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ABSTRACT
Hail size records are analyzed at 2254 stations in China and a hail size climatology is developed based on
gridded hail observations for the period 1960–2015. It is found that the annual percentiles of hail size records
changed sharply and national-wide after 1980, therefore two periods, 1960–79 and 1980–2015, are studied.
There are some similarities between the two periods in terms of the characteristics of hail size such as the
spatial distribution patterns of mean annual maximum hail size and occurrence week of annual maximum hail
size. The 1980–2015 period had higher observation density than the 1960–79 period, but showed smaller mean
annual maximum hail size, especially in northern China. In the majority of grid boxes, the annual maximum
hail size experienced a decreasing trend during the 1980–2015 period. A Gumbel extreme value model is fitted
to each grid box to estimate the return periods of maximum hail size. The scale and location parameter of the
fitted Gumbel distributions are higher in eastern China than in western China, thereby reflecting a greater
likelihood of large hail in eastern China. In southern China, the maximum hail size exceeds 127 mm for a 10-yr
return period, whereas in northern China maximum hail size exceeds this threshold for a 50-yr return period.
The Gumbel model is found to potentially underestimate the maximum hail size for certain return periods,
but provides a more informed picture of the spatial distribution of extreme hail size and the regional
differences.

1. Introduction
Hail is one of the main natural hazards in China and
it is the second most frequent cause for natural catastrophes after floods (Guan et al. 2014). In 2012 and
2013, hail events caused approximately 31 billion CNY
(4.5 billion USD) and 14 billion CNY (2 billion USD)
direct economic losses in China (Guan et al. 2014).
Corresponding author: Qinghong Zhang, qzhang@pku.edu.cn

The majority of losses are caused by the most severe
convective storms with hailstones exceeding 20 mm
(Berthet et al. 2013). For example, a single severe
hailstorm that occurred in northern China caused
430 million CNY (60 million USD) of economic losses
on 11 September 2016 (Ministry of Civil Affairs of the
PRC 2016). A significant portion of these economic
losses stem from agriculture, as crops are especially
vulnerable to hail damage that can originate from either wind-driven hail, large hail or large volumes of
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smaller hail (Changnon et al. 2001). Towery et al.
(1976) for example found that wind-driven hail loses
could be 3–12 times greater than where crops were
shielded from the wind. Yue et al. (2019) used field
observation to investigate the relationship between
cotton vulnerability and hail properties on a private
farmland in China’s Hebei province. They found that
crop damage is significantly related to hail size and hail
fall density but is more sensitive to hail diameter than
hail fall density, which suggests hail size is a viable indicator of hail-induced damage. These socioeconomic
impacts motivate an investigation of the frequency, size
and spatial distributions, and return periods of extremely large hail in China.
A number of studies have considered hail size in
China, with the first by Liu and Tang (1966). Subsequently,
Xu (1983) discussed hail size distributions using data collected as part of several field campaigns, which mainly
focused on the microphysical characteristics of hailstones.
Recently, better hail observations have made it possible to
study the hail size climatology of China and trends in hail
size in the context of climate change. Manually compiled
hail size records in four provinces were used by Xie et al.
(2010) to investigate long-term trends of hail size in China
for the first time, but no significant trends were identified.
Using an expanded record from 2254 observer-staffed
weather stations, X. Li et al. (2018) analyzed hail size
characteristics in China focusing on the spatial distribution
and diurnal cycle. Typically, hail (defined here as particles
with diameter $2 mm) occurrence was found to increase
with elevation while mean hail size was found to decrease
(X. Li et al. 2018). Larger hail was mostly found to occur at
lower elevations such as the southern mountainous and
northwest regions of China. Using the same data, Ni et al.
(2017b) investigated the temporal trend of hail size in
different regions of China. Since 1980, the probability
density function of hail size in three selected regions
(separated by station elevation .2000, 500–2000,
and ,500 m) was found to shift to smaller sizes and the
mean annual size of large hail showed a decreasing
trend. While the existing body of research provides a
fundamental understanding of the hail size climatology
in China, it does not explore the likelihood of large hail
size occurrence and extreme events.
Research on hail occurrence and size has become a
topic of increasing focus over the years (Bardsley 1990;
Cao 2008; Fraile et al. 2003; Dessens et al. 2015; Allen
et al. 2017). However, inconsistencies in hail observation
networks and reporting practices around the globe have
made it difficult to compare the climatology of hail
among regions using these observations (Allen et al.
2020). In a recent review, Punge and Kunz (2016) described hail observations in Europe, and developed a
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composite map of hail occurrence by combining direct
and remotely sensed observations. Other approaches
have taken a similar route to assess the likelihood of
large hail. For example, Allen et al. (2015a) built an
empirical model using an environmental parameter
proxy to describe the frequency of hail occurrence
(size $25 mm). Using U.S. hail size reports, Allen et al.
(2017) explored the spatial distribution and return levels
for hail greater than a given hail size. Extending the
environmental parameter methodology, Prein and
Holland (2018) utilized severe hail (size $25 mm) reports in the continental United States (CONUS),
Australia, and Europe together with 0.758 3 0.758 ERAInterim reanalysis to estimate the frequency of hail occurrence globally. However, the relationship between a
favorable environment for hail and hail occurrence may
not be globally consistent, which may be one reason why
the projected global hail probability derived from hail
environments differs from the results based on spaceborne precipitation radar and microwave observations
(Bang and Cecil 2019; Cecil and Blankenship 2012; Ni
et al. 2017a). These remote sensing methods identify
higher frequency around the equator, contrasting the
maximum around 108N identified by studies based on
hail environments (Prein and Holland 2018). However,
hail climatologies based on spaceborne observations are
also subject to uncertainties and are known to overestimate in the near tropics, where melting rates and
high freezing levels may preclude smaller hailstones
reaching the ground (Ferraro et al. 2015; Ni et al. 2017a;
Prein and Holland 2018).
To predict the rare but extreme events in a certain
period, generalized extreme value (GEV) distributions
are often utilized (Jenkinson 1955). The family of GEV
distributions is generally divided into three kinds of
distributions namely: the Gumbel, Frechet, and Weibull
families, depending on the value of the shape parameter.
The shape parameter characterizes the statistical tailing
behavior of the extremes. For extreme wind speeds,
generalized Pareto distribution (GPD) and GEV have
been used (Palutikof et al. 1999; Pavia and O’Brien
1986). Palutikof et al. (1999) reviewed the application of
GPD and GEV for the study of extreme wind speeds
and concluded that the GEV Type I (Gumbel) distribution has advantages in the fitting procedure because
only two instead of three distribution parameters need
to be estimated, which often leads to more stable results.
Weibull distributions have been used for extreme wind
speeds over the ocean (Pavia and O’Brien 1986), while
Frechet distributions have been applied in studies of
extreme rainfall (Coles 2001). Nevertheless, few efforts
have applied extreme value modeling to study hail size
extremes. Using hail observations from a large network
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of hail pad stations in France, Fraile et al. (2003) used
the Gumbel distribution to describe expected hail size
based on the annual maximum value in different regions
and found different return periods in coastal and inland
regions. Allen et al. (2017) also applied the Gumbel
distribution to investigate annual maximum hail size
based on time series of annual maxima in the United
States. Given these successful applications of Gumbel
distributions in the past, we aim to apply the extreme
value model to the estimation of return periods for hail
size in grid boxes based on the station-based hail size
records in China.
This paper is organized in the following sections: the
data and basic methodology are described in section 2.
The analysis for extreme hail size during the time periods before and after 1980 will be presented in the first
part of section 3. The second part of section 3 discusses
how the extreme value modeling is used to assess the
occurrence probability of extreme hail size. A summary
and conclusions are given in section 4.

