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ABSTRACT

An extreme torrential rain (ETR) event occurred in Henan Province, China, during 18-21 July 2021. Based on hourly
rain-gauge observations and ERA5 reanalysis data, the ETR was studied from the perspective of kinetic energy (K), which
can be divided into rotational wind (VR) kinetic energy (KR), divergent wind kinetic energy (KD), and the kinetic energy of
the interaction between the divergent and rotational winds (KRD). According to the hourly precipitation intensity variability,
the ETR process was divided into an initial stage, a rapid increase stage, and maintenance stage. Results showed that the
intensification and maintenance of  ETR were closely related to the upper-level K,  and most  closely related to the upper-
level KR, with a correlation coefficient of up to 0.9. In particular, the peak value of hourly rainfall intensity lagged behind
the KR by 8 h. Furthermore, diagnosis showed that K transformation from unresolvable to resolvable scales made the ETR
increase slowly. The meridional rotational wind (uR) and meridional gradient of the geopotential (φ) jointly determined the
conversion  of  available  potential  energy  (APE)  to KR through  the  barotropic  process,  which  dominated  the  rapid
enhancement of KR and then caused the rapid increase in ETR. The transportation of K by rotational wind consumed KR,
and  basically  offset  the KR produced  by  the  barotropic  process,  which  basically  kept KR stable  at  a  high  value,  thus
maintaining the ETR.
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Article Highlights:

•  The  intensification  and  maintenance  of  ETR were  closely  related  to  the  upper-level K and  most  closely  related  to  the
upper-level KR.

•  The uR and  meridional  gradient  of φ jointly  determined  the  conversion  of  APE  to KR,  which  dominated  the  rapid
enhancement of KR and ETR.

•  Transportation  of K by VR consumed KR and  cancelled  the KR produced  by  the  barotropic  process,  which  maintained
both the KR and ETR.

 

 
 

 1.    Introduction

During 18–22 July 2021, a rarely seen extreme torrential
rainfall  (ETR)  event  occurred  in  Henan  Province,  China,
where the human population density and levels of agricultural
activity are high (hereafter referred to as the “21·7” ETR),
the  maximum  hourly  precipitation  of  which  set  a  new
record  for  the  Chinese  mainland,  reaching  201.9  mm  (Su
et al., 2021; Zhang et al., 2021; Chyi et al., 2022). The 21·7

ETR caused heavy human casualties and losses of property,
resulting in 398 deaths or missing persons and a direct eco-
nomic loss  in  Henan Province exceeding RMB 120 billion
(Disaster  Investigation  Group  of  the  State  Council,  2022).
Therefore,  the  causes  of  the  21·7  ETR have  become a  key
focus of meteorologists.

Previous studies have indicated that the 21·7 ETR was
generated by the combined action of multiscale weather sys-
tems  at  different  heights  of  the  troposphere  superimposed
with  topographic  effects  (Ran  et al.,  2021; Zhang  et al.,
2021; Cai et al.,  2022; Chyi et al.,  2022; Deng et al.,  2022;
Duan  et al.,  2022; Fu  et al.,  2022; Liang  et al.,  2022; Xu
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et al.,  2022a; Zhu  et al.,  2022)  in  the  context  of  extreme
daily  circulation  (Xu  et al.,  2022b; Zhang  et al.,  2022),
while the south–north shifting of the rainfall was related to
the varying direction of low-level jets in the boundary layer
(Luo and Du, 2023). Warming may lead to significant intensi-
fication of both regional-scale and station-scale precipitation
extremes, and squall-line convection results in much higher
precipitation  extremes  at  both  regional  and  station  scales
than unorganized convection (Qin et al., 2022). The abnormal
northward  shift  of  the  western  Pacific  subtropical  high
along  with  the  binary  typhoon  system  of  Typhoon  In-Fa
(2021)  and  Typhoon  Cempaka  (2021)  jointly  drove  water
vapor transportation and convergence in Henan (Sun et al.,
2021; Bueh  et al.,  2022; Wang  et al.,  2022),  where  water
vapor mainly originates from southern China and the western
North Pacific (Nie and Sun, 2022), with the contribution of
the former (52.51%) double that of the latter (25.51%) (Cui
and  Yang,  2022).  At  the  same  time,  there  were  also  large
quantities  of  hydrometeors  transported  to  the  updraft  area,
which may have greatly accelerated the microphysical pro-
cess of water vapor transformation into cloud water droplets
and,  ultimately,  precipitation  (Chen  et al.,  2022).  Further-
more, the updrafts of the arc-shaped convergence zone may
also have attracted all associated precipitation that was over-
laid and concentrated into the same trailing region of the con-
vective system to generate the extreme hourly rainfall over
Zhengzhou (Yin et al., 2022). The abnormally strong vertical
motion  (Zhang  et al.,  2021, 2023)  was  caused  by  dynamic
forcing, diabatic forcing, and topographic forcing, of which
diabatic forcing contributed the most, while topographic forc-
ing  contributed  to  the  vertical  motion  of  the  lower  layer
(Zhao et al., 2022).

