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Abstract

Based on the European Centre for Medium-Range Weather Forecasts

(ECMWF) ERA5 reanalysis data, in this study, formation mechanisms of a

severe windstorm that caused successive trippings of the transmission lines in

Southern Xinjiang were investigated. The strong windstorm occurred within a

lower-tropospheric warm region due to adiabatic heating of the descending

motions ahead of a shortwave trough in the westerly wind (the blocking effects

of high mountain was a key reason for the strong descending motions). The

kinetic energy (KE) budget indicates two typically different stages appeared in

the variation of the windstorm. The former stage showed a rapid wind KE

enhancement in the lower troposphere. The KE increase was mainly governed

by the downward stretching of high KE (i.e., downward momentum transpor-

tation) from the middle troposphere (rather than from the upper-level jet) and

the KE production due to the work on rotational wind by the pressure gradient

force. The latter stage showed a rapid KE decrease mainly due to the transport

of KE by the rotational wind and the pressure gradient force's negative work

on the rotational wind. In contrast, the vertical advection of KE still acted as

transporting high KE from middle troposphere to lower troposphere, which

resisted the KE reduce at the lower levels.
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1 | INTRODUCTION

In China, the State Grid (SG) has built a large number of
transmission lines and power facilities which supply
power to more than 1.1 billion population in 26 provinces,
autonomous regions, and municipalities, covering 88% of
Chinese national territory. Due to its huge coverage,
every year, the SG suffers a great loss related to natural
disasters. According to Sun et al. (2011), over 40% of the
total power grid faults are due to natural disasters, with
the meteorological disasters occupying the largest propor-
tion. Under the global warming, the meteorological disas-
ters show an obvious increasing trend in causing SG
faults (Song et al., 2019). Xie and Li (2006), and Yang
et al. (2009, 2010) analyzed the natural disasters that
cause severe power grid faults in China during recent
years, and found that the windstorm was one of the most
severe disasters. Similar results are also found in other
countries such as Japan and American (Zhang
et al., 2015; Cevik et al., 2019; Zhang et al., 2019). In addi-
tion to windstorms, lighting, rainstorms, and freezing
rain also pose a very big threat to the SG (Xie and
Li, 2006; Yang et al., 2010; He et al., 2011; Luo
et al., 2016; Song et al., 2019).

Corresponding to the spatial distribution of disaster
weathers in China, the SG-related meteorological disas-
ters show significant regional characteristics: lightning
activities tend to do more harms to the transmission lines
and power facilities in North China and South China
(Yang and Sun, 2014; Song et al., 2019); freezing rains
tend to cause more damages to the SG in Guizhou and
Hunan Provinces (Xie and Li, 2006; Sun and Zhao, 2010),
and windstorms tend to induce more SG losses in South-
east China, North China, and Northwest China (Yang
et al., 2010; Sun et al., 2011; Zhang et al., 2019). It should
be noted that, windstorms in Southeast China, North
China and Northwest China are generally associated with
different weather systems (Luo et al., 2016; Song
et al., 2019). For the former two regions, windstorms
mainly appear in the warm season, with the squall lines,
multi-cell storms, supercell storms and typhoons being
the primary influencing system (Xie and Li, 2006;
Markowski and Richardson, 2010; Yang and Sun, 2014;
Zhang et al., 2019). In contrast, for Northwest China,
windstorms mainly occur in the cold season (Xie and
Li, 2006; Sun et al., 2011; Lu et al., 2014). They mainly
occur under the influences of extratropical cyclones
(Yang and Liu, 2006), middle-level shortwave troughs
(Wang et al., 2011; Lu et al., 2014), lower-level highs
(Fu et al., 2012), cold fronts (Zhuang et al., 2016), cold
waves (Tang et al., 2011), and low-level jets
(Li et al., 2012; Zhang et al., 2018). Orographic forcings
are confirmed to be a key factor in producing these

windstorms by enhancing the low-level pressure gradient
(Ding et al., 2019), inducing gravity waves
(Lu et al., 2014), causing downslope winds (Zhang
et al., 2018) and applying a narrow pipe effect (Wang
et al., 2011). Thus far, most previous studies are applied
to windstorms in Northern Xinjiang (Tang et al., 2011;
Wang et al., 2011; Li et al., 2012; Lu et al., 2014; Zhang
et al., 2018; Ding et al., 2019). For Southern Xinjiang,
where the geographical features are remarkably different
from those of Northern Xinjiang, mechanisms accounting
for the development of windstorms still remain vague.
Therefore, the primary purpose of this study is to further
the understanding of the formation mechanisms of the
windstorms in Southern Xinjiang, based on a typical
event that caused a serious SG failure around Bachu
County (38.7–40.3oN, 77.3–79.9�E). A better understand-
ing of the primary mechanisms underlying the wind-
storms in Northwest China could provide a better
guarantee service for the safe operation of the SG in this
region. The remainder of the paper is structured as fol-
lows: Section 2 describes the data and analysis methods.
Section 3 provides an overview of the event and a
corresponding synoptic analysis. Sections 4 show the
main results of kinetic energy (KE) budget. Finally, a
conclusion and discussion is provided in Section 5.

