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ABSTRACT

Based on a comprehensive collection of hail observations and the NCEP–NCAR reanalyses from 1960 to

2012, the long-term trends of hail day frequency inmainland China and the associated changes in atmospheric

circulation patterns were analyzed. There was no detectable trend in hail frequency from 1960 to the early

1980s, but a significant decreasing trend was apparent in later periods throughout most of China and in

particular over the Tibetan Plateau from the early 1980s and over northern and northwestern China from the

early 1990s. Hail frequency in southern China did not decrease as significantly as in other regions over the last

couple of decades. An objective classification method, the obliquely rotated T-mode principal component

technique, was used to investigate atmospheric circulation patterns. It was found that 51.85% of the hail days

occurred during two major circulation types, both of which were associated with cold frontal systems in

northern China. More specifically, the synoptic trough in East Asia, signified by the meridional circulation at

850 hPa, became considerably weaker after 1990. This change in the synoptic pattern is consistent with a

weakening trend in the East Asian summer monsoon, the primary dynamic forcing of moisture transport that

contributes to the generation of severe convection in northern China. The long-term variability of hail day

frequency over the Tibetan Plateau was more strongly correlated with the change in mean freezing-level

height (FLH) than the strength of the East Asian monsoon.

1. Introduction

Hail is a type of extreme precipitation in the form of

balls or irregular lumps of ice produced by convective

clouds (Changnon 1978). When hail occurs, it can cause

losses to crops, vehicles, and houses. The high velocity of

large volumes of ice reaching the ground can also be

extremely dangerous to people and animals (Cao 2008);

for example, agricultural losses caused by hailstorms

and other severe convection in China reached

31.55 billion CNY in 2012, which exceeded the damage

caused by tropical cyclones (China Meteorological

Administration 2012). An understanding of long-term

trends in hail frequency may provide useful information

for governments and society to reduce economic losses.

As a kind of extreme weather, hail has been studied in

several different regions worldwide, in terms of both

climatology and its long-term trend. Tuovinen et al.

(2009) showed that hail damage and hail days in Finland

have significantly increased over the last three decades,

although this increase was attributed mostly to the

increase of severe-hail reports along with improved

communications technology, as well as the public and

media’s greater interest in severe weather. Using hail

damage data from a building insurance company, Kunz

et al. (2009) found that the number of severe-hail events
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and severe-hail days has been increasing since the late

1990s in Germany, which may also be affected by the

inhomogeneous distribution of population. In addition, a

robust increase in the frequency of severe-hail events has

also been reported over Ontario, Canada, since 1982

(Cao 2008). Using the Severe Weather Database pro-

vided by the Storm Prediction Center (SPC), Allen and

Tippett (2015) showed a strong upward trend of observed

hail days for hail diameter larger than 0.75 inches over the

contiguous United States. However, this does not corre-

spond to a significant trend in the number of days with

hail reports since the 1990s. Moreover, there is little ev-

idence in directly relating these changes to changes in the

large-scale atmospheric environment (Allen et al. 2015).

However, quite different results have been reported in

some other countries. In Sydney, Australia, hailstorms

were less frequent from 1989 to 2002 than during the

preceding 36 years, whereas regions outside Sydney ex-

perienced an increase in hailstorms and hail days, which is

likely attributable to increased reporting (Schuster et al.

2005). China has also experienced a significant downward

trend in annual hail days since the early 1980s based on a

large number of stations with daily human observations

(Xie et al. 2008). A recent study reported that most sta-

tions in North Korea have experienced a sharp decline

in hail activity from 1981 to 2010 (Kim and Ni 2014).

Whether the number of hailstorms has changed and the

reasons why hail frequency has changed remain an area

of active research.

China occupies the eastern part of the vast Eurasian

continent, with the world’s highest plateau (the Tibetan

Plateau) and a variety of topography and landscapes

(the topography of China is shown in Fig. 1), all of which

contribute to the regional diversity of hailstorm clima-

tology (Zhang et al. 2008). There have been several

studies of hail climatology in China. Hail can occur al-

most everywhere in the country, except for a few areas in

the southern and eastern plains (Liu and Tang 1966;

Zhang et al. 2008). The long-term trend of annual hail

days in China shows a decrease since the 1980s (Xie et al.

2008). How and why the hail day frequency changes

under global and regional climate change in China is still

unknown.

However, there is an apparent difficulty in correlating

the local-scale hail occurrence with global climate

change. Surface hail observations are not accurate be-

cause direct monitoring systems are unable to record all

hail activity. Because of the coarse temporal and spatial

resolutions (Cecil and Blankenship 2012), along with the

inaccuracy in using the overshooting tops as a hail proxy,

satellite data also do not always describe hail accurately.

