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Abstract: The downburst events have been a research focus for decades, as their associated disas-
trously strong winds pose a great threat to aviation, the shipping industry, agriculture, and the power
industry. On 14 May 2021, a series of severe convection occurred in middle and eastern China, during
which six 500-kilovolt transmission line towers in Zhejiang were toppled down by a downburst
event, resulting in a large range of power outages. By using the Weather Research and Forecasting
(WRF) model version 4.4, key features of the downburst event were reproduced reasonably; based on
which, we explored the evolutionary mechanisms and the three-dimensional structures of the strong
winds associated with the downburst event. It was found that a southwest-northeast-orientated,
eastward moving strong squall line was the parent convection system for the downburst event. The
downburst-associated convection was deep (from surface to 200 hPa); in the near surface layer, it was
mainly associated with positive geopotential height and negative temperature deviations, whereas,
at higher levels, it was mainly associated with negative geopotential height and positive temperature
deviations. Backward trajectory analysis indicates that the air particles that came from the middle
troposphere west of the key region (~61.2% in proportion) were crucial for producing the strong
winds of the downburst event. These air particles experienced notable descending processes, during
which most of the air particles decreased notably in their potential temperature, while they increased
significantly in their specific humidity. The kinetic energy budget analyses denote that, for the region
surrounding the location where the tower toppling appeared, the work done by the strong pressure
gradient force between the high-pressure closed center (corresponding to intense descending motions)
and the low-pressure closed center (corresponding to strong latent heat release) dominated the rapid
wind enhancement.

Keywords: downburst; strong wind; kinetic energy; severe convection; 500-kilovolt transmission
line towers

1. Introduction

According to the definition from the American Meteorological Society (AMS), the
downburst is defined as an area of strong (usually >17.2 m s~ 1) [1], often damaging, winds
produced by one or more convective downdrafts [2]. According to the horizontal scale,
Fujita [3] classified the downbursts into two types: the downbursts over horizontal spatial
scales <4 km are referred to as microbursts, and those events with horizontal spatial scales
>4 km are termed macrobursts. Downburst has a significant impact on the aviation and the
shipping industry. For example, on 24 June 1975, when a Boeing aircraft was about to land
at Kennedy Airport in New York, it encountered a downburst and crashed rapidly, resulting
in 113 deaths and 11 injuries [4]. On 1 June 2015, a cruise ship named “Dongfangzhixing”
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encountered a downburst in the Jianli (Hubei Province) section of the Yangtze River and
capsized instantaneously. Up to 442 people were killed in this accident [1,5]. Moreover, the
disastrously strong winds associated with downbursts often caused considerable damages
to crops, trees, houses, and transmission line towers, resulting in serious casualties and
property losses [6-13], Of these, damages to the power facilities were usually more serious
as in addition to affecting local regions, downbursts could also affect other regions through
causing an interruption to the power supply [7,14-16].

Due to their high frequency and strong destructive power [1,13], the downbursts have
been a hot research topic for decades. Of these, to understand their formation mechanisms
and to explore their three-dimensional (3D) structures are of particular importance. As the
downburst events are small in spatial scale and short in temporal scale, high resolution
simulations are a useful tool for related studies. For example, Lin [17] used a 3D sub-cloud
idealized simulation to reproduce the microbursts and found that the simulation could cap-
ture the key features that were observed in real downburst events. Based on the combined
Rankine vortex model, Bech et al. [18] developed a methodology that could distinguish
microbursts from tornadic events using surface damage. Vermeire et al. [19] used the large
eddy simulations to simulate downburst events and found that the maximum horizontal
wind was associated with smaller scale structures in the flow caused by the downdraft
interactions aloft. Bolgiani et al. [10] applied a series of simulations to determine the best mi-
crophysics and planetary boundary layer schemes for simulating the downdrafts associated
with severe convections. They found that the high-reflectivity microbursts reproduced by
the optimal model configuration were notably consistent with the observations. Although
the previous simulation studies had enhanced our understandings of the downburst events,
there still remain some unsolved scientific questions about downbursts” formation and
structure. These include evolutionary mechanisms of their kinetic energy and their 3D
airflow structure.

