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Abstract 

The intensity definition and classification of the extratropical cyclone (EC) are still less studied than the tropical 
cyclone, due to the relatively ambiguous structure and diverse life cycle of ECs. In this study, a two-dimensional 
objective cyclone identification method based on outermost closed isolines is used to obtain the EC-related datasets, 
and the summertime ECs in East Asia are classified by the relationship between ECs of different intensities and the 
corresponding precipitation. The results show that compared with the cyclone mean depth, central wind and other 
traditional intensity indicators, the cyclone intensity index that is the maximum product of the EC-associated wind 
speed and specific humidity, has the highest correlation with the EC-associated maximum precipitation (r = 0.74). 
To simplify the definition of cyclone intensity index, the vqmax within the radius of 300 km from the cyclone center is 
defined as the cyclone  intensity. According to the relationship between EC and precipitation intensity and the precipi-
tation grades in China, the ECs in East Asia are classified into four levels. Accordingly, the EC-associated maximum 
precipitation increases substantially with the raising of cyclone level. In particular, 32.8% of heavy rain events in East 
Asia in summer are related to ECs of the strongest category. The results will facilitate a better understanding of the 
relationship between the strongest category EC and local precipitation.

Keywords Extratropical cyclone, Objective identification, Precipitation intensity, Cyclone classification

Introduction
Extratropical cyclones (ECs) and their associated fronts 
are the most important weather systems for the precipi-
tation in mid-latitudes. Some studies found that in many 
regions, including parts of Europe and much of North 

America, over 70% of total precipitation is associated 
with ECs (Harvey et  al. 2012). As one of the areas with 
most frequent EC activities, East Asia is also strongly 
affected by ECs (Chang 2005; Adachi and Kimura 2007; 
Lee et  al. 2020). The impact of cyclone movement and 
development often extends from East Asian continent 
to the Northwest Pacific Ocean. Moreover, the cyclone 
activity is often accompanied by some meteorological 
phenomena, such as strong precipitation and gale, which 
may bring serious social losses (Chen et  al. 2017; Bent-
ley et  al. 2019). For example, on December 16, 2014, a 
deep trough with high potential vorticity (PV) reached 
over the East China Sea west of Japan made an EC 
build and the low-level moisture strengthen. The water 
vapor was transported toward the coastal region by the 
cyclone, which caused a record-breaking heavy rain dur-
ing March and April at Owase (Tochimoto and Iizuka 
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2022). Therefore, it is important to study the relationship 
between ECs and regional-scale precipitation extremes 
under present-day climate conditions in an event-based 
manner.

The structure and intensity of ECs have great influence 
on the EC-related precipitation intensity. Hawcroft et al. 
(2012) documented that the proportion of precipitation 
caused by ECs increases obviously with the increase of 
cyclone intensity, and the strongest 10% of ECs in sum-
mer account for about 20% of the total EC-related precip-
itation, while the weakest 20% contribute only 4% of the 
total precipitation. The ECs related to extreme precipi-
tation have larger intensity, longer duration, and larger 
average wind speed (Reale et al. 2019; Owen et al. 2021). 
However, in the analysis of the cyclone properties that are 
related to heavy precipitation, Stephan and Land (2012) 
found that the ECs related to heavy precipitation are only 
stronger at the exit of the path and have no difference 
with other cyclones in their formation and strengthen-
ing processes. The ECs associated with heavy precipita-
tion in much of the Northern Hemisphere, such as on the 
eastern flank of the continents and at the entrance of the 
Northern Hemisphere storm tracks, have a more equa-
torward origin (Stephan and Heini 2012), which may be 
related to the water vapor conditions required for heavy 
precipitation.

However, compared with the existing abundant clas-
sification methods of tropical cyclones, the definition 
and classification of EC intensity are limited due to their 
relatively complex shape and structure by selecting one-
dimensional physical quantities to characterize cyclone 
intensity (Zhang et al. 2018; Hunter et al. 2016; Yu et al. 
2020; Felker et  al. 2010). The objective identification 
method we used can improve the recognition of the com-
plex structure and evolution of ECs. Therefore, the rela-
tionship between EC-associated meteorological factors 
and precipitation is analyzed in this study by using the 
cyclone zone identification method. Moreover, the ECs 
are classified based on a newly defined EC intensity, so as 
to provide clues for the prediction of EC-associated pre-
cipitation intensity through the monitoring and forecast-
ing on different levels of cyclones.

