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ABSTRACT
During mid-January 2011, a rarely seen twin-extratropical-cyclone event appeared over the western
North Pacific Ocean. One of the twin cyclones developed into an extreme explosive extratropical
cyclone (EEC), which was comparable to the intensity of a typhoon. Rotational and divergent wind
kinetic energy (KE) analyses were applied to understand the low-level wind’s rapid enhancement
associated with the cyclone. It was found that: (i) the total wind KE associated with the EEC showed
a remarkable enhancement in the lower troposphere during the cyclone’s maximum development
stage, with the maximum/minimum wind acceleration appearing in the southeastern/northwestern
quadrant of the EEC; (ii) the rotational wind KE experienced an obvious increase, which corresponded to
the total wind KE enhancement, whereas the divergent wind KE, which was much smaller than the
rotational wind, mainly featured a decreasing trend; (iii) the rotational wind KE enhancement showed
variational features consistent with the horizontal enlargement and upward stretching of the EEC; (iv)
the nonorthogonal wind KE enhanced the total wind KE in regions with strong rotational wind, which
resulted in themaximum lower-troposphericmaximumwind, whereas in regionswith strong divergent
wind itmainly reduced the total wind KE; (v) the northward transport of total wind KE and the rotational
wind KE production due to the work done by pressure gradient force were dominant factors for the
enhancement of winds associated with the EEC, particularly in its southeastern section. In contrast, an
overall conversion from rotational wind KE to divergent wind KE decelerated the rotational wind
enhancement.

西北太平洋上一次极端强度爆发气旋对流层低层风速迅速增强的能量特征分析

摘要

2011年一月中旬, 西北太平洋上发生了一次罕见的双子气旋事件。该双子气旋中的一个气旋 (简
称气旋A) 迅速发展成为一个强度堪比台风的极端强度爆发气旋。本文采用旋转风, 辐散风动能
收支分析来研究造成该极端强度爆发气旋风速迅速增强的原因。研究发现, 在气旋A的最快发
展期, 对流层低层, 气旋的总动能迅速增大, 风速增大最迅速的象限是气旋的东南象限, 而西北象
限的增速最慢。旋转风动能的增长显著, 对应了总动能的增大, 而辐散风的动能显著小于旋转风
动能并且主要表现出减少的趋势。旋转风动能的增大与气旋A在水平和垂直方向上的伸展过程
相一致, 非正交风动能在旋转风动能大值区增强总动能, 这促使了对流层低层最大风速的形成,
然而, 在辐散风动能较强的区域, 非正交风动能主要减弱总动能。向北的总动能输送以及气压梯
度力对旋转风动能的做功是气旋A风速迅速增大的主导因子, 尤其是在其东南象限。然而, 从旋
转风向辐散风动能的转换在一定程度上延缓了气旋风速的增强过程。
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1. Introduction

Explosive extratropical cyclones (EECs), which have
a deepening rate of at least 1 Bergeron (i.e.,
a geostrophically equivalent deepening rate of 24 hPa/
24 h), are an important subcategory of extratropical
cyclones (Sanders and Gyakum 1980; Yoshida and Asuma

2004). During the rapid deepening process of an EEC,
snowstorms, strong winds, severe cold waves, and massive
waves are often observed (Qi 1993; Fu, Sun, and Sun 2014),
which pose serious threats to not only the fishery and
shipping industries but also to the coastal areas in middle
to high latitudes.
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Because of their enormous destructive power, EECs
have been a research hotspot for many decades
(Schultz et al. 2019). For instance, Sanders and
Gyakum (1980) applied a four-year statistical analysis
to EECs and found that their rapid enhancement was
closely correlated with the strongest gradients of sea
surface temperature. Chen and Dell’osso (1987) found
sensible heating could accelerate EECs’ rapid deepen-
ing. Using the Zwack–Okossi equations (Zwack and
Okossi 1986), Lupo, Smith, and Zwack (1992) pro-
posed that cyclonic-vorticity advection, warm advec-
tion, and condensation induced the rapid
cyclogenesis, whereas adiabatic cooling in ascending
air decelerated the development. Hakim, Keyser, and
Bosart (1996) analyzed an EEC during a wave merging
and found a preexisting upper-level disturbance
dominated the explosive cyclogenesis. Yoshida and
Asuma (2004) focused on EECs over the western
North Pacific region. Through composite analyses,
they proposed that the presence and extension of
a cold air mass over the Asian continent were favor-
able to the explosive development. Kuwano-Yoshida
and Asuma (2008) conducted sensitivity experiments
on three extreme EECs over the Northwest Pacific
Ocean. They proposed that latent heating affected
the rapid deepening mainly through nonlinear inter-
actions with an upper-level jet and shortwave trough.
Wu, Martin, and Petty (2011) and Fu, Sun, and Sun
(2014) applied piecewise potential vorticity inversion
analyses to EECs over the Northwest Pacific Ocean.
Their results confirmed the significance of the upper-
level perturbations and latent heating in causing
explosive cyclogeneses.

