
 

 

 

 

 

 

 

 

EARLY ONLINE RELEASE 

This is a PDF of a manuscript that has been peer-reviewed 

and accepted for publication. As the article has not yet been 

formatted, copy edited or proofread, the final published 

version may be different from the early online release. 

 

This pre-publication manuscript may be downloaded, 

distributed and used under the provisions of the Creative 

Commons Attribution 4.0 International (CC BY 4.0) license. 

It may be cited using the DOI below. 

  

The DOI for this manuscript is  

DOI:10.2151/jmsj. 2019-002 

J-STAGE Advance published date: October 5th, 2018 

The final manuscript after publication will replace the 

preliminary version at the above DOI once it is available. 



 1 

The Southeasterly Gale in Tianshan Grand Canyon in Xinjiang, 1 

China: A Case Study 2 

 3 

Jinfeng Ding1, Yangquan Chen2, Yuan Wang3, and Xin Xu3 4 

1College of Meteorology and Oceanography, National University of Defense 5 

Technology, Nanjing 211101, China 6 

2Civil Aviation Air Traffic Control Bureau of Xinjiang Meteorological Center, 7 

Urumchi 830016, China 8 

3School of atmospheric sciences, and Key Laboratory of Mesoscale Severe Weather 9 

of Ministry of Education, Nanjing University, Nanjing 210093, China 10 

 11 

 12 

Feb, 2018 13 

 14 

Submitted to Journal of the Meteorological Society of Japan 15 

 16 

Correspondence to: Xin Xu 17 

E-mail: xinxu@nju.edu.cn 18 



 2 

Abstract 19 

The Southeasterly Gale in Xinjiang, China is a severe local gale weather 20 

phenomenon which occasionally happens near the northwest opening of Tianshan 21 

Grand Canyon. On 8 June 2013, a strong southeasterly gale attacked Urumchi with an 22 

average ground wind velocity of 15 m s-1, and gust speed that reached 30 m s-1. The 23 

gale lasted for over 24 hours making it the strongest wind in latest 20 years. Through 24 

observations and numerical simulation, this study represents the formation of this 25 

southeasterly gale incident. The large-scale topographic forcing of the Tianshan 26 

Mountains led to the intensification of pressure gradient across the Tianshan Grand 27 

Canyon, and therefore an advantageous condition for the generation of the southeasterly 28 

gale had been provided. When air currents travelled through the canyon, a critical layer 29 

with zero wind velocity was established, and nonlinear process was activated by 30 

orographic forcing. It is suggested that air current sank on the northwest opening of the 31 

canyon due to unstable stratification and thus strengthened the gale. 32 

Keywords：numerical simulation; severe weather; gale incident. 33 
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1. Introduction 34 

Xinjiang region of China is in possession of extremely complex terrain. Figure 1 35 

reveals the topography of Xinjiang region and the Tianshan Grand Canyon. As shown 36 

in the figure, the Tianshan Mountains lie across central Xinjiang, dividing the whole 37 

region into two parts, with Junggar Basin as the North, whereas the South consists of 38 

Tarim Basin and Turpan Basin. Tianshan Grand Canyon is situated at central Tianshan 39 

Mountains, with a southeast-northwest orientation. Its southeast opening is adjacent to 40 

Turpan Basin, while the northwest opening joins Junggar Basin. The city of Urumchi 41 

is located at the northwest opening of Tianshan Grand Canyon with the south rim of 42 

Junggar Basin next to it. The term of Southeasterly gale indicates a weather 43 

phenomenon of severe winds that occurs in the area of the northwest opening of 44 

Tianshan Grand Canyon. Such gale weather usually occurs unexpectedly, with a region 45 

of rather high wind speed emerging from the centre of the canyon towards downstream 46 

through the northwest opening. As it happens, the city of Urumchi is usually covered 47 

by the strong wind of up to 12 m s-1. Such extreme weather entails severe impacts on 48 

the construction works, traffic and agricultural production of the city as well as the daily 49 

life of residents.  50 

Since 1950s, with the urban development of Urumchi, people have gradually 51 

become concerned about such weather phenomenon. Through analysing the statistical 52 

characteristics of southeasterly gale incidents, local meteorologists have found that 53 

spring and autumn are the most prone to such weather which rarely takes place in 54 

summer. In terms of duration, the gale can last as short as two hours and as long as 55 
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more than two days, and during the whole process, Urumchi usually remains sunny, 56 

accompanying by the increase in temperature and the reduction of pressure and 57 

humidity. Such incident is normally generated when high pressure is distributed in the 58 

southeast of Tianshan Grand Canyon but low pressure in the northwest within the lower 59 

atmosphere; usually when the sea level pressure difference between the Turpan Basin 60 

and Urumchi reaches 5 hPa, southeasterly gale takes place. 61 

In the past few decades, the gale incidents related to complex terrain have gradually 62 

captured public attentions; these events involve downslope windstorms on the lee sides 63 

of mountains as well as gap winds. The former occurs in areas such as Rocky Mountains 64 

