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Abstract: Understanding the spatio-temporal variations in the frost-free period (FFP) and the number
of frost days (FD) is beneficial to reduce the harmful effects of climate change on agricultural
production and enhancing agricultural adaptation. However, the spatio-temporal variations in FFP
and FD and their response to climate change remain unclear across China. To investigate the impact
of climate change on FFP and FD, the trends and variations in FFP and FD across China from 1950 to
2020 were quantified using ERA5-Land, a reanalysis dataset with high spatial and temporal resolution.
The results showed that ERA5-Land has good applicability in quantifying the trends and variations
in FFP and FD across China under climate change. The spatial distribution of multi-year average
FFP and FD across China showed significant latitudinal zonality and altitude dependence, i.e., FFP
decreased with increasing latitude and altitude, while FD increased with increasing latitude and
altitude. As a result of climate warming across China, the FFP showed an increasing trend with
an increase rate of 1.25 d/10a and the maximum increasing rate of FFP in the individual region
was 6.2 d/10a, while the FD showed a decreasing trend with a decrease rate of 1.41 d/10a and the
maximum decreasing rate of FD in the individual region was —6.7 d/10a. Among the five major
climate zones in China, the subtropical monsoon climate zone (SUMZ) with the greatest increasing
rate of 1.73 d/10a in FFP, while the temperate monsoon climate zone (TEMZ) with the greatest
decreasing rate of —1.72 d/10a in FD. In addition, the coefficient of variation (Cy) of FFP showed
greater variability at higher altitudes, while the Cy of FD showed greater variability at lower latitudes
in southern China. Without considering the adaptation to temperature of crops, a general increase in
FFP and a general decrease in FD were both beneficial to agricultural production in terms of FFP and
FD promoting a longer growing period and reducing frost damage on crops. This study provides
a comprehensive understanding of the trends and variations in FFP and FD under climate change,
which is of great scientific significance for the adjustment of the agricultural production layout to
adapt to climate change in China.
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1. Introduction

The frost-free period (FFP) is the period of the year after the last frost day (LFD) and
before the first frost day (FFD), during which no hoarfrost occurs [1-3]. The FFP is closely
related to the growing period of crops, as a long FFP is associated with a long growing
period of crops, and the length of the FFP is a very important heat index in agriculture [1,2].
The number of frost days (FD) is the total number of days in a year that frost occurs [4,5].
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Frost is a relatively common extreme agro-meteorological disaster that occurs in winter
and spring [6-8], primarily caused by the sharp drop in temperature below 0 °C in a short
time due to the southward movement of the cold wave, or by strong radiation cooling at
ground level on the night of the day when the weather changes from cloudy to clear sky
condition after being affected by a cold wave [6,9-12].

Climate change has become a common concern for scientists and the public, with the
global surface temperature rising by 1.09 °C from 2011 to 2020 compared to the industrial
revolution [13]. The trend of surface temperature in China is basically the same as the
global one in the last hundred years, but the warming in the last 50 years is more significant
than the global average [14]. Under climate warming, the frequency of cold events and the
dates of frost have changed significantly in many regions of the world [15-17]. Climate
warming has resulted in an earlier LFD, a later FFD, an increase in FFP and a decrease in
FD [7,18-23], and variations in FFP and FD have had a significant positive effect on agri-
cultural production [16,17,24-29]. This not only affected seasonal agricultural planting
planning, but also the growth and development of crops [2,18,30-33]. Consequently, deter-
mining the trends and variations in FFP and FD under climate change is important for the
planning and management of agricultural production, such as agricultural zoning planning,
agricultural production restructuring, optimization of agricultural production structures
and regional layout [2,18,30,31,34].

Research on the trends and variations in FFP and FD are generally based on sur-
face and air temperatures observed by ground-based meteorological stations [1,22,24,35].
Although the research on trends and variations in FFP and FD based on ground-based
meteorological stations is relatively effective, there are certain disadvantages to the quantifi-
cation of trends and variations in FFP and FD [22,29]. This is due to the uneven distribution
of meteorological stations in China and the limited number of meteorological stations,
especially in the vast regions of northwest China and the Qinghai-Tibet Plateau, where the
meteorological stations are very sparse [36-38]. Even the above studies extrapolated the
results to space using algorithms such as inverse distance interpolation based on station
observed data, which creates large spatial uncertainties in regions with sparse station
distribution and complex topography [39]. The uneven distribution, complex topography
and limited number of meteorological stations results in the less accurate assessment of
many climatic and meteorological conditions [38,40-42], including FFP and FD.