Using the maximum expected size of hail derived from

the multiradar multisensor (MRMS) algorithm,

Cintineo et al. (2012) provide an improved estimate of

hail climatology given the high spatial resolution, but

such radar-based estimates have limited skill for large

hail sizes and have poor temporal coverage. Numerical

weather forecasts lack the ability to explicitly and

FIG. 1. Topography of China. Shading is terrain height.
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reliably simulate deep convection owing to both the

temporal and spatial resolution as well as the unknown

physical processes (Noppel et al. 2010). Nevertheless,

the environmental conditions that favor hail-producing

severe convection, such as convective available poten-

tial energy (CAPE), vertical wind shear (VWS), and

freezing-level height (FLH), may be associated with a

synoptic flow shift under conditions of global climate

change. For example, Allen et al. (2015) developed an

empirical model relating the monthly occurrence of hail

to large-scale environmental conditions, which

matches the annual cycle of hail occurrence and spatial

distribution for the United States. Xie et al. (2008)

found that the decreasing hail trend in China was as-

sociated with a rising trend in the mean FLH in China

during 1960–2005, although this may reflect only the

situation in the mountainous area. Moreover, as the for-

mation of small-scale convection usually needs the

support of large-scale circulation, connecting hailstorm

occurrence to more specific large-scale circulation

patterns can help us to understand changes in hail

frequency and its response to climate change.

Several studies have been conducted in European

countries to classify hailstorms based on the circulation

type. Kapsch et al. (2012) found a relationship between

days with damaging hail and specific weather types,

and the number of hail-related weather types increased

slightly from 1979 to 2000 in Germany when using an

objective method. Kunz et al. (2009) also found an in-

crease in the southwesterly weather type, which was

strongly related to the number of hail days in Germany

when a subjective classification method was applied.

Different methods were used to investigate hailstorms

in Lleida (Catalonia), and it was found that objective

classification has an advantage over manual classifica-

tion for hailstorms (Aran et al. 2011). Current studies in

China have limitations in time and space and use sub-

jective methods that may involve multiple criteria

(Wang et al. 2010; Ji et al. 2007; Yu et al. 2004a).

To overcome the disadvantages of the subjective

methods mentioned above, an objective classification

method was used in this study. Objective classifications

play an important role in atmospheric circulation clas-

sification and can be implemented through airmass clas-

sification or circulation-based classification (both types

are defined, and cases are assigned, by a numerical pro-

cedure; Huth et al. 2008). Local meteorological variables

are closely interrelated, which sometimes can be exten-

sively influenced by large-scale circulations (Zhang et al.

2012). Because the aim of this study was to explore the

influences of atmospheric circulation on hail frequency,

the circulation-based classification system was used to

classify circulation types.

This study focused on the long-term change in hail

frequency and its relationship with large-scale circu-

lation patterns in mainland China. The datasets and

methodology are described in section 2. Section 3 gives

a description of hail climatology and the long-term

changes in hail frequency in China. Section 4 shows the

results of the classification of circulation patterns and

their relation to hail frequency changes. A discussion is

provided in section 5, which is followed by a summary

in section 6.

2. Dataset and methodology

The hail data used here were obtained from the

National Meteorological Information Center (NMIC),

which has a complete historical hail dataset of 753

stations over mainland China from 1951 to 2012. If a

hailstorm is recorded at one station on a particular day,

we defined it as a hail day for this station. Because of

the continuity of meteorological data and the relatively

large data record, we excluded stations that were

relocated. If one station had more than 10 missing data

points in a single month, that month was considered to

be an invalid month for that station. Stations with at

least one invalid month were not used in the analysis.

As a result, 541 stations with complete records from

1960 to 2012 were selected to ensure a relatively large

and continuous data record (Fig. 2). The National

Centers for Environmental Prediction–National Cen-

ter for Atmospheric Research (NCEP–NCAR) re-

analyses of daily mean sea level pressure (SLP) and

geopotential height were used for objective analyses of

flow pattern changes. The daily mean relative humid-

ity, air temperature, geopotential height, wind field,

surface temperature, surface pressure, and surface

relative humidity from the NCEP–NCAR reanalyses

were used to calculate convective inhibition (CIN),

CAPE, VWS (calculated as the magnitude of wind vector

difference between 500 and 850hPa), and FLH.

There have been several studies examining the cli-

matology of hail in China. After Liu and Tang (1966)

showed the spatial distribution and seasonal cycle of

China’s hailstorms from 1950 to 1960, Zhang et al.

(2008) extended the hail climatology data to 2005.

Both studies found that hail frequency in northern

China was higher than in southern China and that the

hail season has a diverse geographical distribution in

China. The current study further extends the hail data

to 2012. Figure 2 gives a general description of the

seasonal and spatial variation in hail occurrence found

in this study. Annual mean hail days decreased from

north to south and from west to east, which was

strongly related to topography (Fig. 1). The highest
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number of annual hail days occurred in the Tibetan

Plateau. Hail occurred mainly in the cold season in the

south and in the warm season for the rest of China,

which was consistent with the results of Zhang et al.

