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This work studies the characteristics of high winds in the Tianshan Grand Canyon (TGC),
Northwest China by using surface wind observations at six automatic weather stations
during 2017–2018. Three high wind indices are examined, namely, high wind hour (HWH),
station high wind event (SHWE) and regional high wind event (RHWE). SHWE denotes
persistent high winds of more than 3 h at an individual station while RHWE is defined for the
southern TGC as a whole. High winds are mainly northwesterly/westerly, occurring
predominantly in southern TGC. HWHs most often occur in spring and summer, while
winter and spring HWHs possess the strongest intensity. The occurrence of HWHs
exhibits an apparent diurnal variation, most frequent in the afternoon and evening while
least from mid-night to early morning. SHWEs and RHWEs are prone to take place in
spring, possessing relatively long lifetime and strong intensity. According to composite
analysis of the 0.25° FNL reanalysis, favorable synoptic conditions are obtained for the
persistent high winds in spring. Of great importance is the mid-tropospheric trough in the
mid-high latitudes located to the north (i.e., upstream) of the TGC. The cold advection
behind the trough cools and stabilizes the mid-lower troposphere, while the post-trough
sinking motion causes a surface high that accelerates the low-level northwesterly wind.
The synoptic thermal and dynamical forcing help set an upstream flow of moderate Froude
number such that the mesoscale orographic flow traversing the TGC is in the nonlinear
high-drag regime. Large-amplitude gravity waves are excited, with the isentropes
descending abruptly over the lee slope which resembles internal hydraulic jump.
Downslope windstorms are produced at the expense of flow potential energy as the
subcritical upstream flow is transitioned to supercritical at the TGC peak. These findings
have important implications on the formation and prediction of high winds in the TGC.
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1 INTRODUCTION

In Xinjiang, Northwest China, high winds of horizontal wind
speed over 10 m s−1 are often observed on the downslope of high
mountains, i.e., downslope windstorms (e.g., Zhang et al., 2018;
Ding et al., 2019; Fu et al., 2020). The Tianshan Grand Canyon
(TGC) is located in central Tianshan Mountains which is a pass
connecting the two basins of Junggar and Turpan to the north
and south, respectively (Figure 1). Given its complex terrain, the
TGC has the most frequent occurrence of downslope windstorms
in China. While high winds can bring abundant wind energy
resources, they can also cause severe dust storms and air pollution
and thus are detrimental to power facilities (e.g., knocking down
electrical transmission lines) and public transportation, leading to
huge fatalities and economic losses. Understanding and
prediction of downslope windstorms are thus of both scientific
and socioeconomic importance.

In the past few decades, several mechanisms were proposed for
the formation of downslope windstorms. Based on linear multi-
layer models, Klemp and Lilly (1975) showed that downslope
windstorms can be caused by partial reflection of vertically
propagating orographic gravity waves (OGWs) at tropopause
where the wave phase is reversed with respect to that at the
surface. Using idealized numerical simulations, Clark and Peltier
(1977), Clark and Peltier (1984) attributed the generation of
downslope windstorms to resonant amplification of OGWs
reflected at critical level (i.e., wind reversal level), which is
either pre-existing or induced by wave breaking. In accordance
with Long’s nonlinear equation (Long, 1955), Smith (1985)
theoretically derived a mathematical model for downslope
windstorms, which are caused by the interaction between
strong smooth stratified airflow and a deep turbulent mixed
region owing to wave breaking. Durran (1986) further
explained the formation of downslope windstorms from the
viewpoint of hydraulic jump as in shallow water: In the case
of subcritical incoming flow, which does not have enough
kinematic energy to overcome the potential barrier of the
mountain, the airflow has to descend on approaching the
mountain such that the flow potential energy can be converted
to kinematic energy. Once the incoming flow experiences a
transition from subcritical to supercritical at the mountain top,
it will continue to descend on the lee slope and thus convert more
flow potential energy to kinematic energy. Downslope
windstorms are readily induced since the fluid parcel is
accelerated during the entire period of flow passing the mountain.

Besides theoretical studies, there are also a lot of observational and
numerical studies for realistic downslope windstorms in different
locations of the world, e.g., the Alpine foehn, the Rocky Mountain
chinook, the Croatian bora, the California Santa Ana, and the
Argentine zonda (Doyle et al., 2000; Seluchi et al., 2003; Gohm
and Mayr, 2004; Jiang and Doyle, 2005; Drobinski et al., 2007; Norte
et al., 2008; Jones et al., 2010; Stiperski and Grubišić, 2011; Steinhoff
et al., 2013; Cao and Fovell, 2016; Elvidge et al., 2016; Otero and
Diego, 2021). A severe windstorm in central Norwaywas investigated
in Doyle and Shapiro (2000) using multi-scale simulations of the
Coupled Ocean/Atmosphere Mesoscale Prediction System
(COAMPS). It occurred as a result of mountain wave resonance