With the development of satellite remote sensing and data assimilation techniques
as well as land surface and atmospheric models, the spatial and temporal resolution of
reanalysis dataset has gradually increased and is widely used for the analysis of meteoro-
logical and hydrological processes applications [43-48]. Reanalysis dataset is the result of
reprocessing and analysis of historical meteorological observations to reproduce past atmo-
spheric conditions using well-established numerical prediction models and assimilation
analysis [49,50]. Reanalysis dataset is generally gridded to improve the estimation of the
meteorological elements with higher spatial and temporal resolution relative to meteoro-
logical stations, and is particularly useful in the study of meteorological and hydrological
processes in regions where meteorological stations are sparse and unavailable [43,51,52].

Although many studies have investigated the FFP and FD in single or multiple
provinces [9,18,22,29,35,53-55], the spatial and temporal variations in FFP and FD, as
well as their response to climate change remain unclear across China. China covers a vast
region and a variety of climate zones [56,57], and the geographical distribution of FFP and
FD is zonal with evident spatial differences [6,10,22]. The layout of agricultural production
is closely related to climatic conditions [58], and FFP and FD are also influenced by climatic
conditions. Therefore, based on the quantification of FFP and FD at a national level, it
is more beneficial to understand the relationship between FFP and FD and agricultural
production by further quantifying the trends and variations in FFP and FD in different
climate zones.

In the current study, the daily minimum skin temperature (Ts) and daily minimum
2 m temperature (T,) from the ERA5-Land reanalysis dataset [50,59,60] were selected as
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data sources for quantifying the trends and variations in FFP and FD across China, and the
data sources were validated using observed daily minimum ground surface temperature
(GST) and daily minimum air temperature (TEM) from the Daily Meteorological Dataset
of basic meteorological elements of China National Surface Weather Stations (DMDC)
(V3.0) [61]. The main objectives of this study are (1) to analyze the spatial pattern of FFP
and FD across China, (2) to quantify the trends and variations in FFP and FD across China
during 1950~2020 and (3) to explore the effect of variations in FFP and FD on agricultural
production in China.

2. Materials and Methods
2.1. Study Area

The vast size of China, the long distances between east and west, north and south,
and the very different topographical and climatic characteristics of the various provinces
and regions have resulted in a great difference in FFP and FD across China. In general,
China can be divided into five main climate zones: the alpine climate zone (ALCZ), the
temperate continental climate zone (TECZ), the temperate monsoon climate zone (TMCZ),
the subtropical monsoon climate zone (SUMZ) and the tropical monsoon climate zone
(TRMZ) [57] (Figure 1). There is consistency in the trends and changes in FFP and FD for
each climate zone, while there is wide variability in the trends and variations in FFP and
FD between climate zones. In addition, China contains 34 provinces, and the trends and
variations in FFP and FD for each province are highly variable. Therefore, an integrated
quantitative analysis of trends and variations in FFP and FD from a national perspective and
in different climatic zones is of great scientific significance to adjust agricultural production
to climate change. In this study, observed daily minimum surface and air temperatures
from 822 national surface weather stations (including 620 national basic synoptic stations
and 202 national reference climatological stations) (Figure 1) with longer time series were
selected to evaluate the applicability of ERA5-Land reanalysis dataset.

0

500 1000

Kilometers
® National Basic Synoptic Stations
® National Reference Climatological Stations

Figure 1. China’s five main climate zones: the alpine climate zone (ALCZ), the temperate continental
climate zone (TECZ), the temperate monsoon climate zone (TMCZ), the subtropical monsoon climate
zone (SUMZ) and the tropical monsoon climate zone (TRMZ), and the distribution of 822 national
surface weather stations in China.
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2.2. Data Collection
2.2.1. Reanalysis Dataset of ERA5-Land

In this study, the daily minimum skin temperature (Ts) and daily minimum 2 m
temperature (T,) from the ERA5-Land reanalysis dataset were selected as the data source
for quantifying the trends and variations of FFP and FD across China. ERA5-Land is
a reanalysis dataset providing a consistent view of the evolution of land variables over
several decades at an enhanced resolution, and ERA5-Land has been produced by replaying
the land component of the ECMWEF ERAS climate reanalysis [50,59,60]. ERA5-Land has a
high spatial resolution of 0.1 degree (approximately 10 km), a temporal resolution of one
hour and a time of 1950 to the present. Because the temporal resolution of skin and air
temperatures from ERA5-Land is one hour, the daily minimum T, and daily minimum
T, selected in this study are the minimum values of 24 skin temperatures and 24 air
temperatures in a day, respectively. Although the original dataset covers the 1950 to the
present, we selected 1950 to 2020 as the study period. The high spatial and temporal
resolution of ERA5-Land makes this dataset very useful for all kinds of land surface
applications [50], such as FFP and FD quantification.