In the mid May 2021, a series of severe convective weather events occurred from
west to east, with their strongest influencings appearing in central and eastern China.
Of these, an intense downburst event occurred on 14 May 2021 in Zhejiang (Figure 1a).
During this event, power facilities within Zhejiang suffered heavy losses [16], where six
500-kilovolt (kV) transmission line towers toppled down, resulting in a large range of power
outages. The 500 kV transmission line belongs to a high-voltage transmission line, which
undertakes the important task of transmitting and distributing electric energy in the power
system and plays an important role in ensuring the normal operation of the State Grid [20].
According to the field survey, directions of trees” dumping at the disaster site showed
obvious divergent characteristics, and the instantaneous maximum wind speed might have
exceeded 50 m s~ ! [16]. All these were typical features of the downbursts associated with
severe convections [9-11]. Another notable feature for this event was that heavy rainfall
appeared simultaneously with the downburst. As Fujita [3] reported, downbursts could
be classified into dry downbursts and wet downbursts, according to the precipitation
and radar reflectivity associated with them. The wet downbursts usually possess heavier
precipitation and more intense radar reflectivity than those of dry downbursts, mainly
due to their more abundant moisture condition [21,22]. Based on the previous studies of
downbursts, the primary purpose of this study is to reproduce the strong downburst event
on 14 May 2021 in Zhejiang, to understand its formation in terms of the kinetic energy
budget, and to clarify its 3D airflow structure.

The reminder of this article is structured as follows: Section 2 describes the data,
model configuration, and methods used in this study; Section 3 shows the validation of
the simulation; Section 4 presents the synoptic analysis on the event; Section 5 shows
the 3D structure and the evolutionary mechanisms of the downburst event; and finally a
conclusion and discussion is provided in Section 6.
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Figure 1. (a) Observed composite radar reflectivity (shading; dBZ) at 14:12:00 UTC 14 May 2021,
where the dashed rectangle and ellipses mark the sections used for comparisons. (b) Simulated
composite radar reflectivity (shading; dBZ), and surface wind (vector) at 13:44:00 UTC 14 May 2021,
where the small green boxes mark the locations at which the tower toppling appeared, and the
dashed rectangle and ellipses mark the sections used for comparisons. (c¢) Terrain (shading; m) and
distribution of provinces, where the blue map highlights Zhejiang Province.

2. Data, Model Configuration, and Methods
2.1. Data

In this study, we used a total of three types of data: (i) the hourly, 0.25° x 0.25°
ERADS reanalysis data from the European Centre for Medium-Range Weather Forecasts
(ECMWEFE) [23] was used for generating the initial and boundary conditions of the numerical
simulation, and it was also used for the validation of the simulations of the downburst
event’s background environment. This is because the ERAS reanalysis data showed an
overall better performance in China compared to other types of reanalysis data [24-27].
(ii) The half-hourly GPM IMERG Final Precipitation data [28] was used for the validation
of the precipitation simulation. (iii) The 6 min, 1 km x 1 km composite radar reflec-
tivity from the China Meteorological Administration was used for the validation of the
convection simulation.

2.2. Model Configuration

In this study, we used the Weather Research and Forecasting (WRF) model v4.4 [29]
for the simulation. As shown in Figure 2, a total of three domains (one way nesting)
was used, which had 600 x 600, 991 x 991, and 1501 x 1501 grids, respectively. The grid
spacings for d01-d03 are 3000 m, 1000 m, and 333.3 m, respectively. As the downburst event
appeared in Zhejiang province, which is adjacent to the sea in the east, in order to include
the effects from the sea breeze [30], all three domains contain a sea region (Figure 2). In the
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vertical direction, 51 terrain-following levels were used with the top level fixed at 50 hPa.
The physical schemes used in the simulation are listed as follows: the five-layer thermal
diffusion land surface model (NOAH) [31]; the Yonsei University planetary boundary
layer scheme (YSU) [32]; the old MM5 surface layer scheme [29]; the WRF single-moment
6-class scheme (WSM6) [33]; the Dudhia shortwave scheme [34]; and the rapid radiative
transfer model with GCM applications scheme (RRTM) [35]. Of these, the YSU scheme
was also proven to be useful for the simulations in North China [36] and East Siberia [37].
No cumulus schemes were used in this study; as all the grid spacings were convection
permitting. The simulation was initiated at 06:00:00 UTC 14 May 2021 and ran for 12 h
to cover the whole downburst event. The boundary conditions were updated every 3 h
during the simulation.

do1
(600%600; 3000 m)
36°N

N d02
(991x991; 1000 m)

32°N

30°N

28°N

26°N

24°N

22°N

110°E 112°E 114°E 116°E 118°E 120°E 122°E 124°E

Figure 2. Three domains (d01-d03) for the simulations in this study, where the numbers in the
parentheses show the total grids and grid spacing for each domain.