and amplification from the interaction of a surface-based warm front
and attendant lower-level jet with complex orography. However, the
wave response was trapped within the large frontal stratification layer
in the lower troposphere rather than lower stratosphere as in idealized
studies (e.g., Klemp and Lilly 1978). This suggests that linear and even
nonlinear theories of downslope windstorms are not necessarily
suitable for realistic cases in the atmosphere. Using both
automatic weather station observations and high-resolution
numerical simulations, Ágústsson and Ólafsson (2007) examined a
violent downslope windstorm case in Freysnes, southeast Iceland. A
low-level stable layer and a wind reversal level were found in the
lower-to-middle troposphere which provided favorable conditions
for wave breaking and thus downward reflection and trapping of
wave energy. The climatology of Freysnes downslope windstorms
was also explored by Ágústsson and Ólafsson (2007), and reverse
vertical windshear was shown to be a general characteristic of easterly
windstorms in Iceland. Based on 33-year daily synoptic weather
maps, Raphael (2003) studied the climatology of Santa Ana winds in
southern California. Annually, there are 20 Santa Ana events which
most often occur between October and February with December

FIGURE 1 | Topography in (A) Northwest China and surrounding area
and in the region of (B) Tianshan Grand Canyon (TGC). The locations of the six
automatic weather stations are indicated by dots in (B).
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being the peak month. The mean duration of a Santa Ana event is
1.5 days. Using the North American Regional Reanalysis and a 12-
year, 6-km resolution regional climate simulation, Hughes and Hall
(2010) revealed two mechanisms for Santa Ana winds, i.e., synoptic
control and local thermodynamic forcing. In the former case, there is
a high-pressure anomaly at 700 hPa centered over the west coast of
the US, which causes offshore geostrophic winds roughly normal to
the mountain ranges. Downslope windstorms are produced via the
downwardmomentum transfer of OGWs. In the latter case, although
the synoptic forcing is weak, there is a strong temperature gradient
between the cold desert surface and the warm ocean air at the same
altitude. An offshore pressure gradient is created which induces
katabatic-like offshore flow within a thin layer near the surface.
As for the Zonda winds (i.e., Andean Foehn) in Argentina, their
climatology, dynamics, and forecasts studies have been thoroughly
reviewed in Norte (2015).

Although there are comparatively fewer studies about downslope
windstorms in Northwest China than in other regions, efforts have
still been made to understand their generation. For instance, Lu et al.
(2014) and Zhang et al. (2018) investigated two downslope
windstorm cases in northwestern Xinjiang Province, respectively,
using 3-km resolution Weather Research and Forecasting (WRF)
simulations. Besides, Ding et al. (2019) conducted aWRF simulation
with a higher resolution of 1 km to explore the mechanism of a
southeasterly downslope windstorm in the TGC region of central
Xinjiang. All these numerical studies suggested the importance of pre-
existing critical level on the formation of downslope windstorms,
which acted to reflect the wave energy downward and cause resonant
amplification. Nonetheless, the previous studies mainly focused on
limited cases of downslope windstorms in Northwest China. Little is
known about their climatological characteristics, such as
spatiotemporal distribution, intensity and duration. There is also a
lack of knowledge about their environmental conditions. Downslope
windstorms are in general mesoscale processes occurred over
complex topography which cannot be well resolved in operational
numerical models. Understanding the favorable synoptic conditions
that lead to downslope windstorms can help improve their objective
identification, forecast and thus disaster management (e.g., Jones
et al., 2010; Abatzoglou et al., 2013).

In this work, the characteristics of high winds are studied in the
TGC area which is of the most frequent occurrence of downslope
windstorms in Northwest China, using both observational and
reanalysis datasets. The rest of this paper is organized as follows.
Section 2 briefly depicts the data sets and introduces the high wind
indices defined in this work. Then the main results are presented in
Section 3, including the features of high winds and their composite
synoptic conditions and mesoscale flow structures. Finally, Section 4
summarizes the paper with discussions.

2 DATA AND METHODS

2.1 Dataset
Given the complex terrain, there is only a sparse network of
automatic weather stations in the TGC and surrounding areas.
Therefore, surface wind observations at six automatic weather
stations are adopted in this work (Figure 1). The two stations of

Changji and Urumqi are located in northern TGC, whereas the
other four stations (Dabancheng, Toksun, Aydingkol Lake and
Yiwanquan) are in southern TGC (Supplementary Table S1).
This dataset is provided by the National Meteorological
Information Centre of China Meteorological Administration
(CMA) under quality control. This data has been used in the
study of downslope windstorms in the same area (Ding et al.,
2019). With a high temporal resolution of 1 h, there are more
than 4,000 high-wind hours in the 2-year period of 2017–2018
under examination, which thus provides enough samples for
statistical analysis.

In addition, the Global Data Assimilation System (GDAS)
Final (FNL) analysis derived from the National Centers for
Environmental Prediction (NCEP) is adopted, which has a
horizontal resolution of 0.25° and a temporal resolution of 6 h.
This gridded dataset is used to investigate the synoptic conditions
and mesoscale features of downslope windstorms.

