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Abstract  7 

Frequent occurrences of extreme cold weather processes create severe agricultural/forest frost 8 

events, even given the background of global warming. In the warm temperate zone of China, which 9 

is the largest planting area for fresh apricot, late spring frost disaster has become one of the major 10 

meteorological hazards during flowering. To prevent cold weather-induced apricot frost events and 11 

reduce potential losses in related fruit economic value, it is vital to establish a meteorological 12 

indicator for timely and accurate identification of cold weather process-based apricot frost events, 13 

to provide support for timely apricot frost monitoring and warning in late spring. In this study, daily 14 

minimax temperature (𝑇𝑚𝑖𝑛) and apricot frost disaster data during flowering were combined to 15 

establish meteorological identification indicators of apricot frost based on cold weather processes. 16 

A process-based apricot frost model 𝑓(𝐷, 𝑇𝑐𝑢𝑚)  was firstly constructed, and characteristics of 17 

𝑇𝑐𝑢𝑚 (accumulated harmful temperature) were explored under different D (duration days) based on 18 

the representation of historical apricot frost processes. Thresholds for the 𝑇𝑐𝑢𝑚 for apricot frost in 19 

1, 2, 3, 4 and more than 5 days of apricot frost process were determined as -1.51, -2.92, -4.39, -5.84 20 

                                                        
 Corresponding author at: No. 46, Zhongguancun South Street, Haidian District, Beijing 100081, PR China. Tel.: +86 10 58993238;  
E-mail addresses: huozhiguo_cma@126.com(Z. Huo) 



and -7.31°C, respectively. Validation results by reserved independent disaster samples were 21 

generally consistent with the historical records of apricot frost disasters, with 89.00% accuracy for 22 

indicator-based identification results. Typical process tracking of the proposed identification 23 

indicator to an apricot frost event that occurred in North Hebei during April 3-9, 2018 revealed that 24 

the indicator-based identification result basically coincides with the historical disaster record and 25 

can reflect more detailed information about the apricot frost process.  26 

Key words: Apricot; Frost process; Identification indicator: Monitoring and warning 27 

1 Introduction 28 

Frost, as a temperature-related meteorological disaster, has been recognized as a 29 

major threat to the normal growth and production of agriculture and forest productivity 30 

through freeze damage (Vitasse, et al., 2018). As public generally believe that climate 31 

change is a scientific conclusion, a decrease in the frequency and intensity of frost 32 

events has been speculated with global warming. Paradoxically, as temperatures 33 

increase in early spring, perennial crops such as fruit trees gradually become 34 

increasingly vulnerable to cold temperatures, because of climate fluctuation that has led 35 

to considerable phenological shifts, such as advancing the date of flowering, and 36 

accelerating vegetative development, leading to the advancement of frost-sensitive 37 

stages due to a warmer winter and spring (Shimono, 2011; Saeidi et al., 2012; Chen et 38 

al., 2014; Wang et al., 2018). Frost disaster is widely reported in North American 39 

ecosystems (Gu et al., 2008; Augspurger, 2013) and forest and fruit trees in Europe 40 

(Yann et al., 2018). Timely monitoring of the occurrence of frost events is of 41 

considerable importance for adopting targeted measurements to reduce economic and 42 



production losses. 43 

Cereals (e.g., maize and wheat) (Wang et al., 2013; Wang et al., 2019) and 44 

economic plantings (e.g., beech, apple, coffee and tea) (Susan et al., 2018; Antonio et 45 

al., 2019; László et al., 2019) have been shown to be vulnerable to frost, with different 46 

performance characteristics and mechanisms in response to frost. For example, serious 47 

frost caused by an extreme cold event has been witnessed after an earlier growing 48 

season onset, resulting in considerable loss of fruit tree yield and quality (Frederiks et 49 

al., 2015; Crimp et al., 2016). Additionally, cold tolerance varies between species. 50 

When the low temperature weather continues and frost stress increase, plants are injured 51 

irreparably, with destruction in fruit yield and quality, that is, a fruit tree frost event. To 52 

trigger a fruit tree frost event, two fundamental factors must be linked: the first is the 53 

cold weather event, including the starting/ending time, duration, degrees of cold, etc. 54 

The second is the plants’ characteristics against cold, which always differs based upon 55 

the target fruit tree species and its phenological phase (Yang et al., 2016; Yang et al., 56 