2.3. Kinetic Energy Budget

As an effective indicator for wind speed [38-40], the kinetic energy (KE) budget was
used in this study to understand the formation of the strong winds associated with the
downburst event. The momentum equation under the Cartesian coordinate [41,42] can be
written as:

ou ou ou ou  1adp
E—i—u&—l—?]@—l—w&——;)a‘i‘fv‘i‘ﬂu (1)

v ov ov Jov  1adp Fu+F o)
Y vr

ot ox 9y e o dy
where 1, v, and w are the zonal, meridional, and vertical wind in the Cartesian coordinate,
respectively; ¢ is the time; z is the height; p is the pressure; and f is the Coriolis parameter.
F, and F, are the friction force in the x and y directions, respectively. Calculating u *
Equation (1) + v * Equation (2), we can obtain Equation (3), as the following shows:

32 a2 2 g 32 3 a2 13, 19
a—i%—uﬁ%—vﬁ—l—wa—;%—a—i—l—uﬁ—l—vﬁ—l—wa—;:—F—)ﬁu—;)éthuﬂﬁ—vﬂ,. 3)

Define kj, = (u? + v?) /2, and then Equation (3) can be rewritten as:

aﬂ:— uaﬂ+vaﬁ _w%_la_pu_la_pv_i_upu_'_vpvl (4)
ot ox ay p oy
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where ak”

zontal advection of KE (HAK); —wakh is the vertical advection of KE (VAK); — % g—Zu — %g—gv
stands for the work of the pressure gradient force (WOP); and uF, + vF, is the work
of the friction force. In order to represent the sum of all terms on the right-hand side
of Equation (4), except for the friction force’s work, a sum term (SUM) was defined as
SUM = HAK + VAK + WOP. The balance of the KE budget can be represented by the ratio
of % and SUM [43,44]; a ratio closer to 1.0 means a better balance of the budget (a mean
ratio of 0.76 was found for the KE budget equation in this study, implying that the KE
budget equation was reasonably balanced after neglecting the friction [45,46].

denotes the local temporal variation in KE; — ( Iy 4 vakh ) represents the hori-

3. Simulation Validation

According to Wang et al. [16], the downburst event that toppled six 500 kV trans-
mission line towers occurred around 14:12:00 UTC 14 May 2021. Figure 3 illustrates the
background environment ~1 h before the event. It is shown that the simulation had repro-
duced the 200 hPa jet stream well (the correlation between the wind speed of the upper-level
jet derived from ERA5 and the simulation was ~0.74). For the middle troposphere, the
geopotential height derived from ERA5 and simulation showed a correlation coefficient
of ~0.83, and the correlation coefficient of the temperature was ~0.61. A comparison of
the sounding (~2 h before the downburst event) at the location where the transmission
line towers toppling appeared shows that the simulation had reproduced the inversion
layer in the near-surface layer (Figure 4), and the profiles of the temperature and dew point
were both well simulated. The strong vertical wind shear at the layer from 1000 hPa to
850 hPa and the wind intensity in the whole layer were both reasonably reproduced. Key
parameters such as the lifted condensation level, the pressure of the lifted condensation
level, the showalter index, the precipitable water, and the convective availabe potenrial
energy (CAPE) were all simulated reasonably. As discussed above, the simulation had
captured the key features of the background environment of this event.

13Z14MAY2021 13Z14MAY2021
7 =
36N 1

34N
32N {1
30N
28N

26N -

24N -
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Figure 3. Panel (a) shows that 200 hPa wind (shading and wind barb; m s~ 1), 500 hPa geopotential
height (black contour; gpm) and 500 hPa temperature (red contour; °C) derived from ERA5 reanalysis,
where the thick dashed line is the trough line and the small green boxes mark the location at which
the tower toppling appeared. Panel (b) is the same as (a) but for the simulation.