2.2 High Wind Indices
Three high wind indices are used to study the characteristics of
high winds in the TGC area, i.e., high wind hour (HWH), station
high wind event (SHWE) and regional high wind event (RHWE).
Both HWH and SHWE are defined for high winds at an
individual station. HWH denotes the hour in which the mean
wind speed is greater than 10 ms−1, whereas SHWE is for
persistent high wind processes that last for more than 3 h. The
intensity of SHWE is thus measured by the mean wind speed
during its lifetime.

Different from HWH and SHWE, the RHWE index takes into
account the winds at the four stations of Dabancheng, Toksun,
Aydingkol Lake and Yiwanquan, which are located in the famous
“thirty-mile wind zone” in southern TGC (e.g., Li et al., 2014).
This local region is featured by very high occurrence frequency of
high winds, given its very steep slope: The altitude decreases
rapidly from about 1,100 m at Dabancheng to −152 m at
Aydingkol Lake within a short distance of a few tens of
kilometers (Supplementary Table S1). Indeed, the occurrence
frequency of HWH in Yiwanquan is two order greater than that
in Urumqi (Section 3.1). Therefore, the RHWE index is defined
here and adopted to better examine the characteristics of high
winds for the “thirty-mile wind zone” as a whole. In this regard, a
RHWE requires that SHWE takes place at least in one of the four
stations in southern TGC. The beginning time of a RHWE is
taken as the earliest onset time of SHWE in the four stations,
while it ceases when the SHWE stops at all the four stations. The
intensity of a RHWE is then defined as the mean wind speed at
the four stations during its lifetime.

3 RESULTS

3.1 Characteristics of High Wind Hours
Figure 2 presents the 2-year accumulated HWHs at Changji,
Urumqi, Dabancheng, Yiwanquan, Toksun, and Aydingkol Lake,
which are 38, 21, 138, 2031, 599, and 1,455 h, respectively. It is
clear that the occurrence frequency of HWH in the northern TGC
region (Changji and Urumqi) is much lower than in southern
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TGC. Moreover, the mean wind speed of HWH is also lower in
northern TGC than in southern TGC, with the strongest at
Yiwanquan (13.7 m s−1). The weakest one occurs at
Dabancheng (10.8 m s−1) which is close to that at Urumqi
(11.0 m s−1).

Figure 3 shows the wind rose diagrams at the six stations.
Unlike other stations, southeasterly winds (wind direction from
105° to 135°) prevail in Urumqi, accounting for about 86% of the
total HWHs. Changji, Yiwanquan and Toksun are dominated by
northwesterly winds (wind direction from 285° to 345°), which
account for 76%, 88% and 89% of their total HWHs, respectively.
At Dabancheng and Aydingkol Lake, the observed high winds are
mainly westerly (wind direction from 255° to 315°), with the
proportion reaching more than 95% at Aydingkol Lake. The city
Urumqi is right on the northern slope of the TGC where the low-
level northwesterly flow is blocked (Section 3.4), hence not
conductive to high northwesterly winds. Southeasterly high
winds can be produced at Urumqi by reflection of orographic
gravity waves at a critical level when the low-level flow is
southeasterly across the TGC (i.e., Ding et al., 2019). The
wind speed during HWHs at Changji, Urumqi and
Dabancheng is mostly less than 12 m s−1, weaker than that of
Yiwanquan, Toksun and Aydingkol Lake where the highest wind
speed is more than 20 m s−1. Taking Aydingkol Lake as an
example, the wind speed during more than 35% of the HWHs
exceeds 15 m s−1, 16% of which exceeds 18 m s−1.

Since there are much fewer HWHs at Changji and Urumqi, we
focus on the high winds at the four stations in southern TGC
(i.e., Dabancheng, Toksun, Aydingkol Lake and Yiwanquan)
hereafter. Figure 4A depicts the seasonal variation of HWHs
at these four stations. The HWH is mainly concentrated in spring
and winter at Dabancheng (more than 90%), with the least in
summer (Figure 4A). At the other three stations, however,
HWHs primarily occur in spring, summer and autumn, with
the highest frequency in spring and the lowest in winter. For the
mean wind speed of HWH (Figure 4B), it displays a consistent
seasonal variation among the four stations, which is the strongest
in winter and the weakest in summer. It is interesting to note that

the seasonal variation of HWH occurrence differs from that of
HWH intensity. This is likely due to that the occurrence of high
winds generally depends on the large-scale environment. Thus, its
seasonal variation is closely related to that of the large-scale
circulation. For the intensity of high winds, however, it depends
not only on the large-scale environment but also mesoscale and
even small processes, e.g., gravity wave breaking and reflection,
boundary layer turbulent mixing.

