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Abstract: The special terrain of Urumgi (in the valley area) often triggers strong foehn winds, causing
huge losses to local people’s lives and social economies. By using the surface observation data of
the hourly temperature, pressure, humidity, and wind from the downwind Urumgi Meteorological
Station and the upwind Dabancheng Meteorological Station in the Middle Tianshan Canyon and
the NCEP/NCAR reanalysis data during 2008-2022, this paper establishes the dataset of foehn
processes at Urumgqi Station in the past 15 years and analyzes the variation rules of the associated
meteorological variables during the foehn processes. In addition, based on the physical mechanism
of the occurrence of foehn, a three-element identification criterion (i.e., 94° < 2 min average wind
direction < 168°, 2 min average wind speed > 2.0 m/s, and AO between Urumgqi station and
Dabancheng station > 0.29 K) for foehn in Urumg;i is established by comparing and analyzing the
variations of wind direction (WD), wind speed (WS), and the potential temperature difference (A6)
between the two weather stations during the periods of foehn and non-foehn winds from 2013 to
2022. In addition, the performance of the three-element identification criterion is verified, and the
results suggest that this criterion has an accuracy of 82.96% and a hit rate of 89.50% for the 2008-2012
foehn events in Urumgqi. Moreover, the hit rate of this criterion for foehn wind of gale or above
level (i.e., a 2 min wind > 10.8 m/s on average) is 100%. In addition, combined with two predictors
of sea-level pressure difference (AP) and A8 between downwind stations and upwind stations, the
foehn forecast can be more accurate than that provided by a single predictor. With AP < —12 hPa
and A@ > 5K, the chances for foehn to occur are over 90%. This finding would have some reference
and application values for the foehn forecasting.

Keywords: foehn; wind direction and speed; potential temperature difference; identification criterion

1. Introduction

Foehn wind is a type of downhill wind with high temperatures and low humidity and
often occurs on the lee slope of mountain ranges due to the terrain forcing when airflow
passes through a valley or mountain pass [1]. Foehn is very strong, seriously affecting the
local weather and climate [2—4], as well as the local people’s daily lives, transportation,
agriculture, air quality, etc. In addition, the hot and dry foehn can also influence people’s
physical and mental health, which has attracted widespread attention [5-12]. Foehn occurs
in many mountainous areas of the world, such as the Alps in Europe, the Rocky Mountains
in America, and the Caucasus Mountains on the border of Russia and Georgia. Between
Bogda Mountain and Tianger Mountain on the northern slope of Tianshan Mountains in
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China, i.e., in the canyon area near Urumygj, the large topographical difference often incurs
foehn (southeast winds) to this region, and the most known is the foehn wind blowing
from Dabancheng to Urumgqi [13-16].

The research on foehn has a history of more than 150 years [17-22]. Over the years, the
most basic research on foehn, such as its identification method, has been under exploration.
Scholars from around the world have proposed different methods to identify Foehn. The
most common identification method for foehn is that the temperature and relative humidity
change suddenly at the same time, and the wind comes from the direction of the mountain
ranges [19]. However, this method has certain shortcomings. When the temperature is high,
this method is likely to misidentify the local winds caused by other weather phenomena,
such as foehn [18]. Atkinson [17] used a two-element identification method to analyze
the foehn that occurred in the east of the Rocky Mountains in America: One is that the
upper-air wind must have a larger component perpendicular to the mountains, and the
other is that the windward side of the mountain shows a high-pressure ridge and the
lee side has a low-pressure trough in the surface synoptic chart. Schuetz et al. [19] only
used potential temperature as the identification criterion, ignoring the element of wind,
and, as a result, various wind directions appeared. Therefore, only considering potential
temperature when identifying foehn can result in apparent deviations. In addition, many
scholars have trained machine learning models to predict and identify foehn, but it is
difficult to select effective predictors [23,24].