(Klemp and Lilly, 1975), Cascade Range (Colle and Mass, 1998), Mount Nagi 65 

(Fudeyasu et al. 2008), whereas the latter is seen in places including Shelik of Strait 66 

(Colman and Dierking, 1992), Strait of Juan de Fuca (Overland and Walter, 1981), etc. 67 

Based on observations, theoretical analyses and numerical simulations, meteorologists 68 

have found that the generations of both types of gale are related to the atmospheric 69 

gravity waves which are topographically activated. As for the downslope wind, Clark 70 

and Peltier (1977 and 1984) have explained this phenomenon with the resonance 71 

mechanism. They believed that the breaking of large amplitude gravity waves is usually 72 

accompanied by turbulent mixing and local wind field reversal, forming a critical layer 73 

(i.e., zero wind velocity layer) that can reflect upward-propagating gravity waves back 74 

to the surface. As a result, the surface wind speed on the lee slope of the terrain can be 75 

significantly enhanced. Yet the research conducted by Durran (1986) has contributed 76 

another interpretation, which suggests that the subcritical flow from the upstream will 77 
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transform into supercritical flow when it travels over the ridge; therefore, the energy is 78 

converted to kinetic from potential, subsequently entailing the downslope windstorm 79 

on the lee side. Such process is similar to the hydraulic jump phenomenon in the 80 

homogeneous shallow water model. In spite of some differences, both two theories 81 

agree that the generation of downslope windstorm is largely engaged with the breaking 82 

of gravity waves, because the turbulent mixing generated by wave breaking can reflect 83 

the gravity waves and speed up the surface wind velocity.  84 

In terms of gap wind, Overland and Walter (1981) has defined it as a flow of air in 85 

a sea level channel which accelerates under the influence of a pressure gradient force 86 

parallel to the axis of the channel. The local winds are in approximately ageostrophic 87 

equilibrium between the inertia force and pressure gradient force. Zängl (2002) has 88 

applied linear theory and nonlinear numerical simulation in the research on such 89 

phenomenon that on the one hand, the linear theory states that the development of gap 90 

wind is simultaneously related to the low level confluence at the gap and three-91 

dimensional gravity waves; on the other hand, results of the nonlinear numerical 92 

simulation show that the low-level pressure difference across the mountain ridge is the 93 

largest contributor to the generation of gap wind. In addition, Gaberšek and Durran 94 

(2004) have used idealized simulation to show the scene of an air current going through 95 

an isolated flat-top ridge cut by a straight narrow gap with an idealized numerical 96 

experiment. Their study points out that the nonlinear motion of gravity waves will 97 

introduce large vertical mass and momentum downward transporting around the exit 98 

area of the gap, and consequently causes gale there. 99 
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On 8 June 2013, a strong southeasterly gale attacked Urumchi with the sustained 100 

wind speed of up to 15 m s-1 and gust speed reaching 30 m s-1, which lasted for over 24 101 

hours, and became the strongest case in the past 20 years. This study will simulate and 102 

reproduce the generation of this incident by Weather Research and Forecasting Model 103 

(WRF), in order to find out the causes of this incident and the structure of the gale. The 104 

rest of this paper is organized as follows. Section 2 introduces the data and the model 105 

configuration employed in this study. Section 3 gives an overview of the synoptic 106 

meteorological background of this incident, and the structural characteristics of the 107 

southeasterly gale. Section 4 analyzes the causes of the southeasterly gale, while section 108 

5 presents a summary. 109 

 110 

2. Data and model configuration 111 

2.1 Data 112 

The observation of surface temperature and sea-level pressure used in this paper is 113 

from two Automatic Weather Stations (AWS) which are marked as circles in Fig.1b of 114 

Urumchi station (43.78°N, 87.62°E) and Turpan station (42.93°N, 89.20°E). Such data 115 

gives real-time reports through the Argos satellite communication system. This paper 116 

has also employed the airborne temperature observation collected by the Aircraft 117 

Meteorological Data Relay (AMDAR) system installed on the commercial aircraft 118 

which departed from or landed at Urumchi Airport (43.91°N, 87.47°E) as temperature 119 

profile observations. For the observation of southeasterly gale wind speed, this paper 120 

used the Meteorological Terminal Aviation Routine Weather Report (METAR) 121 
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acquired by a station installed 10 meters off the ground at the Urumchi airport which 122 

has an observation frequency of 30 seconds. 123 

The initial field of meteorological elements and the lateral-boundary conditions 124 

required by the numerical simulation come from the 0.5o analysis provided by the 125 

