Environmental Conditions

The dataset utilized in the present study included observational data from the Feng-
yun-4A meteorological satellite (FY-4A), ground-based automatic stations (with a tem-
poral resolution of 1 h), and the balloon sounding observation data. All of these observa-
tion data were provided by the National Meteorological Center of the China Meteorolog-
ical Administration. In addition, the fifth-generation European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric reanalysis (ERA5) data and six-hourly, 1° x 1°
gridded National Centers for Environmental Prediction (NCEP) Final (FNL) reanalysis
dataset (https://rda.ucar.edu/datasets/ds083.2/, accessed on 11 April 2021) were also used.

In order to investigate the environmental conditions of this snowstorm event, the
ERADS5 data were used to further analyze the dynamic, thermal, and moisture conditions
at 500 and 700 hPa. There was a relatively deep cold vortex at 500 hPa over the area to the
north of Baikal Lake, and the western Siberia region was affected by the low vortex at 00
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UTC on 22 January. At 6 UTC (Figure 2a), a relatively deep trough extending from the low
vortex (indicated by “L”) oriented roughly in an east-west direction. It was located over
a broad region from western Siberia to western Russia. Furthermore, another short-wave
trough oriented in a north—south direction occurred over the area to the east of the Areal
Sea. An upper-level jet (UL]), reaching 40 m s at 300 hPa, appeared ahead of the short-
wave trough (i.e., between the short-wave trough and study area), along with another UL]
located to the north of the study area. The study area was dominated by relatively weak
westerlies with wind speeds of ~14-16 m s7'. By 12 UTC (Figure 2b), the deep trough ori-
ented in the east-west direction slightly moved southward, with the short-wave trough
also moving eastward to some extent. Meanwhile, the northern core region of the UL]J
ahead of the short-wave trough moved significantly eastward and was located near the
northwestern edge of the study area, delivering more southwesterlies to the study area.
At this time, the study area was roughly located under the right side of the entrance region
of the ULJ, indicating that an upper-level divergence occurred over the study area.

The lower troposphere at 700 hPa at 6 UTC (Figure 2c) showed that there was a strong
low-level jet (LLJ) to the northwest of the study area, with relatively weak (~4 m s-12 m
s) southwesterlies that dominated the study area. There was a large zonal region with a
relatively high horizontal gradient of potential temperature (6) on the northwestern side
of the LL] (Figure 2e). In addition, there were three relatively weak water vapor flux con-
vergence belts extending from the region of high 0 gradient to the northwest and west of
the study area, showing an orientation of roughly north-south direction. By 12 UTC (Fig-
ure 2d), the LL] significantly moved eastward, entered the northwestern part of the study
area, and brought an intense LLW] with a horizontal wind speed reaching ~26 m s'. The
entrance region of the LLW] to the northwestern part of the study area was in good agree-
ment with the occurrence of the LLW] observed by the AWSs, as shown in Figures 3 and
4. At this time (Figure 2f), a zonal area with a high potential temperature gradient and
high water vapor flux convergence occurred near Baerluke Mountain and Saimisitai
Mountain (indicated by a red arrow), revealing the arrival of the leading edge of the cold
front. This cold front, along with the LLW], was the leading edge of an eastward-moving
surface cold high. Consequently, it can be inferred that this cold front induced a relatively
intense advection of cold air and moisture to the study area, and it had a rather intense
LLW] behind and UL]J above. These characteristics of the cold front were quite favorable
for the formation and development of the snowstorm.
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Figure 2. (a-d) Geopotential height (blue solid lines, units: gpm), temperature (red dashed lines,
units: °C), and wind fields (half barbs, full barbs, and flags represent 2, 4, and 20 m s, respectively)
on 22 January 2021 derived from ERAS5 data. The overlaid black contours (unit: m s) in (a) and (b)
indicate that the upper-level jet exceeded 40 m s at 300 hPa, the thick brown dashed line indicates
the trough, and the letter “L” indicates the low-pressure center. The shaded colored areas in (c) and
(d) indicate that the lower-level jet (unit: m s™) exceeded 15 m s, and the overlaid black contours
indicate topography over 3000 m above sea level (ASL). (e,f) Water vapor flux divergence (shading,
unit: g hPa™ cm? s™) and potential temperature (black contours, unit: K). The specific time and iso-
baric surface level are shown in the lower right corner of each panel, and the rectangular area in
each panel denotes the study area shown in Figure 1a.
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Figure 3. (a—d) Temperature of the black body (TBB, shading, unit: °C) over the top of the snowfall
cloud observed by the FY-4A meteorological satellite on 22 January 2021. The black dashed rectan-
gular area denotes the study area, as shown in Figure 1a. The specific time is shown in the upper
left corner of each panel. Two red arrows in (a) represent the position of meso-f3 scale banded clouds.
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Figure 4. (a—d) Terrain altitude (shading, unit: m) and hourly maximum wind (black vector arrows)
observed by the ground-based automatic weather stations (AWSs). The values of hourly maximum
wind speed observed by AWSs are shown for each station, and the values over and under 12 m s
are indicated with numbers in red and blue, respectively. The specific time is shown in the upper
left corner of each panel.

2.2. System Evolution

It can be seen from the tempo-spatial evaluation of the temperature of the black body
(TBB) on top of the snowstorm clouds that there is a meso-a scale baroclinic leaf cloud
system with a TBB < -52 °C, mainly located over the area to the west of Xinjiang (approx-
imately over Kazakhstan and Kyrgyzstan), showing a distribution along the northeast-
southwest direction (Figure 3a). Relatively intense (TBB <-61 °C) clouds mainly occurred
in the northern part of the cloud system, while some other small cloud clusters in the mid-
eastern part reached the same intensity. At this time, two meso-{3 scale banded clouds (in-
dicated by two red arrows) developed on the eastern side of the cloud system and were
roughly located over the western Tian Shan Mountains and Ili River Valley. Subsequently,
the eastern part of the cloud system moved eastward, along with some other new cloud
clusters developed over the area to the north (i.e., the mid-northwestern part of the study
area). At 11 UTC (Figure 3b), major intense snowstorm clouds (TBB < -61 °C) occurred
over the study area (especially over the western mountainous region in the Junggar Basin)
and near the border region between China and Kazakhstan. Over time, snowstorm clouds
further intensified (TBB < -64 °C) and maintained over the northwestern and mid-north-
ern parts of the study area. Meanwhile, the cloud system further moved eastward and
also developed over eastern Kazakhstan, as well as in southwestern and northwestern
Xinjiang (Figure 3c). The mesoscale snowstorm clouds with TBB < -64 °C lasted for ~6 h
over the western mountainous region in the Junggar Basin, and their strongest period was
11-14 UTC. By 17 UTC (Figure 3d), the major intense (ITBB < -61 °C) part of the cloud
system moved northward to some extent, and the clouds in the study area weakened



Atmosphere 2023, 14, 919

9 of 31

significantly, resulting in a significant decay of the snowstorm in the western mountain-
ous region of the Junggar Basin.