The most common method to identify foehn in China is to consider the changes in
temperature, humidity, and wind over time. Zhao et al. [25] considered the criterion that
the airflow is perpendicular to the mountain range when studying the foehn in the Taihang
Mountains region. They defined the foehn as that the airflow was perpendicular to the
mountain range, with wind speed (WS) > 2.0 m/s and a rise in temperature of 3 °C in
10 min or 5 °C in 30 min, which ignored the weak foehn processes. Wang and Li [26,27] used
the four-element criterion method (temperature, humidity, wind direction, and wind speed)
to statistically analyze the characteristics of foehn in the eastern foothills of the Taihang
Mountains and Xingtai City. Zhao et al. [28] analyzed the foehn in the Taihang Mountains,
and their screening criteria were that the wind direction (WD) ranged from 225°-315°, wind
speed > 2 m/s, relative humidity decrease > 20% at two adjacent moments, or relative
humidity value < 35% at the next moment. Xiong et al. [29] statistically compared the
hourly temperature changes with the hourly average temperature in various months for the
foehn process in the mid-section of the Taihang Mountains. Some scholars only considered
the elements of WD and WS and only selected the foehn processes with winds stronger than
gales (average wind > 10.8 m/s or instantaneous wind > 17.2 m/s) when diagnosing and
analyzing the cases of foehn in Urumgqi [30-34]. The above-mentioned manual identification
methods based on different parameters are not only a heavy workload for the study of
long-term climatic activity patterns of foehn but also prone to being affected by subjective
elements and causing errors.

In the Alpine Mesoscale Programme, an objective identification method based on
the physical mechanism of the foehn occurrence was established. This method mainly
considered three meteorological elements: The potential temperature difference (A0)
between downwind mountain pass stations and upwind valley stations, WD and WS.
Compared to temperature, potential temperature is a stable tracer, which is convenient
for tracing the source and evolution characteristics of air particles or airflow [20,35-37].
Vergeiner et al. [36] confirmed that this method has a low misjudgment rate and can greatly
reduce the workload.

For the northern slope of the Middle Tianshan Mountains, foehn sets out from the
southern suburbs of Urumgqi, sweeping across the urban area and even spreading to the
downwind area in the northwest direction. The wind blows very fast, with the maximum
speed even exceeding 40 m/s [14]. On 24 November 2004, foehn wind occurred in Urumgji,
with instantaneous wind reaching 46 m/s. It broke the power transmission line towers
in the southern suburbs, overturning the roofs of factories and blowing down trees and
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billboards on the roofs of buildings in urban areas. The city suffered heavy losses [19]. On
30 March 2012, foehn in Urumgi lasted for nearly 20 h, with average wind being Scale
8-9 and instantaneous wind reaching Scale 10-12 in the urban area. The powerful winds
blew off walls and billboards, knocked down power poles, delayed flights, and caused
traffic jams on urban roads. Three people were killed by falling objects, and more than
80 people were injured, causing huge economic losses. During December 22-26 of the same
year, the foehn wind in the southern suburbs of Urumgqi reached Scale 8-11, and dozens
of cars were buried by the wind and snow. In addition, foehn occurs in the spring and
summer as well. The strong winds can also transport soil and dust particles along the
canyon downwind to Urumgi City, forming sandstorm weather. For example, observation
records showed that on 3 April 2014, the 10 min average wind speed in the urban area of
Urumgi and its southern suburbs reached 14.6 m/s from 15:00 to 16:00 (Beijing time, same
below), and the concentration of PMjg in the southern part of the urban area reached as
high as 3720 pug/m? at 15:00. Studies have shown that 71% of heavy pollution events in
Urumgi are related to foehn [6-8]. In summary, foehn, which originated from the northern
slope of the Middle Tianshan Mountains, has brought a lot of disastrous damage to Urumgj,
causing huge losses to local people’s lives and economic development. However, foehn
forecasting has always been the difficulty and focus of weather forecasting. In order to
gain a deeper understanding of the climatic activity laws of the foehn in Urumgqji, we are
to construct a three-element method with the consideration of potential temperature in
addition to wind speed and direction to identify foehn, which is very necessary for basic
research work.

2. Study Area, Data and Methods
2.1. Study Area

The Tianshan Mountains are located in the central part of Xinjiang, China, with an
average elevation of over 4000 m and stretching for more than 2000 km from east to west.
Xinjiang is divided into two different climatic zones: Northern Xinjiang and Southern
Xinjiang. The Middle Tianshan Canyon (MTC) from Dabancheng to Urumgqi runs through
the Tianshan Mountains in a southeast-northwest direction. The narrowest part of the
MTC is about 15 km wide, and both ends are very prone to mountain pass winds or
downhill storms. Urumgi is located at the opening of the northern end of the MTC. The
urban area is surrounded by mountains with a height of 1300-5000 m on three sides, and
the northern opening faces the Junggar Basin, which is roughly shaped like a trumpet
(Figure 1). The terrain of urban areas slopes from southeast to northwest, with an average
elevation of 800 m and a drop of 300-400 m. When the cold air mass in the periphery
of the Mongolian high-pressure system flows back to the southern slope of the Tianshan
Mountains, a pressure gradient across the Tianshan Mountains is easily formed at both ends
of the MTC, which in turn leads to airflow passing through the MTC, invading Urumgqi and
its downwind regions and generating foehn wind. The geographical location and elevation
information of meteorological stations are presented in Figure 1 and Table 1.