Historical Unidata Internet Data Distribution (IDD) Gridded Model Data (National 126 

Centers for Environmental Prediction (NCEP) et al. 2003). Meanwhile, the 1o Final 127 

Operational Global Analysis data (FNL) gained from Global Assimilation System 128 

(GDAS) is used as a practical reference for large-scale synoptic situation (NCEP et al. 129 

2000). 130 

2.2 Model configuration 131 

The WRF model used in this paper is a fully-compressible and non-hydrostatic 132 

weather forecasting model developed by the NCEP and National Center for 133 

Atmospheric Research (NCAR), etc. (Skamarock et al. 2008). The model domain is 134 

quadruply nested, with horizontal grid resolutions of 27 km, 9 km, 3 km and 1 km 135 

respectively, and grid numbers of 180∗170, 145∗133, 211∗193 and 346∗337. Figure 2 136 

shows the domain configuration, while the geographical base map is provided by the 137 

World Imagery Data. Fifty layers are utilized in the vertical direction, with the model 138 

top located at 50 hPa. Furthermore, Radiative Transfer for Inhomogeneous 139 

Atmospheres scheme (RRTM, Mlawer 1997) is used as the long-wave-radiation 140 

scheme, whereas for the short-wave radiation, the Dudhia Shortwave Scheme (Dudhia, 141 

1989) is applied. The fifth generation of Penn State/NCAR Mesoscale Model (MM5) 142 

Similarity Scheme (Paulson, 1970) is adopted for the surface-layer option; the land 143 
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surface option uses the unified Noah land-surface model (Tewari et al. 2004) and 144 

Mellor-Yamada-Janjic (MYJ) scheme (Janjić, 1994) is selected for the planetary 145 

boundary layer (PBL); the precipitation scheme is not used for the fourth domain. The 146 

model started at 0000 UTC 08 June 2013 (abbreviated as 0000 UTC 08 below), but 147 

because the initial field of meteorological elements could not satisfy the kinetic 148 

equations of the model, a 6-hour spin up is required in advance; the output started at 149 

0600 UTC 08 and run for 30 hours in total. The results presented below are obtained 150 

from the 1 km resolution simulation results. 151 

 152 

3. Overview of the gale incident 153 

3.1 Synoptic situation analyses and observed results 154 

The synoptic situation analyses shown in Fig. 3 are sourced from FNL data. It is 155 

demonstrated that at 1200 UTC 08, the high-pressure ridge at 500 hPa was located to 156 

the west of Urumchi, and kept moving towards the east in the next days, during which 157 

it always stayed ahead of the thermal ridge. With the eastward motion of the large-scale 158 

warm ridge, the Tianshan region at lower troposphere started to warm up 159 

simultaneously. Meanwhile, an important phenomenon can be found that the 160 

temperature around the north of Tianshan Mountains at 700 hPa and 850 hPa grew 161 

faster than that around the south. Figures 4a and 4b show the variations of surface 162 

temperature and sea-level pressure for the Urumchi and Turpan station, respectively. 163 

These two AWS stations are placed on each side of the Tianshan Grand Canyon with 3 164 

hours interval observations. For daily mean temperature (the average of 3 hourly 165 
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temperature measurements), Urumchi station had detected a significant growth than 166 

that of Turpan station, which was consistent with the temperature variation trend at 850 167 

hPa. At the same time, due to the quick change of the surface temperature which is 168 

related to the desert climate, diurnal variation of the sea-level pressure for Turpan 169 

station took on a single-peak curve. In constant, at Urumchi station, continuous drop of 170 

the sea-level pressure was found which was different from usual; hence the pressure 171 

fields were distributed as low in the northwest and high in the southeast across Tianshan 172 

Grand Canyon since 1600 UTC 08. Along with the appearance of this situation, the 173 