2 | DATA AND METHOD

In this study, the station observed hourly surface wind
was used to analyze the variation of the windstorm. The
hourly 0.25� × 0.25� European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA5 reanalysis data
(Hersbach and Dee, 2016), which has a total of 37 vertical
levels, was utilized to conduct a synoptic analysis and a
KE budget. The reason why a KE budget was used is that,
KE can directly reflect the variation of wind speed, and
the KE budget has been proven to be effective in explor-
ing mechanisms underlying wind enhancement (Chen
et al., 1978; Fu et al., 2011, 2012). The KE budget equa-
tion from Chen et al. (1978) was used as following shows:

∂k
∂t

= −rh� VRkð Þ
TR

−rh� VDkð Þ
TD

−VR�rhΦ
WR

−VD�rhΦ
WD

−
∂ωk
∂p

+RES

TV

ð1Þ

where k= u2 + v2
2 represents the KE (u and v are zonal and

meridional winds, respectively), t is time, rh denotes the
horizontal gradient operator, VR and VD are rotational
and divergent wind, respectively, ϕ is the geopotential,
p is the pressure, and ω is the vertical speed in
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p coordinate. The rotational and divergent wind are cal-
culated by using the method developed by Xu
et al. (2011). Terms TR and TD denotes the transport of
KE by rotational and divergent wind, respectively;
terms WR and WD show the pressure gradient force's
work on rotational and divergent wind, respectively;
term TV stands for the transport of KE by vertical
motion, and term RES means the residual mainly due
to friction, subgrid processes and calculation errors. A
total (TOT) term is defined as TOT = TR+TD+WR
+WD+TV, which represents the overall effects of the
right hand side terms except for RES. Sum of TR and
TD equals the transport of KE by horizontal wind, and
sum of WR and WD equals the pressure gradient force's
work on horizontal wind. This means Equation (1) is
equivalent to the traditional KE budget method that
does not decompose horizontal wind (Markowski and
Richardson, 2010). Furthermore, Equation (1) can also
show the respective contributions from the vorticity-
determined rotational wind and divergence-determined
divergent wind (Xu et al., 2011). This is useful for a pro-
cess (such as that in this study) during which diver-
gence and vorticity are notable.

3 | OVERVIEW OF THE EVENT
AND SYNOPTIC ANALYSIS

3.1 | Overview of the event

On December 27, 2017, windstorms occurred in Southern
Xinjiang (Figure 1a), with the maximum surface wind
speed of 9.8 m�s−1 observed in the station 51,716
(Figure 1b). In this event, around the Bachu County (the
small blue box in Figure 1a), strong wind above 7 m�s−1
mainly appeared in the period of 1200 UTC–1400 UTC
27 December (Figure 1b). It is reported that by the SG
that, the 750 Kilovolt (KV) transmission line tripped suc-
cessively from 1100 UTC to 1300 UTC 27 December,
within the Bachu County, and the main reason for the
line trip was the windstorm. Usually, transmission line
trips due to wind deflection are associated with wind
speed above 25 m�s−1 (Yang and Xu, 2019). What are the
formation mechanisms of the windstorm within the
Bachu County is the central scientific question for this
study. For convenience, a small box which covers the
Bachu County (Figure 1a) is determined as the target
region for detailed analyses.

FIGURE 1 Panel (a) shows the

terrain features in Xinjiang (shading,

units: m), where the big blue box

marks the location of the target

region, the two small red boxes show

the locations of two stations 51,716

and 51,810. Panel (b) shows the

observed wind speed (units: m�s−1)
at the two stations
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3.2 | Synoptic analysis

As Figure 2a and b show, in the upper troposphere, the
target region was located ahead of a trough. The trough

was associated with a warm center of −54�C, with warm
temperature advection appeared over the target region
(not shown). Ahead of the trough, an upper-level jet
appeared and split into two branches, which resulted in