The remainder of this paper is organized as follows. 
“Data and method” section presents the data and method 
used in this study. The effects of ECs on the precipitation 
over East Asia in summer are investigated in “Effects of 
ECs on the precipitation over East Asia in summer” sec-
tion. The EC classification is discussed in “Cyclone clas-
sification” section. The conclusion and a brief discussion 
are given in “Conclusions and discussion” section.

Data and method
Data
The data used in this study are in the summers (June–
August) of 1979–2018. The ERA-Interim (Dee et  al. 
2011) 6-h geopotential height dataset at 850 hPa (Z850) 
with a relative high resolution (~ 0.7°  *  0.7°, N128 grid) 
are chosen to detect cyclone zones. The reason we chose 
Z850 for EC detection is because the geopotential height 
is mass field, using this variable allows to consider well-
organized surface pressure system, and this area can be 
considered as the region where EC-related precipita-
tion could occur. We also check the spatial consistency 
by comparing the location of cyclone center on 850 hPa 
and the location of minimum SLP within this EC zone. 
We found that over 53.3% (72.3%) of the above two loca-
tions are within 150 km (250 km), showing highly spatial 
consistency of cyclone center detected in Z850 and SLP. 
Therefore, we select the Z850 field to detect EC over East 
Asia in our study.

The best track dataset of tropical cyclones comes from 
the Tropical Cyclone Data Center of the China Meteoro-
logical Administration (https:// tcdata. typho on. org. cn), 
which is used to exclude the impact of tropical cyclone. 
The data include the location and intensity of tropical 
cyclones every 6 h (Ying et al. 2014; Lu et al. 2021).

Method
A cyclone identification method is designed to detect 
the cyclone zone (e.g., Hodges 1994; Simmonds 2000; 
Wang et al. 2009; Dacre et al. 2020; Okajima et al. 2021). 
The method is based on the outermost closed contour 
scheme improved by Lu (2017, here after LU17) and Lu 
et al. (2020). In particular, a cyclone-center candidate is 
determined as the Z850 grid point that is lower than all 
eight surrounding grid points on a latitude–longitude 
grid mesh, and 4  gpm is used as the contour interval 
for enclosed contour searching. If the contour is closed, 
a cyclone is identified, and the area surrounded by the 
outermost contour is taken as the influence area of the 
cyclone. This method is capable of identifying the two-
dimensional cyclone region and is not limited by cyclone 
lifetime (Neu et al. 2013).

By considering whether there are several centers shar-
ing a common outmost enclosed contour, the method 
can capture the merging cases of separated cyclones or 
the splits from multicenter cyclone. It is noted that the 
splitting and merging could increase the uncertainty 
of cyclone tracking. For example, LU17 reported that a 
merge of two cyclones origin from the Siberia and local 
Arctic Ocean, respectively, can lead to two different 
tracks of the Great Arctic Cyclone of August 2012 when 
using different tracking methods. And he found that the 
cyclone from local Arctic Ocean dramatically intensified 
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the one from Siberia when they merged (C.F. Figure 3 in 
LU17); therefore, the merge case is identified and a dif-
ferent origin of this extreme cyclone is shown by LU17’s 
algorithm.

This study firstly identifies the summer ECs in East 
Asia (23.5° N–66.5° N, 60° E–150° E). When the EC influ-
ences area falls into East Asia, it is considered as an EC 
affecting East Asia. Since some cyclones in the temperate 
zone are northward-moving tropical cyclones, we com-
pared the location of our cyclone center with the one, if 
exists, in the best track of TCs from China Meteorologi-
cal Administration in the same date and time. If the two 
locations are within one grid point distance (~ 78  km), 
the identified cyclone from ERA-interim is considered 
as a TC and excluded from our EC dataset. Finally, 6225 
TCs are removed. As the influence of cyclones has a cer-
tain time scale, the running mean value of precipitation 
within ± 12  h is taken as the cyclone-associated pre-
cipitation for a given time step. This method results in 
a higher correlation between cyclones and precipitation 
than the corresponding 6-h precipitation.