(2008). The synoptic systems that influence the west-

ern and eastern parts of China are different (Wang

et al. 2010; Ji et al. 2007; Yu et al. 2004a). Taking both

the spatial and seasonal distribution into account, we

defined four regions: the north, the south, the plateau,

and the northwest regions, marked as I, II, III, and IV,

respectively, in Fig. 2. The study period in the north,

plateau, and northwest regions was from April to

October, which was broadly categorized as the warm

season in this study. For the south region, hail in the

cold season was studied instead. The cold season

months for the south are loosely defined as from

January to May and from November to December.

When focusing on either the warm seasons or the

cold seasons (but not the entire year), more stations

meeting the data requirements could be selected for

the four regions, which resulted in a total of 199, 227,

77, and 47 stations for the north, south, plateau, and

northwest regions, respectively.

The obliquely rotated T-mode principal component

analysis (PCT; where the columns of the input data

represent time observations and rows correspond to

grid points) proposed by Huth (1993) was used in this

paper. This method is capable of capturing the un-

derlying physical structure (e.g., it can reproduce the

predefined circulation types when applied to an ex-

isting phenomenon as a capability test), and the re-

sults were found to have more stability in time and

space than other objective classification methods. It

can also effectively avoid the ‘‘snowballing’’ effect

(i.e., forming one huge cluster to which an increasing

number of other groups are attached in later stages of

the clustering, accompanied by small clusters and un-

classified days) compared to other methods (Huth

1996a,b). The method we used here was developed

within the framework of COST Action 733 (http://

cost733.met.no/; Huth et al. 2008; Philipp et al. 2010,

2014). A brief summary of PCT is given below.

Readers interested in the details of the method can

refer to Huth (1996a,b, 2000).

There are two possibilities for arranging the input

data field, which correspond to T-mode PCA and

FIG. 2. The distribution and annual mean hail days of 541 stations from 1960 to 2012 (color

dots represent annual mean hail day frequency). Four subareas are marked with I, II, III, and

IV; circles indicate the monthly variation of hail days for each subarea (indicated by the red

roman numerals) or the whole nation (length of the arrow represents ratio of monthly hail

frequency to annual hail frequency, and direction of arrow shows the month). Red asterisks

mark the stations where no hail has ever been observed.
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S-mode PCA, respectively. In T-mode PCA, the

gridpoint values are in rows and cases (time re-

alizations) are in columns. In S-mode, grid points are

organized in columns and cases are in rows. With the

requirement that the principal components (PCs)

should usually be rotated if PCA is to be used for

classification purposes (Richman 1986), significant

difference between the two modes becomes apparent.

Each rotated loading is required to contain many

near-zero elements, while the remaining loadings

frequently have high absolute value (close to one). In

S mode, the loadings can be interpreted as maps of a

particular PC and the scores describe the temporal

variation of the PC. In contrast, the loadings in Tmode

describe the temporal evolution of the PCs. Each PC

on a particular day either ‘‘occurs’’ (loading close to

one) or does not (loading close to zero). Thus, it is easy

to classify each day pattern to the type for which it has

the highest loading. The ‘‘clusters’’ sought by the ro-

tated PCs in the phase space from T-mode PCA cor-

respond to the circulation types. It is therefore

obvious that the T-mode PCA may provide a classifi-

cation of circulation patterns rather than the S mode

(Huth 1996a,b).

3. Long-term trend and variation of hail days in
China

Xie et al. (2008) first showed the long-term trend of

hail occurrence in China and found a significant

downward trend from 1980 to 2005. After extending

the comprehensive hail data to 2012, we found a

continuous significant decrease in the annual station

mean hail days (MHD) from the early 1980s for the

whole of China (Fig. 3). However, the long-term

variations of annual MHD were different among the

four separate regions. We followed the method of

Changnon and Changnon (2000), which used the

temporal distributions of the ten 5-yr values for the four

regions (the 11th point was the average of the last 3 years

because the data covered a period of 53 years). Figure 3b

shows that all four regions had experienced a sig-

nificant decrease over several decades. The trend

was 20.3251 (5 yr)21 for the plateau, 20.1592 (5 yr)21

for the north, 20.1194 (5 yr)21 for the northwest,

and 20.0371 (5 yr)21 for the south. Compared to the

other three regions, the decrease in the MHD in the

south accounted for the smallest share of the total de-

crease in MHD. The annual MHD in northern China

remained constant from the 1960s to the 1980s but then

started to decrease in the early 1990s. The annualMHD

in northwestern China also decreased, but with con-

siderable interannual variability. Unlike in the north

and northwest, the annual MHD in the plateau in-

creased slightly in the early 1970s, peaked in the late

1970s, and began to decline in the 1980s. The annual

MHD in the plateau declined 10 years earlier than in

northern China. When considering Figs. 3a and 3b to-

gether, the decline in the annualMHDover China after

the 1980s was primarily due to a decrease in the north,

northwest, and plateau regions.