As Figure 5a shows, strong rainfall (3 h accumulated precipitation >20 mm) appeared
northwest of the location where the transmission line towers’ toppling appeared. The
simulation reproduced the strong precipitation, but for a stronger intensity (Figure 5b).
We calculated the threat score (TS) [47] and found that the TS for the heavy rainfall (i.e.,
3 h accumulated precipitation >20 mm) simulation was ~0.45. This indicates that the
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rainfall simulation was reasonable. For the composite radar reflectivity, at 13:44:00 UTC
14 May 2021 (~28 min earlier than the observation), the simulation had reproduced the
southwest-northeast-orientated strong reflectivity band (blue tilted dashed box in Figure 1),
which directly accounted for the formation of the downburst event. In addition, the strong
reflectivity center east of the strong reflectivity band was also reproduced reasonably.
The abovementioned indicates that the simulation had captured the key features of the
mesoscale systems during the downburst event. Therefore, the simulation of this study can
be used for further analysis.

(a) 12:00:00 UTC (b) 12:00:00 UTC

0 Plcl=1001 Tlcl[C]=22 Shox=-3 Pwat[cm]=5 Cape[J]= 253 Plcl=1001 Ticl[C]=22 Shox=-4 Pwat[cm]=6 Cape[J]= 498 5

/) §
\

[ ()
mws 7(
T T
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

Temperature (C) Temperature (C)

850

1000

Figure 4. Panel (a) is the simulated hodograph and skew-T plot of 12:00:00 UTC 14 May 2021 at
the location where transmission line towers toppling appeared. Panel (b) is the same as (a) but for
the ERA5-based hodograph and skew-T plot. Plcl = pressure of the lifted condensation level (hPa);
Tlcl = temperature of the lifted condensation level (°C); shox = showalter index; Pwat = precipitable
water (cm); Cape = convective availabe potenrial energy (J kg_l).
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Figure 5. Panel (a) shows the observed (GPM) 3 h accumulated precipitation from 12:00:00 UTC to
15:00:00 UTC, 14 May 2021 (shading; mm), where the small black boxes mark the locations at which
the tower toppling appeared. Panel (b) is the same as (a) but for the simulation.
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4. Synoptic Analyses

The large-scale background environment of this event was characterized by an intense
upper-level jet within the band of 26-32° N (Figure 3b) and a strong Western Pacific
subtropical high, of which the 5880 isohypse covered most of Guangdong and Fujian. The
former contributed to maintain an upper-level divergence over northern Zhejiang, and
the latter favored the northeastward moisture transport into Zhejiang. The location where
the transmission line towers toppling appeared was situated within the trough region of a
middle-level shortwave trough (Figure 3b), where the quasi-geostrophic forcings favored
ascending motions [42]. The sounding ~2 h before the downburst event (at the location
where the transmission line towers toppling appeared) featured a lower lifted condensation
level, an abundant precipitable water, a large showalter index, a positive CAPE, and a
strong near-surface vertical wind shear (Figure 4a), all of which indicate that the conditions
were favorable for severe convections.

The simulation indicates that the squall line we focused on in this study formed around
09:00:00 UTC 14 May 2021 (not shown). At 12:04:00 UTC, it had reached its maximum
intensity, which could be reflected by a southwest—northeast-orientated band of strong
composite radar reflectivity (as Figure 6a shows, the maximum reflectivity was above
70 dBZ). A notable divergent surface wind field was coupled with the strong reflectivity
band, with the maximum wind exceeding 17.2 m s~! (the threshold of a downburst
event). Meanwhile, an isolated strong reflectivity center maintained to the southeast
of the strong reflectivity band mentioned above. Strong easterly wind and southeasterly
wind at the surface appeared within this strong reflectivity center. Around 20 min later, the
southwest—-northeast-orientated strong reflectivity band moved eastward, during which
its southern section strengthened in intensity and enlarged in area, whereas its northern
section weakened in intensity rapidly. Correspondingly, the divergent surface wind field
associated with the southern section still retained a strong intensity, whereas that of the
northern section weakened remarkably (Figure 6b).
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Figure 6. Panels (a—f) show the simulated composite radar reflectivity (shading; dBZ) and surface
wind speed >3 m s~1 (vectors; m s~ 1), where the blue ellipses outline the targeted system, and the
purple dashed boxes show the key region.