Effects of ECs on the precipitation over East Asia 
in summer
To explore the influence of ECs on local precipitation, 
Fig. 1a and b presents the scatter plots of the spatial mean 
depth and central wind speed (which are traditionally 
considered as the EC intensity) to the maximum precipi-
tation (Rmax) within ± 12 h in the cyclone area. Consider-
ing MSLP or Z850 may be affected by large spatial scales 
(Hoskins and Hodges 2002), we define a cyclone mean 
depth in a spatially smoothed way which is the average of 
the difference between Z850 in each grid with the EC and 
the central Z850(1

n

n
∑

i=1

(Zi −Zmin) ). As can be seen, a 

weak negative correlation is found between the spatial 
mean depth and Rmax (the correlation coefficient is only 
0.38). Compared with the spatial mean depth, the corre-
lation coefficient between the wind speed of central point 
(denoted by the average of 9 adjacent grids) and Rmax pro-
nouncedly increase (r = 0.57).

The horizontal distributions of divergence, pressure 
gradient, and water vapor condition within an EC regime 
also make substantial contribution to its associated pre-
cipitation intensity. For example, Pfahl and Sprenger 
(2016) found that cyclone intensity is more closely 

Fig.1 Scatter plots between the 6 hourly maximum precipitation within ± 12 h (Rmax) and the a mean depth, b central wind speed, c maximum 
wind speed (vmax) and d maximum product of the normalized wind speed and specific humidity (vqmax) within the corresponding EC region in East 
Asia in the summers from 1979 to 2018. The linear fitting line is marked by a red solid line. All these correlations statistically pass the significance of 
0.01 Monte Carlo simulations test
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related to the frequency and intensity of extreme precipi-
tation within its two-dimensional cyclone area (Wernli 
and Schwierz 2006), which is identified as the finite area 
that surrounds a local SLP minimum and is enclosed by 
the outermost closed SLP contour. Therefore, the scatter 
distribution and linear fitting of maximum wind speed 
(vmax) and Rmax in the cyclone area are shown in Fig. 1c. 
The correlation coefficient between them reaches 0.64, 
and the significance of correlation is higher than the rela-
tionship between Rmax and the EC central geopotential 
height. As the vmax increases, the intensity of EC-associ-
ated Rmax increases obviously, suggesting a dynamically 
driven role of horizontal wind on Rmax that may be linked 
with enhanced vertical motion and water vapor transpor-
tation. As documented by Dacre et al. (2019), the branch 
of the cyclone-relative airflow toward the cyclone center 
within a cyclone’s warm sector supplies moisture to the 
base of the warm conveyor belt where it ascends and pre-
cipitation form, explaining the link between atmospheric 
rivers and the precipitation associated with warm con-
veyor belt.

It should be pointed out that in addition to the dynamic 
conditions, the abundance of water vapor is also a key 
factor affecting precipitation. Therefore, considering the 
water vapor condition at the grid where the maximum 
wind speed is located, both (u, v) and q on the 850 hPa 
level are used to calculate the vqmax. The vqmax is defined 
as follows:

The vqmax is tried to find the maximum normalized 
moisture flux on the 850  hPa within each individual 
cyclone. In particular, the normalization is done for the 
value of water vapor flux 

√

(uiqi)
2
+ (viqi)

2 . vqi is the 
average value of the product of wind speed and specific 
humidity at all grid points in the cyclone region. The 
vqmax indicates an intensity of EC-associated moisture 
flux in the lower troposphere and is used to explore how 
the EC affect the regional rainfall. Figure  1d shows the 
scatter distribution of vqmax on 850 hPa to the maximum 
precipitation. It is shown that compared to other tradi-
tional 1 − D intensify of EC, such as center SLP and wind 
speed in the central areas, a most significant positive cor-
relation is shown between the vqmax and the maximum 
precipitation (r = 0.74). Consistently, the correlation 
coefficients between Rmax and vqmax from vertically inte-
grated moisture flux (r = 0.74, as shown in Additional 
file 1: Fig. S1). This indicates that vqmax can be the most 
relevant to active precipitation around an EC, which can 
be a good indicator for the cyclone-related maximum 
precipitation. The above results are also checked by using 
ERA5 reanalysis data, and a high consistency is supple-
mented and shown in Additional file 2: Fig. S2.