METAR had simultaneously detected the emergence of southeasterly wind, as shown 174 

in Figs. 4c and 4d; wind direction had veered to 150° suddenly at that time. In the 175 

following hours, the southeasterly gale had strengthened very quickly, and the wind 176 

speed faster than 15 m s-1 took place later at 2100 UTC 08. The model has captured the 177 

pressure changes accurately on both spots of the AWS stations, as well as the generation 178 

time, the strength and direction of the gale.  179 

3.2 Structural characteristics of southeasterly gale 180 

Figures 5-7 display the structural features of southeasterly gale derived from the 181 

simulation. At 1300 UTC 08 shown in Fig. 5, southeast air current already emerged in 182 

the lower atmosphere on both sides of the canyon; but the air current on the southeast 183 

side still found difficulty in crossing the canyon as there was a rather high terrain in the 184 

southeast opening area (near 43.2°N, 88.4°E) that blocked the way of the still-weak 185 

southeast air current. 186 
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The structural features at 1600 UTC 08 are shown in Fig. 6. At 850 hPa, the 187 

geopotential height on the northwest side of the canyon noticeably declined, which 188 

caused a difference of 10 m across the canyon. The airflow on the southeast side had 189 

the ability to travel across the canyon and connect with the air current on the northwest 190 

side in the lower atmosphere. As a result, a zero-wind layer was formed at a height 191 

between 700 hPa and 800 hPa above the canyon, which is called critical layer (Booker 192 

and Bretherton, 1967).  193 

Later, at 2300 UTC 08 shown in Fig. 7, the isentropes had shifted downward in the 194 

northwest opening of the canyon, while the structure of southeasterly gale had been 195 

constructed with a maximum velocity exceeding 20 m s-1. This structure was similar to 196 

the result of the idealized experiment of air current with Froude number (𝐹𝑟) of about 197 

unity passing over an isolated flat-top ridge cut by a straight narrow gap conducted by 198 

Gaberšek and Durran (2004). 199 

 200 

4. The causes of the southeasterly gale 201 

Last section has shown the synoptic situations and structural characteristics of the 202 

southeasterly gale; it seems that the pressure gradient across the canyon is the most 203 

important contributing factor to the generation of this gale, but how it was formed still 204 

needs to be discussed. In the meantime, why the wind speed increased so sharply as 205 

soon as the critical layer emerged is a worthy question. 206 

4.1 Diagnostic analysis of gale generation 207 
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To figure out the causes of this incident, a control volume has been placed at the 208 

northwest opening of the canyon with the center at (87.6°E, 43.6°N), as shown in Fig. 209 

8. The length of the control volume is 0.2° projected onto latitude, with a width of 0.1° 210 

projected onto longitude, while the volume height is 2 km above sea level. The x axis 211 

is parallel to line AB in Fig. 5c. Then a balance equation of momentum has been used 212 

to diagnose the motion status of airflow passing the control volume. The equation in 213 

the x direction can be written as 214 

 ∭
∂(𝜌𝑢)

∂𝑡
∙ 𝑑𝑥𝑑𝑦𝑑𝑧 = 𝑃𝑥+(𝐹𝑥 + 𝐹𝑦 + 𝐹𝑧) + 𝐹𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 . (1) 

with 𝐹𝑥 = − ∭(
∂(𝜌𝑢)

∂𝑥
∙ 𝑢)  ∙ 𝑑𝑥𝑑𝑦𝑑𝑧 , 𝐹𝑦 = − ∭(

∂(𝜌𝑢)

∂𝑦
∙ 𝑣)  ∙ 𝑑𝑥𝑑𝑦𝑑𝑧 , 𝐹𝑧 =215 

− ∭(
∂(𝜌𝑢)

∂𝑧
∙ 𝑤)  ∙ 𝑑𝑥𝑑𝑦𝑑𝑧, and 𝑃𝑥 = − ∭(

∂𝑝

∂𝑥
)  ∙ 𝑑𝑥𝑑𝑦𝑑𝑧. u, v and w are the velocity 216 

components along x, y and z axes, respectively, and 𝐹𝑥, 𝐹𝑦 and 𝐹𝑧 can be interpreted 217 

as the stress forces on the control volumes imposed by the air current flowing into or 218 

out of the volume in the directions of x, y and z. Thus, the momentum changes in the x 219 

direction are generated by the joint effects of 𝐹𝑥, 𝐹𝑦 and 𝐹𝑧, the horizontal pressure 220 

gradient force 𝑃𝑥, and the dissipation force. 221 

Figure 9a shows the variations of the resultant force of pressure gradient force and 222 

stress force, as well as the momentum variation rate of the control volume, while figure 223 

9b shows the the variations of 𝑃𝑥, 𝐹𝑥 and 𝐹𝑧 individually to quantitatively evaluate 224 

their contributions. At the same time, Figs. 9c and 9d show the variations of mean 225 

horizontal wind speed in the x direction and mean vertical speed of the control volume. 226 