2.2. Data

This paper uses the observation data of meteorological elements, including hourly
2 min average wind speed and direction, 10 min average wind speed and direction, atmo-
spheric pressure, sea level pressure, temperature, relative humidity, etc., from the Urumgi
station (downwind station) and Dabancheng (upwind station) in the canyon from 2008 to
2022. Due to the lack of maximum and instantaneous wind speed and direction data before
2016, we only use the maximum and instantaneous wind speed and direction data from
2016 to 2022.

The NCEP/NCAR reanalysis data are from the National Centers for Environmental
Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) of the
United States. In this study, when analyzing the upper-air and surface weather conditions
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during the foehn period, we adopt the NCEP/NCAR reanalysis data of temperature,
pressure, wind speed, etc., four times a day with a spatial resolution of 2.5° x 2.5°.
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Figure 1. Distribution of topography around Urumgi.

Table 1. Elevation information (above sea level) of Urumgqi and Dabancheng.

Station Longitude/® Latitude/° Elevation/m
Dabapcheng Station 88.32 43.35 1105.3
(upwind)

Urumgqi Statlon 87.65 43.78 935.9
(downwind)

2.3. Artificial Screening Method for Foehn Weather Processes

Based on the 2008-2022 hourly data of WD and WS, temperature, pressure, and relative
humidity in the upper air and on the surface, as well as the occurrence frequency of foehn
in Urumgi, the distribution of various meteorological elements over time is plotted, and
the onset time and end time of foehn in Urumgi are further determined. At the same time,
the upper-air circulation, the surface pressure of “high in the south and low in the north”,
and the abrupt rise (drop) in temperature (humidity) during the foehn period are adopted
as well. In addition, the dataset of foehn processes in Urumgji in 2008-2022 is counted.

When selecting cases of foehn in Urumgi, we analyzed the upper-air and surface
conditions of each case. For example, on 30 March 2017, a very strong foehn occurred in
Urumgi. The 500 hPa circulation at 14:00 showed that Xinjiang was under the control of a
strong high ridge and the synoptic situation was relatively stable (Figure 2). Meanwhile,
the 850 hPa circulation was controlled by a warm high, and there was a warm tongue near
Urumgi in the temperature field. On the surface synoptic chart, from the Ural Mountains
to West Siberia in the north were the low-pressure areas, while the Mongolian high in the
south was strong and stable, forming a pressure pattern of “high in the south and low in the
north”. Under such a situation, Urumgdi lay in the southwestern section of the Mongolian
high, and as a result, the foehn occurred in the canyon area from Dabancheng to Urumgi.
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This case reflects the typical upper-air circulation and surface synoptic situation during the
process of foehn in Urumgi.

80N

30NI=

Figure 2. Upper-air and surface synoptic situation at 14:00 on 30 March 2017 (the 500 hPa and 850 hPa
black solid lines represent the geopotential height with an interval of 40 dagpm; the red dashed line
represents temperature with an interval of 4 °C; the black solid line represents sea level pressure with
an interval of 2 hPa; the blue wind barb represents surface wind with the long rod indicating 4 m/s
and the half rod 2 m/s; the red dot is Urumgi Station; and the blue dot is Dabancheng Station.