Moreover, the occurrence of HWH is also of notable diurnal
variation, all of the four stations exhibiting a unimodal pattern
(Figure 5). The HWHs at Dabancheng station (Figure 5A)
possess the most significant diurnal variation, which mainly
occur between 1,300 and 1800 LST (local standard time,
which is +6 UTC). On the contrary, the occurrence frequency
of HWHs is the lowest from midnight to early morning. This is
consistent with the well-known diurnal variation of boundary
layer wind. The nighttime boundary layer is stable, featured by
calm wind near the surface. In contrast, the boundary layer
becomes unstable in the daytime owing to solar radiation.
Turbulent mixing can efficiently transport high momentum in
the free atmosphere downward, leading to an increase of near-
surface wind speed. The HWHs at Yiwanquan and Toksun most
frequently occur between 1800 and 2100 LST, which is about 5 h
later than that at Dabancheng (Figures 5B,C). The low-HWH
time period is delayed accordingly. For the occurrence frequency
peak of HWHs at Aydingkol Lake, it is the latest between 2,100
and 0001 LST, i.e., another 3 h later (Figure 5D). According to
the geographical locations of the four stations (Figure 1B), and
the prevailing wind directions (i.e., northwesterly winds,
Figure 3) and diurnal variations of their HWHs, it is
speculated that the high winds mainly start from the canyon,
then descend along the southern slope of the TCG, and move
further downstream toward the Turpan Basin. Note that the high
winds at Dabancheng are weaker than at the other three stations,
thus leading to much fewer HWHs at Dabancheng (Figure 2).
The too small sample at Dabancheng may cause the different
seasonal variations of HWH occurrence from at the other three
stations.

3.2 Characteristics of Station High Wind
Events and Regional High Wind Events
Based upon the definition of SHWE in Section 2, there occurred 10,
61, 152, and 234 SHWEs at Dabancheng, Toksun, Aydingkol Lake
and Yiwanquan, respectively, during 2017–2018. Figure 6A shows
the seasonal variations of the SHWEoccurrence frequency at the four
stations. At Dabancheng, there are six and four SHWEs in winter and
spring, respectively. Thewinter SHWEs possess a duration time of 6 h
on average, greater than the mean duration of 5.3 h in spring
(Figure 6B). No SHWEs are found in summer and autumn,
apparently due to the much fewer HWHs in these two seasons
(Figure 4A). At Yiwanquan and Aydingkol Lake, the SHWEs are of
similar occurrence frequency in spring and summer, adding up to
more than 75% of the annual. However, the mean duration of spring
SHWE is longer than its summer counterpart by about 40%–50%
(Figure 6B). There are least SHWEs inwinter, which are also featured
by the shortest duration. At Toksun, about 65% of the SHWEs occur

FIGURE 2 | Occurrence frequency of HWHs and their mean intensity (in
terms of horizontal wind speed) at the six automatic weather stations during
2017–2018.
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in spring, followed by about 19% in autumn, with the least in winter
(only twice). The duration of SHWEs is also the longest (shortest) in
spring (winter). Overall, the mean duration of SHWEs is longer at
Aydingkol Lake (7.8 h) andYiwanquan (7.5 h) than at Toksun (6.5 h)
and Dabancheng (5.7 h) stations.

Figure 6C gives the seasonal variations of the SHWE intensity at
the four stations. On average, the SHWEs at Dabancheng are the
weakest (10.9 m s−1), showing little seasonal variation. The mean
intensities of SHWEs at Yiwanquan (13.2 m s−1) and Aydingkol Lake
(13.1 m s−1) are comparable, which are slightly greater than that at

FIGURE 3 | Wind rose diagrams of high winds at the six automatic weather stations during 2017–2018.

FIGURE 4 | Seasonal variations of HWHs (A) occurrence frequency and (B) intensity at the four stations in southern TGC.
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Toksun (12.4 m s−1). However, the SHWE intensity at these three
stations does possess significant seasonal variations. Generally, the
SHWEs are stronger in winter and spring while weaker in summer.

The seasonal variations of the occurrence frequency, duration
and intensity (in terms of mean wind speed) of RHWEs occurred
in the TGC area between 2017 and 2018 are given in Figure 7.
There are 209 RHWEs in total, with a mean duration of 10.0 h
and intensity of 12.7 m s−1. The RHWEs most often occur in
spring and summer (73 and 85 times, respectively), accounting
for about 75% of the total. Nevertheless, the RHWEs in spring last
for 12.4 h on average, notably longer than in summer (8.1 h;
Figure 7B). The mean wind speed of spring RHWEs (13.0 m s−1)
is slightly greater than its summer analogue (12.2 m s−1) as well
(Figure 7C). Winter RHWEs possess the strongest mean wind
speed of 13.6 m s−1, yet their mean duration (6.5 h) is only about
half of that in spring. Moreover, the occurrence frequency of
RHWEs in winter only accounts for about 6% of the total, far less
than that in spring. The RHWEs also show a low occurrence
frequency in autumn (38 times), despite their comparable
duration (10.7 h) and intensity (13.0 m s−1) with that in spring.

From the above analyses, in the southern TGC area under
consideration, HWHs, SHWEs, and RHWEs are more prone to
occur in spring, accompanied with longer duration and stronger
intensity. Therefore, the synoptic conditions of spring RHWEs
will be studied to help understand their formation mechanisms.