2. Data and method
Hail data for China were compiled from observations
provided by the National Meteorological Information
Center (NMIC) and include hail records from 2254
stations for the period 1960–2015. These data include
information for hail occurrence, maximum hail size (in
units of mm) for each hailstorm, which can either be
measured or visually estimated by trained observers,
time of occurrence and other fields. The routine observation not only recorded hail that occurred around the
weather station but also recorded hail reported in the
same administrative region, which is often reported by
public or newspaper. The administrative regions could
be located in different grid boxes and in this situation the
location of the weather station is used to assign the hail
size report. In this research, only observations that have
hail size information were considered after the following
quality control filter. In some cases, there are multiple
hailfalls and several maximum hail size observations at a
station in a single day. In this situation, the maximum
hail size among these records is selected as the maximum hail size for this day. Records with hail size less
than 2 mm or larger than 300 mm were removed in the
analysis based on several factors. There are some records with size less than 2 mm, which is inconsistent with
Chinese surface meteorological observation manual
that requires only solid precipitation particle with diameter larger than or equal to 2 mm to be recorded as
hail (CMA 2007). The choice to exclude these records
less than 2 mm has no bearing on the results of this study
because it does not affect the maximum hail size over an
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annual time period. Note that the CMA’s definition
of hail is different from the definition used by the
American Meteorological Society, which defines hail
as frozen precipitation larger than 5 mm (American
Meteorology Society 2012). During 1960–2015, there are
also two records with diameter larger than or equal to
300 mm, which occurred in southern China. With limited
observational records to corroborate these reports, it is
difficult to validate the accuracy of the two records. To
provide context, these extreme outliers would be two of
the largest stones ever recorded globally. Sensitivity
testing of fitted extreme value model suggests that their
inclusion caused return levels in southern China to depart significantly from those in other regions (not shown).
On this basis, and due to the uncertainty about the
measured size of these stones, hail size records larger
than or equal to 300 mm are excluded for this analysis.
However, five other records, one 200 mm record and
four 250 mm records have been included in the analysis
as some of them are cross verified from newspaper reports. One field survey was also conducted by a group
led by corresponding author in 2016 and one 250 mm
record in Guangdong Province was verified by local
meteorological officer and farmers. We note that these
four 250 mm hailstones are larger than the official
203 mm (8 in.) world record hailstone found in Vivian,
South Dakota, in 2010, suggesting that the current record is unlikely to represent the upper limit for hail size
from observations. For all hail sizes larger than 100 mm,
reports were validated against other resources such as
newspapers. The net result is an archive of 70 544 hail
size reports across China from 1960 to 2015.
The observation regulation of hail size records was
renewed after 1980, and a higher percentage of hail size
was recorded. To avoid potential discontinuities and
distinguish between the different characteristics of the
hail climatology before and after 1980, this study divided
the full observational record into two periods: 1960–79
and 1980–2015. The statistical characteristics of the
observations for the respective periods are shown in
Table 1. Most notably, the percentage of large hail
(20 mm) occurrence among all hail occurrence dropped
from 30% (before 1980) to 5.3% (after 1980). This
would suggest that two potential explanations are that
the observational guidelines became stricter after 1980,
increasing the number of hail reports with size, thereby
reducing the fractional percentage of larger hail, or alternatively excluding more errant large hail reports.
This increases the likelihood of reporting large hail,
despite the large distances between stations. The maximum hail size at these weather stations during 1960–
2015 are shown in Fig. 1. Furthermore, station density in
each 2.58 grid box of the two periods is presented in
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TABLE 1. Statistical parameters of hail size records during
1960–79 and 1980–2015. Large hail represents hail record with diameter greater than or equal to 20 mm.