The 21·7 ETR event was accompanied by drastic varia-
tions  in  the  horizontal  wind  field  (Zhang  et al.,  2022; Luo
and Du, 2023), which can be decomposed into the divergent
and  rotational  winds,  thereby  providing  more  information
on the relationship between the structural changes in the hori-
zontal wind fields and strengthening of the rainstorm (Deng
et al., 2012). Diagnosing the kinetic energy budget is an effec-
tive way to analyze the sources and sinks of horizontal wind
variations. Correspondingly, the kinetic energy can be decom-
posed into divergent and rotational kinetic energies and the
kinetic  energy  of  interaction  between  the  divergent  wind
and  the  rotational  wind  (Fuelberg  and  Browning,  1983;
Buechler and Fuelberg, 1986). Through this decomposition
method,  we  can  understand  the  role  of  each  component  of
kinetic energy in the kinetic energy balance and the specific
process of their respective generation, transport, and intercon-
version. In this way, we can obtain a deeper understanding
of the kinetic energy of rainstorms.

Diagnosis of the divergent and rotational kinetic energies
has  been  applied  in  the  study  of  many  systems  related  to
heavy  rainfall,  such  as  tropical  cyclones  (Ding  and  Liu,
1985; Wang  et al.,  2016),  extratropical  cyclones  (Pearce,
1974),  the mei-yu system (Xie et al.,  1980; Wang and Liu,
1994; Fu  et al.,  2016),  upper-  and  lower-level  jets  (Zhong
et al.,  2021),  and  low  vortexes  (Sun  et al.,  1993; Fu  et al.,

2011), with many meaningful results having been obtained.
Rotational kinetic energy is generally dominant in the forma-
tion and development stages of weather systems associated
with  precipitation  (Duan  et al.,  1997; Zhong  et al.,  2021).
There  is  a  certain  relationship  between  the  horizontal  flux
divergence  of  rotational  kinetic  energy  in  the  area  of  a
typhoon  and  the  enhancement  of  its  heavy  rainfall  (Li  and
Shou, 1995). In addition, divergent kinetic energy acts as a
catalyst  in  the  conversion  between  available  potential
energy  (APE)  and  rotational  kinetic  energy  (Wang,  1993,
Wang  and  Liu, 1994; Yu  and  Yao,  1999; Cheng  et al.,
2014).  The  conversion  of  divergent  kinetic  energy  to  rota-
tional kinetic energy can contribute to an increase in rotational
kinetic energy (Sha et al., 2018), which is conducive to the
development of torrential rain (Jin et al., 2020; Bao and Yao,
2022).

However, the relationship between the divergent and rota-
tional kinetic energies and the development and maintenance
mechanism in the 21·7 ETR has not yet been studied. Accord-
ingly,  we  studied  the  21·7  ETR  from  the  perspective  of
kinetic energy to explore the sources and sinks of the wind
variations surrounding it, the aim being to improve our under-
standing  of  the  development  and  maintenance  mechanism
of the 21·7 ETR.