3.3 Composite Synoptic Conditions
In accordance with the occurrence of RHWE in the southern
TGC area, the FNL reanalyses in spring of 2017 and 2018 are
divided into two sets, i.e., High_Wind and Low_Wind. Then the
FNL reanalyses within these two sets are composed, respectively,

and compared to reveal the favorable synoptic conditions for the
occurrence of spring RHWE. Note that the FNL reanalysis data
has a fairly fine resolution of 0.25°. To better depict the synoptic-
scale conditions, it is firstly smoothed by virtue of the Barnes-type
low-pass filter (Barnes 1973), the response function of which is
presented in Figure 8. Readers are referred to the appendix of Xu
et al. (2017) for more details about the Barnes filter.

Figure 9 shows the composite synoptic conditions at 500 and
800 hPa in spring of 2017–2018. In the case of Low_Wind
(Figure 9A), the mid-high latitudes (about 45–60°N) to the
north of the TGC area are dominated by a southwest-
northeast orientated ridge extending from the Pamirs to the
west of the Lake Baikal, accompanied with negative relative
vertical vorticity (hereafter, vertical vorticity for short). On the
two sides of the ridge, the westerlies present a weak cyclonic
curvature, corresponding to the positive vertical vorticity there.
As in the mid-lower latitudes, there are separately positive and
negative vertical vorticity along the southern and northern
periphery of the Tibetan Plateau. This is due to the blocking
of westerlies by this high plateau (Figure 9C). The impinging
westerlies are forced to deflect and detour the plateau, forming the
cyclonic and anticyclonic vertical vorticity mentioned above.

During the period of High_Wind (Figure 9B), the 500-hPa
circulation presents a similar pattern in the mid-lower latitudes.
However, the circulation pattern is reversed in the mid-high
latitudes. To the north of the TGC, there occurs a generally
meridional trough, along with two ridges on its east and west
sides, respectively. As in the lower troposphere (Figure 9D), there
is greater blocking of westerlies by the Tibetan Plateau, given the
remarkable expansion of weak wind (wind speed less than
3 m s−1) area to the west of the Tibetan Plateau.

FIGURE 5 | Diurnal variations of HWH frequency at the four stations of (A) Dabancheng, (B) Yiwanquan, (C) Toksun and (D) Aydingkol Lake in southern TGC.
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Quantitatively, the degree of flow blocking by terrain can be
measured by using a nondimensional parameter, i.e., Froude
number Fr � U

NH, where U is the horizontal wind velocity
normal to the terrain ridge, N is the buoyancy frequency, and
H is the terrain height (e.g., Miranda and James, 1992; Xu et al.,
2013). The smaller the Froude number is, the more the airflow is
blocked. Herein, the Froude number is calculated in the vertical
plane along 40°N (see lines AB and A’ B’ in Figures 9B,D,
respectively), where the westerlies are splitted into northern
and southern branches that detour the Tibetan Plateau. At this
latitude, the maximum terrain height between 60°E and 70°E is
H = 1.45 km. In the case of Low_Wind, U = 4.9 m s−1 and N =
0.016 s−1 such that the nondimensional Froude number is Fr =
0.21. (Here, U is taken as the layer-mean zonal wind between the
maximum terrain height and surface, averaged within a 2°×2° box
centered at point A, so is the buoyancy frequency.) Similarly, we
can obtain U = 1.5 m s−1 and N = 0.013 s−1, yielding a Froude
number of Fr = 0.08 in the High_Wind case, which is much
smaller than in the Low_Wind case.

In response to the enhanced low-level airflow blocking in the
High_Wind case, there is more prominent northward flow
deflection to the west of the Tibetan Plateau, beginning from

about 50°E (Figure 9D), i.e., further upstream of the plateau than
in the Low_Wind case (Figure 9C). Consequently, more warm air
is transported poleward from the lower latitudes. In accordance
with the quasi-geostrophic geopotential tendency equation, the
amplification of warm advection in the lower troposphere is
favorable for the development of ridge in the middle
troposphere (Holton 2004). The circulation difference
(High_Wind minus Low_Wind) at 500 hPa clearly shows a
warm-core high pressure anomaly between 45°E and 75°E in
the mid-high latitudes (Figure 10A). The low-level flow
deflection is increased on the southern flank of the Tibetan
Plateau as well, producing a cyclonic low-pressure anomaly
over and downstream of the Tibetan Plateau which acts to
enhance the poleward warm advection (not shown). This leads
to the differential anticyclonic vortex extending from the Tibetan
Plateau to Northeast China (Figure 10A).