According to the mean horizontal wind speed in the x direction, the whole gale 227 

generation process can be divided into three stages. The first stage is before 1600 UTC 228 
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08. The pressure gradient force across the control volume was increasing but still 229 

negative, and the wind speed was increasing very slowly. The acceleration was mainly 230 

produced by the transport of momentum from the upstream air, and this is indicated by 231 

the positive 𝐹𝑥  during this stage. Meanwhile, the momentum variation rate of the 232 

control volume was basically the same with the sum of pressure gradient force and 233 

stress forces, which indicates that there was almost no dissipation effect in the control 234 

volume. The second stage is from 1600 UTC 08 to 2300 UTC 08, during which the 235 

strength of southeasterly wind was increasing significantly, and the rapid growth of 236 

pressure gradient force was the primary cause. Meanwhile, vertical motion indicated 237 

by vertical speed (Fig. 9d) was strengthening during this stage with the activity of 238 

turbulence dissipation. After then is the third stage, during which the strength of the 239 

southeasterly gale remained; the pressure gradient force was still strong and vertical 240 

motion was getting even significant, but the negative 𝐹𝑥 was balancing the momentum 241 

acquired from 𝑃𝑥  and 𝐹𝑧  which indicates a strong transport of momentum to the 242 

downstream direction.  243 

In general, the establishment of the pressure gradient was the inducement and the 244 

most important contributor to this gale event. Sinking acceleration was the other factor 245 

that strengthened the gale. These two factors are discussed in more detail below. 246 

4.2 The formation process of pressure gradient across the canyon  247 

For local sea level pressure, it equals to the weight per unit area of the air column 248 

from sea level to the top. When local warming occurs inside the air column, the air 249 

density declines with the rise of the air temperature, which may pull down the sea level 250 
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pressure. The AWS observations of surface temperature in Fig. 4a have shown that, 251 

during the generation process of the gale, the temperature of Turpan had remained 252 

basically unchanged while the temperature of Urumchi had grown significantly. Why 253 

did the air warm, especially before the gale had generated?  254 

For the local change of temperature: 255 

 𝜕𝑇 𝜕𝑡⁄ = −(𝑢 𝜕𝑇 𝜕𝑥⁄ + 𝑣 𝜕𝑇 𝜕𝑦⁄ ) + 1 𝐶𝑝⁄ ∙ 𝑑𝑄 𝑑𝑡⁄ − 𝑤(𝛾𝑑 − 𝛾). (2) 

Here, 𝛾𝑑 and 𝛾 stand for the lapse rates of dry and real air temperature respectively, 256 

𝐶𝑝 is the specific heat at constant pressure, and 𝑄 is the diabatic heating. The first 257 

term on the right hand side (RHS) of Eq. (2) indicates the horizontal advection effect. 258 

Figs. 10a and 10b represent the temperature and wind field at 850 hPa for 1300 UTC 259 

08 and 1700 UTC 08, respectively. The gigantic Tianshan Mountains had blocked the 260 

eastward motion of the relatively-warm atmosphere, leaving the warm air centrally 261 

accumulating to the west of the mountains. By integrating the first term on the RHS of 262 

Eq. (2) at 850 hPa from 1300 UTC 08 to 1700 UTC 08 using the simulated results, an 263 

incredibly small average variation of 0.12 °C was found over the area of (44 °N-44.5 °N, 264 

84°E-87°E), which proved that there was almost no such process as eastward horizontal 265 

warm advection on the north foot of Tianshan Mountains. The second term on the RHS 266 

of Eq. (2) is the diabatic term. Because of radiative cooling at night, areas of higher 267 

temperatures at 850 hPa in the basin located on the south side of the mountains were 268 

gradually shrinking. In contrast to that, on the north foot of mountains, regional 269 

temperature rises had visibly taken place along the mountains. As a result, the warming 270 

on the north side of mountains could only be caused by vertical motions which is 271 
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expressed by the third term on the RHS of Eq. (2). By integrating the third term on the 272 

RHS of Eq. (2) from 1300 UTC 08 to 1700 UTC 08, an average warming of 1.78 °C 273 

over the area of (44 °N-44.5 °N, 84°E-87°E) was found, which indicates the effect of 274 

vertical motion. As shown in the vertical section in Figs. 10e and 10f, when the upper 275 

northwest air stream met the Tianshan mountains, it sunk along the north hillside, 276 

accompanied with increases in potential temperature. The vertical motions should be 277 

generated by the block of the mountainous terrain. The blockage effects that mountain 278 

topography imposes on the airflow can be described by the Froude number (Smith, 279 

1989): 280 

 𝐹𝑟(𝑧) = 𝑉(𝑧)/ (𝑁(𝑧) ∙ (ℎ𝑡𝑒𝑟𝑟𝑎𝑖𝑛 − ℎ𝑎𝑖𝑟(𝑧))). (3) 

Here, 𝑉(𝑧) stands for the mean speed of the airflow at the height of z, 𝑁(𝑧) is the 281 

mean Brunt − Väisälä  frequency of air current, and ℎ𝑡𝑒𝑟𝑟𝑎𝑖𝑛 − ℎ𝑎𝑖𝑟(𝑧) represents 282 

the height that the air current needs to climb up. Under the circumstance that Fr ≤ O 283 