The remainder of the paper is organized as follows. The
data and methods employed in our study are introduced in sec-
tion 2. Section 3 presents the relationship of the ETR event
with  the  kinetic  energies  and the  development  and mainte-
nance mechanism for this particular case. Finally, conclusions
and some further discussion are provided in section 4.

 2.    Data and methods

 2.1.    Data

This  study  used  hourly  precipitation  data  from  0800
LST  [Local  Standard  Time,  which  is  eight  hours  ahead  of
coordinated universal time (UTC)] on 18 July to 0800 LST
on  21  July  2021  provided  by  the  National  Meteorological
Information Center of the China Meteorological Administra-
tion. In addition, the hourly horizontal wind, vertical veloc-
ity,  and  geopotential  height  during  the  same  period  were
also used, which were derived from fifth major global reanaly-
sis  produced  by  ECMWF  (ERA5).  The  hourly  reanalysis
dataset had a horizontal resolution of 0.25° × 0.25° and 27 lay-
ers from 1000 hPa to 100 hPa in the vertical direction (Hers-
bach et al., 2020).

 2.2.    Methods

The horizontal wind (V) was decomposed into the rota-
tional  wind  (VR)  and  divergent  wind (VD)  by  adopting  the
Endlich  method,  and  the  derivatives  were  calculated  using
centered  finite  differences  (Endlich,  1967).  The  method
works easily and has high precision, as it does not use the rela-
tionships between the stream function and vorticity function
to solve Poisson equations and is  independent  of  boundary
conditions.  The  main  idea  of  this  method  is  to  iteratively
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adjust the rotational wind to make its horizontal divergence
gradually  tend  towards  zero,  and  its  vertical  component  of
the relative vorticity (ζ) should meet the requirements of the
ζ of the original wind field, to successfully obtain the rota-
tional wind, and then the rotational wind is subtracted from
the original wind field to obtain the divergent wind. In this
iterative  process,  the  divergence  error  at  each  grid  point  is
less than or equal to 1 × 10−8 s−1; that is, less than or equal
to 0.001% of the maximum divergence of the original horizon-
tal wind field.

Kinetic energy per unit mass can be decomposed into 

k = kR+ kD+ kRD , (1)

where  

k =
1
2

V ·V

kR =
1
2

VR ·VR

kD =
1
2

VD ·VD

kRD = VR ·VD

. (2)

The kinetic energy of an atmospheric volume in isobaric
coordinates  (A being  the  horizontal  limited  computational

area) is calculated as follows: 

K = KD+KR+

"
VR ·VD = KD+KR+KRD , (3)

where  

K =
"

k

KR =

"
kR

KD =

"
kD

KRD =

"
kRD"

=
1

gA

$
dxdydp

. (4)

Here, K is the kinetic energy of a limited region (hereinafter
simply referred to as “kinetic energy”), KD is the divergent
kinetic energy, KR is the rotational kinetic energy, and KRD

is the kinetic energy of the interaction between the divergent
and rotational winds. KD, KR, and KRD are all defined in a lim-
ited region.

The  budget  equation  for KR (Buechler  and  Fuelberg,
1986) is expressed as follows:

∂KR

∂t
=

"
−VR ·

∂VD

∂t
+

"
− f (vRuD−uRvD)+

"
−ζ (vRuD−uRvD)+

"
−ω∂kR

∂p
+

DKR IR Af Az B"
−ωVR ·

∂VD

∂p
+

"
−VR ·

∆

φ+

"
− ∆· kVR+

"
−VR ·F .

C GR HFR FR (5)

Here, uR and vR are the zonal and meridional components of
the  rotational  wind,  respectively.  Similarly, uD and vD are
the zonal and meridional components of the divergent wind,
respectively. Further, ζ is the vertical component of the rela-
tive  vorticity, ω is  the  vertical  velocity  (units:  Pa  s–1), f is
the Coriolis parameter, φ is the geopotential, and F is the fric-
tional force.

