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Abstract: Crop frost, one kind of agro-meteorological disaster, often causes significant loss to
agriculture. Thus, evaluating the risk of wheat frost aids scientific response to such disasters,
which will ultimately promote food security. Therefore, this paper aims to propose an integrated risk
assessment model of wheat frost, based on meteorological data and a hybrid fuzzy neural network
model, taking China as an example. With the support of a geographic information system (GIS),
a comprehensive method was put forward. Firstly, threshold temperatures of wheat frost at three
growth stages were proposed, referring to phenology in different wheat growing areas and the
meteorological standard of Degree of Crop Frost Damage (QX/T 88-2008). Secondly, a vulnerability
curve illustrating the relationship between frost hazard intensity and wheat yield loss was worked
out using hybrid fuzzy neural network model. Finally, the wheat frost risk was assessed in China.
Results show that our proposed threshold temperatures are more suitable than using 0 °C in revealing
the spatial pattern of frost occurrence, and hybrid fuzzy neural network model can further improve
the accuracy of the vulnerability curve of wheat subject to frost with limited historical hazard records.
Both these advantages ensure the precision of wheat frost risk assessment. In China, frost widely
distributes in 85.00% of the total winter wheat planting area, but mainly to the north of 35°N;
the southern boundary of wheat frost has moved northward, potentially because of the warming
climate. There is a significant trend that suggests high risk areas will enlarge and gradually expand to
the south, with the risk levels increasing from a return period of 2 years to 20 years. Among all wheat
frost risk levels, the regions with loss rate ranges from 35.00% to 45.00% account for the largest area
proportion, ranging from 58.60% to 63.27%. We argue that for wheat and other frost-affected crops,
it is necessary to take the risk level, physical exposure, and growth stages of crops into consideration
together for frost disaster risk prevention planning.

Keywords: frost disaster; risk assessment; vulnerability curve; wheat; growth stage; threshold
temperature; information diffusion; hybrid fuzzy neural network model; China

1. Introduction

Among weather risks, frost is responsible for serious agricultural production losses [1]. Although
some areas have observed a reduction of frost days in recent years due to global warming [2-5],
plant ecologists are concerned about a seemingly paradoxical relationship between plant growth and
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climate change, which shows that a warming climate may actually increase the risk of plant frost
damage [6], because fluctuations in spring temperatures are a real threat to terrestrial ecosystems’
structure and function in a warming climate. Previous studies noticed that a warming climate may
increase the risk of frost damage to plants in temperate regions [6,7]. Therefore, in the context of global
warming, quantification of frost risk is very important in understanding the extent of risk and planning
for its effective mitigation [8]. Thus, there is an urgent need to strengthen the study of frost disaster
risk assessment.

Frost often occurs around the beginning of spring and the end of autumn, when cold air invades
suddenly or there is a radiative cooling of the earth’s surface [9-13]. The magnitude of freeze
damage depends on the freezing temperatures, in combination with plant growth stages [11-13].
Thus, previous studies have taken low temperature indicators to estimate frost hazard [14], including
daily minimum temperature [15-17] and the daily minimum temperature at the 850 hPa level in
some areas [1]. Although it is assumed that frost is prone to occur once daily minimum temperatures
fall below 2 °C [18,19], a 0 °C threshold of daily minimum temperature is accepted in most frost
risk assessments. If the minimum temperature falls below 0 °C on any day during the growing
period of plants in a certain year, the plant is assumed to have received frost injury during that
year [5]. This threshold is adopted by numerous studies to explain major recent incidences of frost
damage [20-26]. More specifically, daily values of minimum temperature ranges of 0 to —1.1 °C,
—1.2 to —2.2 °C, and below —2.2 °C are considered to constitute mild, moderate, and severe frost
intensities, respectively [27]. Zhong et al. [28] used temperature thresholds of 0 °C and —1.4 °C to
indicate different probabilities of regions receiving frost injury.

Although minimum temperature has been widely used in frost risk research, few studies consider
that different plants at different growth stages have different tolerance to low temperature, which also
determines the damage or loss caused by frost [29,30]. As these studies mostly ignore the different
tolerance to low temperature of different plants, their results cannot reveal the accurate risk level of
different plants. Accurate frost risk assessment of different plants is needed to provide a scientific basis
for the precise formulation of frost disaster prevention strategies. It is necessary to evaluate the frost
risk by establishing the temperature thresholds based on the resistance of the plants to low temperature
in different growth stages. On the other hand, vulnerable plants, as risk receptors, play a key role in
determining the losses caused by frost. Vulnerability, which is defined as the degree to which a system
is susceptible to and unable to cope with the adverse effects of climate change [31], is one of the key
scientific issues in disaster risk assessment [32-35]. It is recognized as a propensity to suffer adverse
consequences when crops are threatened [31,36-39]. However, most previous frost risk assessment did
not take the plant’s vulnerability into consideration. From this point, previous frost risk assessments
remain at the stage of frost hazard assessment, instead of real risk assessment, therefore they cannot
give any information on the loss of plants that were exposed to low temperatures.