In addition to the heavy snowfall, the present snowstorm event was accompanied by
severe high winds near the ground. According to the observations of the ground-based
automatic weather stations (AWSs) in the study area, the near-surface wind in the western
Junggar Basin was relatively weak (<5 m s™) at 8 UTC (Figure 4a). In contrast, the wind in
the Tacheng-Emin Basin was relatively higher, especially near the northern slope of Baer-
luke Mountain. Two AWSs located near the northern slope of Baerluke Mountain showed
higher winds (i.e., 13.2 m s and 16.3 m s7, respectively). These two AWSs were located
close to the western portion of the canyon between Baerluke Mountain and Saimisitai
Mountain. Therefore, the higher winds probably occurred due to the funneling effect (also
called the canyon effect or canalization). Another AWS observed a higher wind >12 m s
located at the northwestern bulgy edge of Baerluke Mountain. The higher wind at this
AWS may have been due to the spatial edge topography.

By 11 UTC (Figure 4b), the near-surface winds in the Tacheng-Emin Basin strength-
ened significantly (most of the observed wind speeds were in the range from ~12.1 m s
to 22.8 m s™), and most of the wind directions were westerlies, indicating the entrance of
a strong low-level westerly jet (LLW]). The other three AWSs located over the eastern and
southeastern slopes of Baerluke Mountain also showed similar westerly (or northwest-
erly) high winds and one of them observed a high wind of up to 30.9 m s, while the
winds in the Junggar Basin were still weak (<5 m s™).

At 14 UTC (Figure 4c), the high winds in the Tacheng-Emin Basin further strength-
ened (most of the observed wind speeds ranged from ~16.7 m s to 23.7 m s7), and the
wind directions roughly remained as westerlies, showing the further intensification of the
LLW]J. At this time, the aforementioned three AWSs located over the eastern and south-
eastern slopes of Baerluke Mountain observed higher wind speeds, and one of them
showed a high wind of up to 40.7 m s™'. The winds in the Junggar Basin remained rela-
tively weak (most wind speeds were <8 m s). However, an AWS located over the south-
ern portion of the canyon between Alatau Mountain and Baerluke Mountain observed a
higher wind of 23.6 m s™.. By 17 UTC (Figure 4d), the wind speed observed by most of the
AWSs located over the northwestern part of the Junggar Basin also showed the influence
of the LLW], showing a significant increase in the wind speed (reaching ~29.2 m s71).

In order to investigate the evolution of basic meteorological elements during the
snowstorm event, we selected three AWSs in the Tacheng-Emin Basin (as shown as S1, S2,
and S3 in Figure 1a) for further analysis. As shown in Figure 5a, precipitation began to be
observed at station S1 at 11 UTC, which reached a relatively high value of >2.5 mm during
13-14 UTC, and then it gradually decreased in the period between 15 and 19 UTC. It is
clear that other basic meteorological elements significantly changed before the occurrence
of the snowfall. For example, the wind speed increased significantly during 7-11 UTC,
especially showing a sharp increase (from ~4 m s to ~19 m s) during 7-10 UTC, while
the wind direction changed from northwesterly to westerly during 9-10 UTC. In addition,
the relative humidity (RH) increased from 58% to 89% during 9-11 UTC. Furthermore, the
temperature decreased monotonously from ~2 °C to ~-14 °C from 9 UTC on 22 January to
4 UTC on 23 January, and the sharpest temperature drop (~7 °C) occurred during 9-14
UTC on 22 January (i.e., before the occurrence of the heaviest snowfall observed by S1).
Moreover, the pressure also showed a significant monotonous increasing trend from 7
UTC on 22 January to 2 UTC on 23 January, and the pressure jump was up to ~35 hPa. The
significant abrupt changes in wind speed, wind direction, and relative humidity, as well
as the monotonous temperature drop and pressure jump, indicate the passage of a cold
front accompanied by moist air and the LLW].
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Figure 5. Evolution of precipitation (blue bars, unit: mm), temperature (black lines, units: °C), rela-
tive humidity (green lines, unit: %), pressure (pale brown lines, unit: hPa), and wind information
(wind barbs, half barbs, full barbs, and flags represent 2, 4, and 20 m s, respectively; red lines show
the wind speed, units: m s™) observed by ground-based automatic weather stations (a) S1, (b) S2,
and (c) S3, respectively, (see the locations of S1, 52, and S3 in Figure 1a) from 4 UTC on 22 January
to 4 UTC on 23 January 2021.

For station S2 (Figure 5b), precipitation occurred during the period from 13 to 18
UTC. The wind speed increased significantly (from ~5 m s to ~17 m s™!) during 9-12 UTC,
while the wind direction changed sharply from southerly to westerly during 9-10 UTC.
The RH increased obviously from ~61% to ~80% during 9-11 UTC, and a temperature
drop of ~5 °C (from ~3 °C to ~-2 °C) was observed in this 2 h period as well. At a later stage
from 12 UTC on 22 January to 00 UTC on 23 January, the temperature decreased monoto-
nously, showing a relatively slight decreasing trend. Furthermore, the pressure began to
increase after 7 UTC on 22 January, and also monotonously increased during the period
in the coming 20 h, showing the same pressure jump (~35 hPa) as S1. The overall change
patterns of the elements observed at these two stations were similar. However, the
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beginning times of the significant change in some elements at S2 were ~2 h later than that
of S1. This time lag reveals that the cold front affected S2 later than S1, which was likely
due to the relatively southern geographical location of S2.

At station S3 (Figure 5c¢), precipitation occurred in almost the same time period as S2,
and the evolution of the pressure was also similar to that of S2. However, the wind speed
observed by S3 was significantly different from that of the other two AWSs. It maintained
a relatively high value (~17 m s™) during 5-8 UTC, sharply decreased to ~7 m s in the
period between 8 and 10 UTC, and then sharply increased up to ~23 m s at 11 UTC. The
wind direction in the period between 5 and 9 UTC was maintained as southeasterly but
sharply turned northwesterly at 1 UTC. (The high wind during the period 5-8 UTC was
probably due to the funneling effect that occurred near the canyon between Baerluke
Mountain and Saimisitai Mountain. A similar southeasterly high wind was also found
near the region close to the S3 in Figure 4a). After 10 UTC, a significant increase in RH
(from ~60% to 84%) was also observed between 10 and 11 UTC. The temperature also de-
creased monotonously in a 17 h period after 10 UTC. In general, almost all of the basic
meteorological elements observed by the three AWSs revealed that there was a cold front
accompanied by moist air, and LLW] affected this region before the occurrence of the
snowstorm.