Figure 3 shows the changes of various meteorological elements during the foehn
process on 30 March 2017. At 08:00, the wind turned to the southeast; at 09:00, it was
affected by northeast airflow; and at 10:00, it turned to the southeast again. At the same
time, the weather elements were all rapidly varying. The wind kept strengthening, with
the average speed at 14:00 reaching 10.9 m/s and the peak speed reaching 18.5 m/s.
Simultaneously, relative humidity dropped sharply from 82% at 9:00 to 29% at 10:00 and
maintained around 20% from 10:00 to 16:00. Conversely, temperatures rose sharply from
6.2 °C to 14.8 °C, with an hourly temperature change of 8.6 °C from 9:00 to 10:00. At
16:00, the temperature reached its highest point of 20.3 °C. It can be seen from Figure 3
that the temperature rise caused by the foehn was much greater than that caused by the
radiation heating at the same time the previous day (the temperature was 15.1 °C at 18:00
on the 29th). Air pressure in Urumgqi was on a downward trend during the foehn period.
At 17:00 on the 30th, the wind turned northwest, with the average speed slowing down
to 1.6 m/s. Correspondingly, temperature dropped, humidity increased, and pressure
gradually increased, and the foehn process ended. In summary, it is determined that the
duration of the foehn weather was from 10:00 to 16:00 on 30 March, a total of 6 h. Based on
the weather situations and changes in meteorological elements, a total of 3110 h of foehn
weather during 2008-2022 were selected. The rest hours were non-foehn weather.

2.4. Selection of Three-Element Threshold Method

In the Alps, Drechsel et al. [18] utilized the law that the potential temperature satisfies
the dry adiabatic conservation during the sinking motion of air mass on leeward slopes
and took the potential temperature as a tracer. The mountain-climbing airflow sinks
on the leeward slope, and when the potential temperature at the downwind station is
equal to or higher than that at the upwind station, a foehn will occur in the downwind
region. In addition to the potential temperature, it is also necessary to define the range of
wind directions and the minimum wind speed of the foehn. This identification method
uses the physical mechanism of the occurrence of foehn, and its applicability has been
recognized [36].
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Figure 3. Changes in surface meteorological elements in Urumgi from 15:00 on 29 March to 03:00 on
31 March 2017 (yellow shaded area represents the foehn period).

This paper selects Urumgqi Station as the downwind station and Dabancheng Station
as the upwind station for reference. In addition, a comparative analysis of the sea-level
pressure difference (AP) and the potential temperature difference (A8) between the two
stations during periods of foehn and non-foehn weather is conducted. Based on this, the
occurrence probability of foehn under different AP and A8 is obtained statistically.

Potential temperature:

P\ Cpd
o=T(=2)" 1
(Pl) @
Potential temperature difference (A6):
AB = AeDownwind station — AeUpwind station (2)

= AeUrumqi Station AeDabancheng Station

Sea-level pressure difference (AP):

AP = APpownwind station — APUpwind station ©)
- APUrumqi Station — APDabancheng Station

where T is temperature, P; is air pressure, Py is the standard air pressure, i.e., Py = 1000 hPa,
Cpd represents the specific heat at constant pressure, Rd represents the gas constant for dry
air, Rd/Cpd = 0.286, and P is for sea-level pressure.

2.5. Verification Methods

To test the reliability of the identification criterion of foehn weather in Urumg;j, this
paper evaluates the identification effect of foehn weather in five years from 2008 to 2012
based on the identification criterion of foehn. The accuracy rate, hit rate, false-alarm rate,
and missing rate are taken as verification indicators. Through comprehensive judgment,
the optimal three-element identification criterion for foehn in Urumgi is determined.

Accuracy rate:

NA

PC= NATNBINC

% 100% 4)
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Hit rate: NA
False-alarm rate:
PAR = & x 100% (6)
" NA+NB ’
Missing rate:
NC o

where NA is a three-element identification criterion, based on which the correct time of
foehn occurrence in Urumgdi is identified; NB is the false-alarm time, i.e., the misjudgment
time; and NC is the missing time. If the accuracy and hit rates are higher and the false-
alarm and missing rates are lower, the identification effect will be better. Otherwise, the
identification effect will be worse.

3. Results
3.1. Climatic Characteristics of Foehn in Urumgi

According to the hourly 2 min average WD and WS at Urumgi Station in the past
15 years (2018-2022) and the hourly maximum WD and WS in the past 5 years, the wind
rose diagram was drawn (Figure 4). It can be seen that most of the strong winds blowing in
Urumgi are SSE winds. The maximum average wind in the past 15 years occurred at 06:00
on 22 November 2007, with a speed of 20.1 m/s and a direction of 120°. The maximum WS
in the past 5 years appeared at 12:00 on 21 March 2021, reaching 28.2 m/s in the direction of
94°. The occurrence frequency of strong northwesterly winds is much smaller than that of
strong southeasterly winds (foehn). Similarly, the wind speed value of strong northwesterly
winds is also much smaller than that of strong southeasterly winds (foehn).