The sum of terms Af, Az, B, and C is denoted as C(KD,
KR).  Therefore,  Eq.  (5)  can  be  simplified  as  DKR =  IR +
C(KD, KR) + GR + HFR + FR. The term on the left-hand side
denotes  the  local  change in KR.  The term IR represents  the
change  in KR caused  by  the  nonlinear  interaction  between
the rotational and divergent winds. Term Af is to satisfy the
conservation  of  angular  momentum  on  the  tangential
motion and is called the geostrophic effect term. Term Az is
to satisfy the conservation of angular momentum on the rota-
tional  motion.  Both  Af  and Az are  affected  by  the  relative
magnitudes  and  orientations  of VR and VD.  Term  B
describes  the  vertical  exchange  of KR,  while  term  C  is
related to the configuration of VD with VR and the vertical dis-
tribution of VD. The term C(KD, KR) denotes the conversion
between KD and KR, where a positive value indicates a conver-

sion from KD to KR and a negative value indicates the oppo-
site.  Term GR is  the  generation term for KR,  indicating the
conversion between the APE and KR due to the cross-contour
flow of VR. Term HFR is the transportation term for KR, indi-
cating the horizontal transportation of K by VR. Term FR is
the friction term related to VR, including frictional processes
and the  energy transfer  between the  sub-grid  scale  and the
grid scale of  motion.  As FR is  calculated as the residual,  it
includes possible errors from other terms in Eq. (5). For ana-
lyzing the balance of the budget equation for KR, we calcu-
lated the average ratio of  the right-hand side terms (except
term FR) to the left-hand side term DKR as 3.46, which is rea-
sonable compared with an earlier study using the same equa-
tion (Buechler and Fuelberg, 1986).

 3.    Results

 3.1.    Stages of the ETR event

During 18–21 July 2021, torrential rainfall occurred in
most areas of Henan Province, with the accumulated precipita-
tion exceeding 800 mm (3 d)−1 (Fig. 1a). From the day-by-
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day  distribution  of  precipitation  in Fig.  1,  the  rainstorm
range was concentrated and relatively static, but the intensity
was increasing. On 18 July, the heavy rainfall was mainly dis-
tributed  in  the  northern  part  of  Henan  Province  (Fig.  1b).
On 19 July,  the range of heavy rainfall  expanded,  with the
maximum  daily  precipitation  exceeding  400  mm  d−1

(Fig. 1c); and on 20 July, the range of heavy rainfall continued
to  expand,  with  the  range  of  daily  precipitation  exceeding
250 mm d−1, reaching a maximum, and the maximum daily
precipitation exceeding 600 mm d−1 (Fig. 1d). From Fig. 1,
the precipitation during the ETR event was concentrated in
the region of (32.5°–37°N, 111.5°–115.5°E). Therefore, this
region  was  identified  as  the  key  region  in  this  research,
which  we  refer  to  as  the  torrential-rain  area  (red  dashed
frame in Fig. 1).

Figure 2 shows the temporal evolution of hourly precipi-
tation (also called the hourly rain intensity) within the torren-
tial-rain area during 18–21 July, from which we can see that
the  hourly  precipitation  in  that  period  enhanced  with  time.
On  18  July,  the  hourly  average  precipitation  increased  by
0.05  mm  h−1 and  the  average  hourly  precipitation  was
0.93  mm h−1.  On  19  July,  the  hourly  average  precipitation
increased by 0.09 mm h−1 and the average hourly precipitation
was 2.02 mm h−1. On 20 July, the hourly average precipitation
increased by 0.01 mm h−1 and the average hourly precipitation
was  3.43  mm  h−1.  The  average  hourly  precipitation  was
largest  on 20 July,  second largest  on 19 July,  and smallest
on 18 July. Also, the hourly average precipitation increased

the most  on 19 July,  second most  on 18 July,  and least  on
20 July.

To  comprehensively  assess  the  average  hourly  preci-
pitation  and  hourly  rainfall  intensity  variability,  the  ETR
event  was  divided  into  three  stages:  the  initial  stage,  from
0800 LST 18 to 0800 LST 19 July 2021; the rapid increase
stage, from 0800 LST 19 to 0800 LST 20 July 2021; and the
maintenance stage, from 0800 LST 20 to 0800 LST 21 July
2021.

