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Abstract: Due to the special terrain of Urumqi (in the valley area), which often triggers strong foehn weather, 

and causes huge losses to local people's lives and social economy. This study uses in-situ surface meteorological 

variables (including the hourly temperature, pressure, humidity, wind, etc.) from the Urumqi Meteorological 

Station (downstream station, DS) and the Dabancheng Meteorological Station (upstream station, US) in the 

Middle Tianshan Valley and NCEP/NCAR reanalysis data from 2008 to 2022. A dataset of the foehn weather 

process at DS in the past 15 years is established and the variation patterns of each meteorological variable 

during the process of foehn is analyzed. Based on the physical mechanism of the occurrence of foehn, a three-

element identification standard for foehn in Urumqi is established by comparing and analyzing the variation 

of wind direction (WD), wind speed (WS), and the difference of potential temperature (Δθ) between DS and 

US during the period of foehn and non-foehn from 2013 to 2022, namely: 94°≤ 2-minute average WD ≤168°, 2-

minute average WS ≥2.0 m/s, and Δθ between DS and US ≥ 0.29 K. According to the test and evaluation, the 

three-element identification standard has an accuracy of 82.96%, and a hit rate of 89.50% for the occurrence of 

foehn in Urumqi from 2008 to 2012. Moreover, the hit rate of foehn identification is 100% for strong wind or 

above (i.e., 2-minute average WS ≥10.8 m/s) WS. In addition, combined with two predictors of sea-level 

pressure difference (ΔP) and Δθ between DS and US, forecasting foehn can be more accurately predicted than 

a single forecasting factor. When ΔP ≤ -12 hPa and Δθ≥5 K, the probability of the occurrence of foehn is more 

than 90%. This study provides certain reference and application value for the weather forecasting operation of 

foehn. 

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

standard 

 

1. Introduction 

Foehn is a type of strong downhill wind with high temperature and low humidity that occurs 

on the lee slope of mountain ranges due to terrain forcing when airflow passes through a valley or 

mountain pass [1]. Foehn is often very strong, accompanied by significant increase in temperature 

and decrease in humidity, which seriously affects the local weather and climate [2–4]. Foehn is closely 

related to local people's daily life, transportation, agriculture, and air pollution, etc. In addition, the 

hot and dry foehn can also affect people's physical and mental health, which has attracted widespread 
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attention [5–12]. Foehn occurs in many mountainous areas of the world, such as the Alps in Europe, 

the Rockies in America, and the Caucasus Mountains in the former Soviet Union are the most famous 

Valley. Between Bogda Mountain and Tianger Mountain on the northern slope of Tianshan 

Mountains in China (i.e., in the Valley area near Urumqi), due to the large topographical difference, 

the area has experienced foehn (southeast winds). Especially, the foehn from Dabancheng to Urumqi 

is the most famous [13–15]. 

The research on foehn has a history more than 150 years [17–22]. Over the years, the most basic 

research on foehn (such as the identification method), has been explored. Scholars from around the 

world have proposed different methods to identify foehn. The most common method for foehn is 

that the temperature and relative humidity change suddenly at the same time, and the wind direction 

(WD) needs to come from the direction of the mountain ranges [19]. However, this identification 

method has certain shortcomings. Generally, when the temperature is high, which maybe misidentify 

the local winds caused by other weather phenomena as foehn [18]; Atkinson used two-element 

identification method to analyze the foehn occurred in the east of the Rocky Mountains in America: 

one is that the upper-level wind must have a component perpendicular to the mountains; the other 

is, the windward side of the mountain shows a high pressure ridge and the lee side has a low pressure 

trough in the surface weather map [17]; Schuetz et al. only used potential temperature as the 

identification standard, ignoring the element of wind, and resulting in various WD [19]. Therefore, 

considering potential temperature alone has significant difference to identify the foehn; In addition, 

many scholars have trained machine learning models to predict and identify the 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: the airflow is perpendicular to the mountain range, with a wind speed 