From 12:44:00 UTC to 13:04:00 UTC, 14 May 2021, the southwest-northeast-orientated
strong reflectivity band moved eastward, where its southern/northern section enhanced /
weakened in intensity notably (Figure 6c,d). As Figure 7a,b show, the surface wind speed
beneath the strong reflectivity band enhanced rapidly from 12:44:00 UTC to 13:04:00 UTC,
particularly for the northwesterly wind, which reached a speed of >20 m s~!. The strong
surface wind was associated with intense surface divergence (Figure 8a,b), which is a
key characteristic of a downburst (the whole event lasted for ~30 min). In contrast, the
isolated strong reflectivity center east of the southwest-northeast-orientated strong reflec-
tivity band mainly kept its intensity (Figure 6c,d), with its associated surface wind and
divergence changed slowly (Figures 7a,b and 8a,b). The easterly surface wind beneath the
isolated strong reflectivity center encountered the northwesterly surface wind beneath the
southwest—northeast-orientated strong reflectivity band, which favored the generation of a
new convection between the two systems mentioned above.
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Figure 7. Panels (a-d) show the simulated surface wind speed (shading; m s~ 1) and vector (arrows;
m s~ 1) at typical stages of the event. The dashed purple box marks the regions where the downburst
appeared, the small blue open circles show the locations for backward tracking, the small green boxes
mark the locations at which the tower toppling appeared, and the two dashed lines mark the band
(from 120.24° E to 120.32° E) for calculating the averaged cross section.
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Figure 8. Panels (a-d) show the simulated surface wind vector (arrows; m s~ 1) and its divergence
(shading; 1073 s71) at typical stages of the event. The dashed purple box marks the regions where
the downburst appeared, the small blue open circles show the locations for backward tracking, the
small green boxes mark the locations at which the tower toppling appeared, and the two dashed lines
mark the band (from 120.24° E to 120.32° E) for calculating the averaged cross section.

5. Downburst Event That Caused the Accident

The period from 13:24:00 UTC to 13:44:00 UTC was crucial for the downburst event
that caused the transmission line towers toppling down accident in Zhejiang, and thus it
was investigated in detail. A key region which covered the main range of the strong winds
associated with the downburst event was determined as the purple dashed box in Figure 7d
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shows. It was used to analyze the horizontal structural features of the downburst event.
The longitudes that crossed the surface wind maxima (blue dashed lines in Figure 7d) were
determined to analyze the vertical structure of the downburst event.

5.1. Horizontal Structure

From 13:24:00 UTC to 13:44:00 UTC 14 May 2021, the southern section of the southwest—
northeast-orientated strong reflectivity band (discussed in Section 4) was retained strong
intensity (maximum composite radar reflectivity was above 70 dBZ; Figure 6e), as it was
associated with a strong small-scale vortex in the lower troposphere (Figure 9¢,d). The
small-scale vortex was situated within a strong southwesterly low-level jet (Figure 9a,b),
which transported abundant moisture and heat into Zhejiang (this was favorable for se-
vere convections). At surface, the strong reflectivity band was mainly associated with a
southwest—-northeast-orientated high-pressure band (Figure 10), which showed a close
relationship to the strong divergent wind at the surface. Affected by the cyclonic wind
field associated with the small-scale vortex in the lower troposphere, the southern section
of the southwest-northeast-orientated strong reflectivity band rotated counter-clockwise
(Figure 6e,f); steered by the middle-level westerly wind (Figure 3b), the strong reflectiv-
ity band moved eastward and affected the location where the transmission line towers’
toppling down accident appeared (Figure 6f). Strong surface wind (>17.2 m/s) appeared
beneath the strong radar reflectivity band (Figure 7c,d), which caused an intense divergence
(Figure 8c,d). Overall, of the surface wind associated with the strong radar reflectivity band,
the northerly wind and northwesterly winds were much stronger than the southerly wind
and easterly wind. Thus, the former acted as the direct factor for causing the transmission
line towers toppling down accident.

5.2. Vertical Structure

As the southwest-northeast-orientated strong reflectivity band moved eastward and
entered the key region (Figure 6d—f), positive geopotential height deviations (the maximum
value was above 30 gpm) dominated the near surface layer, particularly for the northern
section of the key region (Figure 11). This corresponded to the strong high-pressure zone at
the surface (Figure 10b). Below 850 hPa, negative temperature deviations were dominant
(Figure 12). This was mainly due to the evaporative cooling of precipitation within the
key region (Figure 5b). As Figure 13 shows, strong surface wind centers (>17.2 m s 1)
also appeared in the layer below 850 hPa, which was directly related to the strong winds
of the downburst event. Most of these centers were closely associated with the strong
descending motions that originated from the middle troposphere, which was a key feature
for a downburst event [9,13]. In addition to the strong surface wind centers, strong wind
centers (>30 m s~!) also appeared in the upper troposphere, which were mainly associated
with the upper-level jet. The upper-level jet may exert important effects on the lower-level
wind speed through downward momentum transport [37,41,48]. Within the key region,
the upper tropospheric wind centers did not directly affect the surface wind centers, as
there was no downward momentum transport that directly linked them (because there
were no obvious downward transport of KE).