(1), lower airflow can hardly climb over the mountain ridge. Through calculating, the 284 

Fr at 750 hPa is 0.2 at 1300 UTC 08 and on the vertical section on Fig. 10e, so that the 285 

airflow at lower atmosphere sank at the windward slope. 286 

The sinking motions of the airflow had speeded up the decline of pressure near the 287 

surface. As a result, the pressure difference across the canyon had accordingly enlarged, 288 

and then pressure gradient force emerged. Figure 11 shows the variation of temperature 289 

overhead the Urumchi obtained by AMDAR observations. It proves that the air 290 

warming was occurring near Urumchi from the upper to the ground before and during 291 

the gale incident.  292 
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4.3 Nonlinear process 293 

Simulation results show that 2 hours after the critical layer emerged at 1600 UTC 294 

08 (Fig. 6a), a gale region with a speed over 10 m s-1 emerged near the northwest 295 

opening of the canyon at 850 hPa (Fig. 6c). The windy region then rapidly dominated 296 

the exit region and expanded downstream of the canyon (Fig. 7c). Figure 12 shows the 297 

distribution of turbulent kinetic energy (TKE) during these hours. High turbulent 298 

kinetic energy began to emerge since 1800 UTC 08, which was consistent with the 299 

diagnosis results. Then the turbulence started to get stronger in the exit area of the 300 

canyon, which indicated that the non-linear effect of topographic gravity waves were 301 

active in this area. Scinocca and Peltier (1993) have found that the streamline overturn 302 

of non-linear gravity waves can entail the convection instability and turbulent mixing, 303 

which will cause the neutral stratification within local atmosphere, and the turbulent 304 

mixing layer will gradually expand downwards and build a large amplitude perturbation 305 

that is similar to hydraulic jump on the topographic lee slope; consequently, the surface 306 

wind speed would significantly quicken, and a downslope windstorm would be 307 

generated. Clark and Peltier (1977, 1979 and 1984) have explained the gale on the 308 

topographic lee slope with resonance mechanism that, if the critical layer is located at 309 

𝑧𝑐 =  (3/4 +  𝑛)  ∙ 𝜆 (n is an integer, 𝜆 = 2𝜋/(𝑁/𝑉) means the vertical wavelength 310 

of gravity wave), resonance can happen between reflected and incident waves so that 311 

the wind velocity near the surface is strengthened. However, Smith (1985) stated that 312 

gale can be generated near the surface as long as the height of the critical layer is 313 

between 𝑧𝑐 =  (1/4 +  𝑛)  ∙ 𝜆  and 𝑧𝑐 =  (3/4 +  𝑛)  ∙ 𝜆 . Due to the fact that the 314 
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atmosphere in the case study is not a steady flow, the mean vertical wavelength of the 315 

gravity waves could be defined as 316 

 �̅� = 1/(ℎ𝑧𝑐
− ℎ𝑠𝑢𝑟𝑓𝑎𝑐𝑒) ∗ ∫ 2𝜋/(𝑁(𝑧)/𝑉(𝑧))

ℎ𝑧𝑐

ℎ𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑑𝑧. (4) 

According to the calculation at 1600 UTC 08, the mean wavelength �̅� is 4676 m above 317 

the canyon, the height of 𝑧𝑐 = 3/4 ∙ �̅� is 3507m (671 hPa), and the height of 𝑧𝑐 =318 

1/4 ∙ �̅� is 1169 m (887 hPa). Meanwhile, the simulation result shown in Fig. 6a has 319 

indicated that the height of critical layer was about 750 hPa above the canyon at 1600 320 

UTC 08, so that the critical layer was between 1/4 ∙ �̅� and 3/4 ∙ �̅�. The establishment 321 

of critical layer could indicate the occurring potential of unstable stratification in local 322 

atmosphere, the vertical motions appeared as the result of non-linear gravity wave 323 

activities, and then accelerated the wind speed near the surface at the lee slope of the 324 

canyon. 325 

 326 

5. Conclusion 327 

In order to present the southeasterly gale incident of Urumchi, Xinjiang, China, 328 

which occurred on 8 June 2013, this paper has carried out a numerical simulation by 329 

using the WRF model which has reconstructed the synoptic background and 330 

characteristics of southeasterly gale.  331 

The occurrence of this southeasterly gale incident was directly related to the 332 

pressure field situation of high in the southeast and low in the northwest across the 333 