(WS) ≥2.0 m/s, and the temperature rises by 3℃ in 10 minutes or 5℃ in 30 minutes, which ignored 

the weak foehn process. Wang and Li used the four-element criterion method (temperature, 

humidity, WD, and WS) 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 the screening criteria were: WD ranged from 225° to 315°, WS ≥ 2 m/s, relative 

humidity decrease value ≥ 20% at two adjacent moments, or relative humidity value ≤ 35% at the next 

moment. Xiong et al. statistically compared hourly temperature changes and monthly average 

temperature for the foehn process in the middle of the Taihang Mountains [29]. Some scholars only 

consider WD and WS and select the foehn weather process above strong wind levels (average WS ≥ 

10.8 m/s or instantaneous WS ≥17.2 m/s) when diagnosing and analyzing the case of foehn in Urumqi 

[30–34]. The above manual identification methods based on different parameters are not only the 

heavy workload for the study of long-term climate activity patterns of foehn, but also be affected by 

subjective evaluation, which contribute to the certain errors. 

In the Mesoscale Alpine Programme (MAP) experiment, an objective identification method 

based on the physical mechanism of the foehn occurrence was established, mainly considering three 

meteorological factors: temperature difference between downstream mountain pass stations and 

upstream Valley stations, WD and WS. Compared to temperature, potential temperature is a stable 

tracer, which is convenient for tracing of the source and evolution characteristics of gas blocks or 

airflow [35–38]. Vergeiner et al. confirmed that this method has a low false positive rate and greatly 

reduces the workload [36]. 

For the northern slope of the Middle Tianshan Mountains, the foehn starts from the southern 

suburbs of Urumqi, and can sweep across the urban area, even spread to the downstream area of 

northwest. The WS is often high, and the maximum record exceeding 40 m/s [14]. Foehn weather has 

caused huge losses to people's lives and social economy. Foehn occurred in Urumqi on November 

24, 2004, the instantaneous WS reached 46 m/s, blowing off the transmission line towers in the 

southern suburbs, overturning the roofs of the factories, breaking trees and blowing down the 

billboards on the roofs of buildings in urban area. The city suffered heavy losses [19]. On March 30, 
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2012, foehn in Urumqi lasted for nearly 20 hours, with an average wind force of 8–9 levels in the 

urban area and an instantaneous force of 10–12 levels. Strong winds blew off walls and billboards, 

knocked down power poles, diverted and delayed flights, and congested urban roads. Three people 

were killed by falling objects, and more than 80 people were injured, causing huge economic losses. 

On December 22–26 of the same year, the foehn in the southern suburbs of Urumqi reached levels of 

8–11, and dozens of cars were buried by the wind and snow. On the meantime, foehn occurs in spring 

and summer, the strong winds can also carry soil and dust particles along the Valley and transport 

them to the downstream of Urumqi, forming a sandstorm weather. For example, on April 3rd, 2014, 

the observational records showed that the ten-minute average WS in the urban area of the Urumqi 

and its southern suburbs reached 14.6 m/s from 15:00 to 16:00 (Beijing time, same below),and the 

concentration of PM10 in the southern part of the urban area reached as high as 3720 μg/m3 at 15:00 

on that day. Studies have shown that 71% of heavy pollution events in Urumqi are related to foehn 

[6–8]. In summary, foehn originated from the northern slope of the Middle Tianshan Mountains has 

brought huge disasters to the social and economic development of Urumqi, and foehn forecasting 

has always been the difficulty and focus of weather forecasting. In order to gain a deeper 

understanding of the climate activity patterns of the foehn in Urumqi, it is necessary to construct a 

three-elements method (considering potential temperature) to identify the foehn. 

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 

Valley from Dabancheng to Urumqi runs through the Tianshan Mountains in a southeast-northwest 

direction. The narrowest part of the Valley is about 15 km wide, and both ends are very prone to 

mountain pass winds or downhill storms. Urumqi is located at the opening of the northern end of 

the Middle Tianshan Valley. 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 in the shape of 

a “bell mouth” (see Figure 1). The terrain of urban area slopes from southeast to northwest, with an 

average elevation of 800 m and a drop of 300–400 m. When the cold air mass around 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 Middle Tianshan Valley, 

which in turn leads to airflow passing through the Middle Tianshan Valley, invading Urumqi and its 

downstream areas, and generating a foehn. The geographical location and altitude information of the 

meteorological station are presented in Figure 1 and Table 1. 
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Figure 1. Topographic distribution around Urumqi. 