Within the key region, the zone with a radar reflectivity zone above 35 dBZ stretched
from surface to 200 hPa (Figure 11b), implying the convections were deep. Descending
motions mainly appeared in the middle and lower troposphere of the northern section of
the key region (Figure 13b), whereas the remainder of the key region was mainly dominated
by ascending motions. Above the positive geopotential height deviations in the near surface
layer (which were mainly due to evaporative cooling and strong descending motions), there
was a thick layer of negative geopotential height deviations (Figure 11b; the minimum value
was below —40 gpm). This indicates that at the levels above the near surface layer, the strong
convection was mainly associated with low-pressure systems (e.g., the lower tropospheric
small-scale vortex, the middle-tropospheric shortwave trough, etc.). In the layer above
850 hPa, there were notable positive temperature deviations (the maximum value was
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above 4 °C), which were mainly due to the intense condensation-related latent heating.
In this layer, the atmosphere is nearly saturated, as the relative humidity was mainly
above 90% (Figure 12b). This acted as a crucial condition for the maintenance of the severe
convections, since latent heating could promote ascending motions significantly [43,45].

36N -

=

34N -

] (b);n:ojzoo UTC
a /N

32N 1

30N -

R8N 1~

26N

24N -

\
110E 113E 116E 119 122E 125E 110E 113E 116E 119E 122 125E
Wind speed (m s™)

] T T T [
8 12 16 20 24

’ 1 4 Wil /
W ;//4/ N1 19
i 9118 77
7 i, 74
Y = ity 105, Ao ol

119.8E ) 10E 1202E  1R0.4E 120E 120.2E 120.4E 120.6E
[ [ [ [ | —y

1 2 4 8
Vorticity (107 s!)

Figure 9. Panels (a,b) show the geopotential height (black contour; gpm), temperature (red contour;
°C), wind speed (shading; m s~ 1), and wind above 8 m s~ (a full bar is 10 m s~1) at 850 hPa, where
the small green boxes mark the locations at which the tower toppling appeared and the small blue
box shows the key region. Panels (c,d) show the 850 hPa stream field, vorticity (shading; 1073 s~ 1)
and wind above 10 m s~} (a full bar is 10 m s_l), where the small green boxes mark the locations at
which the tower toppling appeared and the green dashed boxes show the key region.
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Figure 10. Panels (a,b) show the horizontal wind speed (shading; m s~ 1) and sea level pressure (black
contour; hPa) at typical stages, where the purple boxes mark the key region, and the small green
boxes mark the locations at which the tower toppling appeared. H = high pressure center; L = low
pressure center.
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Figure 11. Panels (a,b) show the averaged (from 120.24° E to 120.32° E) cross section of the horizontal
radar reflectivity (shading; dBZ) and geopotential height deviation (blue contour; gpm) at typical
stages, where the black dashed lines mark the key region. The ordinate is pressure and the abscissa
is latitude.
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Figure 12. Panels (a,b) show the averaged (from 120.24° E to 120.32° E) cross section of the relative
humidity (shading; %) and temperature deviation (blue contour; °C) at typical stages, where the
black dashed lines mark the key region. The ordinate is pressure and the abscissa is latitude.
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Figure 13. Panels (a,b) show the averaged (from 120.24° E to 120.32° E) cross section of the horizontal
wind speed (shading; m s~1) and descending motions (blue contour; m s~1) at typical stages, where
the black dashed lines mark the key region. The ordinate is pressure and the abscissa is latitude.

5.3. Backward Trajectory Analysis

In order to analyze the origin of the air particles associated with the strong winds of
the downburst event, we used the HYSPLIT model [49] for backward trajectory analyses
in this study. The HYSPLIT model is a complete system for computing simple air parcel
trajectories, as well as complex transport, dispersion, chemical transformation, and depo-
sition simulations. As the small open circles in Figure 7d show, a total of 196 points (that
were evenly distributed with an interval of ~4 km) were used for the backward tracking.
All these points were located within the key region of the downburst event, at the height of
10 m (surface wind was observed at this height). We first transferred the 5 min WRF output
into the input files for the HYSPLIT model, and then initiated the backward tracking at
13:44:00 UTC 14 May 2021 (when the transmission line towers toppling down accident
occurred). The model was run for 2 h to cover the key stage of the downburst event.