Frost, as one of the major agro-meteorological disasters in China, affects crops including winter
wheat, cotton, corn, rice, sorghum, fruits, and vegetables, and often causes a significant loss of
agricultural income [5,40—42]. As the world’s third largest wheat-producing country, China’s wheat
accounts for 30% of its total grain area, so frost injury to wheat can be particularly destructive and
result in food insecurity [43—45]. Wheat ears, especially, can suffer severe frost damage with a reduced
number of grains and sometimes the death of entire ears, if they are exposed to freezing temperature
after heading [46]. In regions receiving serious frost in China, the area of wheat that was frozen to
death in the immature ear period accounted for 97% of the total area of wheat fields and in some
regions yield was reduced by 60% to 70% [44]. Moreover, frost hazards have increased in China
since the 1990s. According to data from the Shangqiu meteorological station, the probability of wheat
frost per year was close to 40% in the 1970s, 50% in the 1980s, and increased to 78% in the 1990s [47].
Yan et al. [48] found that the frequency of later frost occurring in the 1990s was 1.88 times higher than
in the 1980s, although the number of years with warmer winters in the 1990s was twice that of the
1980s. China, as the most populous country with rapid economic growth, suffers great food insecurity
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due to frost. Thus, a study on wheat frost risk assessment in China not only provides crucial scientific
support for frost risk management, but also, ultimately, benefits China and the world’s food security
under a warming climate.

This paper, therefore, taking China as an example, attempts to explore the assessment methods of
wheat frost risk, taking hazardous low temperatures and vulnerable plants into account, by combining
threshold temperatures, winter wheat growth stages, and the hybrid fuzzy neural network model,
with the support of GIS. By showing the process and results of the China case through implementing
the proposed approach, the paper tries to test the feasibility of these methods and provide new thinking
for frost risk research in specific areas.

2. Materials and Methods

2.1. Data Sources

Datasets of meteorology, historical disaster data of wheat, land use, wheat planting division,
and wheat phenological phases were applied in this study. Meteorological data, including daily
maximum and minimum temperature, wind speed, humidity, and precipitation, were obtained from
752 meteorological stations throughout China for the period from January 1966 to December 2005.
Historical disaster data for wheat were obtained from the agro-meteorological station observations for
January 1978 to December 2005, and from the Encyclopedia of Meteorological Disasters in China (records
for every province from 1950 to 2000). The fields of the database include the province name, county
code, weather station code, county name, year, month, day, the lowest temperature in the day or month
affected by frost, and the production loss rate of in the affected year. Land use data (provided by the
Data Center for Resources and Environmental Sciences of the Chinese Academy of Sciences, 2001,
1:1,000,000) were acquired from TM/ETM images during 1999-2000, whose average classification
accuracy is about 81%, which can meet the requirements of researchers on the national scale [49,50].
The wheat planting division map (1:40,000,000) and the wheat phenological phase diagram were
obtained from the National Agricultural Atlas of the People’s Republic of China [51]. The wheat
phenological phase diagram is composed of four maps (1:40,000,000) including the sowing period,
the jointing period, the flowering period, and the harvest period. In this paper, the sowing period and
the jointing period were integrated into the seedling stage.

Data processing, frost risk assessment, and results analysis were done on the ArcGIS platform.
The meteorological station data were converted from dot into grid using the Inverse Distance Weighting
(IDW) interpolation method. All the non-irrigated farmland in the national land use map was extracted
as potential wheat-growing areas. A distribution map of the wheat planting was obtained by overlaying
the potential wheat grow areas and the wheat planting division map. All the data were converted or
re-sampled into a 1-km grid and registered to the Universal Transverse Mercator (UTM) projection
with a WGS84-coordinate system.

2.2. Research Framework for Assessing Wheat Frost Risk

It is widely accepted that disaster risk can be defined as the probability of harmful impacts,
or expected losses resulting from interactions between natural or human-induced hazards and
vulnerable exposed elements [37,52]. Other researchers defined disaster risk as a function of three
factors: hazard, vulnerability, and exposure [53,54]. We argue that exposure is an important property
of the hazard-affected body in agricultural disaster risk assessment [55]. For wheat, its exposure covers
the spatial distribution of planting and temporal distribution of growth. We therefore adopted the
conceptual model proposed by Dilley et al. [54] to assess wheat frost risk:

R=H x V x E, @

where R represents the frost disaster risk of wheat; H is the frost hazard index; V is the vulnerability
of wheat to frost; and E is the exposure to frost, which refers to wheat being exposed to the effects of
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low temperature. We assume that the wheat planting areas are dry farmland in a wheat planting zone.
Then, E is assigned a value of 1 where there is wheat planted; otherwise E is 0.