To study the spatial distribution and connection of 
vqmax and Rmax, Fig.  2 shows the spatial distribution 
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Fig. 2 Frequency distribution of a vqmax and b Rmax relative to the cyclone center point. (The blue line is a circle with a radius of 300 km away from 
the cyclone center point)
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frequencies of vqmax and Rmax within the cyclone center 
regime. It can be seen that the high-value areas of vqmax 
and Rmax spread and gradually decrease outward from the 
center point, and a large part of them present within the 
EC central region (radius < 300  km). The proportion of 
vqmax (Rmax) within 300 km of EC center is 42.6% (45.9%), 
with a highly spatial consistency. It should be noted that 
the vqmax high-value area is biased toward the south-east 
quadrant. The reason may be that the prevailing East 
Asian summer monsoon leads to the strong transport 
and convergence of water vapor in the southern part 
of cyclone. A certain part of ECs shows a good spatial 
coincidence between locations of vqmax and maximum 
EC-related precipitation. In particular, the proportion of 
their distance less than 3 grid points (~ 250 km) is over 
38.5%. However, the location of vqmax indicates a maxi-
mum low-level moisture flux could not well represent the 
position of maximum EC-related precipitation. The latter 
could be more linked with the maximum convergence of 
vertical-integrated moisture flux.

Cyclone classification
EC classification and its relationship with precipitation
Because of the irregular shapes of ECs, especially in 
inland areas, traditional auto-detecting methods mainly 
focus on the cyclone center identification or considering 
a given value as its radius (Raible et al. 2007). Meanwhile, 
the above results show that both vqmax and Rmax are 
mainly distributed in the central region. To simplify the 
definition of intensity index and improve the operational 
monitoring efficiency, the vqmax in the central region 
(vqmax_300) is taken as the cyclone overall intensity index. 
The correlation coefficient between vqmax and vqmax_300 
is 0.87, showing a good consistency. As shown in Fig. 3a, 
vqmax_300 still maintains an evident positive correlation 
with Rmax (correlation coefficient: 0.7). To explore how 
the EC affect the regional rainfall, we classify these EC 
into certain level based on the vqmax300. According to the 
Chinese National Standards GB/T 28592-2012 Grade 
of precipitation, the rain rate intensity can be divided 
into four grades (light rain: 0–10  mm/day; moderate 
rain: 10–25  mm/day; heavy rain: 25–50  mm/day; down 
pour: > 50 mm/day). Accordingly, we also classify the EC 
into four levels base on the vqmax_300. As shown in Fig. 3b 
and c, the EC level with the largest probability increases 
with the upgrade of precipitation level. Specifically, when 
vqmax_300 < − 0.58, the probability of light rain is 26.9%; 
when − 0.17 > vqmax_300 ≥ − 0.58, the probability of mod-
erate rain is 88.3%; when 0.51 > vqmax_300 ≥ − 0.17, the 
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occurred (c). The linear fitting line is marked by a red solid line in (a)
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probability of heavy rain is 50.2%; when vqmax_300 ≥ 0.51, 
the probability of rainstorm is 55.4%. Therefore, accord-
ing to the value of vqmax_300, the ECs are grouped 
into four levels as follows: I: vqmax_300 < − 0.58; II: 
− 0.17 > vqmax_300 ≥ − 0.58; III: 0.51 > vqmax_300 ≥ − 0.17; 
and IV: vqmax_300 ≥ 0.51.

To further show the relationship between different lev-
els of ECs and the associated maximum precipitation, 
Fig.  3c demonstrates the probability of different levels 
of ECs when different levels of precipitation occurs. It 
can be seen that the EC level with the largest probability 
increases with the increase of precipitation level. More 
importantly, 32.8% of summer heavy rain events in East 
Asia are related to level-4 EC. James et  al. (2018) also 
reported that the largest precipitation occurs more often 
when the cyclones are the strongest dynamically. Based 
on the above analysis, it is reasonable to divide the sum-
mertime East Asia ECs into four intensity levels accord-
ing to the value of vqmax_300, which can well indicate the 
associated maximum precipitation.