Figure 4 shows the trend of annual hail days for each

station calculated from 1960 to 2012. It was found that

37.8% of stations had a significant decreasing trend and

49.1% stations displayed a nonsignificant decreasing

trend. In addition, 12% of stations displayed an in-

creasing but nonstatistically significant trend. Compared

with the results of a study of hail in China from 1960 to

2005 (Xie et al. 2008), more stations displayed a de-

creasing trend in annual hail days and there was almost

no station that displayed a significant upward trend in

the longer-term dataset.

With regard to the spatial distribution, most stations

that had a decreasing trend in annual hail days were

located in northern China. The maximum in the

downward trend of annual hail days was located in the

FIG. 3. (a)MHDof China during 1960–2012 (light blue) and its moving average (dark blue). (b) The 5-yr average

MHD and trend line of four regions (red represents the plateau, blue represents the north, green represents the

northwest, and yellow represents the south).
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plateau area. The majority of stations in southern

China displayed no trend, except for several in Yunnan

and Guizhou provinces (marked in Fig. 4). Stations

located in the plateau and mountainous areas tended

to have a downward trend in annual hail days. In

general, the trend in annual hail days reduced from

northern to southern China and from western to

eastern China, which was strongly related to the

unique terrain configurations across the country.

These regional differences in long-term hail day

trends suggest potential variations in the local atmo-

spheric circulations and conditions favorable to hail

development.

4. Atmospheric circulation patterns with hail in
China

In this section, we provide an objective classification

of large-scale circulation patterns during the study pe-

riod. We analyzed the change in frequency of hail days

for each circulation type and determined the circulation

types that favor hailstorms. We also investigated dif-

ferences in the circulation features between hail days

and nonhail days. Finally, we attempt to explain the

overall decreasing trend in hail day frequency in China

from 1960 to 2012.

Over the study period, there were a total of

11 342 days included for classification during the warm

season. Given that northern China and the plateau were

responsible for the largest decline in hail day frequency

and that the northwestern region had a very limited

number of stations, our analysis focused on northern

China and the (Tibetan) plateau region.

a. Northern China

The spatial patterns of the geopotential height at

500hPa (208–608N, 708–1358E) were classified into five

types using PCT. The corresponding geopotential heights

at 850hPa and sea level pressure for each of the five cir-

culation types for northern China are shown in Fig. 5. At

the 500-hPa geopotential height field, the main differ-

ence among the five different circulation types was the

position and strength of the East Asia trough. With the

trough located to the east of northern China, circula-

tion types 1-N (N represents north) and 4-N resulted

in a wide area of high sea level pressure in northern

China. Circulation type 2-N was characterized by a

strong trough, with the trough axis at ;1058E and the

corresponding SLP field displaying a strong low cen-

tered in northeastern China. Circulation type 3-N was

characterized by a shallow trough located in north-

eastern China with widespread low pressure at sea

level. Both circulation types 2-N and 3-N displayed

meridional circulations at 850 hPa, while the trough

corresponded well with the spatial pattern at 500 hPa.

Circulation type 5-N was characterized by straight East

Asia westerlies and a much weaker trough at 850 hPa,

along with a weaker pressure gradient at sea level.

Because the circulation frequency differed, we calcu-

lated the hail occurrence ratio as the total number of hail

days at a specific station under one circulation type divided

by the total number of days of the corresponding spatial

FIG. 4. Annual hail day trend (day yr21) of 541 stations during 1960–2012 [colored dots

represent stations with significant trend at 0.05 level, and colors represent the trend value.

Black dots and black plus signs represent stations with downward or upward trend (but not

significant); red plus signs represent stations with no hail days observed].
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FIG. 5. (left) The 500 hPa geopotential height (10m), (center) 850 hPa geopotential height (m), and (right) SLP (hPa) of five circulation

types in northern China in warm season during 1960–2012. Black dots in (center) represent the area where 850-hPa geopotential height is

lower than topography altitude. (from top to bottom) Type 1-N, type 2-N, type 3-N, type 4-N, and type 5-N.
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pattern (Fig. 6). The blue bars in Fig. 6a are the station