 3.2.    Spatial and temporal distribution of kinetic energy

Figure 3 shows the vertical profile of the regional average
K, KR, KD, and KRD in the torrential-rain area. In the torren-
tial-rain area, the vertical totals of K were closely related to
the  hourly  precipitation,  with  their  correlation  coefficients
being greater than 0.6 (figure omitted). The vertical distribu-
tions of K, KR, KD, and KRD show a bimodal pattern in the ini-
tial,  rapid  increase,  and  maintenance  stages  of  the  ETR
event, with the main peak and secondary peak at around 200
hPa  and  800  hPa,  respectively  (Fig.  3).  Also,  as  the  main
and  secondary  peak  values  increase,  the  ETR  strengthens
accordingly  (Fig.  3).  In Fig.  3, K and KR are  basically  the
same,  and  the  values  of KD and KRD are  small  and  mostly
around zero. The peaks of K and KR at 200 hPa are 43 J m−2

and 36 J m−2, respectively, during the initial stage (Fig. 3a),
increasing  to  96  J  m−2 and  88  J  m−2 during  the  rapid
increase stage (Fig. 3b), and both exceeding 100 J m−2 during
the  maintenance  stage  (Fig.  3c),  with KR increasing  to

 

 

Fig.  1. Distribution  of  accumulated  precipitation  during  (a)  0800  LST  18  July  to  0800  LST  21  July  2021
[shaded; units:  mm (3 d)−1],  (b) 0800 LST 18 July to 0800 LST 19 July 2021 (shaded; units:  mm d−1),  (c)
0800 LST 19 July to 0800 LST 20 July 2021 (shaded; units: mm d−1), and (d) 0800 LST 20 July to 0800 LST
21 July 2021 (shaded; units: mm d−1). The red dashed frame represents the torrential-rain area (32.5°–37°N,
111.5°–115.5°E; the same in subsequent figures).
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120 J m−2. The reason why KR is greater than K during the
maintenance  stage  is  that KRD decreases  to  −30  J  m−2 and
thus K is  weakened. During the ETR process,  although the
K and KR values at 800 hPa also increase, their changes are
less than half of those at 200 hPa.

It can be seen that K is enhanced during the ETR, and
the  ETR  thus  subsequently  enhanced,  with K playing  a
major role at 200 hPa but KR always determining the vertical
distribution  of K.  The  contribution  of KD and KRD to K is
small, and KRD makes a negative contribution to K. The distri-
bution  and  variation  of K and KR are  greatest  at  200  hPa;
therefore, we focused on K and KR at 200 hPa.

Figure 4 shows the horizontal distribution of K and KR

at 200 hPa. As can be seen from Figs. 4a–c, the horizontal dis-
tribution of K is very similar to that of KR. Both are continu-
ously enhanced, indicating the upper-level shortwave trough
in the west of the torrential-rain area and the upper-level jet

in the east were strengthened (figure omitted). This promoted
the  vertical  motion  of  the  torrential-rain  area  (figure  omit-
ted),  and  the  ETR was  subsequently  enhanced.  During  the
initial  stage  (Fig.  4a),  both K and KR are  40  J  m−2,  which
both  then  increase  to  120  J  m−2 during  the  rapid  increase
stage (Fig. 4b), and to 200 J m−2 and 240 J m−2, respectively,
during the maintenance stage (Fig. 4c).

In summary, during this ETR process, K was enhanced,
and subsequently so too was the ETR. Also, the distribution
and  variation  of K were  greatest  at  200  hPa,  where K was
mainly derived from KR.  The enhancement  of K and KR at
200  hPa  in  the  torrential-rain  area  enhanced  the  vertical
motion and then favored the enhancement of ETR.

 3.3.    Relationship  between  K  and  hourly  precipitation
intensity

As can be seen in Fig. 5, the magnitude and evolutionary

 

 

Fig.  2. Temporal  evolution  of  the  regional-mean  hourly  precipitation  within  the  torrential-
rain area from 0800 LST 18 July to 0800 LST 21 July 2021 (units: mm h−1).