2020).  57 

To explore the cold weather conditions that cause a frost event, studies on the frost 58 

effect on fruit trees have been primarily focused on environment-controlled 59 

experiments (Hatice et al., 2019;), designing specific experiments by controlling cold 60 

environment to examine the mechanisms of frost effect and the relationships with yield 61 

and quality factors. Through controlled experiments, the impacts of low temperatures 62 

on crop or fruit trees can be directly observed and detected, following the strategy of 63 

changing one element while others are stably maintained.  64 



Largely, attention been focused on the spatiotemporal patterns of meteorological 65 

frost and their influences on crops (Xiao et al., 2018) in regional assessment. Long 66 

series of historical meteorological and yield data have generally been combined to 67 

explore the negative impact of frost on crop and fruit trees, affiliating its spatiotemporal 68 

distribution and risk changes. For example, Xiao et al. (2018) analyzed frost risk from 69 

a meteorological perspective based on the relationship between meteorological factors 70 

and yield changes. Relationships between crop or fruit productivity and low 71 

temperature indices can provide basic information on the frequency and magnitude of 72 

extremes events and their influence on agricultural or forests, but for timely monitoring 73 

or warning, pre- and during- frost damage are of more importance because the 74 

occurrence of agro-/forest frost events are always attributed to certain extreme cold 75 

processes. So, evaluating the extent of the process event-damage is of more importance.  76 

Apricot (Prunus armeniaca L.), the naturally dominant fresh apricot tree species 77 

of the warm temperate zone in China, has suffered late spring frost on the flowers and 78 

unripe fruits in orchards, which can dramatically impact apricot production (Ozkan, et 79 

al., 2018), since it negatively affects the biomass, reproduction, fruit growth, and 80 

ultimately the yield and fruit quality. In this paper, a process-based apricot frost model 81 

is proposed that could provide timely, accurate monitoring and warning of an apricot 82 

frost event based on mereological method throughout the flowering season (from mid-83 

March to late-April), when spring cold occurs in late spring. The main goal is to 84 

statistically characterize apricot frost events in the China warm temperate zone and to 85 

develop a process-based indicator for timely monitoring and warning of apricot frost 86 



disaster, with the ultimate goal of facilitating better orchard management to mitigate 87 

the effect of disaster weather. 88 

2. Materials and methods 89 

2.1 Study area  90 

The warm temperate zone of China is a major fresh apricot production area located 91 

in Northern China between 24°~42°N and 125°~104°E that includes Hebei, Henan, 92 

Shandong, Shanxi, Shaanxi, Beijing, and Tianjin provinces, as well as the areas of east 93 

of Lanzhou (Gansu province), south of Shenyang (Liaoning province), South of 94 

Ningxia, and northern part of Anhui and Jiangsu provinces (Fig.1). Fresh apricots 95 

account for more than 50% of the country's total output in this region (Zhang and Zhang, 96 

2003). The unique geographical location makes it vulnerable to the extreme cold surges 97 

from eastern Siberia or eastern Mongolia. The cold air goes south via North China, 98 

resulting in frost damage in winter and early spring (Ding and Krishnamurti, 1987; 99 

Wang, 2018; Ding et al., 2021). Severe cold extremes have been witnessed frequently 100 

in this region, resulting in severe damage to the public and the economy in recent 101 

decades. For example, during the early spring period in 2018, an extreme cold weather 102 

process assaulted the warm temperate zone, with a temperature decrease of more than 103 

14 °C. This resulted in huge areas of crops and fruit trees, including apricot, being 104 

destroyed, and it caused an economic loss of more than 2 billion dollars (Beijing 105 

Climate Center, 2018).  106 

2.2 Meteorology and disaster records  107 

https://www.sciencedirect.com/science/article/pii/S0169809520311340#bb0060
https://www.sciencedirect.com/science/article/pii/S0169809520311340#bb0300
https://www.sciencedirect.com/science/article/pii/S0169809520311340#bb0005
https://www.sciencedirect.com/science/article/pii/S0169809520311340#bb0005


Datasets including meteorological data and disaster records were used to construct 108 

apricot frost samples, facilitating the identification of indicators of apricot frost in the 109 

flowering phase in this study. Meteorological data from 150 weather stations were 110 

obtained from the National Meteorological Information Centre, China Meteorological 111 

Administration (NMIC, CMA), including daily minimum temperature datasets from 112 

1981 to 2018. Apricot frost disaster records can be derived in the China Meteorological 113 

Disasters Book (Hebei, Shandong, Henan, Shaanxi, Shanxi, Gansu, Ningxia, Beijing, 114 