To the north of the Tianshan Mountain is a differential cold,
cyclonic vortex, which is consistent with the opposite circulation
patterns, i.e., trough and ridge in the High_Wind and Low_Wind
cases, respectively (Figures 9A,B). The northerlies between the
cyclonic and the western anticyclonic vortices turn to be
northeasterlies along the Tianshan Mountain and Pamirs which

FIGURE 6 | Seasonal and annual (A) occurrence frequency, (B) duration, and (C) intensity of SHWEs at the four stations in southern TGC.
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are approximately in the southwest-northeast orientation. Adiabatic
sinking motion is induced by these equatorward flows moving on
isentropic surfaces (Figure 10B). The accumulation of descending air
mass generates high-pressure anomaly in the lower troposphere (not
shown) as well as at the surface (Figure 11). On the contrary, there is
predominantly low-pressure anomaly to the south of the Tianshan
Mountain, due to the ascending motion ahead of the mid-
tropospheric trough (Figures 9D, 10A). These high- and low-
pressure anomalies on the two sides of the Tianshan Mountain
create a southeastward-directed pressure gradient force across the
TGC which, as will be shown in the next, drives the northwesterly
high winds in southern TGC.

3.4 Mesoscale Orographic Flow Structure
To understand the formation of northwesterly high winds in
southern TGC, the features of mesoscale orographic flow in the
vertical plane across the TGC (line CD in Figure 11) in the two cases
of Low_Wind (Figure 12A) and High_Wind (Figure 12B) are
examined, respectively. Since the formation of downslope
windstorms is closely related to the upstream flow configuration,
Figure 13 further displays the vertical profiles of mean horizontal
wind, potential temperature and buoyancy frequency averaged
within a 1°×1° box centered at point C (Figure 11), i.e., upstream
region of the TGC.

The low-level incoming winds northwest of the TGC are
significantly stronger in the High_Wind case than in
Low_Wind (Figures 12A,B). The former shows a mean
upstream wind speed of 7.3 m s−1 in the layer between the
surface and the TGC peak, while it is only 1.5 m s−1 in the
latter. Moreover, the upstream mid-lower troposphere is
colder in the High_Wind case, especially around 700 hPa
(Figures 12A,B, 13B). It can be attributed to the cold
advection behind the mid-latitude trough (Figure 9B).
However, this post-trough cold advection is largely cancelled
by the adiabatic warming of subsidence there (Figure 10),
resulting in a bottom layer with almost the same temperature
as in the Low_Wind case below about 950 hPa (Figure 13B).
Given these thermal differences, the upstream flow in the
High_Wind case shows a weaker static stability below about
700 hPa than its Low_Wind counterpart (Figure 13C).
Specifically, the layer-mean buoyancy frequencies between the
surface and the TGC peak in these two cases are N = 0.0097 s−1

and N = 0.0133 s−1, respectively.
Based upon the layer-mean upstream U and N, along with

the maximum elevation of H = 1,352 m for the TGC, it is
readily to obtain the nondimensional Froude number of Fr =
0.1 in the Low_Wind case. This extremely-low Froude
number suggests that the low-level incoming wind is
largely blocked by the TGC, which thus produces the
upwind flow reversal zone (Smolarkiewicz and Rotunno,
1989) of southeasterlies on the northern slope of the TGC
(Figure 12A). The salient upstream flow blocking reduces the
effective terrain height and hence triggers very weak OGWs
(Smith, 1989; Xu et al., 2013), as indicated by the small-
amplitude disturbances of potential temperature over the
peak of the TGC. On the lee slope, both the vertical
velocity and horizontal wind are very weak, which are in
general smaller than 0.5 Pa s−1 and 2 m s−1, respectively. On
the contrary, the High_Wind case possesses a moderate
Froude number of Fr = 0.69, given its much stronger low-

FIGURE 7 | Seasonal and annual (A) occurrence frequency, (B)
duration, and (C) intensity of RHWEs in southern TGC.

FIGURE 8 | The response function of the Barnes-type filter.
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FIGURE 9 | Composite geopotential height (black contours, unit:10 gpm), temperature (red contours, unit: K), horizontal wind fields (vectors) and relative vertical
vorticity (shading, unit: 10−4 s−1) at 500 hPa in the cases of (A) Low_Wind and (B)High_Wind. (C) and (D) are the same as (A) and (B) but at 800 hPa with the shading for
horizontal wind speed (unit: ms−1). The green isolines in (A) and (B) denote the elevation of 3,000 m, while the black boxes indicate the location of the Tianshan Grand
Canyon (TGC). Line AB and Line A’ B’ indicate the vertical planes on which Froude Numbers are calculated.
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level upstream wind and weaker static stratification. This
corresponds to the nonlinear high-drag flow regime
(Miranda and James, 1992), which is featured by partial
blocking upstream, gravity wave breaking aloft, and high
winds on the lee slope. As shown in Figure 12B, the

airflow that goes over the TGC peak descends significantly,
with the maximum vertical velocity and horizontal wind speed
in excess of 3 Pa s−1 and 12 m s−1, respectively.