However, the formation mechanism of the snowstorm is still unclear due to the lim-
itations of the tempo-spatial resolution of ERA5 data and observational data. Conse-
quently, in order to further investigate the mechanisms of the snowstorm, numerical sim-
ulations with a high tempo-spatial resolution were conducted as follows.

3. Numerical Simulation
3.1. Setup of Numerical Experiment

The numerical simulation was performed using the Weather Research and Forecast-
ing (WRF) model (V4.2.1) [48], with two-way nested two-level domains and horizontal
grid spacings of 9 km and 3 km, respectively (Figure 1b). The inner domain fully covered
the whole of Xinjiang and some of the upstream areas. For both domains, the model phys-
ics adopted the WRF Single Moment 6-class (WSM6) microphysics scheme [49], YSU (Yon-
sei University) planetary boundary layer scheme [49,50], Unified Noah land surface model
scheme [51], Rapid Radiative Transfer Model for GCMs (RRTMG) longwave and
shortwave radiation schemes [52], and Revised MM5 (Fifth-Generation Penn State/Na-
tional Center for Atmospheric Research Mesoscale Model) Monin—-Obukhov scheme [50].
The Kain—Fritsch scheme [53] (Kain 2004) was used for cumulus parameterization in do-
main d01, whereas it was turned off in domain d02. (Above physical parameterization
schemes were selected as the most appropriate combination based on the results of a
dozen numerical experiments.) The initial and boundary conditions for the simulation
were created using the six-hourly NCEP FNL analysis data with a resolution of 1° x 1°. All
domains were initialized at 6 UTC on 22 January 2021 and integrated for 30 h. The time
intervals of the output data of d01 and d02 were 60 min and 10 min, respectively.

3.2. Evaluation of Simulation

In order to establish the credibility of the simulation, the simulated 24 h accumulated
precipitation and atmospheric stratification conditions (indicated by the Skew T-logP di-
agram) were compared to their observational counterparts. The observed 24 h accumu-
lated precipitation was obtained by AWSs, and the interpolated distribution patterns of
the precipitation were unsatisfactory due to the heterogeneous distribution of the AWSs
in the study area. Several common interpolation methods were tried, such as inverse dis-
tance weighted interpolation, Cressman Interpolation, natural neighbor interpolation,
and tension splines interpolation). Therefore, different colorful symbols are used to rep-
resent the intensity of the accumulated precipitation at each station. As shown in Figure
6a, three high precipitation areas (indicated by black dashed ellipses) can be identified
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according to the observed 24 h accumulated precipitation pattern in northwestern Xin-
jiang. The northwestern high precipitation area is located over the western mountainous
region of the Junggar Basin (i.e., mainly near the Baerluke Mountain), whereas the south-
western and southeastern high precipitation areas are located over the Ili River Valley
(including the mountainous region on both sides) and the northern slope of the Tian Shan
Mountains, respectively. The overall pattern of the simulated 24 h accumulated precipita-
tion (Figure 6b) also roughly showed three similar high precipitation areas (also denoted
by black dashed ellipses) located over the same regions, which is generally consistent with
the observations.
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Figure 6. (a) Observed 24 h accumulated precipitation (colorful symbols, units: mm) observed by
the ground-based automatic weather stations from 12 UTC on 22 January to 12 UTC on 23 January
2021. (b) Simulated 24 h accumulated precipitation (shading, units: mm) during the same time as

()

The atmospheric stratification conditions at 00 UTC on 22 January observed by bal-
loon sounding at Tacheng weather station indicated that there were two obvious thermal
inversion levels at the lower level below ~800 hPa. At the lowest inversion level, the tem-
perature increased from —4.5 °C (at 943.5 hPa, i.e., the lowest level) to 3.5 °C (at 910 hPa).
For the other relatively thinner inversion level, the temperature increased from —0.8 °C (at
837 hPa) to 1.5 °C (at 801 hPa). This type of inversion level indicates a significant stable
stratification that suppresses the local ascending flow. The low level below 850 hPa was
dominated by weak easterlies (<12 m s™), whereas some moderate westerlies (~16-18 m
s1) occurred at the levels between 400 hPa and 500 hPa. The dewpoint depression (T-Td)
was ~4.5 °C near the surface, and it gradually increased with height, showing a rather dry
air (dewpoint depression reaching ~21 °C) at ~740 hPa. Humidity gradually increased
with height, showing relatively moist air (dewpoint depression reaching ~6 °C) at ~500
hPa. However, the air at the upper level became rather dry again, and the dewpoint de-
pression reached ~27 °C at ~440 hPa.

By 12 UTC (Figure 7a), the thermal, dynamic, and moisture characteristics of the
stratification conditions notably changed. For example, the aforementioned thermal in-
version layers weakened significantly and almost disappeared, showing a roughly neutral
thermal stratification in the low layer from 925 to 890 hPa and another neutral thermal
stratification layer from ~800 hPa to ~700 hPa, with small temperature perturbation. The
disappearance of the thermal inversion layers was favorable for the release of some un-
stable energies and the occurrence of some local ascending flows. Furthermore, the wind
speed at low levels below 850 hPa increased remarkably, showing a west-northwesterly
high wind reaching ~24 m s at 890 hPa. This high wind coincided with the LLW] analyzed
above (Figures 3 and 4). In contrast, a relatively weak (~12 m s1) west-northwesterly wind
occurred at ~800 hPa, along with a west-southwesterly wind reaching ~16 m s at ~600
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hPa. This type of anti-cyclonic vertical shear in the horizontal wind direction indicates that
there was a cold advection in the layer between 800 hPa and 600 hPa. The wind speed
increased significantly with height above 500 hPa and almost reached the intensity of a
typical upper-level jet (~30 m s) at the level between ~400 hPa and 300 hPa. Meanwhile,
the basic Skew T-logP diagram parameters showed that the pressure and temperature of
the lifting condensation level (LFC) were 907 hPa and —4 °C, respectively. The precipitable
water was ~8 mm, and there was no convective available potential energy (CAPE).
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Figure 7. (a) Skew T-logP diagram derived from an observed balloon sounding at Tacheng weather
station (marked with symbol “3” in Figure 1a) at 12 UTC on 22 January 2021. (b) is the same as (a)
but derived from the WRF simulation data at the same time and the same location.

At this time, the simulated stratification conditions (Figure 7b) showed that there
were two neutral thermal stratification layers occurring in the near-surface layer below
~880 hPa and the layer between ~800 hPa and ~700 hPa, which was in good agreement
with the observations. However, the level below ~650 hPa was rather wet (dewpoint de-
pression reaching <3 °C), especially at low levels below 850 hPa (dewpoint depression
reaching <~1 °C). In addition, the vertical wind profile shows that there was a westerly
high wind reaching ~28 m s at ~880 hPa, along with a significant anti-cyclonic vertical
shear of horizontal wind direction occurring in the layer between ~800 hPa and ~600 hPa,
denoting cold advection. Additionally, the upper level above ~400-300 hPa was domi-
nated by southwesterly high winds (reaching ~30 m s™). These wind characteristics were
also in good agreement with the observations.

