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Abstract
The contributions of divergent and rotational wind components to the kinetic energy budget during a record-breaking rain-
storm on 7 May 2017 over South China are examined. This warm-sector extreme precipitation caused historical maximum 
of 382.6 mm accumulated rainfall in 3 h over the Pearl River Delta (PRD) regions in South China. Results show that there 
was a high low-level southerly wind-speed tongue stretching into the PRD regions from the northeast of the South China Sea 
(SCS) during this extreme precipitation. The velocity potential exhibited a low-value center as well as a low-level divergence-
center over the SCS. The rotational components of the kinetic energy (KR)-related terms were the main contribution-terms 
of the kinetic energy budget. The main contribution-terms of KR and the divergent component of kinetic energy (KD) were 
the barotropical and baroclinic processes-related terms due to cross-contour flow and the vertical flux divergence.

1  Introduction

Synoptic-scale momentum transport plays an important role 
during the evolutions of atmospheric circulations and cli-
mate systems. It could exert strong impacts on the formation 
of the convective systems (e.g., strong low-level convergence 
and upper-level divergence in the mesoscale systems, Mad-
dox et al. 1981). Kinetic energy analyses are recognized 
as effective methods to diagnose the source of momentum 
transformations and transfers in the convective environment 
(Fuelberg and Buechler 1989; Li 2007; Jin et al. 2020).

It was found that areas of the convections appeared to be 
formed where strong transfers of kinetic energy occurred 
(Buechler and Fuelberg 1986; Zhong 2011; Wang et al. 
2016). In particular, the divergent component of kinetic 
energy (KD) was crucial to the total energy balance and 
the occurrence of the convections (e.g., horizontal flux 

divergence of kinetic energy, Fuelberg and Browning 1983), 
as well as the most important energy source of rotational 
component of kinetic energy (KR). The release of the eddy 
available potential energy enhanced KD and its conversion 
from KD to KR further enhanced the monsoon circulation 
(Krishnamurti and Ramanathan 1982). Although the magni-
tude of KD was small, it played an important role in kinetic 
energy budget. It was found that the horizontal convergent 
flux of KD in baroclinic process was one of the main energy 
sources of KR (Zhong 2011).

In the low level of troposphere, the potential energy trig-
gered KD through the cross-contour divergent winds and 
then converted into KR (Chen and Chen 2002). Numeri-
cal simulations showed that KD dominated in the lower 
stratosphere while KR prevailed in the upper troposphere 
(Waite and Snyder 2009). The proportion of KD to kinetic 
energy could reach 70% near the surface and in the upper 
troposphere toward 100 hPa (Blažica et al. 2013). However, 
for some intense convective activity and subsynoptic-scale 
low-level jets (LLJs) events, KR dominated the total kinetic 
energy (Fuelberg and Browning 1983; Chen and Chen 
2002). It was found that the formation of the lower and mid-
dle tropospheric cyclones featured an enhancement of KR, 
whereas the formation of the upper tropospheric cyclone 
featured a decrease of KR (Li et al. 2019).

Warm sector torrential rain (WSTR) is one of the most influ-
ential weather systems during the flood seasons over South 
China (Chen et al. 2016; Sun et al. 2019; Zhong et al. 2019). 
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However, the related budget of the kinetic energy with respect 
to KD and KR in WSTR remains unknown. The present paper 
deals with the budgets of rotational and divergent kinetic energy 
for a limited area in the warm sector with a focus on the lower 
troposphere. The detailed contributions of divergent and rota-
tional wind components toward the kinetic energy balance of 
a specific severe WSTR case are examined. The data sets and 
methodology are given in Sect. 2. The comprehensive results of 
budgets of kinetic energy and associated characteristics are given 
in Sect. 3. A summary and conclusions are given in Sect. 4.

2 � Data and methodology

2.1 � Data and case overview

In this study, the budgets of the KD and KR of a record-break-
ing rainstorm over Guangzhou on 7 May 2017 are examined. 
The extreme precipitation caused historical maximum of 
382.6 mm accumulated rainfall in 3 h in the early morning 

atmosphere (Hoffmann et al. 2019). The horizontal resolution 
of the data set is 25 km on 27 isobaric surface levels from the 
surface up to 100 hPa with hourly temporal intervals.