During mid-January 2011, an extreme EEC appeared
over the western North Pacific Ocean, which had com-
parable intensity to that of a typhoon. Results from Fu
et al. (2018) indicated that strong warm advection in the
upper troposphere, positive potential-vorticity (induced
by tropopause folding), and latent heating (due to con-
densation) in the middle troposphere, as well as warm
advection in the lower troposphere, were favorable con-
ditions for the rapid development of this cyclone.
However, which governed the EEC-related strong low-
level wind’s (which caused extremely strong cold waves
and massive waves) formation, is still unknown. As
a continuation to the study of Fu et al. (2018), the pre-
sent work attempts to understand the low-level wind’s
rapid enhancement associated with the EEC by conduct-
ing kinetic energy (KE) analysis and budget calculation.
The remainder of this paper is structured as follows: the
data and methods used in this study are described in
Section 2; the main results are reported in Section 3; and
a conclusion is presented in Section 4.

2. Data and methods

2.1. Data

This study conducted analyses based on the simulation
results from Fu et al. (2018), who reproduced the
extreme EEC event over the western North Pacific
Ocean in mid-January 2011 reasonably well (Section 3.1
in Fu et al. (2018)). The simulation used the fifth-
generation Pennsylvania State University Mesoscale
Model, version 3.7 (Grell, Dudhia, and Stauffer 1995).
Two one-way nested domains (36 km and 12 km) were
utilized in the simulation. Six-hourly National Centers for
Environmental Prediction final analysis data with
a resolution of 1° × 1° were used for the initial and
boundary conditions of the simulation. Weekly mean
optimum interpolated sea surface temperature data (1°
× 1°) from the Climate Diagnostics Center of the National
Oceanic and Atmospheric Administration’s Cooperative
Institute for Research in Environmental Sciences
(Reynolds et al. 2002) were used as sea surface tempera-
ture conditions. Surface, rawinsonde, ship, and buoy
observations from the Japan Meteorological Agency
were employed to improve the initial conditions of the
simulation in the outer domain. The model was inte-
grated for 192 h to cover the EEC’s entire lifetime.
A simple-ice explicit moisture scheme (Dudhia 1989)
was used in the outer domain, a mixed-phase scheme
(Reisner, Rasmussen, and Bruintjes 1998) was employed
in the inner domain, and the Grell cumulus scheme (Grell
1993) was used in both domains. All analyses and calcu-
lations in this study were based on the hourly output
from the inner domain. More detailed information about
the simulation and its validation are documented in Fu
et al. (2018).

2.2. Methods

The Helmholtz theorem indicates that the horizontal
wind can be decomposed into the rotational wind and
divergent wind (Hawkins and Rosenthal 1965; Lynch
1988). Previous studies have shown rotational and diver-
gent wind KE can represent the variation of a cyclone
effectively (Ding and Liu 1985; Buechler and Fuelberg
1986; Fu et al. 2011, 2012). Therefore, this study
employed the rotational and divergent wind KE analyses
and budgets to understand the wind variation of the
extreme EEC. The equations from Buechler and Fuelberg
(1986) shown as follows were used in this study:

@kR
@t

¼ �VR � @VD

@t
þ C kD; kRð Þ � VR � �Φ� � � VRkð Þ þ VR � F;

R1 CON R2 R3 R4

(1)
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@kD
@t

¼ �VD � @VR

@t
� C kD; kRð Þ � VD � �Φ

D1 CON D2

� � � VDkð Þ � @ ωkð Þ
@p

þ VD � F;
D3 D4 D5

(2)