In general, the precipitation distribution (indicating the basic characteristics of the
occurrence and development of the snowstorm system), thermal, dynamic, and moisture
characteristics of the stratification conditions in the simulation agreed well with their ob-
servational counterparts. Therefore, the simulation results were considered reliable for
further analysis of the snowstorm mechanism based on the WRF simulation data with 3
km resolution, as discussed in the following section.

4. Mechanism of the Snowstorm

Figure 8 shows the hourly evolution of the simulated composed radar reflectivity
during the occurrence and development of the snowstorm in the western mountainous
region of the Junggar Basin. At 10 UTC (Figure 8a), the snowfall cloud clusters formed
roughly over the area to the west of the study area (i.e., Kazakhstan) and were moving
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eastward. At about 11 UTC (Figure 8b), the eastward-moving snowfall clouds further
moved over the Tacheng-Emin Basin, and some other local snowfall cloud clusters were
initiated locally over the windward slope (i.e., northwestern slope) of Baerluke Mountain
and Saimisitai Mountain (indicated by red arrows). By 12 UTC (Figure 8c), locally initiated
snowfall cloud clusters continuously occurred and developed (denoted by red arrows) on
the windward slope area of the mountainous area, and eventually merged with the east-
ward moving snowfall clouds. At about 13 UTC (Figure 8d), the intensity of the composed
reflectivity of the merged snowfall clouds was further strengthened, forming a relatively
intense and wide snowfall cloud system over the Tacheng-Emin Basin and the windward
slope of the mountains. During the coming ~4 h period, the merged snowfall clouds main-
tained an intense status, mainly over the northwestern windward slope of the mountain-
ous region, resulting in the local snowstorm mentioned above (i.e., Figure 6). The 24 h
accumulated precipitation variation along line AB (Figure 8e) shows that the major pre-
cipitation mainly occurred over the upper half of the windward slope of Baerluke Moun-
tain, whereas there was little precipitation over the mountain peak. This was probably due
to a quasi-stationary downdraft with an intensity of ~1 m s, which was probably gener-
ated due to the orographic GWs. As mentioned by Li et al., 2021 [34], GWs usually show
a flow pattern in the form of alternatively distributed rising and sinking motions over the
mountains.
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Figure 8. (a—d) Simulated composed radar reflectivity (shading, units: dBZ), the height of topogra-
phy (black solid contours, unit: m), and wind field (half barbs, full barbs, and flags represent 2, 4,
and 20 m s, respectively) at 1000 m ASL on 22 January 2021. The red line segment AB indicates the
location of the vertical cross-section which is shown in Figures 9-13. The specific time is shown in
the lower right corner of each panel. (e) Simulated 24 h accumulated precipitation (blue contour,
units: mm) from 6 UTC on 22 January to 6 UTC on 23 January 2021 along the line segment AB, and
the gray shading indicates the topography.
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Figure 9. (a—d) Vertical cross-section of the composed reflectivity (shading, units: dBZ) and potential
temperature (gray contours, units: K) along the line AB (shown in Figure 8) at 10, 11, 12, and 13 UTC
on 22 January 2021. The red dashed lines indicate the LLCF and the hollow red arrows indicate the
location of the leading edge of the LLCF on the ground. The two black dashed lines indicate the
boundaries on both sides of the fronts formed at the top of the mountain, and the two filled red
arrows indicate the positions of these two fronts. (e-h) are the same as (a-d), except for the potential
temperature (0, shading, units: K), composed reflectivity (black solid contours, units: dBZ), and
horizontal wind speed (black vector arrows). (i-1) are the same as (a—d), except for the horizontal
wind speed (shading, units: m s!). The gray shading indicates the topography, and the specific time
is shown in the lower right corner of each panel.
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Figure 10. (a—c) Vertical cross-section of the moist potential vorticity (MPV, shading, units: PVU, 1
PVU =10°m?K s kg™) and composed reflectivity (black solid contours, units: dBZ) along the line
AB at 11, 13, and 15 UTC on 22 January 2021, respectively. (d—f) are the same as (a—c), except for the
MPV1, and (g-i) are the same as (a—c), except for the MPV2. The green dashed lines indicate the
LLCF, the gray shading indicates the topography, and the specific time is shown in the lower right
corner of each panel.
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Figure 11. (a) Vertical cross-section of the MPV1 (shading, units: PVU, 1 PVU =10° m? K s7' kg)
and horizontal wind speed (dark green contours, units: m s™) along the line AB at 11 UTC on 22
January 2021. (b,c) are the same as (a), except for the inertial instability (II, shading, units:10* s)
and convective instability (CI, shading, units: K km™), respectively. (d—f) are the same as (a), except
for the MPV2 (shading, units: PVU, 1 PVU =10°m? K s! kg!), vertical shear of the horizontal wind
(i.e.,, VSHW, shading, units: 10-* m s hPa!), and horizontal gradient of the equivalent potential
temperature (i.e, HG@,, shading, units: K km™) at 15 UTC on 22 January 2021. The red dashed

lines indicate the LLCF, the gray shading indicates the topography, and the specific time is shown
in the lower right corner of each panel.
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Figure 12. (a) Vertical cross-section of the total frontogenesis (Ft) (shading, units: 10 K m™ s™) and
composed reflectivity (black solid contours, units: dBZ) along the line AB (shown in Figure 8) at 11
UTC on 22 January 2021. (b—e) are the same as (a), except for the four components of the Ft (F1, Fo,
Fs, and Fs, respectively). The red dashed line denotes the cold front within the boundary layer west-
erly jet (BLW]J), and the hollow red arrow indicates the location of the leading edge of the cold front
on the ground. (fj) are the same as (a—e), except for the time at 15 UTC. The gray shading indicates
the topography, and the specific time is shown in the lower right corner of each panel.
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Figure 13. (a,b) Vertical cross-section of the horizontal gradient of vertical velocity (ie, HGw®
shading, units:10 Pa s m™), horizontal wind speed (bold black contours, units: m s), and com-
posed reflectivity (gray contours, units: dBZ). (c,d) are the same as (a,b), except for the horizontal
gradient of equivalent potential temperature (i.e., HG,, shading, units: Kkm™). The gray shading

indicates the topography, and the specific time is shown in the lower right corner of each panel.

In general, the snowstorm event was mainly caused by the merging and enhance-
ment of the eastward-moving snowfall clouds and the locally induced snowfall clouds
over the windward slope of the mountains, as well as the ~4 h maintenance of the post-
merger snowfall clouds over the western mountainous region of the Junggar Basin.