2.2 � Methods

Kinetic energy budget equations for KR and KD have been 
given for a limited area (Buechler and Fuelberg 1986; Zhong 
2011). According to Helmholtz’s theorem, the horizontal 
wind can be expressed as the sum of the divergent wind 
component ( VD ) and rotational wind component ( VR)

The kinetic energy per unit mass ( k ) can be written as

The mainly contribution-terms of KD and KR budget 
equation for a limited volume in isobaric coordinates in this 
study are given by

where K is the kinetic energy. VR and VD are the rotational 
and divergent wind components, respectively. ∅ is the geo-
potential height, and � is the vertical velocity. D , DD , and 
DR are residual dissipation terms representing frictional pro-
cesses as well as transfers of energy between resolvable and 
unresolvable scales of motion. In Eq. (3), KA and KB are 
the kinetic energy generations by barotropical and baroclinic 
processes due to cross-contour flow, respectively (Chen and 
Wiin-Nielsen 1976). KC and KD1 represent horizontal flux 
divergence of total kinetic energy, and KE1 denotes vertical 
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over Xintang Town of Guangzhou (Fig. 1; Wu et al. 2020; 
Zhong and Chen 2020). The fifth generation of atmospheric 
reanalysis (ERA5) from the European Centre for Medium-
Range Weather Forecasts (ECMWF) is used to examine the 
kinetic energy budgets. Systematic evaluations showed that 
ERA5 performs a reliable representation of the atmospheric 
characteristics, including wind distributions (Olauson 2018) 
and low-level jet characteristics (Kalverla et al. 2019), as 
well as a fine representation of convective updrafts, gravity 
waves, tropical cyclones, and other multiscale features of the 
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flux divergence of total kinetic energy. In Eqs. (4) and (5), 
KDA and KRA represent interactions between KD and KR. 
KDA denotes the conversions of KD and KR. KDC and 
KRC represent energy-generation terms as shown in Eq. (1), 
as well as the terms of KDD and KRD are of representation 
the horizontal flux divergence of total kinetic energy by VR 
and VD . Finally, KDE is the vertical flux divergence of KD.

3 � Results

3.1 � Synoptic conditions

Low-level jets have been recognized as one of the main 
triggering systems of the torrential rains in the warm-
sector over South China (Chen et al. 2016; Du and Chen 
2018; Zhang and Meng 2019). Previous studies showed 
that the extreme precipitation on 7 May 2017 over Guang-
zhou was mainly caused by the combined effects of urban 
heat island and the southerly winds as well as the unique 
topography (Wu et al. 2019; Zhong et al. 2020). To exam-
ine the synoptic conditions, Fig. 2 gives the low-level wind 
fields before the occurrence and during the occurrence 
of the WSTR. It can be seen that strong northeasterly 
wind was continuously located over the northeast of SCS 

during this extreme precipitation, and there was a rela-
tively high wind-speed tongue stretching into the Pearl 
River Delta (PRD) regions. For the wind evolution at 
850 hPa, it showed strong increases of the southerly wind 
over Guangxi and west of Guangdong.

Note that these two high wind-speed zones were closely 
linked to the double LLJs in the warm-sector (Du and 
Chen 2018), it is important to investigate its kinetic energy 
budget over South China. Figures 3 and 4 give the com-
parisons between the divergent and rotational wind com-
ponents, as well as the comparisons of the stream function 

Fig. 1   Topographic distribution over South China (shaded; units: km) 
and 24-h rainfall at 1200 UTC 07 May (dots; units: mm)

Fig. 2   Horizontal wind over South China (shaded, m s−1) and hori-
zontal geopotential height (contours, 10 gpm) at (a, b) 1000 hPa and 
(c, d) 850 hPa of the ERA5 analysis data at (a, c) 1200 UTC 06 May 

and (b, d) 0000 UTC 07 May 2017, the red frame in (a) denotes the 
focus area of the PRD regions
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Fig. 3   Horizontal (a, c) rotational wind component and stream func-
tion (contour, units: 107 m2s−1), and (b, d) divergent wind component 
and velocity potential (contour, units: 107 m2s−1) over South China at 

(a, b) 1000 hPa and (c, d) 850 hPa on 1200 UTC 06 May 2017, the 
black frame in (c, d) denotes the domain of averaged-area in Figs. 8 
and 9

Fig. 4   Same as Fig. 3, but at 0000 UTC 07 May 2017
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Fig. 5   Horizontal kinetic energy of a K, b KD, c KR and d VRVD over South China (contour, units: 105 J m−2) at 1000 hPa on 0000 UTC 07 
May 2017

Fig. 6   Same as Fig. 5, but at 850 hPa
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and velocity potential over south China. It can be seen that 
the rotational wind was generally stronger than the diver-
gent wind, especially over the northeast of the SCS. The 
velocity potential exhibited generally a low-value center 
over south China, and the divergent wind showed a gener-
ally divergence-center at 1000 hPa over the SCS. Further, 
the rotational wind showed a generally cyclonic center 
over southeast of the YG Plateau and an anti-cyclonic 
center over the north of the SCS at 850 hPa, as well as a 
divergence-center over the east of the YG Plateau.