Station number
Hail size records number
Large hail size number
Grids number with record for at least
10 years
Grids number with at least 5 record for at
least 10 years

1960–79

1980–2015

1560
5731
1720
88

2236
64 813
3443
152

17

107

Figs. 2a and 2b, respectively. One station in Figs. 2a and
2b represents one administrative region with hail reports. More stations in the second period provides a
wider spatial area that can be considered. This larger
grid also ensures that multiple stations are sampled
within each grid box. Considering the limited number of
hail reports, temporal variations in the number of observing stations, and sampling issues for large hailstones
(shown in Table 1), 2.58 grid boxes are used. This binning
procedure ensures sufficiently long data records and
allows for a more robust estimation of Gumbel distribution parameters from observations. Note that only
stations with at least one hail size report during the study
period are considered. Overall, there is a substantial
increase in station density after 1980 with large increases
over northern China. Given the relative sparsity of
population, the station density in western China is
much smaller than in eastern China. Although the
Tibetan Plateau (TP) has the highest hail occurrence
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(Zhang et al. 2008), the station density over TP is considerably lower than in the more populated areas of
eastern China.
The Gumbel model is fitted using annual maxima of
daily maximum hail size consisting of the largest hail size
in each respective grid in any given year and is fitted
under an assumption of stationarity. For the following
analysis, a maximum likelihood estimator (MLE) was
used to determine the two parameters (location m and
scale s) of the Gumbel distribution (Coles 2001):
n
h x 2 mio
F(x) 5 exp 2exp 2
s

(1)

Fitting is accomplished using MATLAB packages.
Function EVFIT is used to estimate the extreme value
parameters and on this basis, EVINV is used to calculate
return levels and periods.

3. Results
a. Gridded hail size climatology
Comparing the gridded maximum hail size between
the two selected periods (Fig. 3) illustrates a similar
spatial pattern, despite the obvious differences in the
number of stations and the increasing number of observations after 1980. The largest hail occurs in southern
China, especially in the southeast. Comparing the two
periods, the overall maximum hail size in the second
period is significantly larger than the first period. This
suggests that the increased density of stations taking

FIG. 1. Topography of China and observed maximum hail size at each station during the period
1960–2015.
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FIG. 2. Stations with at least one hail size record during (a) 1960–
79 and (b) 1980–2015. Station locations (dots) and station density
(color shading) are shown for each 2.58 by 2.58 grid box.

FIG. 3. Maximum hail size records during (a) 1960–79 and
(b) 1980–2015. The maximum hail size was calculated using all hail
size records in each grid. The star symbols indicate hail records with
size between 200 and 300 mm.

observations does have some impacts on the maximum
observed hail size, with an increased number of grids
observing maxima above 100 mm. Four of the grid cells
have maximum hail size equal to 250 mm, exceeding the
largest hail size reliably recorded over North America
(Allen et al. 2017), with all of these observations occurring in southeastern China. The finding that the
largest hail occurs along the southeastern coastline of
China is similar to Allen and Allen’s (2016) finding that
Australia experiences the largest hail along its southeastern coastline. However, this spatial pattern differs
from the continental United States, where the largest
hail is found east of the Rocky Mountains, in the middle
of the country, and far away from the coast (Allen et al.
2017). These climatological differences indicate potentially different physical mechanisms at work for producing extremely large hail size in these regions. Note
that one hail size record with 200 mm was found in
northeast China where convective storms with overshooting tops are frequently seen in satellite observations