C kD; kRð Þ ¼ � ζ þ fð Þ �uRvD þ vRuDð Þ � ω
@kR
@p

� ω uR
@uD
@p

þ vR
@vD
@p

� �
; (3)

where VR ¼ uRi þ vRj is the rotational wind vector; VD ¼
uDi þ vDj is the divergent wind vector; Vh ¼ VR þ VD is
the total wind vector; and kR ¼ 1

2VR � VR, kD ¼ 1
2VD � VD,

k ¼ 1
2Vh � Vh are the rotational, divergent, and total wind

KE, respectively. They satisfy a relationship
k ¼ kR þ kD þ VR � VD, where VR � VD is defined as the
nonorthogonal wind KE. � is the three-dimensional gradi-
ent operator, Φ is the geopotential, F is the frictional force,
p is pressure, f is the Coriolis parameter, ζ is relative vorticity,
and ω is vertical velocity in the pressure coordinate.

Rotational and divergent wind in this study were calcu-
lated by using the method developed by Xu, Cao, and Gao
(2011), which has been proven to be effective and accurate.
In Equation (1), term R1 represents the work done by
divergent wind, R2 denotes the work done by pressure
gradient force, R3 reflects the transport of k by rotational
wind, and R4 stands for frictional-force’s work. In Equation
(2), term D1 represents the work done by rotational wind,
D2 denotes the work done by pressure gradient force, D3
reflects the transport of k by divergent wind, D4 is the
vertical transport of k, and D5 stands for frictional-force’s
work. Term CON denotes the conversion between the
rotational and divergent wind KE, which has three compo-
nents as Equation (3) shows. Two total (TOT) terms are
defined as TOTR = R1 + R2 + R3 + CON and TOTD
= D1 + D2 + D3 + D4 − CON, respectively, which show
the total effect of the right-hand side terms except for the
friction-related effects.

3. Results

3.1. Overview of the event

At 1500 UTC 15 January, a twin-extratropical-cyclones
event appeared over the western North Pacific Ocean
(Figure 1 in Fu et al. (2018)). The twin cyclones showed
a significant Fujiwhara effect, during which they orbited
cyclonically about a midpoint, drew closer to each other
with time, and finally, the initial stronger cyclone (named
Cyclone B) merged into the initial weaker cyclone (named

Cyclone A). Cyclone A featured a deepening rate of up to
2.6 Bergeron (Figure 2 of Fu et al. (2018)) from 0000 UTC 16
to 0000 UTC 17 January (it was defined as the maximum
development stage), which means it was an extreme EEC
according to the standard documented in Yoshida and
Asuma (2004). Around 0000 UTC 17 January, a maximum
surface wind of ~33 m s−1 appeared in the southeastern
section of the cyclone, and by 1800 UTC 17 January
a minimum sea level pressure of ~933 hPa appeared in
the cyclone center, implying Cyclone A was comparable
with the intensity of a typhoon (Ying et al. 2014). After that,
Cyclone A began to fill and dissipated at 1200 UTC
22 January (this cyclone lasted for a total of ~165 h).
Because the maximum development stage showed the
most rapid deepening rate and largest lower-tropospheric
wind, this studymainly focused on this stage to answer the
scientific question raised in the introduction.

3.2. Energetics features

As documented in Fu et al. (2018), 900 hPa was used as
the representative level of Cyclone A, and the red box
shown in Figure 1(a) (12° × 12°) was used as the central
region of the cyclone. Because the wind maximum asso-
ciated with the cyclone was outside the central region
(Figure 1), we defined a double side-length box, which
centered in the centroid of Cyclone A, as the largest
purple dashed box in Figure 1(a) (24° × 24°) shows.
Correspondingly, 16 key regions were defined to inves-
tigate the main features of the cyclone, as the small
purple and red boxes (6° × 6°) in Figure 1(a) illustrate.