@ N 467 (b) N s
N_w// 13?\ N-E N- W/ 11\7\ N-E
10.0
6.7 \
33
= [0.0:4.0) : [0.4 : 6.0)
E = 14.0:80) 1 [6.0:11.5)
B [8.0:12.1) B [115:17.1)
= [121:16.1) = [17.1:22.56)
B [16.1:20.1) . [226:282)
SW 4 SE w201 . >282

Figure 4. Wind rose diagrams of Urumgi. ((a) The 2 min average WD and WS in the past 15 years;
(b) the maximum wind speed and direction in the past 5 years).

Time Characteristics of Foehn Processes

In the past 15 years, a total of 3110 h of foehn weather occurred in Urumgj, in which
the daytime foehn took 1816 h and the nighttime foehn took 1294 h. The frequency of
foehn weather in Urumgqi during the day was about 1.4 times that of at night, which was
the consequence of the favorable thermal conditions provided by solar radiation during
the day.

The occurrence of foehn was different in four seasons, with the peak number (1527 h)
in spring, followed by 1020 h in autumn, 411 h in summer, and the lowest (152 h) in winter.
Affected by the changes in atmospheric circulation, there are periodic strong winds in
Northern and Southern Xinjiang in spring and autumn every year. Comparatively, cold air
is very active and temperatures are relatively high in spring and autumn, so the pressure
difference of “high in the south and low in the north” is very easy to form when the cold
and warm alternate. Therefore, the better thermal conditions and the special terrain effect
jointly contribute to more foehn events in the spring and autumn [34]. In addition, in the
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past 15 years, there have been 182 h of strong foehn with the 2 min average wind speed
exceeding 10.8 m/s in Urumgqi, accounting for 5.85% of the total hours of foehn in Urumgi.

As shown in Figure 5, the occurrence times of foehn present the seasonal variation.
Generally, the hours of foehn in spring at each time are all higher than in other seasons.
The spring foehn often occurs between 10:00 and 12:00, with the highest frequency at 11:00.
In autumn, summer, and winter, foehn often occurs during the periods of 13:00-15:00,
11:00-13:00, and 11:00-13:00, respectively, and the highest foehn frequency in each season
is at 14:00, 12:00, and 13:00, respectively. Foehn wind mostly breaks out in the morning in
spring, at noon in summer, and in the afternoon in autumn and winter. Relative to summer
and winter, foehn occurs more frequently in the early morning hours in spring and autumn.
The lowest occurrence times of foehn are at 21:00 (spring), 19:00 (autumn), 01:00 (summer),
and 05:00 (winter).
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Figure 5. Time distribution of the occurrence time of foehn in the four seasons.

From the distribution of the WS spectrum of foehn (Figure 6), it can be seen that
the average wind speed of foehn in spring, autumn, and summer ranges mainly within
2-8 m/s. In winter, it varies within 0—6 m/s in most cases, which indicates the foehn
WS in winter is relatively lower. In the four seasons, the strongest foehn is found in the
spring, with an average speed faster than 4 m/s, accounting for 74.82%. Among them, the
frequency of foehn WS faster than 10 m/s is higher than in other seasons and takes up a
rate of 6.99%.
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Figure 6. Spectral distribution of average wind speed of foehn in the four seasons.
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3.2. Establishment of Three-Element Identification Criterion for Foehn in Urumgqi
3.2.1. Characteristics of WD and WS during Foehn and Non-Foehn Processes

Figure 7 shows the distribution of the 2 min average WD and WS during the periods
with foehn and non-foehn in Urumgi. In Figure 7a, the WD is mostly concentrated around
90°-170° in the foehn period, and the westerly airflow occasionally interrupts the foehn
process. However, the westerly airflow is too weak and transient to affect the temperature
and humidity, and the surface pressure pattern of “high in the south and low in the north”
remains unchanged. Therefore, the westerly airflow was not removed from the foehn
weather process. In addition, the WD of foehn at night is more chaotic than that during the
daytime, which is mainly because the mixed airflow of mountain wind and foehn wind
generates a wider spread of winds. During the foehn process, the WS is felt prominently,
and the average wind speed is mostly in the range of 4-8 m/s. The WS of foehn at night is
smaller than that during the day, and the night speed is mostly around 2-4 m/s.