(Liu and Liu 2018). Over the TP, the maximum hail sizes
are typically less than 64 mm. However, the differences
between Figs. 3a and 3b (not shown) do not suggest that
the spatial distributions of the maximum hail sizes have
experienced significant or systematic changes over time
attributable to either changes in the observational practices or changes in the density of the observation network.
While the overall maximum observed hail size provides useful information, the mean annual maximum
hail size provides an understanding of the consistency of
large hail occurrence (Fig. 4). Mean annual maximum
hail size (i.e., annual maximum hail size averaged over
the observational period) between the two periods show
some changes. The differences of the spatial patterns in
Figs. 3 and 4 also indicate the differences in the climatology of hail size between northern China and southern
China (X. Li et al. 2018). Southern China has less frequent but larger hail size as compared to northern
China. Moreover, there is no grid box in the 1980–2015
period recording mean annual maxima above 51 mm,
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FIG. 4. Mean annual maximum hail size during (a) 1960–79 and
(b) 1980–2015.

contrasting 10 grid boxes prior to 1980. Also noticeable
is the stark reduction in the number of stations recording
maxima in excess of 25 mm between the periods. This
change is particularly pronounced over northern China,
where mean annual maximum hail size is between 25
and 45 mm during the first period but between 13 and
19 mm during the second period.
The seasonality of annual maxima is also of interest,
particularly in the context of the results of X. Li et al.
(2018), which showed no significant regional differences
regarding the seasonal peak of maximum hail diameter
for all observations. The average week of occurrence of
the maximum hail size in any given year (Fig. 5) is more
consistent with the annual cycle of hail frequency
(Zhang et al. 2008). In southern China, the mean peak of
maximum occurrence is as early as February and considerably earlier than anywhere else in the Northern
Hemisphere (Allen et al. 2017). Similar characteristics
for an early onset of the hail season are noted in subtropical regions in the Southern Hemisphere (Allen and
Allen 2016; Soderholm et al. 2017). In northern China,
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the week of peak occurrence is predominantly during
the boreal summer. The northward movement of the
occurrence with time is consistent with the seasonal
movement of the eastern Asian summer monsoon
(EASM) and the seasonal cycle of the jet stream. It is
interesting to note that the occurrence in northwest
China, especially in the Xinjiang Province, is earlier than
in northern China. One potential explanation for this
may be that hailstorms in northwestern China are produced by frontal systems, similar to results noted for
Europe (e.g., Nisi et al. 2018; Kapsch et al. 2012).
Analyzing the differences between the two periods,
the annual cycle shows a moderate sensitivity to the
number of records, consistent with the increasing
availability of hail records in the second period (Fig. 5).
The differences between the grids for the two periods
indicate that the results are not spatially consistent and
exhibit large grid-to-grid variability as expected of rare
events (Fig. 5c). However, there is at least some indication that there may be a higher percentage of grids
with earlier seasonal peak for maximum hail size in the
mean (negative values) in southern China. For example,
among the grid boxes with dots symbols in Fig. 5c, there
are only four out of 22 grid boxes with positive values. In
the grid boxes indicated with star symbols in Fig. 5c,
65% of grid boxes have positive differences, indicating a
delay in seasonal peak on the order of weeks. Such a
result is not unique to hail. Previous studies have shown
that the precipitation in northern China and southern
China have opposite trends since 1960 caused by a
weakening EASM (Zhang 2015; Qian and Lin 2005). On
this basis, it appears that a weakening of the EASM may
also imply delays to the onset and seasonality of large
hail in northern China for similar physical reasons
(e.g., availability of sufficient moisture transported by
the EASM).
To examine the temporal consistency of hail size observations, the annual ratio of hail size record number to
the frequency of hail occurrences and the distribution of
hail sizes in each year are considered (Fig. 6). This
analysis reveals a sharp discontinuity for the ratio and
hail size distributions occurring in the records prior to
1980. However, rather than potentially being indicative
of a wholesale shift due to changes in measuring practices (e.g., Allen et al. 2017), we note that since 1980, the
hail observations have included a higher percentage of
hail size records. Another factor is that after 1980, hail
observations were also more strictly controlled to ensure
inclusion of hail size, including reports of small size hail.
This is reflected by the shift in median hail size from
approximately 10 mm in the first period to 5 mm after
1980. Moreover, there was a decrease of ratio during
2000–05, followed by a steady period from 2005 to 2013.
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FIG. 5. Average occurrence week of annual maximum hail size during (a) 1960–79 and (b) 1980–2015, and (c) the
differences between the two time periods. The dots and stars indicated southern and northern China.

Reassuringly, despite this discontinuity, median and
interquartile range are consistent, except early in the
record near the beginning of the 1960s, when the network was initially established. However, the shift in the
extreme values is notable, indicating a decreasing frequency of extreme hailstones. In fact, for giant hail with
size larger than 100 mm (Heymsfield et al. 2014), observations of this magnitude were only recorded before
1996. This shift is also reflected in a trend analysis of
annual maximum hail size after 1980 (Fig. 7). For most
grids, the annual maximum hail size shows decreasing
trends, which are consistent with previous research on a
station by station basis (Ni et al. 2017b). The decreasing
trends are larger in eastern and southern China than in
the TP. A potential explanation is the sensitivity of hail
to the meteorological conditions which provide moisture and the variability of aerosols in the ambient air.
Thus, the decreasing trend in northern China may be
tied to increasing aerosol concentrations under a continuous weaker summer EASM for recent half decade,
thereby reducing the growth of large hailstones in meteorological conditions with limited moisture under
heavy pollution condition (X. Li et al. 2017).
As a final analysis of the climatological characteristics, the number of years that include at least one hail

observation or multiple observations are explored
(Fig. 8). This is particularly important in the context
of the spatial distribution of changes to the annual
maxima (Fig. 7). For example, in Fig. 8, the areas
along the southern coastal region do not have values
because of the limited number of years with records.
However, most grid boxes in eastern, central and
northern China have more than 30 years of continuous