Therefore, there are two key steps assessing the risk of wheat subjected to frost: (1) hazard
assessment of frost based on threshold temperatures agreeing with the wheat growth stages;
(2) vulnerability assessment of wheat using the hybrid fuzzy neural network model.

2.3. Hazard Assessment of Wheat Frost Risk

2.3.1. Threshold Temperature of Wheat Frost Hazard

The basic idea [56] for determining the threshold temperature of wheat frost hazard is to determine
the start and end dates of the seedling stage, flowering stage, and harvest stage of wheat firstly,
according to phenology in different wheat growing areas. Then, combined with the meteorological
standard of frost in each growing stage, the threshold temperature of wheat frost was selected from
meteorological data.

According to phenological phases of wheat, the start and end dates of three growth stages
(Table 1), the seeding stage, the flowering stage, and the harvest stage, were acquired from the National
Agricultural Atlas of the People’s Republic of China [51].

Table 1. Wheat growth stages.

Wheat Planting Regions Seedling Stage (mm/dd) Flowering Stage (mm/dd)  Harvest Stage (mm/dd)

Beijing, Tianjin, Hebei, Shanxi 9/21-4/20 4/21-5/20 5/21-6/11
Shandong, Shannxi 10/1-3/31 4/1-4/30 5/1-6/11
Henan 10/11-3/20 3/21-4/20 4/21-6/11
Anhui, Jiangsu 10/21-3/10 3/11-4/20 4/21-6/1
Shanghai 10/21-2/29 3/1-4/20 4/21-6/1
Guizhou 10/21-2/10 2/11-3/20 3/21-5/21
Chongging 11/1-1/20 1/21-2/29 3/1-5/1
Hubei 11/1-2/29 3/1-4/10 4/11-6/1
Hunan 11/1-2/20 2/21-3/31 4/1-5/21
Jiangxi 11/1-2/10 2/11-3/31 4/1-5/11
Sichuan 11/1-1/31 2/1-3/10 3/11-5/11
Yunnan 11/1-1/31 2/1-2/29 3/1-/5/1
Zhejiang 11/11-2/20 2/21-4/10 4/11-5/11
Fujian 11/11-1/31 2/1-2/29 3/1-5/11
Guangdong, Guangxi 11/11-12/31 1/1-1/31 2/1-4/1
Liaoning 9/11-4/30 5/1-5/31 6/1-7/11
Gansu 9/11-4/30 5/1-5/31 6/1-7/21
Ningxia 9/21-4/30 5/1-5/31 6/1-7/11
Xinjiang 9/11-4/30 5/1-5/31 6/1-7/11
Tibet 9/11-5/10 5/11-6/10 6/11-9/1

Then, referring to the meteorological standard of the People’s Republic of China “Degree of Crop
Frost Damage (QX/T 88-2008)” [57], the threshold temperatures of three grades of frost damages at
seedling stage, flowering stage, and harvest stage (based on the daily minimum air temperature, °C) of
wheat were constructed (Table 2). A hazard assessment database was thus established by calculating
the number of days of the spring frost and fall frost.

Table 2. Threshold temperatures of wheat frost (based on daily minimum temperature, °C).

Light Frost Moderate Frost Heavy Frost

Seedling Flowering  Harvest Seedling Flowering Harvest Seedling Flowering  Harvest
Stage Stage Stage Stage Stage Stage Stage Stage Stage

—7.0-8.0 0.0-1.0 —-1.020 —8.09.0 —1.0-2.0 —2.0-3.0 -9.0-10 —2.0-3.0 —-3.04.0
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2.3.2. Wheat Frost Hazard Assessment Method

An exceeding probability prediction method was adopted to assess wheat frost hazard, based on
the average daily minimum temperature in the wheat growing period, obtained according to the
threshold temperatures of wheat frost (Table 2). The principle of this method is as follows.

In a certain period of time [t;, to], if the probability that the frost hazard intensity is equal to or
more than S is defined as P and the cumulative probability is CF(S), then the relationship between
the probability of exceeding probability, hereafter denoted as P(S), and the cumulative probability is
as follows:

CFE(S)

P(S) = —— €

where T is the length of time period [t;, tp]; its value equals to t; — t; + 1. In this case, the time period
is from 1966 to 2005, so T = 40.

During the period of time [t;, t;], if the probability that the hazard intensity index is equal to or
more than S is expressed by P (5, t), then:

P(S,t) =1— {1 - (C}fr(s)ﬂt =1-(1-P(9)), t C [t, ta]. ©)

The probability of exceedance in every grid was calculated by using the average minimum
temperature data in the growth period of wheat from 1966 to 2005, a total of 40 years. We ordered
the average daily minimum temperature in descending order: if the rank of hazard intensity is 20,
the intensity is defined as “once every 2 years”; if the rank of hazard intensity is 8, the intensity is
defined as “once every 5 years”; if the rank of hazard intensity is 4, the intensity is defined as “once
every 10 years”; if the rank of hazard intensity is 2, the intensity is defined as “once every 20 years”.
In a fixed exceedance probability (a certain level of risk), this paper drew wheat frost hazard risk

maps for the four hazard risk levels including “once every 2 years”, “once every 5 years”, “once every
10 years” and “once every 20 years”.