Figure 9 shows the tempo-spatial characteristics of the composed reflectivity, poten-
tial temperature (6), and horizontal wind speed on the vertical cross-section along the line
AB during the initiation and significant development period (i.e., 10-13 UTC) of the snow-
fall clouds near Baerluke Mountain. At 10 UTC (Figure 9a,e,i), a snowfall cloud (labeled
as S1) accompanied by an eastward moving LLCF (indicated by the red dashed line) and
LLW]J (also analyzed in the AWS observations in Figures 3 and 4) entered the plain region
located northwest of Baerluke Mountain. It can be inferred from the vertical distribution
of O that the minimum value within the LLCF reached about 276 K. The 280 K isotherm
showed an obvious protruding forward (“nose-like”) pattern near the foot of Baerluke
Mountain (Figure 9a,e). Furthermore, the highest horizontal wind speed in the LLW]
reached ~20 m s7'. The major portion of the LLW] occurred at a low level below 2000 m
ASL, and the maximum wind speed center was located around 1000 m ASL. Meanwhile,
there were two distinct areas where the isotherms bent downward significantly (exhibit-
ing a nearly vertical distribution) above the two peaks of Baerluke Mountain. The iso-
therms in these areas were obviously denser than those in other areas, which reflected a
relatively larger horizontal temperature gradient at these locations. Therefore, it can be
inferred that two cold fronts (surrounded by the double black dashed lines) were also
present above these two peaks (the locations of these two cold fronts are denoted by the
two filled red arrows). In addition, there were two high wind areas at low levels below 3
km ASL over the mountain peaks. These types of thermal and dynamic disturbances were
probably generated due to alternatively distributed rising and sinking motions induced
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by the aforementioned orographic GWs above the mountain. However, these orographic
cold fronts are not our interest in this paper, and there were few precipitations that oc-
curred over the mountain peak. Therefore, the characteristics of all quantities that will be
analyzed below the mountain peak will not be considered.

By 11 UTC (shown in Figure 9b,fj), the S1 and accompanied LLCF further moved
toward the windward slope of Baerluke Mountain, and S2 began to form in the upper part
of the windward slope. The LLW] further intensified with its central maximum wind
speed exceeding 23 m s'. This time was selected for representing the early stages of the
occurrence and development of the snowfall clouds.

Over time, at 12 UTC (Figure 9c¢,g k) and 13 UTC (Figure 9d,h,1), the snowfall clouds
merged and underwent further development. Therefore, 13 UTC was selected for repre-
senting the later stage of the merging and further development of the snowfall clouds.
During this period, the LLCF and accompanying LLW] gradually intensified, moved fur-
ther eastward, and were mainly located over the upper-middle part of the windward
slope. The merged snowfall clouds were maintained for about 3 h in the later stage, mainly
above the windward slope of the mountain.

In order to investigate the mechanisms of the occurrence and development of the
snowfall clouds, the moist potential vorticity (MPV) was calculated and analyzed.

The moist potential vorticity (MPV) is a useful physical quantity that is frequently
used in diagnosing mid-latitude heavy precipitation [34,39,54-58]. MPV can simultane-
ously reflect the combined effects of atmospheric moisture, and thermal and dynamic fea-
tures [34,39,54,56,57,59,60]. Moreover, MPV can also indicate the characteristics of atmos-
pheric instability, and it has been used in the study of snowstorms in recent years
[34,41,54]. We calculated and analyzed the MPV near the windward slope of Baerluke
Mountain in order to investigate the occurrence and development mechanisms of the
snowstorm. According to previous studies [39,43,55,61], the MPV in the p-coordinate sys-
tem is expressed as follows:

MPV =—g(&, + f)

00, ov 00, Ou 00,
+8 - -84
op Op Ox Op 0Oy

where, g is the acceleration of gravity, s, is the relative vertical vorticity, f isthe Cor-

M

iolis parameter, p is the pressure, ¢, is the equivalent potential temperature, and v
and # are the horizontal wind components in X and y directions, respectively. Ac-
cording to some previous studies related to MPV [31,41,43,62], the first term on the right-
hand side of Equation (1) is the barotropic component of the MPV (also called the vertical
component of the MPV, abbreviated as MPV1), reflecting the combined effect of absolute
vorticity (§, + f <0 indicates inertial instability, II) and 06, /Op (represents convective

instability, CI). The second term on the right-hand side of Equation (1) is the baroclinic
component of the MPV (abbreviated as MPV2, which is also called the horizontal compo-
nent of the MPV), indicating the contribution of the horizontal gradient of the equivalent
potential temperature (HG,) and the vertical shear of the horizontal wind (VSHW).

These two components of the MPV are composed as follows:
00
MPV1=—-g(& + £
ov 006, Ou 00,
g~ —8——
Op Ox op Oy
The negative MPV often indicates atmospheric instability in some diagnostic anal-
yses on mid-latitude heavy precipitation events, especially in extratropical cyclone/frontal
systems [34,54-58,61]. Consequently, we investigated the tempo-spatial evolutions of the

negative MPV during the occurrence and development of snowstorm clouds over the
windward slope of Baerluke Mountain.

)

MPV2 =
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At the early stage (i.e., 11 UTC, Figure 10a), two major negative MPV areas were ob-
served over the plane region and windward slope (indicated by the two red dashed ellip-
ses). The negative MPV area located over the plain region was relatively weak, and its
vertical extent was about 1-1.5 km above sea level (ASL), located within the lower part of
S1. Another relatively larger negative MPV area (intensity reaching about -6 PVU) over
the windward slope had a vertical extent up to ~4 km ASL, with the strongest center lo-
cated at ~2 km ASL over the intermediate region between S1 and S2. At the later stage (i.e.,
13 UTC, Figure 10b), the negative MPV area in the plain region weakened to some extent
and decreased significantly to a vertical extent. The negative MPV area above the wind-
ward slope was divided into two parts (shown by the two red dashed ellipses) and they
were roughly located below the two intense composed reflectivity centers (>20 dBZ) of the
merged snowstorm cloud. Over time, the intensity and vertical extent of the negative MPV
area further weakened and reduced to some extent (i.e., 15 UTC, Figure 10c).

In general, a relatively intense negative MPV reflecting the corresponding atmos-
pheric instabilities appeared below and near S1 and S2 and in the intermediate region
between them at the early stage. However, the extent and (or) intensity of the unstable
layer, which was reflected by the negative MPV below the snowstorm clouds decreased,
with the development of the snowstorm clouds at a later stage, which was an indication
of the release of the corresponding unstable energy. During the much later, stage when
the cloud system maintained for about 3 h (i.e., from 15 to 18 UTC), the unstable layer
below the clouds also remained for almost the same time. However, the intensity of the
unstable layer reflected by the negative MPV was weaker than that of the previous stages
when the clouds occurred, merged, and significantly developed. In order to further un-
derstand the specific instability characteristics reflected by the negative MPV, two compo-
nents of the MPV (shown in Equations (2) and (3)) were also analyzed.