FIG. 6. Annual boxplot of hail size distributions and annual ratio
(blue line). The annual ratio is the ratio of records with hail size
information to records of hail occurrence from 1960 to 2015. The
bottom and the top edges of each box indicate the 25th and 75th
percentiles. The red plus signs indicate extreme values at or above
2.7 standard deviations (99.7th percentile).
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FIG. 7. Linear trends of annual maximum hail size for the period
1980–2015. The stars indicate significant trends with p value less
than 0.05, which is derived from Pearson linear correlation
coefficient.

observations (based on at least one hail size record per
year; Fig. 8a), which is sufficient to calculate representative estimates of the Gumbel distribution parameters
(Allen et al. 2017). The majority of grid boxes along the
TP, the Losses Plateau, and the Tai-hang Mountains
have hail observed in every year of the 36-yr record. For
the calculation of annual maximum or annual median
diameter, it is preferable to have more than one sample
so that the distribution of rarer events is being captured.
Therefore, in each grid, the years with at least five hail
size records are shown in Fig. 8b. Most grid boxes have
less than 30 years (with at least five records), except for
southeastern China where some grid boxes have less
than 20 years. As would be expected, the spatial patterns
are highly related to the spatial distribution of hail frequency. The low frequency of hail in southeastern China
leads to a lower overall number of records, despite climatologically experiencing some of the largest hail
recorded. This suggests that modeling extreme values in
this area will be challenging, as the increased rarity implies that any fitted distribution will be more sensitive to
the record length. This further justifies the use of a
coarser spatial grid (2.58) as smaller grid resolutions such
as 18 would result in grid boxes with lower samples sizes
for the extreme value analysis.

b. Extreme value model analysis
The time series of annual maximum hail size for the
period 1980–2015 (36 years) are used to estimate the scale
and location parameters of the Gumbel distribution for
each grid box with at least 10 valid years (year with at
least one hail size record) (Fig. 9). Consistent with the
lower-frequency, large maxima, and generally midrange
annual hail size, the highest values of the scale parameter

FIG. 8. Number of years (1980–2015) with (a) at least one and (b) at
least five hail size records in each grid box.

are found around the lower reaches of the Yangtze
River, which indicate high interannual variability in this
region. The values of the scale parameter tend to decrease from east to west, with lower maximum hail diameter in the TP than in eastern China. The location
parameter exhibits a similar pattern with larger values in
the east and smaller values in toward the west except
that for southern China and the north China plain.
To investigate the properties of the extreme value
distribution, scale and location parameters were used to
estimate the expected maximum hail size for a series of
return periods (5, 10, 20, 50, 100 years, equivalent to a
mean exceedance probability of 0.20, 0.10, 0.05, 0.02,
and 0.01 in any given year). Since the observational
period used in this study spans 36 years, we also calculate
the expected return hail size in each grid for a 36-yr
return period to cross compare the applicability of the
Gumbel model. To evaluate fit performance, we compare the observed hail and the return levels of the extreme value model (Fig. 10a). Compared with the
observations (blue dots) shown in Fig. 10a, the results of
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Fig. 10a. The rescale process to do so would follow the
formula:
modelscale 5 model 2 (observation
3 k 1 b 2 observation),

FIG. 9. Spatial distributions of the (a) scale and (b) location parameter of the Gumbel model based on the time series of annual
maximum hail size for the 36-yr period 1980–2015. Grid boxes with
at least 10 years of observations are considered. Note that the units
of hail size are millimeter in the fitting process.

the fitted Gumbel model are generally smaller than the
observations when diameters are larger than 25 mm.
However, this is not unexpected, as the fixed gridpoint
observations theoretically could include rarer measurements of the expected distribution. In this specific
case, the Gumbel distribution would appear to underestimate return size especially where larger observations
occur. Hence, when the observed size is 100 mm, the
differences between the Gumbel model and observation
are as large as 20 mm. However, a potential source of
uncertainty in the modeling approach is that the time
series of samples is nonstationary and the decreasing
trends of the annual maxima could result in an overestimation of return sizes.
We note that the observed hail size and the model
outputs are significant linearly correlated and the linear
correlation coefficient reaches 0.98. Therefore, it is
possible to adjust the model results based on the differences between the blue line and gray line shown in