mean hail day occurrence ratios (sum of the hail day oc-

currence ratio under one circulation type divided by the

station number in northern China) under the five circula-

tion types. Hailstorms happened most frequently in cir-

culation type 3-N, followed by types 2-N, 1-N, 4-N, and

5-N. The numbers above Figs. 6b–f represent the fre-

quency of each circulation type over the entire warm

season. It can be seen that of all five circulation types, type

2-N occurred most frequently. Hail occurred in the whole

area, with a relatively high frequency under circulation

types 2-N and 3-N. Under all circulation types, the eastern

part of Inner Mongolia (marked with the black box in

Figs. 6b–d) always has a high hail occurrence. Circulation

type 1-N was more unusual, with significantly more hail-

storms occurring in the northeast compared to Inner

Mongolia.Under circulation type 1-N,when the EastAsia

trough was located farther south at a relatively low lati-

tude together with a low pressure system moving just out

of northeastern China, more hailstorms occurred in the

northeast (marked with a red box in Fig. 6b) rather than

Inner Mongolia. Under circulation type 3-N, when the

low pressure center was located at 458N, 1048E (i.e., a

more eastward position), hailstorms mainly occurred in

Inner Mongolia. The displacement of the area where

hail was concentrated indicated that the storms pro-

ducing the hail occurred on the trailing front, which was

physically sensitive to the location of the front. The first

three circulation types appear to represent the evolution

of a large-scale synoptic wave passage. As the low

pressure center moved eastward, the area of maximum

hail occurrence area shifted from Inner Mongolia to

the northeast. Overall, hail days in northern China

were more likely to occur during the passage of frontal

and postfrontal systems, as typified by the flow config-

urations of circulation types 2-N and 3-N.

From the time series of the frequency of circulation

types in northern China, a strong interannual variation of

the circulation types was apparent. However, there was no

obvious long-term trend in the frequency of each circula-

tion type that correlated with the downward trend in

hailstorm frequency in the early 1990s. Nevertheless, the

hail occurrence ratios were considerably lower than the

averages from the 1990s (as the blue vertical line indicates

in Fig. 7). Focusing on the two dominant flow patterns, we

examine the sea level pressure composition fields of cir-

culation types 2-N and 3-N before and after the 1990s

(shown in Fig. 8). It is evident that the low-level pattern

after the 1990s became weaker than in the period before

1990, indicating weaker convergence and potential for

moisture advection. This also reflects a decrease in the

system’s dynamics, under which the environmental con-

ditions do not favor the occurrence of hail, which could be

one reason for the downward trend in hail day frequency in

northern China. Favorable environments for deep con-

vection can be broken down into three components: VWS,

thermodynamic propensity, and a process for convective

initiation (Tippett et al. 2015). Based on these three

FIG. 6. (a) Stationmean hail occurrence ratio for the five circulation types (%) and (b)–(f) spatial distribution of hail occurrence ratio for

the five circulation types in the warm season during 1960–2012. In (b)–(f), the color represents the value of ratio; black box marks Inner

Mongolia and red box marks the northeastern part.
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aspects and the formation andmelting processes of hail, we

considered CIN, CAPE, VWS, and FLH to be the main

parameters influencing hail. CIN is the energy needed

against stratification to lift an air parcel from its original

position to its level of free convection.When the air parcel

overcomes CIN and reaches its level of free convection,

CAPE is released and the parcel can realize its latent in-

stability. To analyze this, we calculated the annual mean

occurrence of CIN for the two periods 1960–89 and 1990–

2012under circulation types 2-Nand3-N.The results shown

in Fig. 9 indicate that after the 1990s, CIN increased. The

increased CIN made it more difficult for hailstorms to

initiate. This is in agreement with the results of Zhao et al.

(2006), who demonstrated that the number of unstable days

significantly decreased from 1986 to 2003 by calculating

CAPE minus CIN as the index of unstable days. CIN is

closely related to surface and lower-troposphere tempera-

ture. Myoung and Nielsen-Gammon (2010) showed that

warming at 700hPa and surface dryness combined to

produce large CIN leading to precipitation deficits on a

monthly time scale in summer in Texas and that CIN

modified the number of rain days more than the in-

tensity. Both the surface and lower-troposphere tem-

perature have displayed an increasing trend over the

globe (Klotzbach et al. 2009; Brown et al. 2000). A

potential explanation for this increased CIN could be

the warming lower-tropospheric temperatures. In addi-

tion toCIN, the annualmean occurrence ofCAPE,VWS,

and FLH (Fig. 9) were also calculated. There was a de-

crease in the average CAPE for circulation type 2-N and

no clear change for circulation type 3-N. Considering that

large hail typically occurs in extreme instability envi-

ronments, the annual mean occurrence of CAPE with

extremely large values after 1980 does not change

much under type 2-N even though the average CAPE

decreases. VWS changed little for both circulation

types. The mean FLH for circulation type 2-N de-

creased after 1990 and increased slightly for circula-

tion type 3-N. The decreased hail day frequency was

more related to CIN than the other indices. The in-

creased CIN tended to stabilize the atmosphere after

the 1990s, and it became more difficult for air parcels

to be lifted to initiate hailstorms.