At the early stage (Figure 10d), the intensity and vertical extent of the MPV1 (indi-
cated by the larger red dashed ellipses) were almost the same as that of the negative MPV
area over the plane region and windward slope, respectively (shown in Figure 10a). Spe-
cifically, although the distribution characteristics of the MPV1 within S1 in the lower alti-
tude below ~1 km ASL were found to be roughly similar in extent to the corresponding
negative MPV area, the MPV1 was more intense than the MPV at the lower level within
the LLCF near the foot of Baerluke Mountain (shown in the smaller red dashed ellipse).
However, the MPV2 within and near S1 was rather weak (Figure 10g, shown by three red
dashed ellipses over the plain region). In contrast, the MPV2 over the middle to the upper
part of the windward slope was rather intense and mainly occurred at a relatively shal-
lower level below ~1.5 km above ground level (AGL) (denoted by the largest red dashed
ellipse).

At a later stage (Figure 10e,h), the overall intensity of the MPV1 decreased to some
extent with the merging and further development of S1 and S2. The MPV1 over the plain
region disappeared, while there were two MPV1 centers over the windward slope roughly
below the main body of the merged snowfall cloud. One of them was at the level of ~1-3
km ASL, and the other was located over the upper half of the windward slope at the level
of ~1.5-4 km ASL. In contrast, the MPV2 at the lower level below ~1 km ASL over the plane
region intensified to some extent. In addition, the MPV2 in the lower level below ~1.5 km
AGL above the middle to the upper part of the windward slope still maintained a rela-
tively intense value (almost the same intensity as that of the early stage).

By 15 UTC (Figure 10f,i), the MPV1 over the windward slope was sharply reduced,
leaving only a very small area showing MPV1 (shown by the small red dashed ellipse in
Figure 10f). However, the MPV2 still showed an almost similar intensity as the previous
stage as a whole. The MPV?2 area, previously located over the plain region, further moved
upslope and was located roughly over the lower half of the windward slope. The other
MPV?2 area was still located over the upper part of the windward slope and had a rela-
tively intense value reaching -10 PVU.
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In general, at the early stage, the major instability was mainly dominated by the
MPV1, while the MPV2 had some significant contributions mainly at the lower level below
~1.5 km AGL over the upper part of the windward slope. At the later stage, although the
MPV1 decreased to some extent as a whole, it still had a major contribution in the mid-
lower level (from ~1 km to 3~4 km ASL) within and (or) below the major part of the merged
snowfall cloud. The MPV2 still played an important role at the low level below ~1.5 km
AGL over the windward slope. During the much later period (15 UTC), the MPV1 had
almost been released, while the MPV2 still provided a significant contribution over the
windward slope, and supported the snowfall clouds to be maintained for several hours.

In order to further understand the intuitional physical process of the instabilities
mentioned above, specific factors that mainly influence the MPV1 and MPV2 were further
analyzed. At the early stage (Figure 11), the location and vertical extent of the two major
areas of MPV1 (indicated by black dashed ellipses) were very similar to that of the II (Fig-
ure 11b). One of the high II centers was located over the middle part of the windward
slope almost from the surface to the level of ~3 km ASL, which also corresponded to the
leading edge (or ahead) of the LLW]. The other was located near the foot of the mountain
below ~1.2 km ASL, which corresponded to just below the core area of the jet. In contrast,
the CI showed a wide-ranging area with a relatively uniform distribution above ~1 km
ASL (Figure 11c, shown by the large black dotted ellipse), along with a relatively intense
CI center in the LLCF near the foot of the mountain (indicated by the small black dashed
ellipses). Therefore, it can be deduced that the MPV1 was mainly determined by the II that
occurred in the front and below the core region of the LLW].

At the later stage (roughly during the period from 13 UTC to 15 UTC), the MPV2
showed a relatively intense value at a low level below ~1 km AGL over the windward
slope (Figure 11d, shown in the two black dashed ellipses). The vertical shear of the hori-
zontal wind (VSHW) also showed an intense negative value at almost the same low level
below ~0.8 km AGL, mainly over the windward slope below the LLW] (Figure 11e, indi-
cated by the two black dashed ellipses). Meanwhile, the horizontal gradient of the equiv-

alent potential temperature (HG 9") exhibited a rather weak negative value at the near-

surface level below ~0.5 km AGL, along with a rather intense value at the level between
~0.5 km and 1.8 km AGL aloft (Figure 11f, denoted by the larger black dotted ellipse).

However, the location of the area with a rather intense HGO, was not collocated with

that of the intense MPV2; therefore, it can be neglected. Consequently, it can be concluded
that the MPV2 below ~1 km AGL over the windward slope was mainly contributed by the

VSHW, where, the HGO. hada relatively weak positive contribution at the near-surface
level below ~0.5 km AGL. The high value of VSHW in the low layer was probably induced
by the inhomogeneity of the momentum in the intermediate area between the LLW] and
windward slope topography. The atmospheric baroclinicity reflected by HGOe was prob-
ably attributed to the thermal inhomogeneity associated with the LLCF.

As mentioned in the introduction, the frontogenetical forcing was considered an im-
portant forcing mechanism of snowstorms. Therefore, the frontogenesis function was also
calculated and analyzed to further investigate the frontogenetical forcing mechanism re-
quired for the release of the above-mentioned instabilities. Following [63,64] and Yang et
al. [65], the frontogenesis function can be expressed as follows:

Ft:%|Vc9|=F1+F2+F3+F4 4)

where, F1, F2, Fs, and F4 are defined, respectively, as:

1 de,
"=l @) ®




Atmosphere 2023, 14, 919 24 of 31
1 1 2 Ou 0Oy
F,=—-—-(VO)| —+=
2 Ve, (Ve.) (8}6 6yj ©)
11 (aee jz 00\ (ou ov) .00.00.(ov ou
FF=—cr—— - == — |2 —+— 7)
2 |V9€ ox oy ox Oy Ox Oy \ox 0Oy
1 |06,(06, 00 06, 0w
s T 501 A | A AL T AL AL ®)
IVO|| ap \ ox ox oy oy

where, 0. is the equivalent potential temperature, u and v are the horizontal wind com-
ponents in x and y directions, respectively, and @ is the vertical velocity in the p coor-
dinate. Fi, F2, Fs, and F4 represent diabatic heating, convergence, deformation, and slant-
wise terms, respectively. The tempo-spatial characteristics of the total value of the fronto-
genesis function (Ft) and its four components during the major development period of the
snowfall clouds were also investigated.