 

 

Fig. 3. Vertical profiles of area-averaged K, KR, KD, and KRD (units: J m−2) in the (a) initial stage, (b) rapid increase
stage, and (c) maintenance stage.
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trend  of K at  200  hPa  are  close  to  those  of KR,  and  the
enhancement  of  both  promotes  the  enhancement  of  ETR.
Using  Pearson  correlation  coefficients,  we  calculated  the
simultaneous temporal correlation coefficients of K and KR

for  the  regional  average of  the  torrential-rain  area  at  200 hPa
with  the  hourly  precipitation  intensity,  respectively,  which
revealed the correlation coefficient of KR with the hourly pre-
cipitation  intensity  to  be  much  larger,  at  up  to  0.9,  which
was  statistically  significant  at  the  0.01  confidence  level,
based  on  a  Student’s t-test.  This  shows  that KR has  a
stronger  correlation  with  the  hourly  precipitation  intensity.
During the initial stage, both KR and the hourly precipitation
intensity  slowly;  during  the  rapid  increase  stage,  they  both
intensify  sharply;  and  during  the  maintenance  stage,  they
both  show  fluctuating  changes  and  maintain  high  values.

The evolution of KR is ahead of the hourly precipitation inten-
sity in the ETR process, and this advance is largest (~8 h) in
the maintenance stage, which indicates that KR could perhaps
serve as a predictor of ETR development.

In  conclusion, KR was  most  closely  related  to  the
hourly precipitation intensity at 200 hPa, with a correlation
coefficient as high as 0.9. The KR at 200 hPa could perhaps
be  used  to  predict  the  hourly  precipitation  intensity  8  h  in
advance at  the  earliest,  and thus  could serve as  a  predictor
of the ETR. Therefore, the rotational kinetic energy equation
was used to diagnose the ETR process.

 3.4.    Rotational kinetic energy budget

According  to Fig.  6a and Table  1,  during  the  initial
stage,  DKR presents  a  distribution  of  “positive  in  the  west

 

 

Fig. 4. Horizontal distributions of K (shaded) and KR (contours) at 200 hPa (units: J m−2) in the (a) initial stage, (b)
rapid increase stage, and (c) maintenance stage.

 

 

Fig.  5. Temporal  evolution  of  the  area-averaged  hourly  precipitation  (black  line;  units:
mm h−1), K (blue line, units: J m−2), and KR (red line, units: J m−2) at 200 hPa in the torrential-
rain area.
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and negative in the east”,  with a regional  average value of
0.4 × 10−4 W m−2 Pa−1. During the rapid increase stage, the
positive-value area of DKR expands and covers the whole tor-
rential-rain  area,  with  a  regional  average  value  of  11.46  ×
10−4 W m−2 Pa−1 (Fig. 6b and Table 1). During the mainte-
nance stage, the absolute values of DKR are relatively small
over the whole torrential-rain area, with a regional average
value of −1.9 × 10−4 W m−2 Pa−1 (Fig. 6c and Table 1). This
shows that KR increased slowly in  the  initial  stage,  rapidly
increased in the rapid increase stage, and maintained a high

value in the maintenance stage.
Diagnosis shows that the regional average values of the

conversion  term  GR between  available  energy  and KR,  FR,
and IR are always positive, which is beneficial to the enhance-
ment of KR, and the regional average values of HFR, C (KD,
KR), are always negative, which is beneficial to the reduction
of KR (Table 1). During the initial stage, the positive-value
area  of  FR covers  the  torrential-rain  area  (Fig.  6j),  and  its
regional  average value of  3.47 × 10−4 W m−2 is  conducive
to the enhancement of KR.  Meanwhile, GR (Fig. 6a) and IR

Table 1.   Reginal average budget of KR in the torrential-rain area at 200 hPa (units: 10−4 W m−2 Pa−1).