Table 1. Height information (above sea level) of Urumqi and Dabancheng. 

Site longitude /° latitude /° 
height above sea level 

/m 

Dabancheng Station 

(upstream station, US) 
88.32 43.35 1105.3 

Urumqi Station 

(downstream station, DS) 
87.65 43.78 935.9 

2.2. Data 

This study selected meteorological elements data such as hourly 2-minute average WS and 

direction, 10-minute average WS and direction, atmospheric pressure, sea level pressure, 

temperature, relative humidity, etc. from the DS (Urumqi, downstream station) and US (Dabancheng, 

upstream station) in the valley from 2008 to 2022. Meanwhile, due to the lack of data of maximum 

and instantaneous WS and WD before 2016,the maximum and instantaneous WS and WD data only 

from 2016 to 2022 were selected. 

The NCEP/NCAR reanalysis data set was produced by National Centers for Environmental 

Prediction (NCEP) and the National Center for Atmospheric Research (NCAR). In this study, when 

analyzing the upper-level and surface weather conditions during the foehn period, NCEP/NCAR 

reanalysis data of temperature, pressure, WS and other data were used, which has the time resolution 

of four times a day and the spatial resolution of 2.5°× 2.5°. 

2.3. Artificial screening method for foehn weather processes 

Using the hourly data of WD, WS, temperature, pressure, relative humidity., etc. from 2008 to 

2022 at upper-level and surface, based on the occurrence of the foehn in Urumqi, combined with the 

upper-level situation during the foehn period and the surface situation of "high in the south and low 

in the north", as well as the characteristics of sudden rise/drop in temperature/humidity, the 
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distribution of various meteorological elements over time is plotted, and the start and end time of 

foehn in Urumqi was further determined. In addition, we have collected the dataset of foehn weather 

process in Urumqi for the past 15 years. 

When selecting cases of foehn in Urumqi, the upper-level and surface conditions of each case 

were analyzed. For example, on March 30, 2017, a strong foehn weather occurred at DS (Urumqi). 

The 500 hPa circulation pattern at 14:00 on that day showed that Xinjiang was in a strong high-

pressure ridge area and the weather condition was relatively stable (Figure 2a). Meanwhile, the 850 

hPa circulation pattern was controlled by a warm high-pressure, and there was a warm tongue near 

Urumqi in the temperature field (Figure 2b). On the surface weather map, the north of Ural 

Mountains to West Siberia are low-pressure areas, and the Mongolian high-pressure in the south is 

strong and stable, forming a pressure field pattern of "high in the south and low in the north" (Figure 

2c); Urumqi is located in the southwestern part of the Mongolian high-pressure system, and the foehn 

occurred in the Valley area from Dabancheng to Urumqi. The above is a typical upper-level and 

surface weather pattern during the foehn period in Urumqi. 

Figure 3 shows the changes of various meteorological elements during the foehn weather 

process. The WD changed to the southeast at 08:00 on the March 30th. At 09:00, it was affected by the 

northeast airflow and then turned to southeast again at 10:00, and various meteorological elements 

rapidly changed, and the WS gradually increased. At 14:00 on the 30th, the average WS reached 10.9 

m/s, and the maximum WS reached 18.5 m/s. In addition, the relative humidity dropped sharply 

(from 82% to 29%) from 9:00 to 10:00, and maintained around 20% from 10:00 to 16:00 on the 30th. 

The temperature rose sharply (from 6.2 ℃ to 14.8 ℃), with an hourly temperature change of 8.6 ℃ 

from 9:00 to 10:00 on the 30th. At 16:00, the temperature reached its highest value (20.3 ℃) on that 

day. Fig. 3 also showed that the temperature increase caused by the foehn is much greater than that 

caused by the corresponding radiation heating in the previous day. The atmospheric pressure at this 

station in Urumqi is in a downward trend during the foehn period. At 17:00 on the 30th, the WD 

changed to the northwest, and the average WS decreased to 1.6 m/s. Subsequently, the temperature 

dropped and humidity increased, the pressure gradually increased, and the foehn process is ended. 

In summary, it is determined that the duration of the foehn weather is from 10:00 to 16:00 (6 hours) 

on March 30th. According to this method, a total of 3110 hours of foehn weather were selected from 

2008 to 2022. 