Tianjin, Jiangsu, Anhui), the Yearbook of Meteorological Disasters in China, forest and 115 

fruit disasters surveys, county-based disaster records for the fruit industry, and relevant 116 

media reports. Apricot frost disaster records include the time, location, and the 117 

destruction of apricot flowers covering the period from 1981 to 2018, clearly recorded 118 

with the freezing injury time and disaster occurrence areas.  119 

2.3 Theoretical model of process-based apricot frost disaster 120 

2.3.1 Derivation of apricot frost disaster-causing factors  121 

Frost is mainly induced by the cold weather process, which can be derived from: 122 

(1) radiation frost, that is surface energy continuously radiates to the atmosphere, during 123 

calm winds, clear skies, and a temperature inversion, (2) advection frost, that is cold air 124 

advection to a region during moderate-to-high winds, overcast skies, without inversion, 125 

and (3) mixed type of both conditions (Wang et al., 2019). The daily minimum 126 

temperature, low temperature duration, diurnal temperature range, and accumulated 127 

harmful temperature should always be used as disaster-causing factors for the analysis 128 
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of the three types of frost. The intensity and duration of disaster weather determines 129 

whether it can trigger plant injury as was discovered by previous studies (Yang et al., 130 

2016). To demonstrate a frost process on apricot, the frost duration days (D) and the 131 

accumulated harmful temperature (𝑇𝑐𝑢𝑚) were chose to demonstrate a process-based 132 

apricot frost event (as showed in fig. 2), which can be defined as 𝑓(𝐷, 𝑇𝑐𝑢𝑚).  133 

2.3.2 Derivation of 𝑇𝑐𝑢𝑚 and D 134 

Relevant frost trigger thresholds, optimum thermal environment, and the 135 

resistance abilities of fruit trees vary with the development phases of the species 136 

(Álvaro et al., 2020). Flowering or leaf-out of temperate trees can resist to temperatures 137 

between −8 °C to −3 °C in experimental work or laboratory studies (László et al., 138 

2019; Hatice et al., 2019). Low temperatures (–4 °C) were applied at full flowering to 139 

select optimum apricot genotypes (Prunus armeniaca L.) with high resistance to cold in 140 

the Cappadocia region (Hatice et al., 2019). However, during clear and windless nights, 141 

temperatures measured at 2 m height under the sheltered conditions of a Stevenson 142 

screen were established to be 4 to 8 °C degrees higher than those in plant tissues (Ducrey, 143 

1998). Temperatures below 0 °C, as recorded in a standard weather station, can 144 

potentially be used in frost risk analysis on leaves, flowers and young fruits, for the 145 

mismatch of temperatures between plant tissues and weather stations (Yann et al., 2018). 146 

Commonly, a measured air temperature that is near to 0 °C is considered as a frost 147 

trigger threshold for cultivated trees in spring (Ducrey, 1998; Perraudin and Fellay, 148 

1975). So, 0 °C was chosen as the temperature potential threshold demonstrated as 𝑇𝑡ℎ𝑟, 149 

and 𝑇𝑐𝑢𝑚 was used as the ultimately determination to identify an apricot frost.   150 



𝑇𝑐𝑢𝑚 in an apricot frost event was calculated as follows: 151 𝑇𝑐𝑢𝑚 = ∑ (𝑇𝑚𝑖𝑛 − 𝑇𝑡ℎ𝑟)𝑗𝐷=1            (1) 152 

Here, 𝑇𝑐𝑢𝑚  is the accumulated harmful temperature in the apricot frost event; 153 𝑇𝑚𝑖𝑛 is the daily minimum temperature below 𝑇𝑡ℎ𝑟. 𝑇𝑡ℎ𝑟 is a threshold temperature, 154 

that is 0°C.   155 

D is the consecutive days that 𝑇𝑚𝑖𝑛 < 𝑇𝑡ℎ𝑟. 156 

2.4 Historical apricot frost process representation  157 

To represent historical apricot frost processes in this study, times and locations of 158 

historical apricot frost disaster records, as well as the daily minimum temperature data, 159 

were firstly integrated, and afterwards, D and 𝑇𝑐𝑢𝑚 in the apricot frost process were 160 

rechecked and calculated according to formula (1). Extreme low temperature processes 161 

causing apricot frost were determined after considering the D in a catchment. We took 162 

an apricot frost disaster in early April 1993 in Changzhi county (Shanxi province) as an 163 

example. Records describe this apricot frost disaster as, “At the beginning of April 1993, 164 

frost weather condition caused apricot, peach and pear petals fell off in Changzhi, 165 