FIGURE 2 Legend on next page.
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strong divergence over the target region (Figure 2b).
Overall, warm advection and upper-tropospheric diver-
gence were both favorable for ascending motions. In the
middle troposphere, a shortwave trough that was associ-
ated with the 200-hPa trough appeared west of Xinjiang
(Figure 2c,d). In the central region of the shortwave
trough, a cold temperature center appeared, with strong
cold temperature advection occurred ahead of the trough
line. The target region was located ahead of the

shortwave trough, beneath the cold advection
(Figure 2d). Generally, cold advection contributed to
enhancement of descending motions and lower-level
pressure rising (Markowski and Richardson, 2010). More-
over, ahead of the shortwave trough, southwesterly wind
was strong, which means the middle-level KE was large
(Figure 3). In the lower troposphere, the target region
was mainly located in the regions with cyclonic vorticity
(Figure 2e,f), with westerly wind enhanced rapidly. In

FIGURE 2 Panels (a and b) show the geopotential height (black solid lines, units: gpm), temperature (red lines, units: �C), wind above

35 m�s−1 (a full wind bar represents 10 m�s−1), and divergence (shading, units: 10−5�s−1) at 200 hPa, where the brown dashed lines mark the

trough lines. Panels (c and d) show the geopotential height (black solid lines, units: gpm), temperature (red lines, units: �C), wind (a full

wind bar represents 10 m�s−1), and temperature advection (shading, units: 10−5 K�s−1) at 500 hPa, where the brown dashed lines mark the

trough lines. Panels (e and f) show the stream field, wind above 10 m�s−1 (a full wind bar represents 10 m�s−1), and vorticity (shading, units:

10−5�s−1) at 850 hPa, where gray shading masks terrain above 1,500 m. panels (g and h) show the wind speed of surface wind (shading,

units: m�s−1), mean sea level pressure (black solid lines, units: hPa), surface temperature (red lines, units: �C), and surface wind (a full wind

bar represents 4 m�s−1), where the blue boxes mark the target region

FIGURE 3 Meridional mean (from 38.5�N to 40.5�N) composite of zonal wind and vertical wind (black solid lines with arrows), wind

kinetic energy (shading, units: J�kg−1), and temperature (red lines, units: �C), where the gray shading marks the terrain, and the purple

boxes mark the target region
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the near surface levels, the target region was located
within a warm center northeast of the Pamir Plateau,
west of a low-pressure band (Figure 2h), which was
governed by a cyclonic circulation. From 0000 UTC to
1200 UTC December 27, 2017, the cyclonic circulation
within the target region enhanced with time, as a low-
pressure zone developed gradually within the target
region (Figure 2g,h). During this process, the
southeastward-pointed pressure gradient force within the
northern section of the target region increased notably
(Figures 2h). It did positive work on the northwesterly
wind in this region, which enhanced the wind speed.

From Figures 3a–c, it is obvious that, a lower-
tropospheric warm center increased with time (from 0300
UTC to 1,200 UTC 27 December), which accords with the
increase of the surface wind during the same period
(Figure 1b). The formation of this warm center within
the target region was mainly due to the adiabatic des-
cending (according to station observation, no precipita-
tion was observed) after the air flows passed the
mountain (Figures 3a–c). The increase of wind speed in

the lower troposphere was corresponding to the down-
ward stretching of the large KE region from the middle
troposphere. Usually, ahead of a middle-tropospheric
shortwave trough, ascending motions are dominant
(Markowski and Richardson, 2010; Fu et al., 2012); how-
ever, in this event, descending motions were dominant
(Figure 3). This is because downslope winds appeared
after the lower-level air flow crossed the mountain peak
(cf., Figure 3a–c). As documented by Durran (1986), as
the air flow ascended along the mountainside, its poten-
tial energy was accumulated, and then after the flow pas-
sed over the mountain peak and descended along the lee
slope, its potential energy was converted into KE, which
induced downslope winds.

4 | KINETIC ENERGY BUDGET
RESULTS

As the target-region averaged values show, a significant
downward stretching of high KE occurred from 0600

FIGURE 4 Panel (a) shows the

target-box averaged wind kinetic energy

(shading, units: J�kg−1), zonal wind
(blue lines, units: m�s−1) and meridional

wind (black lines, units: m�s−1). Panel
(b) shows the target-box averaged

temperature (black lines, units: �C), and
vertical motions (shading, units:

cm�s−1). The purple box marks the

focused period (from 0600 UTC to 2100

UTC December 2017)
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UTC to 2100 UTC 27 December (Figure 4a), which
means downward momentum transportation appeared in
this region. During the downward stretching process, the
westerly wind and northerly wind enhanced rapidly,
which was consistent with the observation (not shown).
As shown in Figure 4b, strong descending motions were
mainly below 450 hPa, while the upper-level jet was
mainly located above 400 hPa (Figure 3). Therefore, the
downward transfer of momentum of the upper-level jet
was not a direct reason for the near-surface wind

enhancement in this event, instead, the downward trans-
fer of momentum from the middle troposphere was more
important for this event.