Considering that the hail day frequency under all five

flow types has decreased, which can be seen clearly in

Fig. 7, we examined the changes in flow pattern for all

types together. Figure 10 shows the composites at 500

(Fig. 10a) and 850hPa (Fig. 10b) for the entire study pe-

riod. The black contour represents the geopotential

height when hail occurred (to obtain the obvious

characteristics of circulation when a hailstorm occurred,

we considered days when more than five stations

experienced a hailstorm to be a hail circulation day

and combined these days to obtain a circulation com-

posite), while the shaded color shows the difference

(hail circulation day minus nonhail circulation day).

It can be clearly seen that the 500-hPa geopotential

height composite for the hail circulation days had a

deeper trough located in northeastern China. This was

more obvious in the 850-hPa geopotential height,

where there was an even larger difference. As shown in

Fig. 11a, the difference in the focus area was domi-

nated by an anticyclonic high center after the 1990s,

which indicates a weaker dynamic forcing for hail

generation. Together with Fig. 11b at the upper level,

FIG. 7. Time series of (left) circulation type frequency and (right)

hail occurrence ratio under each type in the warm season from 1960

to 2012; red line is time average, and blue vertical line shows the

year of 1990.
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we can clearly see that the trough located in central

China considerably weakened after the 1990s. The

vorticity of the two periods (not shown) also showed a

decrease in the dynamic forcing. Meanwhile, the me-

ridional component of wind (Fig. 12) weakened after

1990, bringing less moisture to northern China, which

further contributed to the decrease in hail day fre-

quency. This change in pattern has also been consid-

ered to be the primary reason for the decreased annual

extreme precipitation in northern China (Wang and

Zhou 2005). Similarly, Ding et al. (2008) and Yu et al.

(2004b) also found a significant weakening of the East

Asian summer monsoon together with northward mois-

ture movement and convergence weakened by the sum-

mer monsoon. This has led to a deficient moisture supply

for precipitation and a tendency toward increased

droughts in northern China, which appears to also

influence hail occurrence.

b. The Tibetan Plateau region

The Tibetan Plateau is the world’s highest plateau,

with an average elevation of more than 4000m above

sea level. To avoid the incomplete atmospheric data–

related signals around the plateau, the 500-hPa geo-

potential height field was used for the classification of

PCT type and the 700-hPa geopotential height field was

used for the composite analysis over the plateau region

shown in Fig. 13. The five circulation types differ from

one another in location, intensity, and shape of the

upper-level trough. The synoptic situations were simi-

lar between 500 and 700 hPa for all circulation types.

Circulation type 1-P was the most frequent circulation

type, accounting for 45.66%of the total on all days. The

percentage contributions of the other types were

22.5%, 12.62%, 10.18%, and 9.02%. From the spatial

distribution of the hail occurrence ratio (Fig. 14), it

could be seen that hailstorms occurred for every cir-

culation type and with much higher ratios than over

northern China. There was a slightly higher hail day

frequency in circulation types 4-P and 5-P because

there was a trough located upstream of the plateau area

at 500 hPa. This was more obviously reflected in the

700-hPa levels, where the short-wave trough was lo-

cated to the northeast of the plateau, which would bring

cold air and lead to instability when cooperating with

the warm air near the surface. Circulation types 4-P and

5-P accounted for only 19.2% of all circulation types,

which means that in the plateau area the main circu-

lation types (1-P, 2-P, and 3-P) all had a hail day fre-

quency ratio of around 2%. The hail day frequency

ratio under circulation types 4-P and 5-P were both

about 2.5%. The hail day frequency in the plateau was

much higher than in the other regions and was in-

creased if the synoptic trough in the upper level

FIG. 8. Composite SLP (hPa) under (left) type 2-N and (right) type 3-N during (top) 1960–89 and (bottom) 1990–2012.
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FIG. 9. Annualmean occurrence of (from top to bottom)CIN (J kg21), CAPE (J kg21),VWS (m s21), andFLH(m) in

thewarm season during 1960–89 (red dots) and 1990–2012 (blue asterisks) under (left) type 2-N and (right) type 3-N

(legend shows the mean value of the two periods).
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brought cold air to cooperate with warm air near the

surface, although this circulation type accounted for

less than 20% of all circulation types. From this per-

spective, circulation type had an effect on plateau hail

formation, but it was not as significant as in northern

China because of the relatively low occurrence of such

circulation types and the high hail day frequency under

the other main circulation types. To some degree, cir-

culation patterns had an influence on hailstorms in the

Tibetan Plateau region, but the effects were not as

important as in northern China.

5. Discussion

As mentioned above, many factors may contribute to

the formation of hail, among which topography and

atmospheric circulation influenced by topography play

important roles (Vinet 2001). Doswell et al. (1996)

FIG. 10. Composite of (a) 500- and (b) 850-hPa geopotential height (m) of hail circulation days (black contour);

shaded color shows the difference on 500- and 850-hPa geopotential height (m) of hail circulation days and nonhail

circulation days for northern China in warm season from 1960 to 2012.