Cases and evolution of level‑4 ECs with different horizontal 
scales
As mentioned earlier, heavy precipitation events are often 
associated with level-4 ECs, but the horizontal scales of 
these strong cyclones vary widely. In the past 40  years, 
there have been 3435 level-4 ECs accompanied by heavy 
rain. To record the horizontal extent (zone) of the multi-
scale cyclones, a circular area equal to the area of the grid 
points covered by closed contours around the periph-
ery is considered, and the radius of the circle is treated 
as the equivalent radius of the cyclone. Among these 
level-4 ECs, the frequencies of  ECI (radius < 150 km),  ECII 
(150  km < radius < 500  km), and  ECIII (radius > 500  km) 
are 0.44%, 48.47% and 51.09%, respectively. This indicates 
that the EC that breeds heavy precipitation does not nec-
essarily have a large horizontal scale, and some heavy 
precipitation may come from  ECII or even  ECI (local low 
vortex). To further reveal the differences of horizontal 
scales of level-4 ECs, Fig. 4 shows three level-4 ECs with 
different horizontal scales, which are all associated with 
heavy precipitation. The first case (Fig. 4a) shows that at 
1800 UTC on July 4, 2013, a long and narrow rain belt 
appeared in the Huanghuai River Basin, and the largest 
precipitation occurred in southern Shandong Peninsula 
and the Yellow Sea. This event was accompanied with 
an  ECI vortex on the Meiyu front. It can be clearly seen 
that the southwesterly air flow continuously transported 
water vapor, and the maximum region of vertically inte-
grated moisture transport flux convergence and the nota-
ble ascending area located near the rain belt (Fig. 4d). The 
shear line at the lower troposphere dynamically facilitates 

the upward motion and water vapor convergence. The 
analysis of the 850 hPa geopotential height suggests that 
the  ECI cyclonic circulation is embedded from northeast 
to southwest in the low trough over southern Shandong 
Peninsula. Although the horizontal scale of this cyclone 
is relatively small (radius = 144  km), the 24-h accumu-
lated precipitation associated with it can reach the rain-
storm level (Rmax = 96.25  mm). During this period, the 
maximum wind speed in the cyclone reached 26.7  m/s, 
accompanied with a favorable water vapor condition 
(the specific humidity value at the maximum wind speed 
point is 15.2 g/kg). The vqmax_300 index is up to 2.92, so it 
is considered as a level-4 EC with heavy precipitation.

The second case (Fig.  4b) is an EC at  ECII scale 
(radius = 458.8  km) which caused a heavy precipitation 
event in East China at 0000 UTC on June 26, 2005. The 
EC was a typical Huanghuai cyclone. It was generated in 
the Sichuan Basin (28°–32°  N, 105°–110°  E) with a cold 
core. The cold air carried by the EC from the mid- and 
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high latitudes converged with the southwesterly warm-
humid airflow carried by the East Asian monsoon, induc-
ing pronounced precipitation in East China and northern 
South China. The maximum precipitation was located in 
the northern part of the cyclone in North China, with a 
value of 105.5  mm. The EC maximum wind speed was 
25.1 m/s, and the corresponding specific humidity value 
was 15.8 g/kg, indicating that the EC carried large kinetic 
energy and water vapor. The vqmax_300 index value is 2.82, 
which satisfies the criteria of level-4 EC.

The third case (Fig. 4c) occurred at 0600 UTC on July 
25, 2014, and it was a heavy rain event caused by an  ECIII 
cyclone. The 24-h accumulated maximum precipitation 
reached the rainstorm level. The EC was also formed 
in Southwest China, and it moved northeastward and 
continuously deepened. When it reached Huanghuai 
region, it connected with the western Pacific subtropi-
cal high. As a result, the zonal land–sea pressure gradient 
between them was intensified (figure not shown), which 
was favorable for the strengthening of the southwesterly 
warm-humid airflow, and provided abundant water vapor 
for the rainstorm. The maximum precipitation area was 
located in Northeast China, and the 24-h accumulated 
maximum precipitation reached 114.1  mm. The maxi-
mum wind speed reached 25.1 m/s, and the correspond-
ing specific humidity value was 15.8  g/kg. The vqmax_300 
index is 2.87, which is a level-4 EC. It can be seen that 
pronounced convergence area with notable ascending 
is well consistent with the regions where heavy rainfall 
occurred (Fig. 4d–f).