Shanxi province”. Daily 𝑇𝑚𝑖𝑛 data were extracted from the Changzhi Meteorological 166 

Station, with 𝑇𝑚𝑖𝑛 < 0°C from April 7th to April 11th, with 𝑇𝑚𝑖𝑛 were -1.8, -3.6, -2.2, 167 

-5.7 and -2.9 0°C. A historical apricot frost process dataset was built, including D 168 

and 𝑇𝑐𝑢𝑚, that is D (5days) – 𝑇𝑐𝑢𝑚 (-16.2°C).  169 

According to this method, 202 samples were represented. We randomly chose 10% 170 

of disaster samples for frost identification indicator validation, while 90% of the 171 

disaster samples were used for indicator construction. Detailed information of disaster 172 



samples for apricot frost are shown in Table 1.  173 

2.5 Identification of indicators for an apricot frost 174 

Disaster sample sequence distribution fitting, interval estimation, and other 175 

methods to acquire the disaster population characteristics and construct agricultural 176 

meteorology disaster indicators have been applied and confirmed in the construction of 177 

disaster indicators such as agricultural floods (Yang et al., 2016), waterlogging, drought 178 

(Wu et al., 2018), and heat damage (Yang et al., 2020). For apricot frost disasters of 179 

different duration (in days), the threshold defines, for " D-𝑇𝑐𝑢𝑚 " combinations, the 180 

amount of 𝑇𝑐𝑢𝑚 likely to be triggered for the same D for apricot frost processes. In 181 

this study, characterises of disaster population can be attached through the probability 182 

density functions or cumulative probabilities of 𝑇𝑐𝑢𝑚 amount in each of the duration 183 

datasets. Afterwards, sample coverage rates (SCR) were calculated for different D to 184 

identify the most suitable indicators, considering the distribution of disaster samples in 185 

the disaster population probabilities.  186 

2.5.1 Distribution fitting test of 𝑇𝑐𝑢𝑚 sets  187 

Normal, exponential, and uniform distributions are commonly adopted in the 188 

expression of disaster characteristics, because of the succinct parameters and simple 189 

algorithm. So, we chose the three discrete probability distributions of 𝑇𝑐𝑢𝑚 amount in 190 

different D datasets as candidate distributions, representing the historical apricot frost 191 

processes. 192 

Kolmogorov–Smirnov (K–S) was applied for the goodness of fit testing of 𝑇𝑐𝑢𝑚. 193 



Kolmogorov–Smirnov (K–S) is a test method for comparing a frequency distribution 194 

and a theoretical distribution, or the value distributions of two observations. The null 195 

hypotheses of 𝑇𝑐𝑢𝑚 with a theoretical distribution function in each D were tested with 196 

statistical analyses of maximum difference between the empirical and theoretical 197 

distribution functions (that is, normal, exponential, and uniform). The null hypothesis 198 

is rejected at a given significance level if the test statistic exceeds a critical value (Yang 199 

et al., 2016).  200 

,max ( ) ( )n n a
x

D F x F x D
 

           (2) 201 

Here,   is a random variable with distribution dependent on  ;   is a 202 

critical value at the level of significance. 203 

2.5.2 Identification of the trigger value of 𝑇𝑐𝑢𝑚 for different D 204 

The ideal threshold can express most of the disaster population to ensure the 205 

accuracy of identification, while reflecting the concentration of independent samples to 206 

avoid misjudgement in non-disaster populations. The most suitable trigger value or 207 

disaster indicator can be derived from sample coverage rates (SCR). Firstly, inverse 208 

function values of the best fitting of 𝑇𝑐𝑢𝑚  sets were calculated with 5% step size. 209 

Secondly, SCR were calculated under the inverse function values, and we compared 210 

and chose the upper limit with the biggest SCR slope. 211 𝑆𝐶𝑅𝑖 = 𝑛𝑖𝑁𝑖          (3) 212 

Here, 𝑆𝐶𝑅𝑖 is the coverage of disaster samples at the D-th duration days; 𝑛𝑖 is 213 

the number of historical disaster samples whose 𝑇𝑐𝑢𝑚  reaches the cumulative 214 

probability of the overall disaster population with 5% step size; 𝑁𝑖  is the total 215 

nD n
,n aD



historical disaster sample at the D-th duration days. 216 

2.6 Validation of process-based apricot frost indicator 217 

2.6.1 Reserve independent sample test  218 

The rationality of the threshold for apricot frost was verified by comparing the 219 

disaster occurrence consistency between the indicator-based results and historical 220 

documentation, using the reserved independent apricot frost samples, as showed in part 221 