It should be noted that the divergent wind over the SCS 
at 1000 hPa and the rotational wind over southeast of the 
YG Plateau at 850 hPa were continuously existed during 
this extreme precipitation. In addition, the intensity of the 
divergence wind over the east of the YG plateau and north of 
the SCS at 850 hPa exhibited an increasing tendency during 
the occurrence of the torrential rain. Therefore, the remain-
der of this paper is devoted to the analysis of such variations 
of the divergent and rotational wind and the related kinetic 
energy budgets.

3.2 � Distributional characteristics of the kinetic 
energy

The budgets of the kinetic energy in the lower troposphere 
are examined in the present study. As shown in Fig. 5, the 
main contribution-terms of kinetic energy over the South 
China Sea (SCS) and its adjacent areas were the KR and 
VRVD (the third term on the right-hand-side of Eq. 2). In 
particular, both KR and VRVD terms showed a high kinetic 
energy tongue stretching into the PRD regions. Although the 
KD exhibited nearly one order of magnitude smaller than 
KR, it also showed a high-value center over the PRD regions. 
Nevertheless, for the distribution characteristics over 850 hPa 
(Fig. 6), the source of the kinetic energy was mainly from 
northwest Guangdong and Guangxi. The intensity of KD 
reached the same magnitude as KR, and the PRD regions 
located on the southeast side of the high kinetic energy belt.

Figure 7 shows the vertical distribution of kinetic energy. 
It can be seen that the strong kinetic energy was mainly 
located in the lower troposphere (below 900 hPa). The 

Fig. 7   Vertical cross section of a K, b KD, c KR and d VRVD at 23.16 E (contour, units: 105 J m−2) at 0000 UTC 07 May 2017
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stratification above 900 hPa exhibited a kinetic energy low 
center. The PRD regions were located between the western 
stretching tongue of high kinetic energy from SCS and the 
eastern stretching belt of kinetic energy from the west of 
Guangdong. It should be noted that the high kinetic energy 
tongue from SCS was mainly limited below 900 hPa, while 
the kinetic energy belt over the west of Guangdong exhibited 
a stretching tendency from the upper level to low levels.

To quantify the kinetic energy terms of the rotational and 
divergent wind components, grid-point values of the kinetic 
energy were averaged in its vicinity (Fig. 8). Time variations 
of the kinetic energy showed that the KR and VRVD term 
had a slightly increasing tendency during the whole process 
of the torrential rains. However, the general kinetic energy 
and KD showed a significant increasing tendency during 
the occurrence of the torrential rains. For example, on 1200 

Fig. 8   Pressure–time cross section of mean kinetic energy terms of a K, b KD, c KR and d VRVD over the computational regions in Fig. 3c 
(contour, units: 105 J m−2)

Table 1   Pressure–time average 
kinetic energy terms (units: 
105 J m−2)

Lev Date K K
R

K
D

V
R
V

D
K

D
∕K

1000 06/12 11.18 4.43 1.86 4.89 16.6%
07/00 19.03 6.73 3.47 8.83 18.2%

850 06/12 3.75 0.85 1.12 1.78 29.9%
07/00 7.52 2.85 1.25 3.42 16.6%

700 06/12 13.95 5.97 1.75 6.23 12.5%
07/00 11.44 3.18 2.65 5.62 23.1%
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UTC 6 May, the kinetic energies at 1000 hPa and 850 hPa 
were 11.18 × 105  J m−2 and 3.75 × 105  J m−2 (Table 1), 
respectively. While on 0000 UTC 7 May, the kinetic energy 
at 1000 hPa and 850 hPa reached 19.03 × 105 J m−2 and 
7.52 × 105 J m−2, respectively. For the KD, the increase 
mainly occurred at 1000 hPa, and for the KR and VRVD, 
its increases mainly occurred below 850 hPa. The kinetic 

energy at 700 hPa exhibited a slight decrease from 1200 
UTC 6 May to 0000 UTC 7 May. 