Tianshan Grand Canyon. Such pressure field situation occurred under the large-scale 334 

synoptic background that the thermal ridge moved eastward over Tianshan Mountains. 335 
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The northerly air current in front of the thermal ridge sank on the north foot of Tianshan 336 

Mountains due to the block of the terrain, and warmed up the low level atmosphere. 337 

Consequently, regional pressure decline took place on the north foot of mountains, and 338 

formed the pressure gradient force across the Tianshan Grand Canyon (Fig. 10). With 339 

the construction of pressure gradient force, air current started to travel across the canyon, 340 

and a critical layer emerged near 750 hPa above the canyon (Fig. 6). Then nonlinear 341 

process was activated and formed a downslope windstorm on the lee slope of the 342 

canyon (Fig. 7).  343 

Through diagnostic analysis, low level pressure gradient force across the canyon 344 

contributed the largest to the generation of this gale. The non-linear motion of gravity 345 

waves also transported significant momentum downward around the exit area of the 346 

canyon which is another important contributor to the gale. 347 

Although this study has derived the characteristics of the southeasterly gale through 348 

observation and numerical simulation, there are still certain issues that worth more 349 

observation supports. Most importantly, what caused this incident so strong during the 350 

past 20 years? One guess is that it may be related to the strength and location of the 351 

warm ridge. Only when the warm ridge extends to the north of the Tianshan Mountains, 352 

low level pressure declines on the north foot of the mountains happens. This assumption 353 

should be verified through other southeasterly gale studies. Secondly, the wind 354 

observations in this article are only surface observation, while the actual structure of 355 

this phenomenon needs high frequency sounding observation. In addition, southeasterly 356 

gales do not normally contact with the ground in winter. Is this related to the inversion 357 
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layer near the surface and will this generate atmospheric ducting? These are the 358 

questions that need to be addressed with further explorations and understandings in 359 

order to improve our ability to forecast such weather incidents.  360 

 361 
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FIGURES CAPTIONS 435 

Fig. 1. (a) Topographic map of Xinjiang region. (b) The enlarged map of the Tianshan 436 

Grand Canyon region indicated by the black box in (a).  437 

Fig. 2. Domain configuration of the WRF model. 438 

Fig. 3. Synoptic conditions at (a) (b) 500 hPa, (c) (d) 700 hPa, and (e) (f) 850 hPa. (a) 439 

(c) and (e) are at 1200 UTC 08 June 2013, while (b) (d) and (f) are at 1200 UTC 09 440 

June 2013. The black isolines indicate the geopotential height at 40 geopotential metres 441 

interval and the values on isolines are obtained by dividing geopotential heights by 10. 442 

The shadings represent the temperature field.  443 

Fig. 4. (a) Temperature observations derived from 3-hour interval auto weather stations 444 

(AWS). Dotted lines are the measured observations while solid lines are the daily mean. 445 

(b) Sea-level pressure, (c) wind speed, and (d) wind direction observations derived from 446 

AWS and simulated results. 447 

Fig. 5. Simulated results at 1300 UTC 08 June 2013: (a) cross section along line AB 448 

in (c) of flow and horizontal wind speed (horizontal wind is projected onto the cross 449 

section, with positive value indicating northwestward wind), (b) cross section of 450 

potential temperature, (c) horizontal wind speed in the direction of the line AB and 451 

geopotential height fields at 850hPa. The black isolines indicate the geopotential 452 

height at 5 geopotential metres interval and the values on isolines are obtained by 453 

dividing geopotential heights by 10. 454 

Fig. 6. As in Fig.5, but at 1600 UTC 08 June 2013. 455 

Fig. 7. As in Fig.5, but at 2300 UTC 08 June 2013. 456 

Fig. 8. The 3-D terrain of the northwest opening of the canyon. The box indicates the 457 

control volume used for diagnostic analysis with a length of 0.2° projected onto latitude, 458 

width of 0.1° projected onto longitude and height of 2 km above sea level. The x axis 459 

is parallel to line AB in Fig. 5c. 460 

Fig. 9. (a) The variations of the resultant force of pressure gradient force and stress 461 

forces, as well as the momentum variation rate. (b) The variations of pressure gradient 462 

force 𝑃𝑥 , stress force 𝐹𝑥  and 𝐹𝑧 . (c) The average horizontal wind speed in the x 463 
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direction of the control volume. (d) The average vertical wind speed of the control 464 

volume. 465 

Fig. 10. The distributions of temperature, wind and geopotential height fields at 850 466 

hPa at (a) 1300 UTC 08 June 2013 and (b) 1700 UTC 08 June 2013. The black isolines 467 

indicate the geopotential height at 10 geopotential metres interval and the values on 468 

isolines are obtained by dividing geopotential heights by 10. The distributions of 469 

temperature and wind fields at 500 hPa at (c) 1300 UTC 08 June 2013 and (d) 1700 470 