From Section 2.2, the total wind KE could be decom-
posed into the rotational wind KE, divergent wind KE, and
nonorthogonal wind KE, which are shown in Figure 1. It can
be seen that the total wind KE associated with the cyclone
grew with time, implying enhancement in wind of the
cyclone. Overall, the southeastern section of the cyclone
showed larger total wind KE than other sections (Figure 1
(a–d)), with strong 900-hPa wind maxima above 40 m s−1

appearing in the key region IV4 around 0000 UTC
17 January. Although the rotational wind KE was generally
smaller than the total wind KE, it showed the most similar
distribution, intensity, and evolution to those of the total
wind KE (Figure 1(e–h)). This means the rotational wind KE
was the dominant component of the total wind. The rota-
tional wind KE and divergent wind KE showed remarkably
different features: (i) the former was one to two orders of
magnitude larger than the latter (Figure 1(e–h)); (ii) key
regions I1 and I4, which featured strong low-level conver-
gence (not shown), generally showed divergent wind KE
maxima, whereas rotational wind KE maxima were mainly
located in key regions IV1–4; and (iii) the intensity of the
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rotational wind KE was mainly increasing with time, while
that of the divergent wind KE was mainly decreasing.

The nonorthogonal wind KE, which acted as a link
among the total wind KE as well as the rotational and
divergent wind KE, could have negative values. This is

because its sign is determined by the angle between the
rotational and divergent wind. If the angle is less than 90°,
it is positive, which amplifies the total wind KE; whereas, if
the angle is larger than 90°, it reduces the total wind.
Comparing the maxima of total wind KE (key regions

Figure 1. The left-hand column shows the 900-hPa total wind KE (shading; units: J kg−1) and nonorthogonal wind KE (black lines with
an interval of 20 J kg−1). The right-hand column shows the 900-hPa rotational wind KE (shading; units: J kg−1) and divergent wind KE
(black lines with an interval of 10 J kg−1). The red solid box shows the central region (12° × 12°) of Cyclone A, and the purple dashed
boxes illustrate 16 key regions (6° × 6°) of the cyclone.
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IV1–4) with those of rotational wind KE (c.f., Figure 1(a–h)),
it can be seen that the nonorthogonal wind KE mainly
enhanced the total wind KE in those regions with strong
rotational wind KE, which enhanced the total wind KE. In
contrast, in the regions featuring strong divergent wind
KE (e.g., key regions II1, I1, and I4), overall, negative non-
orthogonal wind KE was also large, which mainly reduced
the total wind KE there.

Figure 2 shows the key-region-averaged rotational
and divergent wind KE, from which it can be seen that:
(i) rotational wind KE was one to two orders of magni-
tude larger than divergent wind KE; (ii) rotational wind
KE maximized in the upper troposphere and decreased
downward; and (iii) divergent wind KE also maximized in
the upper troposphere but minimized in the middle
troposphere (which was consistent with the vertical

Figure 2. Total region (a) and each key region (b–q) averaged rotational (shading; units: J kg−1) and divergent wind KE (black solid
lines with an interval of 2 J kg−1), where the solid purple line marks the top level of the cyclone and the gray-dashed lines show the
maximum development stage.
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distribution of divergence). During the maximum devel-
opment stage, overall, Cyclone A showed a remarkable
enhancement in lower-tropospheric (below 700 hPa)
rotational wind KE and a rapid upward extension (thick
purple solid line in Figure 2(a)), both of which corre-
sponded to the explosive development of the cyclone.
In contrast, the middle-(400–700 hPa) and upper-
tropospheric (above 400 hPa) rotational wind KE fea-
tured a slow variation and an obvious reduction,
respectively.

The 16 key regions of Cyclone A showed significantly
different KE features (Figure 2(b–q)). Overall, in the
upper troposphere, rotational wind KE was much stron-
ger in the southern section of the cyclone (e.g., key
regions III1–4 and IV1–4) than that in the northern sec-
tion (e.g., key regions I1–4 and II1–4), because an upper-
level jet core was located over the southern section (Fu
et al. 2018). Among all 16 key regions, except for key
regions III2–3, IV1, IV2, and IV4, all other key regions
mainly featured a decrease in upper-tropospheric rota-
tional wind KE during the maximum development stage.
Moreover, except for key regions II3–4 and III2–4, the
other 11 key regions all showed an enhancement in the
low-level rotational wind KE in the same stage (Figure 2
(b–q)). Overall, key regions IV1–4 featured the largest
lower-tropospheric rotational wind KE (maximum sur-
face wind velocity appeared in key region IV4) and
most rapid rotational wind enhancement, and therefore
they were selected as representative for understanding
how the strong winds associated with the EEC formed.