 

 

Figure 2. Upper-level and surface weatherpattern on March 30th, 2017 at 14:00 (where the 500 hPa 

and 850 hPa black solid line represent the geopotential height field with an interval of 40 dagpm; the 

red dashed line represents the temperature field with an interval of 4℃; the black solid line represents 

the sea level pressure field with an interval of 2 hPa, the blue wind rod represents the surface wind 

field in surface (the long rod represents 4 m/s, the half rod represents 2 m/s); and the red dot represents 

the Urumqi station (DS). 
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Figure 3. Changes in surface meteorological elements in Urumqi from 15:00 on March 29th to 03:00 

on March 31st, 2017 (Yellow shaded area represents the foehn period). 

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 used the 

potential temperature as a tracer. The airflow flows over a mountain and sinks on the lee slope, and 

when the potential temperature of the downstream meteorological station is equal to or higher than 

that of the upstream meteorological station, a foehn will appear downstream. In addition to potential 

temperature, it is also necessary to define the range of WD and the minimum WS of the foehn. This 

identification method utilizes the physical mechanism of the occurrence of foehn, and its applicability 

has been recognized [36]. This study selects Urumqi Station as the downstream station (DS) and 

Dabancheng Station as the upstream reference station (US). In addition, the comparative analysis of 

ΔP and Δθ between DS and US during the period of foehn and non-foehn weather was conducted. 

Based on this, the occurrence probability of the foehn under different ΔP and Δθ were obtained 

statistically. 

Potential temperature: 𝜃 = 𝑇 ൬𝑃଴𝑃ଵ൰ ோௗ஼ುௗ
 

Potential temperature difference (Δθ)： 𝛥𝜃 = 𝛥𝜃஽ௌ-Δ𝜃௎ௌ = 𝛥𝜃୙୰୳୫୯୧ ୱ୲ୟ୲୧୭୬-Δ𝜃ୈୟୠୟ୬ୡ୦ୣ୬୥ ୱ୲ୟ୲୧୭୬ 

Sea level pressure difference (ΔP)： 𝛥𝑃 = 𝛥𝑃஽ௌ-Δ𝑃௎ௌ = 𝛥𝑃୙୰୳୫୯୧ ୱ୲ୟ୲୧୭୬-Δ𝑃ୈୟୠୟ୬ୡ୦ୣ୬୥ ୱ୲ୟ୲୧୭୬ 

where, T is the temperature; 𝑃ଵ is the atmospheric pressure of the station; 𝑃଴ is the standard air 

pressure, i.e. 𝑃଴=1000 hPa; 𝐶௉𝑑 is the specific heat at constant pressure, 𝑅𝑑 is the gas constant for 

dry air, 𝑅𝑑 /𝐶௉𝑑=0.286; P is the sea level pressure. 

2.5. Inspection methods 

To test the reliability of the identification criteria of the foehn weather in Urumqi from 2008 to 

2012, the quality is evaluated by various statistical definitions, including accuracy, hit rate, false-

alarm rate, and missing rate. Based on the comprehensive judgment, we select the best three-element 

identification standard for the foehn in Urumqi. 
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Accuracy: 𝑃𝐶 = 𝑁𝐴𝑁𝐴 + 𝑁𝐵 + 𝑁𝐶 ×100% 

Hit rate: 𝑃𝑂𝐻 = 𝑁𝐴𝑁𝐴 + 𝑁𝐶 ×100% 

False-alarm rate: 𝑃𝐴𝑅 = 𝑁𝐵𝑁𝐴 + 𝑁𝐵 ×100% 

Missing rate: 𝑃𝑂 = 𝑁𝐶𝑁𝐴 + 𝑁𝐶 ×100% 

where, NA is correct observations of the foehn in Urumqi; NB is the false-alarm observations; NC is 

the missing observations. If the accuracy and hit rate are higher, and the false-alarm rate and missing 

rate are lower, representing the probability of successful identification is higher. 

3. Results 

3.1. Climatic characteristics of foehn in Urumqi 

Using the hourly 2-minute average WS and WD of DS in the past 15 years and the hourly 

maximum WS and WD in the past 5 years, the wind rose diagram was drawn in Fig.4 . It can be seen 

that most of the strong winds in Urumqi are from the southeast direction. The maximum average WS 

in the past 15 years occurred at 06:00 on November 22, 2007, with a WS of 20.1 m/s and WD of 120°. 