As Figure 14a shows, the air particles within the key region mainly came from three
areas: (i) the area west of the key region (~61.2% in proportion), (ii) the key region (~18.4%),
and (iii) the area southeast of the key region (~20.4%). Overall, the air particles of (i) experi-
enced notable descending processes when they entered the key region (the initial altitude of
these air particles were mainly located in the middle troposphere), whereas the air particles
of (ii) and (iii) were mainly located in the lower troposphere. Compared with the wind
speed of the air particles of (i)-(iii), it was found that most of the air particles of (i) had
a surface wind speed above 10 m s ! (~23.0% of these air particles had a wind speed of
above 17.2 m s~1). In contrast, the air particles of (ii) and (iii) mainly showed a surface
wind speed below 10 m s~!. Therefore, as mentioned above, the air particles of (i) directly
accounted for the strong winds of the downburst event.

From Figure 14b, most of the air particles of (i) had a potential temperature of above
310 K before their descent. Meanwhile, the specific humidity of these air particles was
mainly below 9 g kg ! (Figure 14c), implying that the air was relatively dry (drier air had a
larger density). After the air particles of (i) entered the key region, they descended rapidly,
mainly due to their larger density and the precipitation drag. During the descent, most of
the air particles decreased notably in their potential temperature (most of them decreased
by ~10 K; Figure 14b), while they increased significantly in their specific humidity (most of
them increased by ~4 g kg~!; Figure 14c). This indicates that intense evaporative cooling
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occurred during the rapid descending process of the air particles of (i). This rapid cooling
produced a strong negative buoyancy [42], which accelerated the descending motions from
the middle troposphere to the surface. When the rapid descending air particles reached the
surface, they formed a shallow cold high-pressure center and strong divergent winds.
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Figure 14. Panel (a) illustrates the trajectories of 196 points (small blue boxes) within the key region,
where the shading is their height (m), small black circles show their starting locations, and the gray
shading are the terrain (m). Panel (b) is the 3D illustration of the trajectories of 196 points (small black
dots) within the key region, where the shading is their potential temperature (K) and gray points are
their starting locations. Panel (c) is the same as (b) but for the specific humidity (g kg™1).

5.4. Kinetic Energy Budget Analyses

Comparison between Figures 7d and 15a shows that, within the key region, the area
with a strong positive SUM term was well consistent with the area with a strong surface
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wind (correlation coefficient was ~0.76). This indicates that the KE budget could effectively
reflect the mechanisms that governed the variation in the strong surface wind. For the
region surrounding the location where the tower toppling appeared (the small blue dashed
box in Figure 15a), it can be found that a strong positive SUM was dominant. This means
that the KE increased rapidly within this region, which directly favored the formation of the
strong winds that caused the transmission line towers toppling down accident. Comparing
Figure 15b—d, it is shown that the term WOP was much stronger than terms HAK and
VAK, and thus it was the dominant factor that caused the wind enhancement within this
region. As Figure 10b shows, the strong pressure gradient force between the high-pressure
closed center (corresponding to intense descending motions) and the low-pressure closed
center (corresponding to strong latent heat release) was crucial to cause the strong WOP. In
addition to the term WOP, the downward transport of KE (i.e., VAK; Figure 15c) was also
conducive to the wind enhancement within the region surrounding the location where the
tower toppling appeared, whereas the horizontal transport (i.e., HAK; Figure 15b) mainly
resulted in a net export of KE from the region, which decelerated the wind intensification.
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Figure 15. Panels (a-d) show the KE budget terms (shading; 1072 W kgfl) at 13:44:00 UTC 14 May
2021 (at the height of 500 m), where the purple dashed boxes show the key regions, the small green
boxes mark the locations at which the tower toppling appeared, the blue dashed boxes show the
region surrounding the tower toppling locations, and the two dashed blue lines mark the band (from
120.24° E to 120.32° E) for calculating the averaged cross section. Panels (e-h) show the averaged
(from 120.24° E to 120.32° E) cross section of the KE budget terms (shading; 1072 W kg 1) at 13:44:00
UTC 14 May 2021, where the purple dashed lines mark the key region.