In the case of High_Wind the large-amplitude potential
temperature perturbations on the lee slope (Figure 12B) resemble
internal hydraulic jump (Smith, 1985). It forms as the incoming flow
is subcritical in the upstream but changes to be supercritical at the top
of the obstacle (e.g., Durran, 1986). In a shallow water, the flow
regime can be easily determined from the Froude number FrShallow �
U0
��

gD
√ where U0 is the uniform flow speed, g is the gravitational
constant, and D is the depth of the shallow water. Subcritical and
supercritical flow regimes correspond to FrShallow less and greater than
unity, respectively. In analogy to the shallow-water Froude number,
the regime of stratified flow can be determined from
FrStratified � U0

N0H0
, where U0, N0 and H0 are, respectively, the

mean horizonal wind speed, buoyancy frequency and thickness of
the fluid layer under examination.

Seen from Figure 12B, the high-speed downslope winds mainly
come from the flow of potential temperature between 296 and 299 K.
The thickness of this fluid layer is about 1,100m in the upstream
region of the TGC, along with a mean flow speed of 10m s−1 and
buoyancy frequency of 0.011 s−1. The stratified-flow Froude number
is thus 0.81, less than unity. This subcritical flow descends on

FIGURE 10 | (A)Differences between the composite geopotential height
(contours, unit:10 gpm), temperature (shading, unit: K) and horizontal wind
fields (vectors) at 500 hPa in the cases of Low_Wind and High_Wind
(High_Wind minus Low_Wind). (B) is the same as (A) but with the
shading denoting the vertical velocity (unit: Pa s−1). The green isolines
designate the elevation of 3,000 m, while the black boxes indicate the location
of the Tianshan Grand Canyon (TGC).

FIGURE 11 | Differences between the composite pressure (contour,
unit: hPa), temperature (shading, unit: K), and horizontal wind fields (vector) at
the surface in the two cases of Low_Wind and High_Wind (High_Wind minus
Low_Wind). The green isoline denotes the elevation of 3,000 m, while
the black box indicates the location of the Tianshan Grand Canyon (TGC).

FIGURE 12 | Composite potential temperature (blue contours, unit: K),
horizontal wind speed (shading, unit: m s−1), vertical velocity (white contours,
unit: Pa s−1) and wind fields (vectors) in the vertical plane along line CD in
Figure 11 in the two cases of (A) Low_Wind and (B) High_Wind.
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approaching the TGC, with the fluid layer being compressed on the
windward slope. Over the TGC peak, the layer thickness shrinks
substantially to 550m,whereas the horizontal wind speed increases to
11.3 m s−1 given the conversion of flow potential energy to kinematic
energy. In the meanwhile, the stratified-flow Froude number has
increased to FrStratified = 1.58, that is, the upstream incoming flow
experiences a transition from subcritical to supercritical. In this
regard, the airflow continues to sink on the lee slope and finally
produces high winds, i.e., downslope windstorms. According to the
mesoscale flow structure, the northwesterly high winds are firstly
onset near the mountain peak, which then blow downslope toward
the basin. During this process, the downslope flow is accelerated at
the expense of potential energy. Therefore, the winds at Yiwanquan,
Toksun, andAydingkol Lake are stronger than at Dabancheng. It also
explains why the diurnal peak of high wind occurrence at Yiwanquan
and Toksun is later than at Dabancheng but earlier than at Aydingkol
Lake, given their geographical locations.

It is noteworthy that there is a local wind maximum on the
mountain top, near the exit of the TGC (Figure 12B). It is attributed
to the gap wind effect, which plays an important role for the
formation of high winds near the exit region of a barrier gap
(Gaberšek and Durran, 2004). Apparently, the TGC is a gap
between two high mountains to its west and east (Figure 1B).
The dynamics of gap wind are also controlled by the non-
dimensional Froude number, Fr � U

NH, but with H replaced by
the depth of the barrier. The mean elevations of the TGC and the
surrounding mountains (in the area of 87.5°E ~ 89.5°E and 43°N ~
44°N) are 1,233 and 2,106m, respectively, yielding a depth of 873m.
In the upstream region of the TGC (between 84°E ~ 86°E and 44.75°N
~ 45.25°N), the mean wind speed along the direction of line CD in
Figure 11 is 6.78m s−1, along with a mean buoyancy frequency of
0.0104 s−1. Thus, the upstream Froude number is Fr � U

NH = 0.75. In

this case, as studied by Gaberšek and Durran (2004), there will be a
notable increase of mass flux and wind speed in the exit region of the
gap due to downward transport by the mountain waves. The above
analysis suggests that the gap wind helps enhance the wind speed in
the canyon exit region, while the high winds in southern TGC are
mainly caused by downslope windstorms, especially for those at
Toksun and Aydingkol Lake that are far away from the gap exit.

4 SUMMARY AND DISCUSSION

Based on the hourly surface wind observations at six automatic
weather stations, this work investigates the characteristics of high
winds in the Tianshan Grand Canyon (TGC) region, Northwest
China. Three high wind (with surface wind speed more than
10 m s−1) indices are considered, i.e., high wind hour (HWH),
station high wind event (SHWE), and regional high wind event
(RHWE).