The maximum WS in the past 5 years occurred at 12:00 on March 21, 2021, reaching 28.2 m/s with a 

WD of 94°. The occurrence frequency and the magnititude (WS) northwest foehn is much smaller 

than that of southeast WS. The above firmly proves that foehn is one of the disastrous weather events 

in Urumqi that cannot be ignored. 

 

Figure 4. Wind rose chart in Urumqi (a. the 2-minutes average WD and WS in the past 15 years, b. the 

maximum WS and WD in the past 5 years). 

3.1.1. Time characteristics of foehn weather processes 

In the past 15 years, a total of 3110 hours of foehn weather occurred in Urumqi, in which 1816 

hours during the daytime and 1294 hours at nighttime. The frequency of foehn weather in Urumqi 

during the day is about 1.4 times that of at night, mainly due to the favorable thermal conditions 

provided by the solar radiation during the day. The occurrence of foehn are different in four seasons, 

with the peak in spring at 1527 hours, followed by 1020 hours in autumn, 411 hours in summer, and 

the lowestin winter at 152 hours. Affected by the atmospheric circulation, there are periodic strong 

winds in the northern and southern Xinjiang during the spring and autumn every year. Moreover, 

The cold air activities are more frequent, and the basic temperature is relatively high in the spring 

and autumn seasons. That leads to the pressure difference of "high in the south and low in the north" 

when the cold and warm alternate. Therefore, there are more foehn in the spring and autumn seasons, 

due to the better thermal conditions and special terrain effect [34]. In addition, in the past 15 years, 
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there are 182 hours of strong foehn with the 2-minute average WS more than 10.8 m/s in Urumqi, 

accounting for 5.85% of the total time. 

As shown in Fig. 5, the occurrence times of foehn present the seasonal variation. Generanlly, the 

number of hours of foehn in spring at each time are greater than other seasons. foehn often occurs 

between 10 ： 00 and 12:00, with the highest frequency at 11:00 in spring. For 

Autumn/Summer/Winter, foehn often occurs during the period 13:00–15:00/11:00–14:00/11:00–13:00, 

with the highest frequency occurring at 14:00/12:00/13:00. foehn mostly occurs in the morning in 

spring, and in other seasons are at noon or afternoon. Compared with the other two seasons, foehn 

occurs more frequent in the early morning in spring and autumn. The lowest occurrences of foehn 

are 21:00 (spring), 19:00 (autumn), 1:00 (summer), and 5:00 (winter), respectively. 

From the distribution of the WS spectrum of the foehn (see Fig. 6), the average WS of the foehn 

in spring, autumn, and summer is mainly distributed between 2–8 m/s. In winter, it is mostly 

distributed between 0–6 m/s, and the WS of the foehn is relatively weak. In the four seasons, the 

strongest WS is found in spring, with an average WS greater than 4 m/s, and accounting for 74.82%. 

Among them, the frequency of WS greater than 10 m/s is higher than other seasons, with a rate of 

6.99%. 

 

Figure 5. Time distribution of the occurrence time of foehn in the four seasons. 

 

Figure 6. Spectral distribution of WS of foehn in the four seasons. 
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3.2. Establishment of three-element identification standard for foehn in Urumqi 

3.2.1. Characteristics of WD and WS during the foehn and non-foehn  

Figure 7 shows the distribution of the 2-minute average WD and WS during the foehn and non-

foehn periods in Urumqi. In Fig. 7a, the WD is mostly concentrated around 90°–170°during the foehn 

period, and the westerly airflow occasionally could interrupt the foehn process. However, due to the 

relatively weak and  transient westward airflow, the temperature and humidity are not affected, and 

the surface weather pattern of "high in the south and low in the north" remains unchanged. Therefore, 

that has not been excluded from the foehn weather process. In addition, the WD of foehn at night is 

more chaotic than that during the daytime, mainly due to the presence of mixed airflow of mountain 

wind and foehn wind, resulting in a wider distribution of WD. During the foehn period, the WS is 

significant, and the average WS mostly distributed between 4–8 m/s. The WS of foehn at night is 

smaller than that during the day, and at night is mostly around 2–4 m/s. 