Along the strong wind band of the downburst event, there was a strong positive
SUM term in the lower troposphere (Figure 15e), implying that the lower-level wind was
enhanced. Comparing all the KE budget terms with each other (Figure 15f-h), it could
be found that the dominant factors governing the wind enhancement in the northern and
southern sections of the key region were notably different. For the northern section, the
southward /southeastward-pointing pressure gradient force associated with the strong high-
pressure closed center (Figure 10b) did positive work on the strong northwesterly/southerly
wind (Figure 7d). This resulted in a strong positive SUM (Figure 15e) which dominated
the wind enhancement within the northern section of the key region. For the southern
section, the horizontal transport (i.e., HAK; Figure 15f), which resulted in a net import of
KE, governed the wind enhancement within this area. Overall, for the whole key region,
the vertical transport of KE exerted a nearly neutral effect on the lower-level KE variation
along the strong wind band of the downburst event (Figure 15g). This confirmed that
the downward transport of the horizontal momentum was not a dominant factor for the
formation of the strong surface winds associated with the downburst event.

6. Conclusions and Discussion

On 14 May 2021, six 500 kV transmission line towers in Zhejiang affected by the strong
winds associated with a downburst toppled down, resulting in a large range of power
outages. Based on the ERAD5 reanalysis, we simulated the event by using the mesoscale
numerical model WRFv4.4. After confirming that the simulation had reproduced the key
features of the background environment and mesoscale systems during the downburst
event, we conducted detailed analyses on the evolutionary mechanisms and the 3D struc-
ture of the strong winds associated with the downburst event. The main findings are as
follows: (i) the downburst event occurred in a favorable background environment, which
was characterized by an intense upper-level jet (maintaining an intense upper-level di-
vergence), a strong Western Pacific subtropical high (maintaining a strong northeastward
moisture transport), an abundant precipitable water (contributing to intense latent heating),
and a strong near-surface vertical wind shear (favoring the maintenance of the severe
convection). (ii) A southwest—-northeast-orientated, eastward moving (steered by strong
middle-level westerly wind) squall line was the parent convection system for the downburst
event. The strong surface winds >17.2 m s~1 associated with the downburst event, which
resulted in an intense divergence, mainly appeared beneath the southern section of the
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squall line. (iii) The downburst-associated convection was deep, as the convection stretched
from the surface to 200 hPa or above. In the near surface layer, the severe convection was
mainly associated with a positive geopotential height and negative temperature deviations
(mainly due to evaporative cooling and strong descending motions), whereas at the levels
above the near surface layer, it was mainly associated with a negative geopotential height
and positive temperature deviations (mainly due to intense condensation-related latent
heating). (iv) Backward trajectory analysis indicates that the air particles which came from
the middle troposphere west of the key region (~61.2% in proportion) were crucial for
producing the strong winds of the downburst event. These air particles experienced notable
descending processes (mainly due to their larger density and the precipitation drag), during
which most of the air particles decreased notably in their potential temperature, while they
increased significantly in their specific humidity. This corresponded to intense evaporative
cooling, which produced a strong negative buoyancy. This accelerated the descending
motions from the middle troposphere to the surface. As the rapid descending air particles
reached the surface, they formed a shallow cold high-pressure center and strong divergent
winds. (v) Kinetic energy budget analyses denote that, for the region surrounding the
location where the tower toppling appeared, the work done by the strong pressure gradi-
ent force between the high-pressure closed center (corresponding to intense descending
motions) and the low-pressure closed center (corresponding to strong latent heat release)
dominated the rapid wind enhancement. In contrast, along the strong wind band of the
downburst event, the factors which dominated the wind enhancement in the northern and
southern sections of the key region were notably different. For the northern section, the
work done by the southward /southeastward-pointing pressure gradient force associated
with the strong high-pressure closed center was dominant; for the southern section, the
horizontal transport which resulted in a net import of KE into the region governed the
wind enhancement. Overall, the downward transport of the horizontal momentum was
not a dominant factor for the formation of the strong surface winds associated with the
downburst event.

It should be noted that to explore the 3D structure and the evolutionary mechanisms
of the downburst events are of great importance to improve the forecast accuracy of this
type of event. Although the simulation of this study had reproduced the key features of
the downburst event, the maximum surface wind speed was still notably underestimated.
How to further improve the forecast accuracy of the strong surface wind? Which factors are
decisive to improve the forecast accuracy of a downburst event? We will conduct further
researches in the future to address these scientific questions.
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