FIG. 11. Composite of warm season (a) 500- and (b) 850-hPa geopotential height (m) from 1960 to 1989 (black) and

the difference (m) between periods 1960–89 and 1990–2012 (color shading).
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summarized the factors leading to heavy precipitation

according to three aspects: large-scale processes, meso-

scale processes, and storm-scale processes. Modest but

persistent synoptic-scale vertical ascent ahead of short-

wave troughs creates the moistening and destabilization

needed for deep moist convection. Mesoscale processes

provide the lifting needed for the initiation of con-

vection and the mesoscale terrain is an important

lifting mechanism. In addition, the evolution of a

convective event can be modified significantly by the

convection itself through the outflow created by con-

vective downdrafts.

As shown in Figs. 5 and 6, large-scale frontal and

postfrontal systems are the main factors associated with

the occurrence of hail away from the Tibetan Plateau.

When the cold front systems became weaker after the

1990s, the occurrence of hailstorms in northern China

clearly decreased. The trough in the upper levels was

considerably weakened, leading to weak synoptic-scale

vertical motion, which had a large effect on the moisture

and destabilization needed for deep convection. The

decreased meridional wind also resulted in less moisture

and thus less instability. The increased convective in-

hibition made it harder for convection to be generated

because it needed a stronger trigger to overcome CIN

after the 1990s. In addition to these factors, VWS was

also a crucial factor that affected hail formation. Brooks

(2013) showed that the intensity of tornadoes and hail in

the United States tends to be almost entirely a function

of the shear and only weakly depends on the thermo-

dynamics. The role of VWS is especially crucial for large

hail (Johnson and Sugden 2014; Allen et al. 2015);

however, in northern China, hailstorms mainly produce

small hailstones (mean hail diameter in most stations in

the north ranges between 5 and 10mm; figure not shown

here). The VWS in China is much weaker than in the

United States and seems to have played a less important

role in the decreased trend in hail day frequency because

the VWS for the stations with no obvious decrease in the

hail day frequency trend also weakened (Xie et al. 2008).

This might indicate differences in the importance of

VWS between China and the United States.

The frequency of hail day in the plateau region was

high under all circulation patterns. The circulation pat-

terns had less influence on hailstorms in the Tibetan

Plateau region than in northern China. This can be

explained by the more isolated convective cells over the

plateau than nearby regions and the dominance of

convective clouds caused by solar insolation (Fu et al.

2006), which concurs with the observation that unstable

air masses lead to the development of isolated hail

and thunderstorms noted by Changnon and Changnon

(2000). Under such circumstances where local solar in-

solation plays such an important role, CIN and CAPE

are analyzed for periods 1960–79 and 1980–2012 over

the plateau (Fig. 15). Although the amount of aver-

age CIN increase after 1980 is not as much as that in

northern China, it plays a role in hail day frequency

decrease in the plateau. CAPE increased little and thus

can be neglected as a significant cause of the downward

trend in hail days. The FLH is a crucial factor for hail

formation, and is heavily affected by the solar insolation

effects caused by the topography in the plateau area.

Hail normally forms above the freezing level through

complicated cloud microphysical processes. On the one

hand, if the FLH is low enough for liquid drops to re-

main above it, there is a greater chance that hail will

form. Alternatively, when falling from a cold cloud, ice

FIG. 12. Meridional wind difference (m s21) of warm season 850-hPa geopotential height (left) between hail cir-

culation day and nonhail circulation days and (right) between periods 1960–89 and 1990–2012.
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will melt less before it reaches the ground; thus, hail

occurs. The effects of FLH become more significant in

mountain areas and for small hail stones. Hail size in the

plateau region is mainly small (,5mm; figure not shown

here), which is very relevant to the melting process. The

FLH decreased slightly between 1970 and 1980 (Fig. 16),

which corresponded to a brief period of increased hail-

storms in the Tibetan Plateau region. There was a

FIG. 13. Circulation type of the plateau: (left) 500-hPa geopotential height (10m) and (right) corresponding

700-hPa composition (10m) in the warm season of 1960–2012; (from top to bottom) type 1-P, type 2-P, type 3-P,

type 4-P, and type 5-P.
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negative correlation of 20.3531 between the warm

season mean FLH and MHD for the plateau region,

which was significant at the 99% confidence level. This

further supports the hypothesis that the FLH is a crucial

factor in the formation of small hail over mountains and

that hail in the plateau is largely related to changes in

the FLH.

By serving as cloud condensation nuclei (CCN)

and affecting the size distribution of cloud droplets

(Rosinski and Kerrigan 1969), aerosols may also play a

significant role that cannot be neglected. Some studies

have found that an increase in the aerosol concentration

leads to the formation of smaller droplets (Khain et al.