(2)

where the k and b are the slope and intercept of the blue
line in Fig. 10a, respectively, which are fitted using the
observations. The rescaled observations (red dots)
scatter around the diagonal line and have much smaller
standard deviation than the direct model results, further
indicating that the Gumbel distribution for this problem
may underestimate the return periods of hail occurrence. However, the challenges of achieving a reliable fit
means that, without further observations, it is difficult to
derive the expected extreme tailing behavior.
Although the rescale process is only a simple mathematic methodology, it does allow adjustment of return size
for 36-yr period closer to the observations (Figs. 10b,c),
particularly for locations where there are fewer available observations, where observations are less than
25 mm, or where larger values are not within the observed record length. Considering direct comparison
between the 36-yr maxima from the observations and
the model, the differences shown in Fig. 9b indicate the
Gumbel model is underestimating the hail size at larger
return periods. There is also a bias that is exacerbated
with magnitude, with large observed maximum hail size
leading to a more significant underestimate. Rescaling
does not easily solve the bias of the Gumbel model as
shown in Fig. 10c, as there are large regional discrepancies. Both northern and southern China are shown to
be overscaled by this procedure, contrasting a persistently negative bias over the TP. Considering the rescaling process, these regional differences would be
explained by the differences of maximum hail size in
these regions. The larger the observed hail size, the
more likely the rescaled model would overestimate the
hail size. On this basis, while revealing that the Gumbel
model is underestimating hail size, it is difficult to justify
the rescaling of the results of the Gumbel model at each
grid point given the spatial disparities in the number of
observations that can be fit.
The maximum hail size for respective return
periods/exceedance probabilities illustrates the expected
likelihood for extreme hail over China based on the
original output of the Gumbel model (Fig. 11). Significant
increases in maximum hail size with decreasing exceedance probability (increasing return period) are most evident over eastern China, with a large portion of this
region experiencing hail above 50 mm at the 10-yr return
period. Despite the lack of observations of hail in excess
of 100 mm since 1996, the Gumbel model predicts this
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size hail at the 20-yr return period for a few grid boxes
only, but raising to a substantial fraction at the 100-yr
return period. The TP experiences maximum hail sizes
of less than 37.5 mm even at larger return periods up to
100 years. This paints a complex picture, as while large
hail is possible but events are generally rare, hail is
common in northern China but rarely as large (Zhang
et al. 2008), making an understanding of the overall
hazard difficult to interpret.
The hail climatology in the two periods differ as in
Fig. 6 and the spatial distribution patterns of the mean
annual hail size are very similar (Fig. 3). To investigate
whether the performance of the Gumbel model is sensitive to the length of the observational period, the differences of return hail size for the two periods are
compared (Fig. 12). The majority of grids (e.g., 55 out of
80 in Fig. 12f) in eastern China are negatively biased,
which means that larger extreme hail size (for a given
return period) is expected in the first period. This result
is expected because the first period contains considerably more occurrences of extreme hail size compared to
the second period (Fig. 6) and because there is a decreasing trend. The differences in the Fig. 12 may be
caused by the data discrepancies between the two
periods and hence implies the importance of quality of
the hail dataset in the application of extreme value
model and the desirability of an extended record
length. The smaller annual mean maximum hail size in
the second period also implies that the gridded return
hail sizes in Fig. 11 are potentially underestimated for
longer return periods (e.g., 100-yr return period) as
discussed previously.
Following analysis of the gridded return values, grids
marked in Fig. 10c are aggregated and used to explore
the expected characteristics of the extreme value distributions regionally, denoted as the north region (*),
south region (d) and TP (1), respectively. Given the
regional discrepancies between the observed hail size
and model results, the potential hail hazard in these
different regions is also investigated. Leveraging the
spread of the individual fit at each grid, the corresponding confidence was provided for each fit (Fig. 13).
The TP has the smallest hail size and return levels of hail
size are smaller than 37.5 mm even for the 100-yr return
period. This result is accompanied by high confidence in
the characteristics of the fit given the narrow uncertainty
bands. In contrast, the south region and the north region
FIG. 10. (a) Observed maximum hail size during 1980–2015 and
36-yr return size level of maximum hail size. Each dot indicates
results in one grid box. The blue dots are the return size for the
36-yr period and the red dots are the scaled return sizes; (b) spatial
distributions of differences of between the 36-yr return value estimated from Gumbel model and observed maximum hail size;

(c) differences of scaled return size and observed maximum hail
size; the grids with markers are denoted as the north region (*),
south region (d), and Tibetan Plateau (1), respectively.
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FIG. 11. Maximum hail size for return periods of (a) 5, (b) 10, (c) 20, (d) 36, (e) 50, and (f) 100 years based on
observations for the period 1980–2015.

both have larger hail size than the TP. However, this
leads to a greater spatial spread in the fitted characteristics. The discrepancies in Fig. 13a indicate the differences in the hail climatology between the two regions.
The expected hail size of the10-yr return period is illustrative of the similarity between these regions, with
92 and 142 mm in the north region and the south region,

respectively. The south region tends to have a higher
probability of experiencing a large hail event than the
north region for hailstones exceed 72 mm. For completeness, we also compare the observations to the mean
of the Gumbel distribution (0.5772 3 scale 1 location)
in Fig. 13b. This comparison suggests that the Gumbel
mean is somewhat positively biased and is generally
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FIG. 12. Differences in maximum hail size between Gumbel model estimates based on the period 1980–2015 minus
the period 1960–79 for return period of (a) 5, (b) 10, (c) 20, (d) 36, (e) 50, and (f) 100 years.