In the period of 2017–2018, there are more than 4,000 HWHs in
the TGC region. These high winds are mainly northwesterly/westerly
winds except in Urumqi which is dominated by southeasterly winds.
Nearly all the HWHs take place in the southern TGC, accounting for
more than 98% of the total. The intensity of HWHs (in terms of
surface wind speed) is stronger in southern than in northern TGC.
HWHs most often occur in spring and summer, with the least
occurrence in winter. However, the winter HWHs have an intensity
comparable to that in spring, both of which are stronger than in
autumn and summer. The occurrence of HWHs shows an apparent
diurnal variation. At Dabancheng, i.e., near the crest of the TGC, high
winds most frequently happen in the afternoon, with the lowest
occurrence frequency in themid-night. Downstream of Dabancheng,
the diurnal peak of HWHs is delayed, implying that the high winds

FIGURE 13 | Vertical profiles of (A) horizontal wind speed, (B) potential temperature, and (C) buoyancy frequency in the upstream region of the Tianshan Grand
Canyon (TGC). Red lines are for the case of High_Wind while blue lines are for Low_Wind. These profiles are obtained by areal average within a 1° × 1° box centered at
point C in Figure 11.
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arefirstly onsetwithin the canyon and then progress southward to the
foothill.

For persistent high winds lasting for more than 3 h at individual
stations, i.e., SHWE, they are most common in spring and summer.
The spring SHWEs possess a longer lifetime and stronger intensity
than their summer counterparts. There is a much lower occurrence
frequency of SHWEs in winter, which are generally short-lived in
spite of an intensity comparable to that in spring. The statistical
features of RHWEs (which refer to persistent highwinds for southern
TGC as a whole) are similar to that of SHWEs, high winds are prone
to occur in spring, alongwith a longer lifetime. In order to explore the
seasonal variation, we examine the differences between the composite
large-scale circulations in spring and winter when the occurrence
frequencies of high winds are the most and least in the year. The
springtime circulation shows a cyclonic circulation anomaly to the
north of the TGC compared to its winter counterpart (not shown),
which is similar to the circulation differences between High_Wind
and Low_Wind cases in Figure 10A. The low-level northwesterly
flow is conductive to the generation of high winds in southern TGC.
This explains why the high winds are more prone to occur in spring.
Moreover, the low-level northwesterly winds in the upstream region
(i.e., north) of the TGC are the strongest in winter, followed by spring
and autumn, with the weakest in summer (not shown). This is in
good agreement with the seasonal variation of RHWEs intensity in
southern TGC.

The favorable synoptic conditions leading to the intense and
persistent RHWEs in spring are investigated through composite
analysis of the FNL reanalysis. Most importantly, a 500-hPa
trough is present in the mid-high latitudes to the north of the
TGC, accompanied with a ridge to its west and east, respectively.
The circulation pattern is just reversed when no RHWE occurs.
The sinking motion behind the trough dynamically causes a
surface high pressure in the upstream region (i.e., north) of
the TGC, which drives a stronger northwesterly wind than in
the case of no RHWEs. Meanwhile, the cold advection behind the
trough cools the mid-lower troposphere, yet this cooling effect is
largely cancelled by the adiabatic warming of subsidence in the
bottom layer. This consequently gives rise to a more unstable
lower troposphere than in the case of no RHWEs which, in
conjunction with the faster incoming flow, tends to inhibit the
low-level flow blocking in the upstream region of the TGC.

Close examination of the mesoscale flow structure shows that,
when RHWE occurs in southern TGC, the orographic flow is in a
nonlinear high-drag regime. Large-amplitude potential temperature
perturbations are found over the lee slope, which resembles internal
hydraulic jump within a stratified flow. This is confirmed by
quantitative analysis of the shallow-water-like Froude number that
the incoming flow experiences a transition from subcritical in the
upstream to supercritical at the TGC peak. Downslope windstorms
are produced since the potential energy is continuously converted to
kinematic energy in the entire period of airflow traversing the TGC.
The gap wind effect also plays a role in enhancing the winds in the
exit region of the canyon. On the contrary, in the case of no RHWE,
the low-level incoming flow is mainly blocked by the TGC, given its
much weaker wind speed and stronger static stability. As such, there
are only weak OGW activities over the TGC, with no high winds
generated on the lee slope.

The favorable synoptic conditions and mesoscale flow structure
obtained in this preliminary study provides some useful insights into
the formation and prediction of high winds in the TGC area.
However, the coarse observational network and 0.25° FNL
reanalysis cannot well resolve the complex terrain and thus fine-
scale structure and evolution of high winds. For example, as shown in
Figure 12B, there is no critical level (i.e., zero-wind level) in the
composite wind fields. This differs notably from previous case studies
of high winds in this region using high-resolution numerical
simulations (e.g., Lu et al., 2014; Zhang et al., 2018; Ding et al.,
2019). In this regard, high-resolution numerical simulations will be
conducted in the future to better understand the mechanisms of high
winds through quantitative budget analyses of horizontalmomentum
and/or kinematic energy (e.g., Ding et al., 2019; Fu et al., 2020). The
seasonal variation of high winds is also an interesting topic that
deserves further research.
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