Before KE budget analysis, we compared the target-
box averaged local time derivative of KE in Equation (1)
with the term TOT. It is found that the local time deriva-
tive of KE approximately balanced 87% of term TOT (not
shown). This means the balance of Equation (1) was
good, and thus it could be used for further analysis. From
0600 UTC to 1500 UTC December 2017, a positive TOT

FIGURE 5 Panel (a) shows the target-box averaged TR (shading, units: 10−2 W�kg−1), and TOT (black lines, units: 10−2 W�kg−1). Panel
(b) is the same as (a) but for TD; panel (c) is the same as (a) but for WR; panel (d) is the same as (a) but for WD; and panel (e) is the same as

(a) but for TV. Panel (f) is the target-box averaged wind speed (units: m�s−1) at the height of 70 m above the surface. The purple box marks

the focused period (from 0600 UTC to 2100 UTC December 2017)
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appeared within the target region, below 650 hPa (black
line in Figure 5a), which was consistent with the rapid
KE and wind speed enhancement in the same period
(Figures 4a and 5f). The import of KE by the rotational
wind (i.e., TR) and divergent wind (i.e., TD) were favor-
able for the KE increase (Figure 5a,b), with TR having a
larger contribution. The work on rotational wind by the
pressure gradient force (i.e., WR) (Figure 5c) and the work
on divergent wind by the pressure gradient force (i.e., WD)
(Figure 5d) both contributed to the KE enhancement, with
the former much larger than the latter. The downward
transport of KE (i.e., TV) was also conducive to the KE
increase below 650 hPa (Figure 5e). Among the five factors
mentioned above, terms TV and WR were governing factors
for the KE increase. This means that in addition to the
downward stretching of high KE from the middle tropo-
sphere, the lower-tropospheric KE production due to the
work on rotational wind by the pressure gradient force was
also very important.

From 1500 UTC to 2100 UTC December 2017, the
lower-tropospheric KE (below 650 hPa) within the target
region began to reduce in intensity (Figure 4a), as the
negative term TOT shows (black lines in Figure 5a).
Export of KE from the key region by the rotational wind
(Figure 5a) and the work on rotational wind by the pres-
sure gradient force (Figure 5c) dominated this decrease.
The transport of KE by the divergent wind (Figure 5b)
and the work on divergent wind by the pressure gradient
force (Figure 5d) also showed a favorable effect for the
KE decrease, but had a much smaller intensity. As the
descending motions were notable (Figure 4b), the down-
ward transport of KE from the middle troposphere still
remained strong intensity during this stage, which ren-
dered a positive TV (Figure 5e). This effect decelerated
the KE decrease in the lower troposphere significantly,
which was favorable for the sustainment of strong lower-
tropospheric winds.

5 | CONCLUSION AND
DISCUSSION

In this study, formation mechanisms of a severe wind-
storm that caused successive trippings of the transmission
lines in Southern Xinjiang were investigated, based on a KE
budget analysis using the hourly ECMWF ERA5 reanalysis
data. It is found that, the windstorm occurred within the
descending motions ahead of a shortwave trough in the
westerly wind. This is notably different from the classical
ascending motions ahead of a middle-level shortwave
trough. In this event, the westerly wind descended after it
passed the high terrain west of Xinjiang, which resulted in
a lower-level warm center due to adiabatic heating. The

warm center modified the pressure field and the associated
pressure gradient force within the target region which in
turn modified the KE production. The KE budget indicates
that two typically different stages appeared in the variation
of the windstorm. The first stage showed a rapid wind KE
enhancement in the lower troposphere, which was mainly
due to the downward stretching of high KE from the mid-
dle troposphere and the KE production due to the work on
rotational wind by the pressure gradient force. The second
stage featured a quick reduce of KE within the key region.
Export of KE from the key region by the rotational wind
and the work on rotational wind by the pressure gradient
force dominated this decrease. The downward transport of
KE from the middle troposphere was the only factor that
decelerated the KE decrease in the lower troposphere. Com-
pared to previous studies focusing on the windstorms in
Northwest China, this event also shows the importance of
orographic forcing in modifying the low-level pressure field
and enhancing downslope wind (Tang et al., 2011; Wang
et al., 2011; Zhang et al., 2018; Ding et al., 2019). However,
a downward momentum transportation from the middle
troposphere made a notable contribution in this event,
whereas it was weak or absent in most previous studies. As
a case study, this work has obvious limitations in rep-
resenting the general mechanisms governing the windstorm
formation in Southern Xinjiang. In the future, more cases
should be investigated to broaden our understanding of this
type of event.
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