larger than the observed hail size. Comparing with the
results of Allen et al. (2017), the comparison to the
Gumbel mean calculated here has a greater deviation
from a 1-to-1 relationship, suggested that the fit using the
Gumbel extreme value model has poorer performance

for China than for the United States. One potential
cause of this difference may be related to the inclusion
of a significant number of hail reports that are less than
19 mm in the model fitted here, as observation used by
Allen et al. (2017) in the United States are limited to this
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FIG. 13. (a) The relationship between hail size and return periods
in different regions shown as in Fig. 10c. The boundaries of the
filled area indicated the 95% confidence intervals. (b) Observed
annual mean maximum hail size in each grid and corresponding
Gumbel mean. The results are derived using observations between
1980 and 2015.

threshold at the least. Alternatively, it is plausible that
the nature of the observation stations as opposed to a
public sourced reporting dataset yields a very different
picture of the distribution that is more representative of
the probability at fixed locations like hail pads. Another
possibility is that this result is simply a reflection of the
lower frequency at which severe hailstorms occur in
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China, relative to the United States (Brooks et al.
2003; Zipser et al. 2006). It should also be noted that
the return period estimation is quite sensitive to the
inclusion of giant hailstones. In the south region, there
is one grid box (Fig. 3) which contains one observation
of 250 mm. If this record was not considered in the
model, the return period does shift significantly toward the smaller hail size ranges. For example, without this 250 mm size hailstone in the south region, the
expected hail return size at the 10-yr return period
drops from 142 to 94 mm. Thus caution should be
taken in inferring results where such extremely large
hailstones (e.g., .200 mm) are observed, similar to the
contribution of the Vivian, South Dakota, hailstone
(200 mm) to the return intervals in the United States
(Allen et al. 2017).
Another consideration is the size of the grid used for
spatially aggregating hail observations. Here we utilize a
2.58 grid to encompass several stations for each observation, yet clearly these are wide areas over
which a hailstorm could be expected, inferring a
lower local probability. In the discussion of Fraile
et al. (2003), it was noted that the relationship between maximum hail size and return period are
highly related to the hail pad density. With increasing
station density, the return period for a certain maximum hailstone diameter would potentially decrease.
As shown in Fig. 2, the weather station density varies
significantly within the various regions, which may
influence the relationship in Fig. 13. It is also plausible that, at least locally, the probability of hail
might be higher, or could be higher at places away
from the fixed sites at which observations are taken.
Nevertheless, there are also discrepancies between
hail pad stations and weather stations. Hail pads only
record hailstones impacting the pad (typically not
exceeding 0.3 3 0.3 m 2 in area), whereas trained
observers at weather stations have the capacity to
observe hailstones over a wider area and hailstones
found in the same administrative region could also be
reported by the public and newspapers. Indeed,
Smith and Waldvogel (1989) found systematically
larger hailstones on the ground around the hail pads,
reflecting the random aspects, low density of hailfall,
and potential underestimation of maximum hail size
by hail pad observations relative to hail reports.
Although Bardsley (1990) suggested using extreme
value theory to build a relationship of hail pad
maxima to real maxima, there remains uncertainty
caused by the representativeness problems of the
hail pad observations. An advantage of the dataset
used here is that monthly weather reports at weather
stations also include severe hailstone that happened
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in the same administrative region, thus providing a more
complete record of maximum hail size. Considering
these factors, we suggest that the influences of weather
station density on the return periods would be less significant than those of hail pad station density on return
levels such as those noted by Fraile et al. (2003).