Period DKR GR HFR FR C (KD, KR) IR

Initial stage 0.40 0.21 −3.02 3.47 −0.98 0.71
Rapid increase stage 11.46 26.50 −20.66 2.88 −2.59 5.33
Maintenance stage −1.9 44.6 −40.44 1.76 −9.04 1.23

 

 

Fig.  6. Horizontal  distribution  of  the  local  variation  in KR (DKR)  (contours;  units:  10−4 W  m−2 Pa−1):  (a–c)  the
conversion between APE and KR (GR); (d–f) the horizontal flux divergence of K by VR (HFR); (g–i) the conversion
between KR and KD [C(KD, KR)]; and (j–l) the friction term related to VR (FR) (shaded; units: 10−4 W m−2 Pa−1) at
200 hPa. Panels (a, d, g, j) present the initial stage, (b, e, h, k) present the rapid increase stage, and (c, f, i, l) present
the maintenance stage.
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(figure  omitted)  have  less  beneficial  effects,  indicating
kinetic energy transfer from the sub-grid to grid scale, leading
to  the  slow  increase  in KR in  the  initial  stage.  During  the
rapid increase stage, the positive-value range of GR expands
and  concentrates  in  the  north-central  part  of  the  torrential-
rain area (Fig. 6b), and its regional average value increases
to 26.5 × 10−4 W m−2 Pa−1, which is conducive to the enhance-
ment of KR. Meanwhile, the beneficial effects of FR (Fig. 6k)
and IR (figure omitted) are far less than those of GR, indicating
that  the pressure gradient  force does positive work,  so that
the APE can be converted into KR through the barotropic pro-
cess, leading to the enhancement of KR. During the mainte-
nance stage, the absolute values of GR, HFR, and C(KD, KR)
increase significantly (Figs. 6f, i and l). As can be seen from
Table 1, the regional average value of GR increases to 44.6 ×
10−4 W m−2 Pa−1, which can generate KR, indicating that the
conversion of the APE to KR through the barotropic process
is  enhanced.  However,  the  regional  average  value  of  HFR

decreases to −40.44 × 10−4 W m−2 Pa−1,  indicating that the
horizontal transportation of K by VR is  a net output,  which
will consume KR (Table 1). Therefore, under the joint action
of GR and HFR, the high value of KR is maintained.

In conclusion, during the initial stage, FR dominated the
slow  enhancement  of KR.  During  the  rapid  increase  stage,
GR dominated the rapid enhancement of KR, which was con-
ducive to the rapid enhancement of ETR. During the mainte-
nance stage, GR and HFR jointly maintained a high value of
KR, which was conducive to the maintenance of ETR.

It can be seen from the above that ETR was mainly con-
centrated  in  the  rapid  increase  stage  and  the  maintenance
stage. Therefore, we further discuss the physical meaning of
the main contributing terms during the rapid increase stage
and  the  maintenance  stage.  In  the  rapid  increase  stage,  the
geopotential height is distributed with a “lower in the north
and higher in the south” pattern, and the rotational wind is
an  anticyclonic  southwesterly  wind.  When  the  meridional
rotational wind (uR) crosses the isobar from south to north,
the  pressure  gradient  force  does  positive  work.  Therefore,
the joint action of uR and the meridional geopotential gradient
controls the conversion of APE to KR through the barotropic

process, leading to the rapid enhancement of KR during this
stage (Fig. 7a). During the maintenance stage, the meridional
potential  gradient  and  the  rotational  wind  continue  to
increase, which leads to the enhancement of the conversion
of  APE to KR through  the  barotropic  process  (Fig.  7b).  At
the same time, the value of K in the southwest of the torren-
tial-rain area is relatively small, while the value in the north-
east  of  the  torrential-rain  area  is  relatively  large  (Fig.  7c).
Therefore,  the  anticyclonic  rotational  wind  transports K
from  the  southwest  to  the  northeast  of  the  torrential-rain
area, consuming KR.