(a) Y
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Figure 7. Distribution of wind speed and direction during foehn and non-foehn periods in Urumgji.
((a) Foehn; (b) non-foehn).

Figure 7b illustrates that during non-foehn periods, the WD is widely distributed.
However, between 180° and 225°, there exists a distinct southwest wind, which is a
mountain wind with a speed of around 2 m/s and mostly occurs from 22:00 to the next
day’s 10:00. During non-foehn periods, the WS distribution is significantly smaller than the
WS of foehn, and mostly concentrated in the range of 0-4 m/s.

3.2.2. Characteristics of AB and AP between Downwind Station and Upwind Station
during Foehn and Non-Foehn Periods

Figure 8 shows the A8 and AP between the downwind station (Urumgi Station) and
the upwind station (Dabancheng Station) during the periods of foehn and non-foehn. We
can see that during the foehn period, the A0 (AP) is mostly positive (negative), which
is concentrated within 0-15 K (—10 hPa to 0 hPa). The average value of AQ for foehn is
4.92 K. During the non-foehn period, however, the A8 is mostly negative in the range from
—5 to 5 K and the AP from —5 hPa to 5 hPa. Overall, there are some differences in the
distributions of A® and AP between the downwind station and the upwind station. All of
the above have passed the significance test at the 0.01 level. The variations of A8 and AP
over time during the foehn and non-foehn periods at Urumgqi Station are given in Figure 9,
which reveals that during the foehn, the A0 in the daytime (08:00-20:00) is mostly in the
range of 0-5 K, much smaller than the A6 (5 K-5 K) at night (20:00-08:00 the next day). In



Atmosphere 2023, 14, 1206

10 of 15

the non-foehn period, the A8 during the day (night) is mainly concentrated between —5 K
and 0 K (—5 K to 5 K). There are also positive values for the AB at night during non-foehn
periods because of the mixed airflow of mountain wind and foehn wind, but the WD of
mountain winds is different from that of the foehn. Consequently, by defining the scopes
of WD, WS, and A6, foehn can be distinguished from other wind types. In addition, during
the foehn period, the AP is negative, varying within —10 hPa to 0 hPa, while during the
non-foehn period, the AP also has a negative value, which is between —5 hPa and 5 hPa.
Meng et al. [16] pointed out that before the occurrence of foehn in Urumgji, the pressure
decrease occurs first in Northern Xinjiang and later in Southern Xinjiang. The pressure
is reduced quickly in Urumgi, which is more than twice as fast as that in Dabancheng,
forming a “high in the south and low in the north” pressure gradient. Hence, the foehn
weather occurs. When the foehn blows in Urumgj, air pressure is lowered in both Northern
and Southern Xinjiang. Once the pressure in Urumgi rises but the pressure to the south
of Dabancheng continues to decline, the foehn will stop in a very short period of time.
Therefore, when the sea level pressure in Dabancheng is greater than that in Urumgji, the
foehn may not happen in Urumgi.

(a) (b)
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5% non-foehn 80% 20% non-foehm 80%
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Figure 8. Probability density distribution of A8 and AP during foehn and non-foehn processes in
Urumgi ((a) A6; (b) AP).
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Figure 9. Distribution of A6 and AP over time during the processes of foehn and non-foehn in Urumqi
((a) A®; (b) AP).
3.3. Establishment of Identification Criterion for Foehn in Urumgi

Based on the 10-year feohn data from 2013 to 2023, including the 2 min average
wind speed and direction, the A@ between downwind statin (Urumgji) and upwind statin
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(Dabancheng), and the threshold of AP, the three-element identification criteria for different
schemes are established. The values of WD, WS, A6, and AP are sorted in ascending order.
The 5th (95th) percentile is used as the minimum (maximum) value for the selection of the
wind speed threshold. For the WS, A6, and AP, their numerical values can be infinite in
theory. Thus, the thresholds of WS and A6 only need to be greater than or equal to the
5th percentile, while AP only needs to be smaller than or equal to the 95th percentile. The
identification criteria of three elements of different schemes are designed (Table 2), and the
optimal identification criterion is obtained by testing and evaluating the performance of
different criteria in the foehn cases in the five years 2008-2012.

Table 2. Accuracy, hit rate, false-alarm rate, and missing rate of the three-element identification
criterion for different schemes.