Figure 7b illustrates that during non-foehn periods, the WD is widely distributed. However, 

between 180° and 225°, the WD dominates southwest, which is mountain wind with a WS of around 

2 m/s, and mostly occurs from 22:00 to 10:00 the next day. During non-foehn periods, the WS 

distribution is significantly smaller than the WS of the foehn, mostly concentrated at 0–4 m/s. 

 

Figure 7. Distribution of WD and WS during foehn and non-foehn periods in Urumqi (a. foehn, b. 

non-foehn). 

3.2.2. Characteristics of Δθ and ΔP between DS and US during foehn and non-foehn periods 

Figure 8 shows the Δθ and ΔP between Urumqi Station (Downstream Station, DS) and 

Dabancheng Station (Upstream Station, US) during the period of foehn and non-foehn. During the 

foehn period, the Δθ (ΔP) is mostly positive (negative), which is concentrated between 0 and 15 K 

(between -10hPa and 0hPa). However, the Δθ is mostly negative ranged from -5 to 5 K, and the ΔP  

has both positive and negative values (-5–5hPa) during the non-foehn period. Overall, there are some 

differences in the distribution of Δθ and ΔP between DS and US during foehn and non-foehn periods. 

Figure 9 reveals the variation of Δθ and ΔP over time during the foehn and non-foehn periods 

at DS. During the foehn, the Δθ in the daytime (between 08:00 and 20:00) are mostly around 0–5K, 

which is smaller than the difference (between 5 K and 15 K) at night (from 20:00 to 08:00 the next 

day). The Δθ during the day (night) is mainly concentrated between -5 K and 0 K (between -5 K and 

5 K) during non-foehn period. There is also positive value for the Δθ during non-foehn at night, but 

the WD of mountain winds is different from that of the foehn. Consequently, by defining the range 
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of WD, WS, and Δθ, the foehn can be distinguished from other wind types. Besides, during the foehn 

period, the ΔP is mostly distributed between -10 and 0 hPa, while the difference also has negative 

value (between -5 and 5 hPa) during non-foehn. Meng et al. [16] pointed out that before the 

occurrence of foehn in Urumqi, “the pressure was decreased first in northern Xinjiang, and later in 

southern Xinjiang”. The pressure is reduced in DS, which is more than twice as fast as that in US, 

forming a "high in the south and low in the north" pressure difference, and the foehn weather occurs. 

When the foehn blows in Urumqi, the pressure in northern and southern Xinjiang are decreased. 

Once the pressure in Urumqi rises, even if which is slowly rise, and the pressure in south of US 

continues to decrease, the foehn will stop in a very short period of time. Therefore, when the sea level 

pressure in US is greater than that in Urumqi, the foehn may not necessarily occur in Urumqi. In 

summary, the magnitude of Δθ between foehn and non-foehn periods are larger than ΔP. 

 

Figure 8. Probability density frequency of Δθ and ΔP during foehn and non-foehn in Urumqi (a. Δθ ; 

b. ΔP). 

 

Figure 9. Distribution of Δθ and ΔP over time during the occurrence of foehn and non-foehn in 

Urumqi (a. Δθ ; b. ΔP). 

3.3. Establishment of identification standard for foehn in Urumqi 

In this study, based on the 2-minute average WD and WS, Δθ between DS and US, and threshold 

of ΔP of foehn data from 2013 to 2022, the three-element identification standard for different scheme 

were established. The values of WD, WS, Δθ and ΔP are sorted in ascending order, and the 5th (95th) 

percentile is used as the minimum (maximum) value for the selection of WD threshold. For the WS, 

Δθ and ΔP, the threshold of WS and Δθ only are seleted that the values greater than or equal to the 

5th quantile, and the ΔP is less than or equal to the 95th quantile, due to their values theoretically 
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could be infinite. The optimal identification standard is obtained by testing and evaluating the 

different three-element identification standards (see Table 2) on 5-year time sequence of foehn from 

2008 to 2012. 