3.3 � Budget of the kinetic energy

To reveal the specific budget by each term of the KD 
and KR, Fig.  9 gives the time variations of the main 

Fig. 9   Time variations of mean budget of a KR and b KD integrated between the surface and 850 hPa over the computational regions in Fig. 3c 
(units: W m−2)

Fig. 10   Horizontal divergent wind and kinetic energy budget terms of 
a KDC and b KDE, and rotational wind and kinetic energy budget 
terms of c KRC and d KDB over South China (shaded, units: W m−2) 

at 0000 UTC 07 May 2017. The kinetic energy budget terms were 
integrated between the surface and 850 hPa
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contribution-terms in Eqs. (4) and (5). It can be seen that 
the main contribution-terms of KR were the KRC and 
KDB , especially the term KRC , which represents the KR 
consumption by barotropical and baroclinic processes due 
to cross-contour flow. The KRC mainly exhibited a growing 

consumption of KR before the occurrence of the torrential 
rains. For the KD, the main contribution-terms of KD were 
KDC , KDB , as well as the vertical flux divergence-term of 
KDE.

Fig. 11   Pressure–time cross section of area-averaged kinetic energy budget terms of a KDC, b KDE, c KRC and d KT (units: 102 J·m−2 s−1)

Fig. 12   Same as Fig. 11, but for a KRT and b KDT
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The horizontal distribution of the contribution-terms of 
KD budgets showed that the northwest outflow of the diver-
gent wind from the divergence-center over the east of the 
YG plateau was the main source of the KDC (Fig. 10). Fur-
ther, the southwest rotational wind from the cyclonic center 
over the southeast of the YG plateau was the main source of 
KRC . In addition, the southerly divergent wind and northeast 
rotational wind from the northeast of SCS contributed to the 
main variations of the KDE and KDB.

Time variations of the kinetic energy budget showed 
that the KDC and KRC as well as KDE over the PRD 
regions exhibited decreasing tendencies during the 
occurrence of the torrential rains (Fig. 11). The higher 
tendencies of KDC were mainly located in the lower 
levels and the KRC was mainly located in the upper 
levels. The KDE was increased with height, which the 
negative tendencies were located mainly below 900 hPa. 
The budgets of the kinetic energy showed that strong 
tendencies were mainly located over the higher levels. 
However, for the budget of KD, it exhibited relatively 
stronger variations than KR below 800 hPa, while the 
KR above 800 hPa exhibited relatively stronger variations 
than KD (Fig. 12). In particular, the KD showed a general 
increasing tendency between 1000 and 700 hPa during 
the occurrence-time of the torrential rains on 2100 UTC 
6 May. It is interesting to note that the increasing phase 
of low-level KD corresponded to the increasing phase of 
high-level KR. As shown in Fig. 11, the main contribu-
tion-term of KDC was located in the lower troposphere, 
and the main contribution-term of KRC was located in 
the higher troposphere. 

4 � Conclusion

This paper has examined the relative contributions of diver-
gent and rotational wind components to the kinetic energy 
budget during a record-breaking rainstorm over South 
China. The synoptic conditions of the low-level winds as 
well as the divergent and rotational wind components were 
examined. Kinetic energy budgets of KR and KD in the 
lower troposphere were evaluated for the entire computa-
tional region of the storm. The main results were as follows:

(1)	 There was a relatively high wind-speed tongue stretch-
ing into the PRD regions from the northeast of SCS at 
1000 hPa during this extreme precipitation. It showed 
strong increases in the southerly wind over Guangxi 
and west of Guangdong at 850 hPa. The rotational wind 
component was generally stronger than the divergent 
wind, especially over the northeast of SCS. The veloc-
ity potential exhibited generally a low-value center 
over south China, and the divergent wind component 

showed a generally divergence-center at 1000 hPa 
over the SCS. The rotational wind showed a generally 
cyclonic center over southeast of the YG Plateau and 
an anti-cyclonic center over the north of the SCS at 
850 hPa, as well as a divergence-center over the east of 
the YG Plateau.

(2)	 The budgets of the kinetic energy in the lower tropo-
sphere show that the KD comprised a relatively small 
proportion of total kinetic energy. The main contribu-
tion-terms of kinetic energy were the KR and VRVD. 
Both KR and VRVD terms showed a high kinetic 
energy tongue stretching into the PRD regions, as well 
as a high-value center of KD over the PRD regions. 
The stratification above 900 hPa exhibited a generally 
low-value kinetic energy center. The PRD regions were 
located between the western stretching tongue of high 
kinetic energy from SCS and the eastern stretching belt 
of kinetic energy from the west of Guangdong.

(3)	 The main contribution-terms of KR and KD were the 
KRC and KDC by barotropical and baroclinic processes 
due to cross-contour flow, as well as the vertical flux 
divergence-term of KDE . The northwest outflow of the 
divergent wind from the divergence-center over the east 
of YG plateau was the main source of the KDC , and 
the southwest rotational wind from the cyclonic center 
over the southeast of YG plateau was the main source 
of KRC . The northeasterly rotational wind from the 
northeast of SCS contributed to the main variations of 
KDB.
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