3.3. KE budget results

Before analyzing the budget results from Equations (1)
and (2), a test was conducted to confirm whether the
equations were well balanced. The results indicated that
TOTR could account for 84%–93% of the local temporal
variation of kR within the 16 key regions (not shown),
and TOTD could account for 81%–91% of the local tem-
poral variation of kD (not shown). This means these two
equations were still reasonably balanced after neglect-
ing the friction. Therefore, analyses based on the budget
results were valid.

As the thick gray lines in Figures 3 and 4 show,
during the maximum development stage, lower-
tropospheric rotational wind KE in key regions IV1–4
all experienced an overall enhancement. The most
rapid enhancement appeared in key region IV4
(Figure 4(e)), where the largest surface wind occurred
around 0000 UTC 17 January. The second most rapid
enhancement appeared in key region IV3 (Figure 4(a)),
whereas the slowest enhancement occurred in key
region IV2 (Figure 3(e)). Comparing the top level of

Cyclone A with TOTR (the vertical extent of Cyclone
A was determined by checking all continuous vertical
levels for the appearance of a significant cyclone struc-
ture at a step of 25 hPa; the significant cyclone struc-
ture contains at least one closed geopotential height
center, a cyclonic wind field, and a positive vorticity
above 5 × 10−5 s−1; the cyclone structure at two neigh-
boring vertical levels should have a similarity above
75% in shape, and a maximum distance below
100 km), it can be seen that, except for key region IV1
(Figure 3(a)), within the other key regions (i.e., IV2–4),
the upward stretching of Cyclone A was associated
with an obvious enhancement of rotational wind KE
with height (as the gray lines in Figures 3(e) and 4(a,
e) show). This means that the rotational wind KE
enhancement was important for the vertical stretching
of the cyclone. Similarly, the horizontal enlargement of
Cyclone A was also consistent with the horizontal enlar-
gement of the regions with relatively strong rotational
wind KE (Figure 1(e–h)).

From Figures 3 and 4, the mechanisms accounting for
the variation of lower-tropospheric rotational wind KE
within different key regions can be summarized as fol-
lows. For key region IV1, the import of wind KE by the
rotational wind (term R3) was the dominant factor
(Figure 3(d)); the work done by pressure gradient force
(term R2) had an overall weak favorable effect on the
enhancement (Figure 3(c)); the work done by divergent
wind (term R1) nearly showed a neutral effect (Figure 3
(a)); whereas, the conversion term (term CON) mainly
transferred rotational wind KE to divergent wind KE
(Figure 3(b)), which decelerated the enhancement of
rotational wind KE. For key region IV2, pressure gradient
force’s work was the most important factor for the
enhancement of rotational wind KE (Figure 3(c)); trans-
port of wind KE by rotational wind (Figure 3(h)) and work
done by divergent wind (Figure 3(e)) were also condu-
cive to the enhancement; whereas, the conversion term
mainly converted rotational wind KE to divergent wind
KE (Figure 3(f)), which slowed the enhancement. For key
region IV3, the import of wind KE by the rotational wind
(Figure 4(d)) and work done by pressure gradient force
(Figure 4(c)) governed the enhancement; work done by
divergent wind (Figure 4(a)) was also favorable; whereas
the conversion term (Figure 4(b)) mainly decelerated the
enhancement of rotational wind KE. For key region IV4,
the northward transport of wind KE by the rotational
wind (Figure 4(h)) governed the enhancement; pressure
gradient force did positive work first and negative work
later (Figure 4(g)), which rendered a total effect of nearly
zero; whereas, the work done by divergent wind (Figure
4(e)) and the conversion between rotational and diver-
gent wind KE (Figure 4(f)) exerted an obvious negative
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effect, which decelerated the acceleration of rotational
wind KE.

As discussed above, the most favorable and detri-
mental factors for the enhancement of lower-
tropospheric rotational wind KE within key regions IV1–
4 are summarized in Table 1. It is shown that, for key
regions IV2 and IV3, which were located at lower lati-
tudes than key regions IV1 and IV4 (Figure 1(a)), wind KE
production was more important than the KE transport.
The reason for the notable rotational wind KE

production can be summarized as (i) the EEC mainly
showed a centripetal pressure gradient force (as the
cyclone was a low-pressure weather system); and (b)
the rotational wind associated with the cyclone showed
a cyclonic centripetal motion (as the cyclone was con-
vergent). Points (a) and (b) resulted in a positive work on
the rotational wind, as the angle between pressure gra-
dient force and rotational wind was less than 90°. For key
regions IV1 and IV4, wind KE transport was more impor-
tant than the KE production. The reason for the notable