2005). In contrast, Loftus and Cotton (2014) found that

an increase in the CCN leads to greater predicted hail

sizes and more large-diameter hail stones. Thus, aerosol

effects on hail day frequency remain an active area of

research. The long-term trend of hail day frequency in

China may be affected by aerosols, and this is not fully

understood. Nevertheless, the effects of increasing CCN

on the dynamics and precipitation of deep convection

can also depend on environmental conditions, as well as

the type of convection (Khain et al. 2004, 2005). The

circulation pattern classification performed here may

therefore help us to differentiate between favorable

synoptic situations, even if we cannot fully understand

the impact of other factors, such as aerosols.

The occurrence of hail in China is closely related to

terrain configurations. Almost all of the areas where hail

is concentrated are mountainous (Zhang et al. 2008),

because a high topography provides a favorable back-

ground for air lifting and can produce differential heating

(Thielen andGadian 1997). Hail formation in the Tibetan

Plateau is even more complicated. Thunderstorms in the

FIG. 14. As in Fig. 6, but for the plateau area.

FIG. 15. Annual mean occurrence of (left) CIN and (right) CAPE in the warm season during 1960–79 (red dots) and

1980–2012 (blue asterisks) for plateau area (legend shows the mean value of the two periods).
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plateau are strongly related to the terrain and the heating

effect it produces. More isolated cloud cells are found

over the plateau than in nearby regions (Fu et al. 2006).

The initiation and development of severe mesoscale

convective systems over the plateau ismainly driven by its

thermotopographic effect (Jiang and Xiang 1996). We

believe that the thermodynamic and dynamic processes

from topographic effects are much more significant than

synoptic flow, although it is beyond the scope of this study

to completely separate the influences of the different

factors. The sensitivity of hail in the plateau to the FLH is

evidence of such terrain altitude effects. Both the slight

increase (1970s) and the earlier decrease (1980s) of hail

day frequency in the plateau show the causes of changes

in the frequency of hail day may be different from other

regions. It is also reasonable to expect that the plateau’s

response to climate change may occur sooner than in its

neighboring areas or in the same latitudinal zones be-

cause this region is likely to be very sensitive to global

climate change (Liu and Chen 2000). The occurrence of

hailstorms in the plateau region is determined by

unique local factors, and the insensitivity to circula-

tion patterns is an interesting phenomenon. Because

we focused on the effects of synoptic systems in this

study, the details of the plateau hailstorms will be the

focus of our future work.

6. Conclusions

A comprehensive collection of hail observations

provided by the NMIC and NCEP–NCAR reanalyses

from 1960 to 2012 were used here to analyze the long-

term trends of hail frequency in mainland China and the

associated changes in atmospheric circulation patterns.

There was no detectable trend in hail day frequency

from 1960 to the early 1980s, but a significant decreasing

trend for the annual MHDwas observed in later periods

across all of China.When considering hail day frequency

separately, a downward trend in the annual MHD in the

Tibetan Plateau started from the early 1980s, while in

northern and northwestern China it started from the

early 1990s. Annual MHD in southern China did not

decrease as significantly as in three other regions over

the last couple of decades. In terms of the spatial dis-

tribution, 37.8% of stations displayed a significant de-

creasing trend in annual hail days. These stations were

mainly located in the north and plateau regions, which

were strongly related to the unique terrain configu-

rations in China. Stations in the south had no signif-

icant trend, and no station in China displayed an

increasing trend.

An objective classification method was used to in-

vestigate the atmospheric circulation patterns. Five cir-

culation patterns were obtained with PCT. The results

showed that 51.85% of the hail days in northern China

occurred during two major circulation types (2-N and

3-N), both of which were associated with low-level low

pressure systems. More specifically, they both had deep

troughs at 500hPa and ameridional circulation at 850hPa,

with a low pressure system at sea level pressure but with

different strengths and locations. The synoptic trough in

East Asia, signified by the meridional circulation at

850hPa, weakened considerably after the 1990s along

with a weakening in the meridional wind over eastern

China. This change in the synoptic pattern was consistent

with a weakening trend in the East Asian summer mon-

soon, which was considered to be the primary dynamic

forcing with moisture transport that contributed to hail

generation in northern China. In addition, the increase of

CIN in northern China tended to stabilize the atmosphere

and made it more difficult for the air parcel to be lifted.

Short-wave troughs upstream of the plateau area increase

the chance that hailstorms happen. But this synoptic effect

is not as significant as over northern China. Both the in-

creased CIN and FLH contribute to hail day frequency

decline after 1980 in the plateau area. The long-term

variation in hail frequency over the Tibetan Plateau cor-

related well with the variation of mean FLH rather than

the strength of the East Asian monsoon. Further model

sensitivity studies should be considered to explain the

changes of hail day frequency.
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