The three-element identification standard for the 2-minute average WD and WS, and ΔP (94°≤ 

WD ≤ 168°, WS ≥ 2.0 m/s, ΔP ≤-2.8 K) was established, and the accuracy rate, hit rate, false-alarm rate 

and missing rate of the identification standard are 67.97%, 69.44%, 3.03%, and 30.56%, respectively. 

That demonstrates the accuracy and hit rate of the identification standard considering WD, WS, and 

ΔP are relatively low. 

Considering the before mentioned analysis (the characteristics of WD, WS, and Δθ between 

daytime and nighttime during the period of foehn and non-foehn), and using the threshold values of 

WD, WS, and Δθ under different identification schemes are different (see Table 2), the three-element 

identification standard for all day, daytime, and nighttime were established. The results showed the 

identification standard of all day (94°≤ WD ≤168°, WS ≥2.0 m/s, Δθ ≥0.29 K and daytime (91°≤ WD 

≤157°, WS ≥2.2 m/s, Δθ ≥0.05 K) have the highest accuracy of 82.96% and 83.63%, respectively, and 

their hit rate, false-alarm rate, and missing rate are 89.50% and 85.51%, 8.09% and 2.56%, and 10.50% 

and 14.49%, respectively. Owing to the more concentrated WD and significant WS during the foehn 

(see section 4.1), the accuracy of identification is relatively high during the daytime. Besides, the 

identification standard during the nighttime (101°≤ WD ≤176°, WS ≥2.0 m/s, Δθ ≥ 2.29 K) presents an 

accuracy rate of 73.27%, hit rate of 73.53%, false-alarm rate of 9.71%, and missing rate of 20.47%. The 

WD between 180° and 220° maybe also cause significant temperature increase and humidity decrease 

based on the false-alarm and missing events, likely due to the mixture of night-time foehn wind and 

mountain wind, with the relatively chaotic WS ; In addition, when the foehn process lasts from 

daytime to nighttime, the different WD maybe exist, and leading to false-alarm results. Moreover, 

when the WD at night is around 100° and meets the three-element identification standard, the relative 

humidity does not decrease but increases, which violates the characteristics of the foehn and leads to 

the missing results. Accordingly, when the existence of mixed airflow between foehn wind and 

mountain wind at night, it is easy to cause false-alarm and missing results, resulting in the low 

accuracy of identification at night. 

Comparing different identification standard of all day, day and night, it was found that if the 

identification standard during the daytime and nighttime were established separately, the accuracy 

of identification at night will be lower. In addition, although the accuracy rate of identification during 

the daytime is higher, the hit rate is lower than that all day (89.50%). In summary, we adopt the 

uniform identification standard (no distinguishing the daytime and nighttime) for foehn in Urumqi, 

no longer separate daytime and namely: 94°≤ 2-minute average WD ≤ 168°, 2-minute average WS ≥ 

2.0 m/s, and Δθ ≥ 0.29 K between US and DS (see Table 3). The standard has a 100% hit rate for the 

strong foehn identification with a 2-minute average WS ≥10.8 m/s. 

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

standard for different schemes (WD, WS, ΔP, and Δθ are the WD, WS, sea level pressure difference, 

potential temperature difference, respectively). 

 Three- element threshold Accuracy  Hit rate 
False-alarm 

rate 
Missing rate 

All day 

All day 

Daytime 

Nighttime 

94°≤WD≤168°, WS≥2.0 m/s, ΔP≤-0.28 

hPa 

94°≤WD≤168°, WS≥2.0 m/s, Δθ≥0.29 

K 

91°≤WD≤157°, WS≥2.2 m/s, Δθ≥0.05 

K 

101°≤WD≤176°, WS≥2.0 m/s, 

Δθ≥2.29 K 

67.97% 

82.96% 

83.63% 

73.27% 

69.44% 

89.50% 

85.51% 

73.53% 

3.03% 

8.09% 

2.56% 

9.71% 

30.56% 

10.50% 

14.49% 

20.47% 
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Table 3. Three-element identification standard for foehn in Urumqi. 

 2-minute average WD (°) 2-minute average WS (m/s) Δθ (K) 

foehn 94≤WD≤168 WS≥2.0 Δθ≥0.29 

3.4. Construction of probability predictors for foehn in Urumqi 

During the foehn period, the ΔP and Δθ between DS and US are different from other wind types. 