2.4. Vulnerability Assessment of Wheat Frost Risk

Vulnerability assessment of wheat aims to find the relationship between low temperature and the
observed wheat yield, which can give valuable information when trying to estimate the probability
of agriculture losses. One of the methods is to build a vulnerability curve. As a fine quantitative
assessment method, a vulnerability curve expresses the quantitative relationship between the hazard
intensity and the vulnerability of the hazard-affected body. Practically, a vulnerability curve is
constructed by using historical disaster data and statistical analysis [35]. However, historical records
of disaster losses are often insufficient and incompatible for using traditional statistical methods to
build vulnerability curves [58]. To simulate nonlinear and complex relations from small samples,
Huang [58-60] proposed the hybrid fuzzy neural network model by combining the information
diffusion method and the backpropagation algorithm (BP) for neural network.

This model employs the information diffusion method (IDM) to construct fuzzy “if-then” rules as
many as the given observations. Contradictory patterns are changed to be compatible for training a BP
neural network effectively by using an information-diffusion-approximate-reasoning estimator (IDAR).
Huang and Leung [58] utilized hybrid fuzzy neural network model to estimate the relationship between
isoseismal area and earthquake magnitude. They found that the IDM can change the contradictory
patterns from a limited number of historical seismic records into more compatible ones, which can
effectively train the neural network with backpropagation algorithm to obtain the accurate relationship.
The hybrid fuzzy neural network model has been widely used in many studies [59-64], which shows
that this model can effectively resolve the problems related to contradictory patterns from small
samples and improve the accuracy of risk assessments.
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2.4.1. Diffuse Historical Records Using the Information Diffusion Method

In this paper, a hybrid fuzzy neural network model approach was adopted to assess the wheat
vulnerability [58,61]. We employed daily minimum temperature as a frost hazard indicator on frost
days that were collected from wheat frost hazard cases in wheat planting regions during 1951-2002 as
input sampling X, and yield loss rate of wheat as output sampling Y (Table 3). We derived patterns from
(xl-,yl-), X = {xl,xz, e ,.XQ5} = {—18, —0.8, ey —301} and Y = {yl,yz, e ,y25} = {045,02, e ,080}
by using the information diffusion method. The procedures of hybrid fuzzy neural network modeling
are described as follows:

Let X = {Xj, X5, ... X;;} be a given sample with daily lowest temperature x and yield loss rate of
wheat y, then the given sample set could be written as

X = {Xll XZ/ o Xn} = {(xlr yl)r (.Xz, y2)/ ey (x'rl/ yrl)} (4)
Then, let the discrete universe of discourse of daily lowest temperature be:
U={uy,uy,... un}t={-306-301,...,—0.1},

where the step size is 0.5.
Let the discrete universe of discourse of yield loss rate of wheat be:

V = {0v1,0,...,05} = {0.050,0.100, . ..,0.850},

where the step size is 0.05.
We applied the equations from Huang and Leung [58] to obtain the normal diffusion coefficients
for x and y as

hy = 2.6851(by — ay)/(25 — 1) = 33228 and hy, = 2.6851(by — a,) /(25 — 1) = 0.0783.

w(x;, u) is assumed as the normal diffusion function of x; in set U, and then normalized by
maximum value to obtain ., (u). A fuzzy classification function is constructed by normal diffusion
equations (5), which reflects the extent to which u belongs to the fuzzy set “x; near”.

02
wxi,u) = - 127te><10 [— (MZh ? 1 ®)

1 (0—y:)?
(y;,0) = exp | —
Then any input-output observation such as (x;,y;) € X in Formula (3) can be transformed to two
fuzzy sets:

A= [ )/, Bi= [y (0) /0. ©)

Applying the normal information diffusion Equations (5) and (6), observation X; can be changed
into fuzzy subsets as

HR, (u,0) = wa, (u)up, (v);u € U,0 € V. @)

Thus, n fuzzy relation matrices can be obtained from 1 samples.
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For example, let i = 1, then (x1, y1) = (—18, 0.45), and the fuzzy subset is calculated as

vl .- v7 v8 ©v9 v10 .-+ vl15

! 0.000 --- 0.000 0.000 0.000 0.000 --- 0.000

Uy 0.000 --- 0394 0726 0.891 0.726 --- 0.000

Un3 0.000 --- 0419 0772 0947 0.772 --- 0.000

R — Upy 0.000 --- 0435 0.802 0984 0.802 --- 0.000
1= Uss 0.000 --- 0442 0815 0999 0.815 --- 0.000
Uog 0.000 --- 0439 0.810 0993 0.810 --- 0.000