All day
All day
Daytime

Nighttime

Three-Element Threshold Accuracy Hit Rate False-Alarm Rate = Missing Rate
94° <WD <168°, WS > 2.0m/s, o o o o

AP < —0.28 hPa 67.97% 69.44% 3.03% 30.56%

94° < WD < 168°, WS > 2.0m/s, o o o o

A0 > 029K 82.96% 89.50% 8.09% 10.50%

91° <WD < 157°, WS > 2.2m/s, o o 0 0

A0 > 0.05K 83.63% 85.51% 2.56% 14.49%

1017 < WD < 176%, WS 2 20m/s, 73 579, 73.53% 9.71% 20.47%

AB >229K

Firstly, the three-element identification criterion for the 2 min average WD, WS, and
AP (94°< WD < 168°, WS > 2.0 m/s, AP < —2.8 K) is established, and the accuracy rate,
hit rate, false-alarm rate, and missing rate of the identification criterion are 67.97%, 69.44%,
3.03%, and 30.56%, respectively. That demonstrates that the accuracy rate and hit rate of
the identification criterion considering WD, WS, and AP are relatively low.

Then, combined with the above-analyzed characteristics of WD, WS, and A8 between
daytime and nighttime during the period of foehn and non-foehn, the three-element iden-
tification criteria for the whole day (24 h), daytime, and nighttime are established. The
threshold values of WD, WS, and A0 under different identification schemes are different,
as illustrated in Table 2. The results show the identification criteria for the whole day
(94° < WD < 168°, WS > 2.0 m/s, A8 > 0.29 K) and daytime (91° < WD < 157°,
WS >22m/s, AB > 0.05 K) have the highest accuracies of 82.96% and 83.63%, respectively,
and their hit rate, false-alarm rate, and missing rate throughout the day are 89.50%, 8.09%,
and 10.50%, and those in the daytime are 85.51%, 2.56%, and 14.49%, respectively.

Owing to the more concentrated WD and significant WS during the daytime foehn
(Section 3.2.1), the accuracy of the identification criterion for the daytime feohn is relatively
high. In addition, the identification criterion for the nighttime feohn with 101° < WD < 176°,
WS >2.0m/s, and A8 > 2.29 K presents an accuracy rate of 73.27%, a hit rate of 73.53%,
a false-alarm rate of 9.71%, and a missing rate of 20.47%. The mixture of nighttime foehn
wind and mountain wind often causes chaotic wind directions in the false-alarm and missing
events, so the WD between 180° and 220° may also lead to a significant rise in temperature
and drop in humidity. In addition, when the foehn process lasts from daytime to nighttime,
different wind directions are also possible, which can result in false-alarm results. Sometimes,
when the wind direction at night is around 100° and meets the range of the three-element
identification criterion, the relative humidity does not decrease but increases, which disagrees
with the characteristics of foehn, leading to the missing results. Therefore, when there are
mixed airflows of foehn wind and mountain wind at night, it is easy to produce false-alarm
and missing results, resulting in low accuracy of the identification criterion at night.

Comparing different identification criteria for the whole day, daytime, and nighttime,
we can see that if the identification criteria for the daytime and nighttime events are
established separately, the accuracy of nighttime identification will be lower. In addition,
despite the higher accuracy rate of the identification criterion for the daytime, its hit rate is
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lower than that of all days, which is as high as 89.50%. In summary, in our establishment of
foehn identification criteria in Urumgi, the daytime and nighttime criteria are no longer
established separately. We adopt the uniform identification criterion, namely: 94° < 2 min
average WD < 168°, 2 min average WS > 2.0 m/s, and A8 > 0.29 K between upwind station
and downwind station (Table 3). This criterion has a 100% hit rate for the identification of
foehn at the gale level with a 2 min average WS > 10.8 m/s.

Table 3. The three-element identification criterion for foehn in Urumqji.