2.4 and Table 1.  222 

2.6.2 Typical process tracking 223 

An extreme snowfall process and strong wind cooling weather occurred in 224 

Northern Hebei in 2018, as a result of which there was frost damage to apricot trees in 225 

the northern area. The frost process of apricot in flowering is tracked in this research, 226 

through the occurring points and intensity demonstrated in D and 𝑇𝑐𝑢𝑚, based on the 227 

indicators constructed above. 228 

3 Results 229 

3.1 f (D, 𝑇𝑐𝑢𝑚) characteristics in the historical apricot frost 230 

The percentage of duration days for apricot frost process (D) was calculated based 231 

on the disaster samples. As shown in Fig.3, the minimum value of D is 1, while the 232 

maximum is 6 days in the warm temperate zone of apricot in China. A 3-day process 233 

was detected as having the highest possibility of apricot frost, followed by 4-day 234 

process, with 23.60 and 23.03% of the frost process continued for 3 days and 4 days, 235 



respectively. 7.61% and 6.52 % apricot frost samples lasted for 5 and 6 days, 236 

respectively. Considering the frost weather condition and the phenological 237 

characteristics that the flowering period of apricot trees generally lasts 7-20 days, 5- 238 

and 6-day frost processes will be discussed in a unified manner for the convenience of 239 

application. Thus, the characteristics of (D, 𝑇𝑐𝑢𝑚) were represented as in Fig.4, and the 240 

information of 𝑇𝑐𝑢𝑚 in 1, 2, 3, 4 and ≥5 days for apricot frost samples are shown in 241 

Table 2. The average 𝑇𝑐𝑢𝑚s were -2.55, -5.53, -11.91, -17.03 and -22.81°C for 1, 2, 3, 242 

4 and ≥5 days processes, respectively. 243 

3.2 Identification of an apricot frost process 244 

Results of K-S tests showed that four datasets of 𝑇𝑐𝑢𝑚 series, that is Ds 1, 2, 4 and 245 

≥5, followed normal distribution with K-S Sig: 0.189, 0.438, 0.147 and 0.398, 246 

respectively (Table 3). One dataset, that is 𝑇𝑐𝑢𝑚 series in 2 days, passed the uniform 247 

distribution significance test, with K-S Sig. 0.058, while none passed exponential 248 

distribution significance. Comparing the 3-candidate distribution fitting, normal 249 

distribution showed better performance than uniform or exponential distributions. 250 

Mathematical transformation was taken in 𝑇𝑐𝑢𝑚 in 3-days frost processes, and the final 251 

K-S Sig. was 0.078, which passed the significance fitting test.  252 

Normal distribution of 𝑇𝑐𝑢𝑚s at different duration days of apricot frost is shown in 253 

Fig.5. The inverse values of normal distribution fitting functions accumulative 254 

probability from 70% to 95% are shown as Table 4. The threshold for the apricot frost 255 

at each growth stage was identified according to the SCR at 5% cumulative probability 256 

step (Fig.6). Comparing the distribution of SCR in 70% to 90%, the slope of SCR was 257 



highest from 75% to 80% for 1 to 3 days of apricot frost, while SCR changed gently 258 

after 80%, meaning that the disaster samples for 1 to 3 days frost have a high degree of 259 

aggregation in range between 75% to 80% disaster population cumulative probability. 260 

Considering most independent disaster samples are detected in the inverse value range 261 

between 75% and 80% for 1- to 3-days frost processes, and the context of cumulative 262 

probability, an inverse value of 80% cumulative probability is more suitable as a 263 

potential threshold, for 80% of the disaster population can be detected in such 𝑇𝑐𝑢𝑚 264 

for 1 to 3 days of frost process. Inverse values of 𝑇𝑐𝑢𝑚 at 80% normal cumulative 265 

probability were firstly calculated as potential thresholds for 1 day, 2 days, and 3 days 266 

of frost processes, respectively. For instance, we took the threshold identification of 1-267 

day frost: the inverse values of 𝑇𝑐𝑢𝑚 were -1.92, -1.74, -1.54, -1.31, -1.02, -0.58 °C 268 

for normal distribution fitting function at 0.7 to 0.95 cumulative probability at 5% step, 269 

meaning that the inverse values can identify 70%, 75%, 80%, 85%, 90%, and 95% of 270 