Uo7 0.000 --- 0467 0786 0964 0.786 --- 0.000

. 0.000 --- 0.000 0.000 0.000 0.000 --- 0.000

In the actual calculation, U is usually not continuous, so xy is not equal to any value in U. Under
this situation, a fuzzy set as input can be obtained by the information distribution equations (8):

N 1—|X0—1/t]'|/A, xo—uj|§A
o (1) _{ 0, [xo —u;| > A ’ ®

where A = uj 1 —u;.
When the minimum temperature is given, suppose xg = —18, we can change it into a fuzzy subset
of U by using the information distribution Equation (8) as follows:

62
F= Yy, (1) /u; = 0/-30.600 +0/-30.100 + ... +0.8/-18.1 +0.2/-17.600 + ... + 0/~0.1.
j=1

From the fuzzy set of x¢ and R; to the fuzzy inference, the membership function is as follows:

My (0) = Y by (1) g, (11,0), ©

assuming
ty, (0) = maX{uyo (0) } (10)

Then the maximum non-diffused value §; = v/, and weight w; = Hy (v). Then the result is
calculated by using an integration formula to combine all Ry, Ry, ... , Ry:

Yo= (sz@)/(sz) (11)
i i=1

When given x = —18, the relevant output value y; is 0.445. This means that, in major wheat
planting regions of China, according to historical frost loss records, if the daily minimum temperature
reaches —18 degrees Celsius, the loss rate of winter wheat is about 44.5%. The model composed of the
Equations (4)—(11) is the information diffusion approximate reasoning. Then the historical disaster
records ((x1, 1), (x2,Y2), ..., (Xn, yn)) can be transformed to new samples ((x1, Y1), (X2, Y2), .-, (X, Yn))
by the information diffusion approximate reasoning.

2.4.2. Vulnerability Curving of Winter Wheat Based on Diffused Historical Disaster Data

The BP neural network has been widely used in disaster assessment and other relevant
fields [58-61]. In this paper, we first employed the abovementioned information diffusion method to
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get diffused derivative samples. Then the BP neural network was trained by the derivative samples on
the Matlab platform to simulate the relationship between the minimum temperature and the yield loss
rate of wheat. Lastly, a vulnerability curve was built by using the output of well-trained BP neural
network and linear regression.

3. Results

3.1. Vulnerability Cure of Wheat Subjected to Frost

The diffused samples and the original samples are shown in Table 3. Each dataset was used to
train a conventional BP neural network with one node in the input and output layer, respectively,
and five nodes in the hidden layer. The BP neural network was trained by the original samples X(x, y)
and the diffused samples X(x, ), respectively. After 10,000 iterations, the normalized system errors
are 0.00531 and 0.0001, respectively.

Table 3. The original sample data (y) and the diffused sample data (y).

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13
X —18 -0.8 -5.5 —6 -10 —4.6 -06 —-99 -3.7 -88 —-109 -3.7 -15
y 0.45 0.2 025 025 0.5 0.25 0.25 0.3 0.15 0.2 0.55 0.1 0.5
v 0.446 0231 0274 0.283  0.369 0260 0230 0367 0249 0344 0.385 0.249 0432
Sample 14 15 16 17 18 19 20 21 22 23 24 25
X -256 —-116 —-11 -38 -104 -109 —-04 —6 -174 =22 —4.3 —30.1
y 0.65 0.5 0.4 0.25 0.3 0.4 0.2 0.5 0.4 0.33 0.15 0.8
v 0.671 03% 038 0.250 0.376 0.385 023 0283 0443 0237 0.256 0.757

The performance of the BP neural network was tested using the values of the optimal regression
line slope (), the y-axis intercept (b), and the correlation coefficient (r). This showed that the values of
m, b, and r using the original sample data () and the diffused sample data (i) are 0.8114 and 0.9151,
0.0666 and 0.0263, and 0.9008 and 0.9934, respectively. The mean square error (MSE) of input-output
simulation is 0.1986 using diffused historical records, while it is 0.2133 using original records, which
also indicates that the input—-output relationship trained by the BP neural network using the diffused
samples is much better and more stable than the conventional BP neural network. This suggests that
the hybrid fuzzy neural network model approach could solve problems arising from insufficient and
contradictory historical disaster data.

The relationship between the daily minimum temperature and the loss rate of winter wheat
production is estimated (Figure 1). Both daily minimum temperature and the loss rate of winter
wheat production are standardized in Figure 1. Finally, the vulnerability assessment model of wheat
subjected to frost was worked out using Gaussian regression based on the output of the BP neural
network (Equation (12)):

V = 0.6037 x el ~CTAE)) 1 0.09799 x o))
x—0. 2 X 392
+0.01931 x e~ ooz’ )) 4 (5.758¢ + 012) x e~ (*10%)), (R = 0.9981), (12)

0.5277 )2)

1+0.2882 x el ~ (335"

where V is the loss rate of wheat subjected to frost hazard and x is the frost hazard intensity index.
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Figure 1. Vulnerability cure of wheat subjected to frost (data from Zhou et al., 2010 [64]).