2 min Average WD (°) 2 min Average WS (m/s) AO (K)
Foehn 94 < WD < 168 WS >2.0 AB > 0.29

3.4. Construction of Probability Predictors for Foehn in Urumgi

During the foehn period, the AP and A6 between Urumgi and Dabancheng stations
are different from the AP and A6 of other wind types. Thus, we calculate the chances of
foehn occurrence in Urumgqi by combining the two predictors AP and A0, as shown in
Figure 10. One can see from the figure that the chance of foehn occurrence is significantly
negatively correlated to the magnitude of AP but positively to AB. When one predictor
is fixed, changes in the other predictor will cause significant changes in the occurrence
probability of foehn. For example, when AP = —7.5 hPa, the probability of foehn occurrence
varies from less than 40% (A6 = 0 K) to more than or equal to 80% (A6 = 10 K); when
AB =7.5K, the probability alters from less than 20% (AP = —2.5 hPa) to more than or equal
to 80% (AP = —10 hPa). In addition, when AP < —12 hPa and A6 > 5 K, the chance of
foehn occurrence is as high as 90%. Therefore, considering the two predictors AP and A
simultaneously can greatly improve the forecast accuracy of foehn weather in Urumgi.

100%
0 <10%
80%
= 60%
o
=
D- 0,
<_10 40%
10!
0 % 20%
=151-10 . :v 20% k
-20 -10 1) .1(] Y 0

5 10 15
AB(K)

Figure 10. Probability of foehn occurrence in Urumgqi under different values of AP and A®.

4. Conclusions

Based on the hourly surface meteorological data and NCEP/NCAR reanalysis data
from 2008 to 2022, we have established a time series of foehn occurrence in Urumgi in
the past 15 years and analyzed the characteristics of WD, WS, AP, and A6 between the
downwind Urumgi Station and the upwind Dabancheng Station during the periods with
foehn and non-foehn in Urumgi. Based on the data of foehn cases from 2013 to 2022, the
three-element identification criteria with different thresholds for the whole day, daytime,
and nighttime have been established. By analyzing and discussing the statistical indicators
of accuracy, hit rate, false-alarm rate, and missing rate of the different identification criteria
of foehn from 2008 to 2012, the three-element identification criterion for foehn in Urumgqi
has been further established. We have also calculated the chances of foehn occurrence in
Urumgi under different values of AP and A6. The detailed conclusions are as follows:
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When strong winds blow in Urumygi, the southeast winds are much stronger than the
northwest winds. The max 2 min average WS reached 20.1 m/s in 2008-2022, and the peak
value of the extreme WS even reached 28.2 m/s in the late five years, and all these winds
were from the southeast direction. In the past 15 years, there have been a total of 3110 h of
foehn wind in Urumgji, of which the frequency of foehn during the daytime (1816 h) was
about 1.4 times that of the nighttime (1294 h). There were 182 h of strong foehn with the
2 min average WS exceeding 10.8 m/s. Overall, the foehn hours of the whole day (24 h)
in spring are longer than in other seasons. Among the four seasons of the year, the foehn
wind is strongest in the spring, while the foehn in the winter blows at the lowest speed.

During the foehn period, the wind direction is mostly between 90° and 170°, with the
average speed mainly in the range of 4-8 m/s. The WD of foehn is concentrated (scattering),
and the WS is relatively high (low) during the daytime (nighttime). During the non-foehn
period, there are distinct mountain winds in the direction from 180° to 225° at a speed
of around 2-4 m/s, mostly from 22:00 to 10:00 the next day. The AP value between the
downwind station and the upwind station is mainly positive (negative) during the foehn
(non-foehn), but there is also a certain probability of a positive value of AP at night during
the non-foehn, which is mainly caused by the mountain winds. Since the wind direction of
mountain wind is different from that of foehn wind, when the WD and WS ranges of foehn
are defined, foehn can be distinguished from the non-foehn winds by setting the threshold
of AB used in foehn weather.

The three-element identification criterion for foehn in Urumgi includes 94° < 2 min
average WD < 168°, 2 min average WS > 2.0 m/s, and A8 > 0.29 K between downwind
station and upwind station. The identification accuracy and hit rate of this criterion for the
5-year foehn cases (2008-2012) in Urumgi are 82.96% and 89.50%, respectively. In particular,
its hit rate for the foehn winds that are stronger than the level of gale (i.e., 2 min average
WS > 10.8 m/s) is 100%. The verification results indicate that this method has a better
performance in identifying foehn winds in Urumgji.

The AP and A0 between Urumgqi Station and Dabancheng Station have certain indica-
tive significance for predicting foehn in Urumgqi. The combination of AP with A® is more
accurate in diagnosing foehn than only using a single predictor. The greater the AP and A6,
the higher the probability of the occurrence of foehn. With AP < —12 hPaand A6 > 5K,
the probability of foehn occurrence is higher than 90%.
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