To analyze the evolution and differences of the vqmax_300 
between the  ECII and  ECIII, Fig. 5 shows the evolution of 
the 50 strongest vqmax_300 cyclones during their life cycles. 
The proportions of these two scales level-4 ECs are both 

50%. As shown in Fig. 5a, most of the  ECII-scale cyclones 
develop rapidly during their early stages. In particular, for 
52% of the cases the vqmax_300 reaches the peak in the first 
24 h. Then, the intensity gradually decreases from 24 to 
72 h, and a small part (24%) of the  ECII can live over 72 h. 
Compared with the  ECII, the  ECIII develops more slowly, 
with an average vqmax_300 value of 3.81, slightly larger 
than that of the  ECII (3.51). However, only five ECs reach 
the strongest in the first 24 h, and 48% of ECs reach their 
strongest intensity at around 24–36 h. Then, they gradu-
ally weaken from 36 to 90  h. Some of them could even 
last for more than 90 h (Fig. 5b). During the evolution of 
these two scales of ECs, the maximum intensity mostly 
appears in the early stage (72% of  ECII and 52% of  ECIII), 
which is consistent with the result revealed by Martina 
and Simmonds (2021) that the extreme wind speed and 
precipitation are more likely to appear before the cyclone 
half-life time. In general, compared with  ECII, the  ECIII 
has a relatively higher maximum vqmax_300 and a longer 
duration.

Conclusions and discussion
The ECs have been extensively studied. The methods 
used for classification have been applied to study their 
dynamic characteristics and contribute to the forecasting 
of these systems (Gushchina et al. 2008; Catto 2016; Bieli 
et  al. 2019). By using a two-dimensional EC objective 
identification method, the summertime East Asian EC 
dataset is obtained. Then, the intensity of ECs is inves-
tigated. Based on the maximum wind speed and water 
vapor conditions in the EC regime, we define and classify 
the EC intensity. Moreover, the relationship between EC 
and the associated precipitation is investigated in detail. 
The main conclusions are as follows.

Fig. 5 Evolution of the vqmax_300 among the 50 strongest level-4 EC in  ECII (a) and  ECIII (b) scale. The red line is the cubic regression fitting curve; the 
blue dotted line corresponds to 72 h
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Different from the traditional definition of EC inten-
sity by the central pressure or central wind speed, in 
this study we define the cyclone intensity index (vqmax) 
as the maximum product of wind speed and the corre-
sponding specific humidity in the cyclone regime. This 
index is most closely related to the relevant 24-h maxi-
mum precipitation, with a correlation coefficient of 
0.74. Based on the simplified intensity index (vqmax_300), 
ECs are categorized into four levels. As the EC level 
increases, its corresponding precipitation intensity 
also increases obviously. 32.8% of the heavy precipita-
tion events in East Asian summer are associated with 
level-4 EC (the strongest group). Among all the level-4 
ECs, the frequencies of  ECI (radius < 150  km),  ECII 
(150 km < radius < 500 km), and  ECIII (radius > 500 km) 
are 0.44%, 48.47%, and 51.09%, respectively. Seen from 
the evolution of the strongest 50 level-4 ECs, the peak 
of synoptic-scale ECs generally lags behind that of  ECII, 
and the largest vqmax_300 of  ECIII is slightly higher than 
that of  ECII.

In this study, the East Asian summer ECs are clas-
sified based on the relationship between ECs and 
precipitation intensity, but the effects of ECs on pre-
cipitation in different stages are different (Zhang et al. 
2020), which may be related to the complex interaction 
of multiple factors within the cyclone mesoscale sub-
structure (William et al. 1976). Therefore, the relation-
ship between ECs and precipitation requires further 
research.
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