3.2. Wheat Frost Days in China

The period of spring frosts of winter wheat ranges from 0 to 149 days; the distribution is shown
in Figure 2. This indicates that the area affected by the spring frosts of winter wheat is about 85.00%
of the land area in China. The area percentage of regions receiving spring frosts of winter wheat
over 0-20 days, 2040 days, 40-60 days, 60-80 days, and >80 days accounted for 40.00%, 10.00%,
16.00%, 20.00%, and 14.00%, respectively. The area where the days of the winter wheat spring frost are
more than 60 stretch like a band along southern Inner Mongolia, northern Hebei Province, Beijing,
Tianjin, northern Shanxi, and Shaanxi, finally directly to Ningxia. The “band” is divided into two
parts in Gansu, one branch folding to the northwest along the Hexi Corridor and the other folding to
southeastern Sichuan from northern Gansu and northwestern Sichuan.

The areas where the days of the spring frosts of winter wheat are more than 80 mainly distribute
in northern Xinjiang and Tibet. It can be up to 149 days in the central region of Tibet. However, except
for northern Xinjiang, where winter wheat is scattered, these regions do not belong to China’s winter
wheat growing areas, so the actual loss caused by frost damage is less. The real danger regions are
Liaoning, Hebei, Beijing, Tianjin, Shanxi, Shaanxi, Ningxia, Henan, and Shandong, which are the main
growing areas for winter wheat in China and experience 20-80 frost days.

The days of the winter wheat fall frost range from 0 to 74, and the distribution has the similar
band pattern (Figure 3). However, the distributed areas are smaller, mainly in 35°N—45°N. The area of
winter wheat receiving 0-20, 20-40 and >40 days of fall frost accounts for 44.70%, 41.18% and 14.12%
of total area, respectively. The areas with 040 frost days are mainly distributed in the southern part
of Inner Mongolia, Liaoning, northern Hebei, Shanxi, northern Shaanxi, Ningxia, and Gansu Hexi
Corridor. While, the areas with >40 days are still mainly distributed in northern Xinjiang and Tibet.

The spring frost days of spring wheat region range from 0 to 72, and the distribution is shown in
Figure 4. The spring wheat areas with less than 40 spring frost days account for 86.66% of the total
land area in China. Frost mainly distributes in the regions of Xinjiang, Tibet, central and southern
Inner Mongolia, Heilongjiang, and Northern Inner Mongolia. Compared to winter wheat frost and
spring wheat spring frost, the duration of spring wheat fall frost was much shorter; the highest was
only 16 days. The spring wheat region impacted by fall frost is mainly distributed in the region west to
105°E, and 92.67% of these regions received more than five frost days. The number of frost days is
relatively high in the Qinghai Tibet Plateau and Hexi corridor.
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Figure 2. Winter wheat spring frost days in China.
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3.3. Wheat Frost Hazard in China

Distribution of wheat damage probability was subject to four frost hazard intensity levels in
China, which were determined by four fixed exceedance probabilities (once every 2 years, once every
5 years, once every 10 years, and once every 20 years), as shown in Figure 5.
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Figure 5. Distribution of wheat damage probability subjecting to different frost hazard intensity levels
in China (a) once every 2 years; (b) once every 5 years; (c) once every 10 years; (d) once every 20 years.

From those four maps, it can be seen that high-risk areas of wheat frost hazard are concentrated
to the north of 35°N. The regions with the highest risk are in the northeast of China and Xinjiang
Autonomous Region. With the frost intensity levels increasing from “once every 2 years” to “once every
20 years”, the high- and medium-risk regions extend towards the south of China. However, the wheat
frost hazard intensity is relatively low in south China, generally. Area percentage of regions with
different probability of wheat damage and frost intensity levels is shown in Table 4.

Table 4. Area percentage of regions with different wheat damage probability and frost intensity
levels (%).