4. Conclusions
A 2.58 gridded climatology of hail size has been derived from an archive of long-term observations at 2254
stations in China for the period 1960–2015. This archive
provides a useful dataset to explore comparisons to
other regions around the globe and for developing
statistical relationships between environmental variables to hail size. However, the record is affected by
discontinuities, as reflected by the change in observations at 1980, when the observation regulation at
weather stations caused a sharp change of hail size
percentiles. To overcome this limitation, results were
presented separately for two time periods. Using the
dataset since 1980, a Gumbel extreme value model
was applied at each grid box to explore the spatial
distribution patterns of maximum hail size for different return periods. At the 20-yr return period,
most grid boxes in eastern China were expected to
experience $51 mm hail, while for periods longer
than 36 years, several grid boxes would be expected
to experience a hailstone larger than 127 mm. A
simple rescaling process was used to evaluate the
performance of the Gumbel model for the 36-yr return period. The result of the rescaling process implies that the Gumbel model may underestimate the
maximum hail size, but this result is uncertain due to
the potential effects of nonstationarities in the observed hail size records and decreasing hail size trend
over time.
Regionally, the expected maximum hail size for a
certain return period exhibits large variations, thereby
reflecting the diverse set of climatological characteristics
for hail across China (Li et al. 2016). Specifically, this led
to the consideration of the TP, north region, and south
region separately to highlight these climatological differences. As would be expected given the high elevation
and comparatively low instability and moisture content,
the TP is found with smallest expected maximum hail
size, and the consistency and continuity of observational
records suggest high confidence in this result. This is
consistent with the hail size spectra discussed by Ni et al.
(2017b). These results suggested that in weather stations
higher than 2000 m, the hail size spectra were closer to
an exponential distribution, while in regions lower than
2000 m, the hail size spectra were closer to a gamma
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distribution. However, differences between the south
region and the north region are found to be more complicated. The south region experiences hail infrequently,
but when hail does occur it tends to be large. In contrast,
the north region experiences hail more frequently, but
with lower maximum hail size. While the differences
between the north region and the south region are
consistent with the regional environmental differences
characterized by Li et al. (2016) and Liu and Tang
(1966), it is not clear that the potential maximum hail
size should have this type of difference, particularly
considering the greater underestimation of hail size over
the north if the full period record is considered. Hence,
large hail may be experienced in this region at similar
intervals, but it may be uncaptured by the existing observational record. Given these regional differences, we
surmise that the simple assumption of Gumbel distribution may lead to unexpected distributional errors in
the extreme value model output.
In comparison to Allen et al. (2017)’s work in the
United States, the Gumbel mean in this study was
found to differ more from observations. Consistent
with Allen et al. (2017), however, was the finding that
the model underestimated maximum hail size. This
difference may be driven by limited records of hail
size observations in China, especially for large hail.
As discussed in Fig. 8, although most grids have at
least one hail size record for more than 30 years, almost half of the grid boxes have only 5 records for less
than 20 years, suggesting that the hazard may be underestimated due to a lack of observations. Further,
the number of large hail ($20 mm) is not comparable
with the observation in United States. In average,
there are 93 large size hail reports per year during
1980–2015. The limited hail size record makes the
grid boxes much coarser than the results of Allen
et al. (2017), resulting in the lack of results at finer
spatial resolution. It should also be noted that considered in the bulk distribution, hail sizes in China are
typically smaller than in the United States, while the
U.S. hail dataset rarely includes hail sizes less than
19 mm. This is reflected by the fact that in the majority
of grid boxes, the maximum hail size is less than
100 mm, while the annual mean is generally smaller
than 51 mm, significantly smaller than the widespread
observations of 102–107 mm recorded over the United
States, and means exceeding 51 mm.
This study reveals the occurrence probability of extreme hail size, which is based on the past observations
and the stationarity assumption common to many extreme value models. However, how the underlying
hail size climatology will change under the context
of climate change is still a controversial topic, because
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of the complex impacts of competing environmental
parameters on hailstorms (Allen et al. 2020). For
example, a number of studies have pointed to the rising
freezing level height being a significant contributor to
the melting of smaller hailstones, for example as has
been shown over Colorado, China, and southwestern
France (Dessens et al. 2015; Mahoney et al. 2012; Xie
et al. 2010). However, it is not clear whether melting is
significant for larger hail sizes (e.g., Trapp et al. 2019;
Brimelow et al. 2017). As a large-scale environmental
background, the EASM also plays a crucial role in hail
climatology, by regulating the variations of environmental parameters like precipitable water (PW), vertical wind shear (VWS), convective available potential
energy (CAPE) etc. (M. Li et al. 2018; Zhang et al.
2017). The various combinations of these parameters
lead to different hail size climatology. For example,
large VWS and PW favor the large hail in South China
(M. Li et al. 2018). With a weakened EASM in the recent decades, the northward water vapor transportation
was found to decrease over most region of China (Zhang
et al. 2017), which will lead to a corresponding reduction
in the favorable moisture conditions leading to severe
hailstorms. Moreover, the impacts of aerosols and moisture on hail precipitation rate are highly nonlinear, although the relation between precipitation rate hail size is
still of uncertainty (M. Li et al. 2017; X. Li et al. 2017). For
example, hail precipitation increases with cloud condensation nuclei concentrations (CCNC) under certain
CCNC threshold and decreases with CCNC above the
CCNC threshold. These complex factors make it difficult to attribute the cause of changes in the climatology
of hail size. Moreover, the scale and microphysics sensitivity in both numeric and environmental approaches
to explain the changes of hail climatology have made
slow progress because of the lack of an easy way to parameterize hail. Thus, a future avenue for exploring
potential changes in the hail size climatology is to environmentally parameterize the model applied here and
extrapolate future occurrence probabilities of extreme
hail size.
In future work, the gridded hail size dataset developed
herein will be used to explore relationships to favorable
environments derived from reanalysis or climate model
output. Some of the potential applications include exploring climate variability. For example, Allen et al.
(2015b) investigated the influence of ENSO on hail
frequency using environmental proxies. Similar approaches have also considered the global occurrence of
hail in excess of 25 mm. For example, Prein and Holland
(2018) showed that four predictors could discriminate
large hail frequencies for several different regions. This
dataset will also allow comparison to remotely sensed

observations, for example satellite-derived proxies
which also provide observations of hail worldwide
(Bang and Cecil 2019; Cecil and Blankenship 2012; Ni
et al. 2017a). Provided that it can be validated that
the hail occurrence ratio between two regions from
satellite is consistent with surface-observed hail occurrence, it is reasonable to expect that these regional
analyses can be used to better inform the global climatology constructed from satellites for larger hailstones, and in doing so provide a better basis for a
remotely sensed global hail climatology.
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