At the early stage (i.e., 11 UTC), the main areas with a high value of Ft associated with
the present snowstorm event were mainly located inside and below S1 and S2 and over
the intermediate area between them (shown by the blue dashed ellipses in Figure 12a).
The overall intensity of F1 was rather weak, and it was mainly distributed in the area near
the middle and rear of the LLCF below S1 (indicated by the blue dashed ellipse). F2 had a
high-value center at the lower level below ~0.4 km over the upper part of the windward
slope below S2 (Figure 12c, shown by the blue dashed ellipse). Meanwhile, Fs (Figure 12d)
had a distribution pattern similar to that of F2, but with an overall weaker intensity (Figure
12d). It had a high-value center at the same low level over the upper part of the windward
slope (shown by the blue dashed circle). However, the overall distribution of F4 was sim-
ilar to that of Ft (Figure 12e). There were two high-value centers within the LLCF and
above its leading edge at about 1.5-3.5 km ASL (shown by the blue dashed circle).

At a later stage (i.e., 13 UTC), as S1 and S2 merged and underwent significant devel-
opment, Ft exhibited three high-value centers over the windward slope (shown by the
three blue dashed ellipses in Figure 12f). At this time, F1 (Figure 12g) still showed an over-
all weaker intensity, while a relatively high-value center occurred at the middle level (i.e.,
2-5 km ASL) within the merged snowfall clouds (shown by the blue dashed circles). The
distribution of F: (Figure 12h) showed that a previous (at 11 UTC) high-value center over
the upper part of the windward slope almost disappeared at this time. The high value of
Fs (Figure 12i) mainly occurred at the low level below ~0.5 km AGL in front of the leading
edge of the LLCF (shown by the blue dashed circle). Nevertheless, F1 (Figure 12j) showed
three high-value centers above the windward slope (shown by the blue dashed ellipses),
which were similar to those of Ft in terms of size and intensity.

In general, Ft was mainly dominated by Fs during the whole period of occurrence
and development of the snowfall clouds. Specifically, in the early stage, except for the
major dominance of F4in the area below the snowfall cloud S1 and the intermediate region
between S1 and S2, Fi also made relatively weak positive contributions at the low level
below S1, whereas F2 and Fs played important roles at the lower level below ~0.4 km over
the upper part of the windward slope, where it was collocated with the location of S2. In
the later stage, Fi provided a relatively weak contribution at the mid-level (i.e., 2-5 km
ASL) within the merged snowfall clouds, whereas Fs made a significant contribution at
the same low level below ~0.5 km AGL over the upper part of the windward slope.

Fi is mainly due to the latent heat released by the condensation, while F> and Fs
mainly resulted from the local convergence and horizontal curvature, respectively. In the
present case, F1 probably resulted from the latent heat released by condensation in the
snowfall clouds, while Fz and Fs were probably induced by the local convergence due to
the blocking effect and special protruding shape of the windward slope of Baerluke
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Mountain, respectively. According to Equation (8), Fa reflects the combined effect of CI,
HG6,, and the horizontal gradient of vertical velocity (i.e., dw/0x + dw/dy , abbreviated

as HGw, denoting the inhomogeneity of the vertical velocity in the horizontal direction).
In our present study, Fa is mainly contributed by the HG@w and HG#,, and because the

CI in most areas in the vertical cross-section along the line AB showed a negative value
(e.g., see Figure 10c). Consequently, in order to further investigate the intuitional physical
process that was mainly responsible for Fs, the characteristics of the HGw and HGE,

were analyzed as follows.

The distribution of the HGw at the early stage (Figure 13a) exhibited two high-
value centers (shown by two blue dashed ellipses). One of them was located at the low
level (<~2 km ASL) below S1, where it was collocated with the core region of the LLW]J.
The other was in the intermediate area between S1 and S2 in the level of ~1.5-3.5 km ASL,
where it was collocated with the area in front of the LLW] exceeding the wind speed of 17
m s7.. At the later stage (Figure 13b), there were three high-value centers of the HGw
(indicated by three blue dashed ellipses) within the major part of the merged snowfall
clouds. Their locations were also consistent with those of the high-value centers of Fa.
These high-value centers were highly consistent with those of F4+ and implied a significant
inhomogeneity of the momentum in the horizontal direction associated with the core re-
gion and leading edge of the LLW].

The HGE, at the early stage (Figure 13c) showed a significantly high-value center

at the low level below ~1.5 km ASL, which was located in front of the LLCF (indicated by
the blue dashed ellipses). At the later stage (Figure 13d), with the further eastward move-
ment of the LLCF, the high-value center of the HG#, also moved over the windward

slope (shown by the lower blue dashed ellipse). In addition, there were three other rela-
tively weak high-value centers (denoted by the upper three blue dashed ellipses) in the
merged snowfall cloud. The high value of the HG, at the low level indicated the baro-

clinicity of the lower troposphere due to the horizontal gradient of the temperature and
moisture in front of the LLCF. The high value of the HG#, within the merged snowfall

cloud was probably due to the inhomogeneous release of latent heat in the clouds and (or)
some dynamical processes such as gravity waves. The intensity of the HG@ seemed to
be generally higher than that of the HG@, at the later stage; therefore, it can be deduced

that the HG® contributed more than HG#, In general, the baroclinicity of the lower

troposphere due to the LLCF and the inhomogeneity of the momentum in the horizontal
direction near the core region and leading edge of the LLW] were jointly responsible for
Fa.

The tempo-spatial characteristics of these four components of the frontogenesis func-
tion can reveal the driving mechanisms for the release of the multiple instabilities that
were crucial for the occurrence and development of the snowfall clouds analyzed above.
These mechanisms are summarized in the conceptual model shown in Figure 14.
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Figure 14. Schematic model summarizing the mechanism of the occurrence and development of the
snowstorm event investigated in the present study. (a) Early Stage, (b) Later Stage

5. Summary and Discussion

This paper investigated the mechanisms of the occurrence and development in the
early period of a snowstorm associated with a low-level cold front (LLCF) and low-level
westerly jet (LLW]) in the western mountainous region of Junggar Basin, Xinjiang, North-
west China, on 22 January 2021. Tempo-spatial evaluation of the temperature of the black
body (TBB) observed by the Fengyun-4A meteorological satellite (FY-4A) showed that the
mesoscale clouds with TBB < -64 °C during the heavy snowstorm lasted for about 6 h and
caused continuous snowfall over the area around Baerluke Mountain, especially over its
northwestern windward slope.