the disaster population for 1-day apricot frost processes. Considering the independent 271 

samples distribution and deserter population characteristics, the inverse value of 80% 272 

cumulative probability, that is -1.54 °C, was identified as the threshold for 1-day frost 273 

processes. 274 

Change of SCR for 4 days and ≥5 days of apricot frost processes showed that more 275 

independent disaster samples can be detected with inverse values of higher normal 276 

cumulative probability (or lower 𝑇𝑐𝑢𝑚). Looking back at apricot frost processes, we 277 

found that frost events can be detected in the preceding three days, meaning that the 278 

disaster processes can be timely recognized from the 1-3 days as soon as possible, 279 



although the process can persist long, and the continuous accumulation of 𝑇𝑐𝑢𝑚 280 

aggravates the degree of frost damage. For 4 days and ≥5 days of frost processes, the 281 

identification thresholds were firstly constructed by the inverse value of 80% 282 

cumulative probability, and then modified according to the results of thresholds of 1- 283 

to 3-days processes. For instance, we took the threshold identification of 4 days frost: 284 

the inverse value of 80% cumulative probability of 𝑇𝑐𝑢𝑚 in 4 days of apricot frost 285 

processes was -7.21°C, which is lower than 4 times of 1 day frost threshold (-1.51 °C), 286 

2 times of 2 days frost threshold (-2.92 °C), and the sum of thresholds for 1 day and 3 287 

days processes (-1.51 and -4.39 °C). The minimum value of the above was taken as the 288 

threshold for 4 days of frost processes, that is, -5.84°C 289 

On that basis, thresholds for the 𝑇𝑐𝑢𝑚 for apricot frost in 1, 2, 3, 4 and more than 290 

5 days of apricot frost processes were determined, and indicators of apricot frost 291 

processes and their activity in disaster samples identification are shown in Table 5. The 292 

totally consistent ratio was more than 80% for disaster samples identification.  293 

3.3 Validation  294 

3.3.1 Validation of reserved independent samples 295 

Eighteen random historical apricot frost samples were independently selected to 296 

validate the applicability of the proposed apricot frost indicators. Table 6 shows the 297 

validation results of the reserved independent samples according to the apricot frost 298 

indicator constructed previously. All samples of 1-day, 2-days and more than 5-days 299 

frost processes can be identified by the indicators, and the coincidence rate of the frost 300 



indicators-based is 100%. One sample in 3 days and 4 days of apricot frost processes 301 

failed in the indicator-based identification, with frost indicator accuracies of 75% and 302 

80% for 3-days and 4-days apricot frost processes, respectively. Overall, the results 303 

calculated by the frost indicators were generally consistent with disaster records in 304 

historical documents, with 89.00% of indicator-based results completely consistent 305 

with historical records, indicating that the apricot frost indicators can reasonably reflect 306 

actual apricot frost events in the study area. 307 

3.3.2 Typical process tracking 308 

In early spring 2018, a frost event spread from north to south across the warm 309 

temperate zone, with a rare snow fall process and strong wind cooling weather. Part of 310 

the north region had a minimum temperature below 0 °C (Zhao et al., 2020). Extremely 311 

serious destruction of apricot trees was recorded in North Hebei province (located in 312 

the north part of the warm temperate zone) because of the frost event. 𝑇𝑚𝑖𝑛 of April 313 

2018 were extracted from 8 stations in North Hebei, and the average 𝑇𝑚𝑖𝑛 were below 314 

0°C from April 3th to 9th (Fig. 7). Based on the indicator constructed previously, 315 

apricot frost events according the 8 stations were identified daily in North Hebei, as 316 

showed in Fig.8. Two stations, accounting for 25% stations, detected suffered from 317 

apricot frost in 3th April. Apricot frost developed in April 4th, with 6 stations identifying 318 

apricot frost, and this lasted through April 5th and 6th. To April 7 h, all stations were 319 

identified suffer from apricot frost. The frost process alleviated gradually from 8th 320 

onward, with 88% (7 stations) and 38% (3 stations) detecting apricot frost. 321 



4 Discuss 322 

4.1 Rationality of theory and method  323 

The formation of crop frost is governed by the interacting effects of climatic 324 

conditions, topography, soil structure, frost tolerance of crop species, and field/orchard 325 

management, among which, weather conditions are the most important frost trigger 326 

factor for causing a disaster. To investigate regional frost on crop or fruit trees, yield 327 

loss and the amount of temperature-related indexes were quantitatively combined, no 328 

matter whether the temperature-related indexes are based on meteorological data or 329 

remote sensing (Tao et al., 2017; Xiao et al.,2018). Among them, meteorological based 330 

methods are recognized as the most convenient monitoring and are uniquely effective 331 

early warning tools (Shi et al., 2020). To date, most studies on forest and fruit frost have 332 

focused on the analysis of temperature conditions based on various 333 

agricultural/meteorology index calculations during the growing stages (Yang et al., 334 