Figure 3. Budget terms of the rotational wind KE (shading; units: 10−3 J kg−1s−1) averaged within IV1 and IV2 (purple dashed boxes
shown in Figure 1(a)), where the gray contours are TOTR (units: 10

−3 J kg−1s−1, with an interval of 3 × 10−3 J kg−1s−1), the solid purple
line marks the top level of the cyclone, and the black-dashed lines show the maximum development stage.
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wind KE transport can be summarized as: (i) around key
regions IV1–4, the total wind KE mainly decreased cen-
tripetally (not shown); and (ii) the southerly wind com-
ponent was significant in key regions IV1–4 (not shown),
as rotational wind associated with the cyclone showed
a cyclonic centripetal motion. Points (i) and (ii) resulted
in a northward total wind KE transport. In all the above
four key regions, the conversion term mainly acted to

Figure 4. Budget terms of the rotational wind KE (shading; units: 10−3 J kg−1s−1) averaged within IV3 and IV4 (purple dashed boxes
shown in Figure 1(a)), where the gray contours are TOTR (units: 10

−3 J kg−1s−1, with an interval of 3 × 10−3 J kg−1s−1), the solid purple
line marks the top level of the cyclone, and the black-dashed lines show the maximum development stage.

Table 1. The most favorable and detrimental factors for the
enhancement of lower-tropospheric rotational wind KE within
key regions IV1–IV4.

Key region
IV1

Key region
IV2

Key region
IV3

Key region
IV4

Most favorable
factors

R3 R2 R2, R3 R3

Most detrimental
factors

CON CON CON R1, CON
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convert the rotational wind KE to divergent wind KE,
which served as a dominant factor for maintenance of
the divergent wind (not shown).

4. Conclusion

Based on a reasonable simulation of an extreme EEC that
occurred over the western North Pacific Ocean during
mid-January 2011 (Fu et al. 2018), this study investigated
the energetics features of the EEC and determined the
mechanisms accounting for the rapid enhancement of
the lower-tropospheric winds associated with the
cyclone by applying rotational and divergent wind KE
analyses and budgets. Overall, the total wind KE asso-
ciated with the EEC showed a remarkable enhancement
in the lower troposphere during the maximum develop-
ment stage (whereas, the middle- and upper-
tropospheric total wind KE featured an unobvious varia-
tion and an obvious reduction, respectively). This was
mainly due to the increase of rotational wind KE, parti-
cularly in the southeastern section of the cyclone, where
the maximum surface wind appeared. The rotational
wind KE enhancement was important for both the hor-
izontal enlargement and upward stretching of the EEC.
In contrast, the divergent wind KE, which was much
smaller than the rotational wind, mainly featured
a decreasing trend (corresponding to weakening of low-
level convergence). The nonorthogonal wind KE, which
linked the total wind KE, rotational wind KE, and diver-
gent wind KE, showed obviously different relations to
the rotational and divergent wind KE: in regions with
strong rotational wind, it mainly enhanced the total
wind KE; whereas, in regions with strong divergent
wind, it mainly reduced the total wind KE.

Rotational wind KE budgets indicated that key
regions IV1–4 of the EEC featured the largest lower-
tropospheric rotational wind and fastest rotational
wind enhancement. Within these key regions, remark-
able similarities and differences could be found in the
mechanisms accounting for the variation of lower-
tropospheric rotational wind KE. For key regions IV1
and IV4, which were located at higher latitudes than
key regions IV2–3, northward transport of total wind KE
through key regions’ southern boundaries governed the
rotational wind KE enhancement; for key region IV2,
rotational wind KE production due to the work done by
pressure gradient force was dominant; for key region
IV3, mechanisms conducive to the rotational wind KE
were a hybrid of the above two factors. Within key
regions IV1–4, an overall conversion from rotational
wind KE to divergent wind KE was obvious. This decel-
erated the rotational wind enhancement but served as
a dominant factor for the maintenance of the divergent

wind. This study provides a useful method and some
new understandings of the rapid development of EECs.
However, as a case study, the main findings in this work
will certainly have some limitations. Therefore, more EEC
events should be investigated in the future by using
similar methods, so as to render a more comprehensive
understanding of the wind enhancement associated
with EECs.
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