Basic meteorological elements observed by the surface-based automatic weather sta-
tions (AWSs) revealed that, before the occurrence of snowfall, there were abrupt changes
in wind direction and a significant increase in wind speed (ranging from ~17 m s to ~24
m s). Moreover, the three selected AWSs showed a significant increase in relative humid-
ity (RH), monotonous temperature drop, and pressure jump. Consequently, it was
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concluded from the characteristics of these basic meteorological elements that the snow-
storm was accompanied by an LLW] and an LLCF delivering moist air. The snowstorm
occurred under the synoptic background of an intense upper-level jet (UL]) at 300 hPa and
a short-wave trough at 500 hPa, along with an LLW] and LLCF, which were also identified
at 700 hPa. The study area was roughly located under the right side of the entrance region
of the ULJ, indicating that an upper-level divergence occurred over the study area. Fur-
thermore, the LLW] and LLCF induced relatively intense advection of cold air and mois-
ture to the study area, showing a relatively intense water vapor convergence near Baerluke
Mountain. These synoptic and mesoscale conditions were quite favorable for the for-
mation and development of the snowstorm.

This case was simulated using the Weather Research and Forecasting (WRF) model
with a horizontal resolution of 3 km. The WRF simulation captured the overall patterns
and features of the snowstorm event. The simulation results clearly exhibited the dynamic
and thermodynamic features related to the LLW] and LLCF, which were crucial for the
formation and development of the snowstorm. In order to investigate the instability fea-
tures related to the occurrence and development of the snowstorm, the moist potential
vorticity (MPV) was calculated and analyzed over the major heavy precipitation area,
which was roughly located near the northwestern windward slope of Baerluke Mountain.

It was found that, at the early stage of the occurrence and development of the snow-
fall clouds, relatively intense negative-MPV indicating the corresponding atmospheric in-
stabilities were present below and near the major snowfall clouds and in the intermediate
region between them. However, the extent and (or) intensity of the unstable layer below
the snowstorm clouds decreased with the development of the snowstorm clouds at a later
stage, denoting the release of the corresponding unstable energy. During the later stage,
when the cloud system was maintained for about 3 h, the unstable layer below the clouds
was also maintained for almost the same time.

In order to further investigate the specific instability characteristics, two components
of the MPV were further analyzed. At the early stage (i.e., 11 UTC), the major instability
over the plane region and windward slope was mainly dominated by the convective in-
stability (CI) and inertial instability (II) (abbreviated as CI and II), whereas the hybrid
effect of HGOe and VSHW (HHV) played important roles mainly at the lower level below
~1.5 km AGL over the upper part of the windward slope. At the later stage (i.e., 13 UTC),
the overall intensity of the CI and II was released to some extent, and it disappeared over
the plane region. However, it still made a major contribution at the mid-lower level (from
~1 km to 3~4 km ASL) within and (or) below the major part of the merged snowfall cloud.
The HHYV still contributed significantly at the low level below ~1.5 km AGL over the wind-
ward slope. During the later period, the Cl and Il had almost been released, and the snow-
fall clouds over the windward slope were supported merely by the HHV for several hours.
Further studies on the specific factors influencing the CI and II and HHV showed that the
CI and I were mainly dominated by the II that occurred in front and below the core region
of the LLW]J. The HHV occurred at the low level below ~1 km AGL over the windward

slope and was mainly attributable to the VSHW, whereas the HG, played a relatively

weak positive role at the near-surface level below ~0.5 km AGL. The VSHW in the low
layer was probably induced by the inhomogeneity of the momentum in the intermediate
area between the LLW] and windward slope topography. The atmospheric baroclinicity
was reflected by the HG@, probably due to the thermal inhomogeneity associated with

LLCF.

Furthermore, the frontogenesis function was calculated and analyzed to further in-
vestigate the frontogenetical forcing mechanism required for the release of the above-
mentioned instabilities. The results showed that, in general, the total frontogenesis was
mainly dominated by the slantwise term during the whole period of occurrence and de-
velopment of the snowfall clouds. In the early stage, except for the major dominant of the
slantwise term, diabatic heating (probably due to the release of latent heat) also made a
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relatively weak positive contribution at the low level below the snowfall clouds. However,
the convergence and deformation terms played a significant role at the lower level below
~0.4 km over the upper part of the windward slope. In the later stage, diabatic heating
provided a relatively weak contribution at the mid-level (i.e., 2-5 km ASL) within the
merged snowfall clouds, whereas the deformation made a significant contribution at the
same low level below ~0.4 km over the upper part of the windward slope.

The physical meaning of the convergence and deformation terms indicates the local
convergence and horizontal curvature due to the blocking effect and the special protrud-
ing shape of the windward slope of Baerluke Mountain, respectively. In addition, the
slantwise term resulted from a combined effect of the baroclinicity of the lower tropo-
sphere due to the LLCF and the inhomogeneity of the momentum in a horizontal direction
(HGw) near the core region and ahead of the LLW]. The contribution of the HGw
seemed to be greater than that of the baroclinicity in the later stage.

A similar MPV-based diagnostic analysis of a snowstorm event that occurred in 2009
over the northern Tian Shan Mountains, Xinjiang, was conducted by Li et al. [42]. They
pointed out that the increase in the absolute value of low-level MPV2 was one of the im-
portant causes of the snowstorm formation, which was consistent with our findings of the
MPV2. However, our present study differs from their study in that the specific intuitional
physical process that was mainly responsible for the occurrence of MPV2 and triggering
mechanisms associated with an LLW] and an LLCF were analyzed in detail based on fron-
togenesis function. Moreover, there were some other studies [26,34,41,54] that also exam-
ined the forcing mechanisms related to the release of instabilities according to the fronto-
genesis function during the occurrence and development of snowstorms, and none of
them had further investigated the specific contributions of the several terms that made up
the frontogenesis function. We found that there were some studies on summer precipita-
tion in which they decomposed the frontogenesis function into several sum-terms and
discussed their detailed contributions to the total frontogenesis. They stated that the con-
vergence and deformation terms were the main contributors to the total frontogenesis
function [35-37]. However, in the present paper, it was found that the slantwise term was
the main contributor to total frontogenesis. Furthermore, we also further investigated the

reason for the slantwise term and found that the contribution of the HG® resulting from
the inhomogeneity of the momentum near the LLW] would be greater than that of the
baroclinicity due to the LLCF at the later stage of the snowstorm.

The conclusions of the main findings in the present study can be summarized as fol-
lows: The LLW] along with the LLCF can provide not only significant contributions from
an instability perspective but are also responsible for the frontogenetical forcing required
for the release of instabilities during the occurrence and development of the snowstorm.
In addition, it is believed that the findings regarding the specific contributions of the four
terms of the frontogenetical forcing are also unique. Therefore, this work can be consid-
ered the first in-depth study that explains the mechanisms of a snowstorm associated with
LLCF and LLW] in the western mountainous region of the Junggar Basin, Xinjiang. How-
ever, additional simulations, including sensitivity experiments, will be conducted in the
future to further clarify the orographic effect and microphysical processes that may be
related to the occurrence and development of snowstorms in this region.
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