2020). Previous indicators of crop frost (such as accumulated frost days or accumulated 335 

frost-degree days) (Xiao et al., 2018) could represent frost stress or characteristics in 336 

crop planting seasons under climate change, whereas the crop/fruit damage due to frost 337 

in each growth stage could be assessed based on the frost indicators, and the unique 338 

effects of an apricot frost event on crop damage can be predicted in each growth stage 339 

of the apricot tree based on the indicator constructed. 340 

It is accepted that the occurrence of frost can be triggered by a single threshold, 341 

what has demonstrated by previous studies on frost (Snyder et al., 2000; Simões et al., 342 



2015). For example, 285.5 K was recognized a damage indicator for plants in the tropics 343 

(Snyder et al., 2000). However, the extent of crop damage is strongly related to the 344 

plant’s hardiness and the development of low weather processes. 𝑓(𝐷, 𝑇𝑐𝑢𝑚)  was 345 

adopt to demonstrate process-based apricot frost event, for D is the duration of a frost 346 

event and 𝑇𝑐𝑢𝑚 is the intensity of the frost process. The construction process of apricot 347 

frost including D and 𝑇𝑐𝑢𝑚 is mainly based on the historical disaster representation 348 

and re-analysis in stations. The disaster samples cover the spatial region of the study 349 

area and confirmed with long series sequence, which is more vital in the representation 350 

of 𝑇𝑐𝑢𝑚 s in Ds. Statistical analysis, such as the optimal distribution fitting test, 351 

probability inverse function, etc., are methods for retracing the occurrence and 352 

development processes of the apricot frost in North temperate zone, and the methods of 353 

identification of an apricot frost event are both scientific and regionally applicative.  354 

4.2 Utilization of apricot frost indicators 355 

The effect of frost on fruit yield and quality is a complex process and is variable, 356 

as temperature affects so many biological processes in plants, with different species in 357 

different phenological phases each having different responses. Apricot has been 358 

recognized as a species that is sensitive to cold weather when flower buds have fulfilled 359 

the endodormancy with the beginning of active growth, and flower destruction occurs 360 

as a result of frost disaster (Hatice et al., 2019). When the low temperature weather 361 

continues and frost stress increases, flowers are injured irreparably with flower 362 

shedding, leading to an apricot frost event. The indicators identified in our study 363 

demonstrate how low temperature conditions accumulate to frost disaster weather for 364 



apricot production. The use of the apricot frost indicators can serve as a direct 365 

meteorological method to assist in the identification of apricot frost events or processes.  366 

Nowadays, operational numerical weather prediction models provide long-term 367 

and short-term effective weather forecasts, which help guide the identification of 368 

extreme weather phenomena based on space regions and time scales (Susan et al., 2020). 369 

The process-based threshold in the identification of apricot frost is operational for its 370 

frost forecasting and warning under the given weather forecast productions. More 371 

information and measures for apricot frost prevention and mitigation can be 372 

implemented according to the indicator-based calculations and results, and these can 373 

inform discussions of how to face an apricot frost disaster with the development of 374 

weather warning and forecasts. 375 

4.3 Uncertainties and limitations 376 

Apricot frost occurrence depends on the climatic conditions, species and stand 377 

ages. For example, the relationship between altitude and frost occurrence has been 378 

found in experiments (Laughlin, 1982; Laughlin and Kalma, 1987; Susan et al., 2018 379 

and 2020), that daily 𝑇𝑚𝑖𝑛 was lower at higher altitudes in the absence of absorbed 380 

ground heat and thinner air. Apricot trees planted in the northward of a hill are likely to 381 

experience more harmful cold accumulation than their counterparts southward (Bao, 382 

2011). Eastern slope has been shown to have a higher frequency of frost occurrence 383 

than western, for the prolonged cooling hours due to early sunset on the eastern slopes 384 

and late sunset on the western slopes lead to heat retention on the ground, which is 385 

released at night (Susan et al., 2018). In addition, the degree of cold environment 386 



exposure in the context of climate change affects apricots' ability to resist frost. Plants 387 

frequently exposed to cold conditions may have evolved a greater capacity to conduct 388 

a life in such circumstance or to adapt to frost stress (Hatice et al., 2019). For example, 389 

frost stress has increased the frost resistance of apricot in Taihang Mountain (including 390 