In conclusion,  during the ETR process,  the conversion
of  kinetic  energy  from the  sub-grid  to  grid  scale  made  the
ETR  develop  slowly.  The  APE  was  converted  into KR

through a barotropic process, leading to a sharp enhancement
of KR,  which  was  conducive  to  the  sharp  enhancement  of
ETR. KR was consumed owing to the outward transportation
of K in the rotational wind direction, which basically offset
the KR produced  by  the  barotropic  process.  Therefore,  the
high value of KR was basically maintained, which was con-
ducive to the maintenance of ETR. Furthermore, the conver-
sion of APE to KR through the barotropic process depended
on the joint action of the meridional rotational wind and the
meridional potential gradient.

 4.    Discussion and conclusions

Based on ERA5 reanalysis data and hourly precipitation
data  from meteorological  stations  in  China,  the  ETR event
that  occurred  in  Henan  Province,  China,  18–21  July  2021,
was  investigated  from  the  perspective  of  kinetic  energy.
According to the regional hourly precipitation intensity vari-
ability  in  the  torrential-rain  area,  the  ETR  process  was
divided into an initial stage, a rapid increase stage, and a main-
tenance  stage.  The  spatial  and  temporal  distribution  of K
and  its  relationship  with  hourly  rainfall  intensity  was  dis-
cussed, and the mechanism of ETR enhancement and mainte-
nance  was  diagnosed  using  the  rotational  wind  kinetic
energy equation. The study addresses the lack of mechanistic
research  on  the  21·7  ETR  from  a  kinetic  energetic  view-

 

 

Fig.  7. Horizontal  distribution of  the  (a–c)  rotational  wind (vector  arrows;  units:  m s−1),  (a,  b)  geopotential  height
(shaded;  units:  gpm),  and  (c) K (shaded;  units:  J  m−2)  at  200  hPa  in  the  (a)  rapid  increase  stage  and  (b,  c)
maintenance stage.
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point, and provides a reference for the forecasting and early
warning of torrential rainstorms. The main conclusions are:

(1)  During  the  21·7  ETR  process, K and  its  variation
were largest at 200 hPa, and K mainly derived from KR.

(2)  The  evolution  of KR at  200  hPa  was  most  closely
related to  the  hourly  rainfall  intensity  during the ETR pro-
cess, and the correlation coefficient was as high as 0.9. In par-
ticular, the peak value of KR was 8 h ahead of the hourly rain-
fall intensity, which has a certain significance for indicating
the development and maintenance of ETR.

(3) The conversion of kinetic energy from the sub-grid
to grid scale made the ETR develop slowly during the initial
stage.  The  APE  was  converted  into KR through  the
barotropic  process,  leading  to  a  sharp  enhancement  of KR,
which was conducive to the sharp enhancement of ETR dur-
ing the rapid increase stage. Furthermore, the conversion of
APE to KR depended on the joint action of the meridional rota-
tional  wind  and  the  meridional  potential  gradient.  During
the maintenance stage, KR was consumed owing to the out-
ward  transportation  of K in  the  rotational  wind  direction,
which basically offset the KR produced by the barotropic pro-
cess.  Therefore,  the  high  value  of KR was  basically  main-
tained, which was conducive to the maintenance of ETR.

From the  perspective  of K,  our  research  diagnoses  the
21·7 ETR process and further improves the level  of under-
standing regarding the enhancement and maintenance mecha-
nism of this event. The intensification of the horizontal gradi-
ent of geopotential  height caused by a cold low may result
in the increase of KR in the upper troposphere, which indicates
enhanced upper-level anticyclonic circulation in the torren-
tial-rain area (Cai et al., 2022).

However,  many  scientific  issues  worth  exploring
remain. For example, the divergent flow was formed to the
right of the jet entrance, which strengthened the local ascend-
ing  motion  and  induced  a  lower-level  vortex,  causing  the
rain peak during the ETR (Fu et al.,  2022).  The interaction
of the lower-level, middle-level, and upper-level KR and KD

may be the reason why the peak of KR was found to be 8 h
ahead  of  the  rainfall  intensity  during  the  ETR.  Therefore,
the balance of K and the conversion between KD and KR at dif-
ferent levels during the ETR process are deserving of further
study.
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