UTC 08 June 2013. The black shadow areas indicate the outline of the Tianshan 471 

Mountains. The potential temperature field and flow on vertical section along 86°E on 472 

the black lines in (a) – (d) at (e) 1300 UTC 08 June 2013 and (f) 1700 UTC 08 June 473 

2013. 474 

Fig. 11. The variation of the temperature above Urumchi by AMDAR sounding data. 475 

The black dots represent the observation samples points. 476 

Fig. 12. The distributions of turbulent kinetic energy (TKE) field at 850 hPa at (a) 1800 477 

UTC 08 June 2013, (b) 2000 UTC 08 June 2013, and (c) 2200 UTC 08 June 2013. 478 

  479 
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FIGURES480 

 481 

Fig. 1. (a) Topographic map of Xinjiang region. (b) The enlarged map of the Tianshan 482 

Grand Canyon region indicated by the black box in (a).  483 

 484 
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 485 
Fig. 2. Domain configuration of the WRF model. 486 

 487 
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 488 

Fig. 3. Synoptic conditions at (a) (b) 500 hPa, (c) (d) 700 hPa, and (e) (f) 850 hPa. (a) 489 

(c) and (e) are at 1200 UTC 08 June 2013, while (b) (d) and (f) are at 1200 UTC 09 490 

June 2013. The black isolines indicate the geopotential height at 40 geopotential metres 491 

interval and the values on isolines are obtained by dividing geopotential heights by 10. 492 

The shadings represent the temperature field.  493 
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 494 

Fig. 4. (a) Temperature observations derived from 3-hour interval auto weather stations 495 

(AWS). Dotted lines are the measured observations while solid lines are the daily mean. 496 

(b) Sea-level pressure, (c) wind speed, and (d) wind direction observations derived from 497 

AWS and simulated results. 498 

 499 

 500 

Fig. 5. Simulated results at 1300 UTC 08 June 2013: (a) cross section along line AB in 501 

(c) of flow and horizontal wind speed (horizontal wind is projected onto the cross 502 

section, with positive value indicating northwestward wind), (b) cross section of 503 
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potential temperature, (c) horizontal wind speed in the direction of the line AB and 504 

geopotential height fields at 850hPa. The black isolines indicate the geopotential height 505 

at 5 geopotential metres interval and the values on isolines are obtained by dividing 506 

geopotential heights by 10.  507 

 508 

 509 

Fig. 6. As in Fig.5, but at 1600 UTC 08 June 2013. 510 

 511 



 29 

 512 

Fig. 7. As in Fig.5, but at 2300 UTC 08 June 2013. 513 

 514 



 30 

 515 
Fig. 8. The 3-D terrain of the northwest opening of the canyon. The box indicates the 516 

control volume used for diagnostic analysis with a length of 0.2° projected onto latitude, 517 

width of 0.1° projected onto longitude and height of 2 km above sea level. The x axis 518 

is parallel to line AB in Fig. 5c. 519 

 520 
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 521 
Fig. 9. (a) The variations of the resultant force of pressure gradient force and stress 522 

forces, as well as the momentum variation rate. (b) The variations of pressure gradient 523 

force 𝑃𝑥 , stress force 𝐹𝑥  and 𝐹𝑧 . (c) The average horizontal wind speed in the x 524 

direction of the control volume. (d) The average vertical wind speed of the control 525 

volume. 526 

 527 
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 528 

Fig. 10. The distributions of temperature, wind and geopotential height fields at 850 529 

hPa at (a) 1300 UTC 08 June 2013 and (b) 1700 UTC 08 June 2013. The black isolines 530 

indicate the geopotential height at 10 geopotential metres interval and the values on 531 

isolines are obtained by dividing geopotential heights by 10. The distributions of 532 

temperature and wind fields at 500 hPa at (c) 1300 UTC 08 June 2013 and (d) 1700 533 

UTC 08 June 2013. The black shadow areas indicate the outline of the Tianshan 534 

Mountains. The potential temperature field and flow on vertical section along 86°E on 535 

the black lines in (a) – (d) at (e) 1300 UTC 08 June 2013 and (f) 1700 UTC 08 June 536 

2013. 537 

 538 
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 539 

Fig. 11. The variation of the temperature above Urumchi by AMDAR sounding data. 540 

The black dots represent the observation samples points. 541 

 542 

 543 

Fig. 12. The distributions of turbulent kinetic energy (TKE) field at 850 hPa at (a) 1800 544 

UTC 08 June 2013, (b) 2000 UTC 08 June 2013, and (c) 2200 UTC 08 June 2013. 545 
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