West Shanxi, North Hebei), for meteorological cold weather in such areas has recurred 391 

more frequently than in the warm plain in North China. Therefore, it is necessary to 392 

continuously optimize and revise the apricot frost trigger thresholds in specific areas 393 

according to factors such as soil, terrain, orchard management, and frost resistance 394 

abilities. Overall, the apricot frost indicators constructed in this paper is universal in the 395 

main apricot-producing areas in the warm temperate zone in China, and they can 396 

provide a basis for targeted apricot frost monitoring and warning. 397 

Owing to the complicated interacting effects of external factors, such as weather 398 

conditions, water and fertilizer conditions, and orchard management, on perennial fruit 399 

trees, it is very difficult to accurately predict loss in quality and yield, that can be 400 

attributed solely to frost processes. Additionally, the impact of frost on trees is the result 401 

of the interaction between the timing of the event, i.e., full winter vs. active growing 402 

season, the low temperature weather processes, and phenological plant status (Marco et 403 

al., 2018; Yann et al., 2018; Emilia et al., 2019). Data of apricot phenology, especially 404 

the flowering data, is an important factor with regard to frost damage, which is outside 405 

of this study’s scope. Under global warming, earlier leaf unfolding and flowering for 406 

perennial trees has been confirmed by biological observation simulation, as a response 407 

to a warmer winter. Obviously the most effective and reliable method to resist late 408 



spring frosts in apricots, thus avoiding frost damage, is late flowering (Hatice et al., 409 

2019). Development of cold weather-resistant species in winter and spring is another 410 

strategy to prevent frost damage (Hatice et al., 2019).  411 

5 Conclusion 412 

Cold extremes are unavoidable, but the lessons learned from past experience can 413 

be used to reduce the damage they inflict. In this study, a process-based apricot frost 414 

model 𝑓(𝐷, 𝑇𝑐𝑢𝑚)was firstly constructed for the purposes of timely identification of 415 

apricot frost events caused by single cold weather processes on the warm temperate 416 

zone of China. Characteristics of 𝑇𝑐𝑢𝑚 were explored under different D based on the 417 

representation of historical apricot frost processes. Thresholds for the 𝑇𝑐𝑢𝑚 for apricot 418 

frost in 1, 2, 3, 4 and more than 5 days lf apricot frost processes were determined as -419 

1.51, -2.92, -4.39, -5.84 and -7.31°C, respectively. 420 

Given the intensification of climate extremes, improving and innovating apricot 421 

frost management measures based on such process-based identification indicators is 422 

essential to reduce agro-forest losses associated with frost disasters of apricot in the 423 

warm temperate zone. Our findings have important implications for government, 424 

orchard farmers, and agricultural insurance to take measures for apricot frost prevention 425 

and mitigation. With the continuous improvement of yield and quality data and the 426 

supplementation of disaster documents, as well as geological, topographical, and 427 

orchard managements, apricot frost trigger thresholds will be continuously optimized 428 

and revised in specific areas. Additionally, threshold-based classification of disaster 429 

evaluation level needs to be elaborated and enhanced, thereby creating a complete 430 



assessment of apricot frost risk in the main planting area of the warm temperate zone. 431 
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Figures

Figure 1

The inset map shows the location of the warm temperate zone of apricot cultivation and meteorological
stations. Note: The designations employed and the presentation of the material on this map do not imply
the expression of any opinion whatsoever on the part of Research Square concerning the legal status of
any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 2



The theoretical diagram of the apricot frost disaster-causing factors for a process-based apricot frost
event.

Figure 3

Duration frequency of D in historical apricot frost samples.



Figure 4

Representation of T_cum characteristics for different D

Figure 5

Normal distribution of T_cums for different Ds. Notes: a is normal distribution of T_cums in D=1 day; b is
normal distribution of T_cums in D=2 days; c is normal distribution of T_cums in D=3 days; d is normal
distribution of T_cums in D=4 days; e is normal distribution of T_cums in D≥5 days.



Figure 6

SCR distribution under different cumulative probabilities of best �tting of T_cum

Figure 7

Dairy change of regional T_min in April 2008.



Figure 8

Typical apricot frost process tracking in April 3th-9th, 2008. The red points were identi�ed apricot frost
based on the indicator. Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.