Based on this, the probablity of foehn occurrence in Urumqi was calculated by combining two 

predicors of ΔP and Δθ (in Fig. 10). Generally, the probability of foehn occurrence is positvely related 

to the magnitude of ΔP (decrease) and Δθ (increase).When one predictor is fixed, and the second 

predictor is changed, the prediction probability of foehn will greatly change correspondingly . For 

example, when ΔP = -7.5 hPa, the probability of foehn occurrence varies from less than 40% (Δθ = 0 

K) to more than 80% (Δθ = 10 K). When Δθ = 7.5 K, the probability also varies from less than 20% (ΔP 

= -2.5 hPa) to more than 80% (ΔP = -10 hPa). In addition, when ΔP ≤-12 hPa and Δθ ≥5 K, the 

probability of foehn occurrence is as high as 90%. Therefore, considering the two predictors of ΔP 

and Δθ can greatly improve the accuracy of the foehn forecast in Urumqi. 

 

Figure 10. Probability of foehn occurrence in Urumqi under different ΔP and Δθ. 

4. Conclusions 

In this study, we use the in-situ hourly surface meteorological data and reanalysis data to 

establish a time series of foehn in Urumqi over the past 15 years, and analyze the characteristics of 

WD, WS, ΔP between DS and US, Δθ between DS and US during the foehn and non-foehn periods 

in Urumqi. Based on the 10-year data of foehn from 2013 to 2022, the three-element identification 

standard with different thresholds for the whole day, daytime, and nighttime was established. By 

analyzing and discussing the statistic index of accuracy, hit rate, false-alarm rate and missing rate of 

the different identification standard of foehn from 2008 to 2012, the three-element identification 

standard for foehn in Urumqi was further selected and established. We also briefly statistic the 

probability of foehn occurrence in Urumqi under different ΔP and Δθ, and the specific conclusions 

are as follows: 

1. The strong wind weather dominates in Urumqi, especially the wind in southeast direction, and 

the WS is much greater than the northwest WD,WS. The maximum of 2 -minutes average WS 

reached 20.1 m/s in the past 15 years, and the maximum of the maximum WS reached 28.2 m/s 

WS in the past 5 years, which are the WD of southeast. In the past 15 years, there were a total of 

3110 hours of foehn in Urumqi, and the frequency of foehn during the daytime is about 1.4 times 

that nighttime (1816/1294 hours at day/night). There were 182-hour foehn with the 2-minutes 

average WS more than 10.8 m/s. In addition, the 24-hour (a day) numbers of foehn in spring are 

larger than that other seasons, and the WS of foehn is stronger (weaker) in spring (Winter). 

2. During the foehn period, the WD is mostly concentrated between 90° and 170°, and the average 

WS is dominantly distributed between 4–8 m/s. The WD of the foehn is concentrated (scattering) 

and the WS is relatively high (low) during the daytime (nighttime). During non-foehn period, 

there are significant mountain winds between 180° and 225°, with the WS of around 2–4 m/s, 
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mostly occurring from 22:00 to 10:00 the next day. The ΔP between DS and US is mainly positive 

(negative) value during the foehn (non-foehn), and there is also a certain probability of a positive 

value at night, which is mainly caused by the moutain winds during the non-foehn. Therefore, 

the foehn can be distinguished from the non-foehn by setting the additional threhold of Δθ, 

except for WD and WS. 

3. The three-element identification standard for foehn in Urumqi are: 94 °≤ 2-minute average WD 

≤168°, 2-minute average WS ≥ 2.0 m/s, and Δθ ≥ 0.29 K between DS and US. This identification 

accuracy is 82.96% (hit rate is 89.50%) for 5-year time sequence of foehn in Urumqi from 2008 to 

2012, and the hit rate is 100% for the strong wind (i.e., 2-minute average WS ≥10.8 m/s). The test 

results indicate that this method has a better capability on the identification of foehn in Urumqi. 

4. The ΔP and Δθ between DS and US present certain significance on predicting foehn. The joint 

probability of ΔP and Δθ can diagnose foehn more accurate than single predictor. When Δ P ≤ -

12 hPa and Δθ ≥ 5 K, the probability of foehn occurrence is more than 90%. 
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