Frost Intensity Level

Probability Once Every 2 Years Once Every 5 Years  Once Every 10 Years  Once Every 20 Years

0.00-10.00 0.66 0.35 0.11 0.08
10.00-20.00 2.61 2.47 2.49 2.39
20.00-30.00 9.22 8.29 7.54 7.10
30.00-40.00 18.27 15.52 15.03 13.74
40.00-50.00 23.06 25.61 26.32 26.97
50.00-60.00 16.53 14.73 14.23 14.03
60.00-70.00 22.57 20.46 18.38 18.02
70.00-80.00 6.21 10.75 13.73 14.87
80.00-90.00 0.88 1.76 2.03 2.62

90.00-100.00 0.01 0.06 0.15 0.17

Regardless of the intensity levels of wheat frost, regions with wheat damage probability of
0.00%-10.00% occupy the smallest area, with an area ratio less than 1.00%. However, regions with
wheat damage probability of 30.00%—70.00% account for 80.00% of the total area, which shows that
wheat frost damage, may occur widely in China. Furthermore, the largest proportion of the area is that
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with wheat damage probability of 40.00%—-50.00%, ranging from 23.06% to 26.97% of all lands with
wheat frost intensities of once every 2 years to once every 20 years. This further confirmed that no
matter the intensity of wheat frost, nearly one-quarter of land has a 50% probability of frost damage to
wheat, which means that the potential occurrence of wheat frost disaster is widely distributed in China.

3.4. Wheat Frost Risk in China

The wheat yield loss rate caused by frost was calculated according to Equation (1) based on frost
hazard intensity and the vulnerability curve of wheat. Risk distribution maps, showing the loss rate
under different wheat frost risk levels (once in 2 years, once in 5 years, once in 10 years, and once in
20 years), were drawn (Figure 6).

These results show that high frost risk areas of wheat (loss rate over 45.00%) in China mainly
distribute to the north of 40°N and only a small part are located in Qinghai, Tibet, and Gansu.
Regardless of the risk levels, the areas with the highest wheat loss rate subject to frost are mainly
located in Heilongjiang Province. Then the areas with relatively high wheat frost risk lie between 40°N
and 35°N, including Heilongjiang, Jilin, Liaoning, Inner Mongolia, and Xinjiang Autonomous Region.
The wheat frost risk is relatively low in Yellow River Basin and Huaihe River Basin, and the lowest
risky areas are Yangtze River Basin and Pearl River Basin. Among all the wheat planting regions,
special attention should be paid to the Huang-Huai-Hai Plain. Although it is a major winter wheat
planting area and produces the greatest portion of wheat in China, the loss rate is only moderate
(from 35.00% to 45.00%). However, spring frost often produces a major loss of winter wheat yield
in this area, since spring frost usually occurs at the ear stage, which is the most vulnerable growth
stage of winter wheat. We therefore argue that, for wheat and even other frost-affected crops, it is
necessary to consider frost risk level, physical exposure, and growth stages of crops together in frost
risk prevention planning.
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Figure 6. Wheat loss rate under different frost risk levels in China: (a) once every 2 years; (b) once
every 5 years; (c) once every 10 years; (d) once every 20 years.

When the risk levels increase from a 2-year return period to a 20-year return period, the area with
a wheat loss rate of 45.00%-55.00% or 55.00%—70.00% gradually increases (Table 5), and the southern
boundary also gradually expands to the south (Figure 6). Among all wheat frost risk levels in China,
the areas of loss rate from 35.00% to 45.00% account for the largest proportion of area, ranging from
58.60% to 63.27%. This indicates that most wheat planting areas face critical threats from frost. There is
an urgent need to evaluate wheat frost risk under climate change so as to craft reasonable wheat frost
risk prevention strategies for ensuring future food security.

Table 5. Area percentage of regions with different loss rate and different risk levels (%).

Risk Levels
Loss Rate (%) Once Every 2 Years Once Every 5 Years  Once Every 10 Years  Once Every 20 Years
0.00-35.00 12.64 11.21 10.31 9.71
35.00-45.00 63.27 60.71 59.54 58.60
45.00-55.00 21.34 23.73 24.11 24.18
55.00-70.00 2.75 4.35 6.04 7.51

4. Discussion

This paper proposed the threshold temperatures of wheat frost at three growth stages, referred to
as the phenology in different wheat growing areas in the meteorological standard of Degree of Crop
Frost Damage (QX/T 88-2008) [57], based on meteorological data. The threshold temperatures used by
previous studies about frost risk assessment varied greatly, such as below 0 °C [20-26], 0 to —1.1 °C,
—1.2to —2.2 °C and below —2.2 °C [27], 0 °C, and less than —1.4 °C [28]. However, these threshold
temperatures mostly blurred the differences in vegetation resistance to low temperature, which leads
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to inaccurate risk assessment of different plants. On the contrary, our proposed threshold temperatures
are conducive to high-precision wheat frost risk assessment and avoid the shortcomings of previous
threshold temperatures. The results of wheat frost risk assessment using the proposed threshold
temperatures will, therefore, be crucial for the precise formulation of frost disaster prevention strategies.

We argue that the vulnerability of plants plays a key role in frost risk formation [32-35], which we
should take into account in frost risk assessment. Vulnerability is recognized as a propensity to suffer
adverse consequence of when crops are threatened [36-39]. However, one of the difficulties of assessing
wheat’s vulnerability to frost is a shortage of historical records of wheat yield loss under the threat
of low temperatures. To solve this problem, a hybrid fuzzy neural network model combining the
information diffusion method and the BP neural network was adopted to produce a vulnerability curve
of wheat subjected to frost. The results indicate that hybrid fuzzy neural network model could solve
the problems arising from limited frost disaster records by diffusing the valid data. In comparison with
previous studies [65-67], the introduction of the vulnerability curve makes it possible to quantitatively
evaluate the risk of wheat yield loss due to frost hazard. Furthermore, this method is expected to
improve the accuracy of the wheat vulnerability curve, if there are adequate frost disaster data.

The spatial pattern of frost days, hazard intensity and the risk levels of wheat frost disaster in
China were successfully revealed by applying the proposed methods. Using the minimum temperature
on a frost day as the index, Feng et al. [44] pointed out that wheat frost is mainly distributed in the
range of 105°E-120°E and 33°N-38°N. However, our results indicate that it is mainly distributed to
the north of 35°N. There may be two reasons for this difference. Firstly, although both Feng et al.’s and
our study used the daily minimum temperature as the frost index, the threshold temperatures of frost
hazard applied in our study were further improved by combining growth stages of wheat. Therefore,
the frost days and area of impacted region in our study are less than results from Feng et al., but our
results are more accurate. On the other hand, the southern boundary of wheat frost moved northward,
implying that global warming potentially had a tremendous impact on the spatial distribution of frost.
For example, a decreased trend of frost days has been observed in China [5].

Although a yield reduction of 60.00%-70.00% in the most seriously affected regions has been
reported [44], such a serious wheat frost does not occur frequently. Our findings show that among
all wheat frost risk levels in China, the areas with a loss rate between 35.00% and 45.00% account
for the largest proportion of area, ranging from 58.60% to 63.27%. However, these results remind
us that the risk of wheat frost is still very serious in China. Among all the wheat-planting zones,
more attention should be paid to the Huang-Huai-Hai winter wheat planting region (110°E-118°N
and 34°N-36°N), which produces the most wheat in China and is regarded as the area hardest hit
by frost [44], with an increasing probability of wheat frost since the 1970s [47,48]. In this region,
global warming may lead to advanced growth in the jointing stage and ear stage, accompanied by
a strong alternating cold and warm climate, which may actually increase the risk of frost damage
to plants in temperate regions [6,7,9,10]. For example, wheat ears can suffer severe frost damage,
with a reduced number of grains and sometimes the death of entire ears when exposed to freezing
temperature after heading [46]. We therefore argue that, for wheat and other frost-affected crops,
it is necessary to consider the risk level, physical exposure, and growth stages of crops together in
disaster risk prevention planning [55]. Moreover, in the context of global climate change, research on
the impact of global warming on crop frost risk needs to be strengthened.

5. Conclusions

Evaluating the risk of wheat frost will aid the scientific response to such disasters and ultimately
promote food security. In this paper, frost days and daily minimum temperature data were extracted
according to wheat growth periods. A vulnerability curve for wheat subject to frost was built based
on data of historical disasters using the hybrid fuzzy neural network model. The wheat frost risk in
China was assessed. The conclusions are as follows:
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The proposed methodology, coupling the wheat growing season meteorological frost index with
a hybrid fuzzy neural network model, has been shown to improve the accuracy of wheat frost risk
assessment, which is conducive to an accurate understanding of the patterns of wheat frost risk.
The proposed threshold temperatures are conducive to high-precision wheat frost risk assessment,
avoiding the shortcomings of previous threshold temperatures. The results indicate that the hybrid
fuzzy neural network model could solve problems arising from limited frost disaster records by
diffusing the valid data. Furthermore, this approach is expected to improve the accuracy of the wheat
vulnerability curve, if there are adequate frost disaster data.

The spatial pattern of frost days, hazard intensity, and the risk levels of wheat frost disaster in
China were successfully revealed by applying the proposed methods. Among all frost disaster risk
levels of wheat in China by return period, the area of 2-year return period is the largest, accounting
for 63.27%. Among all wheat frost risk levels, the areas where the loss rate ranges from 35.00%
to 45.00% account for the largest proportion of area, ranging from 58.60% to 63.27%. Wheat frost
mainly distributes to the north of 35°N and high-risk wheat areas mainly lie to the north of 40°N.
From a 2-year return period to a 20-year return period, the area of high and moderate risk increases
gradually, and high- and moderate-risk areas expand to the south. Wheat frost risk is relatively low in
Yangtze River Basin and Pearl River Basin.

The wheat frost risk is still very serious and should receive more attention, especially in the
Huang-Huai-Hai winter wheat planting region. It is observed that the southern boundary of wheat
frost moved northward, potentially because of the warming climate. However, global warming may
also lead to increased risk of frost damage to plants in temperate regions. Therefore, research on the
impact of global warming on crop frost risk needs to be strengthened.
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