2.2.2. Dataset for ERA5-Land Evaluation

For the evaluation of daily minimum T and T, from ERA5-Land, the observed daily
minimum ground surface temperature (GST) and daily minimum air temperature (TEM)
used to validate these land variables were collected from 822 national surface weather
stations in China (Figure 1) during the 1951-2015 period and were provided by the China
Meteorological Administration. Data from these observations are stored in the dataset of
Daily Meteorological Dataset of basic meteorological elements of China National Surface
Weather Stations (DMDC)(V3.0), which includes the daily minimum GST and daily mini-
mum TEM [61]. Due to the early and late construction of each weather station, the time
series of the observations is not consistent across weather stations. Only a few weather
station observations had time series from 1951 to 2015, and most weather station observa-
tions had time series between 1951 and 2015. In particular, the time series of some weather
station observations in the Qinghai-Tibet Plateau do not exceed 30 years. Therefore, the
daily minimum Ts and T, from ERA5-Land were validated by the corresponding daily
minimum GST and TEM, respectively.

2.3. Methods
2.3.1. Quantitative Criteria

The FFP is the period between the LFD and the FFD, but there is no uniform definition
of the LFD and FFD [22,53]. Generally, the last time the minimum surface temperature
lower than 0 °C in the first half of the year is defined as the LFD, the first time the minimum
surface temperature lower than 0 °C in the second half of the year is usually defined as the
FFD and the period between the LFD and the FFD is defined as the FFP [53,62]. Therefore,
the daily minimum T from ERA5-Land was used to calculate the LFD and FFD, and thus
the FFP in this study.

The FD is different from the FFP, which is a period of continuity, whereas the FD
is the total number of days in a year that hoarfrost occurs. The FD is one of the 27 core
extreme climate change indices revisited by the joint CCl/CLIVAR/JCOMM Expert Team
(ET) on Climate Change Detection and Indices (ETCCDI) [4,5], and the definition of FD is
the annual count of days when the daily minimum temperature is lower than 0 °C. In view
of the above definition, the daily minimum T, from ERA5-Land was used to calculate the
FD in this study.
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2.3.2. Data Evaluation

Statistical indices were used for quantitative analysis of the performance of
ERA5-Land in estimating the daily minimum T and daily minimum T,, and four sta-
tistical indices were used in this study as follows:

NSE=1- L_Oj)j @)
Xt (0i=0)

ABE—iéU%—Q) ®3)

RMSE = %f(Rf-qf (4)

1

where R2, NSE, MBE and RMSE are the coefficient of determination, Nash—Sutcliffe ef-
ficiency coefficient, mean bias error and root mean square error, respectively. R; and O;
represent the estimated (reanalysis) and observed data at time i, respectively. n is the total
number of time steps. cov(R,O) is the covariance of estimated (reanalysis) and observed
data and ¢R and ¢O are the standard deviations of estimated (reanalysis) and observed
data, respectively.

2.3.3. Trend Analysis

In this study, the non-parametric Mann—-Kendall (MK) test [63-66] was used to analyze
the trend and significance level of the T, T,, FFP and FD.

n—-1 n
S = Z Z sgn(x; — x;) (5)
i=1 j=i+1
1 (X] — Xi) >0
sgn(xj — x;) = O1 Exj - xl; = 8 (6)
— Xj— X <

nn—1)2n+5) = 2" te(ty — 1) (2t +5)

var(S) = 18 (7)
(S—1)/y/var(S) S>0
Z = 0 S=0 ®)

(S+1)/+/var(S) S<0

where S is the statistic of the dataset, n is the length of the dataset, x; and x;j are the sequential
data values in time series i and j, m is the number of tied groups and #; denotes the number
of ties of extent k and a tied group is a set of sample data having the same value. Z is the
standardized statistics of the dataset and the positive and negative values of Z, indicate
increasing and decreasing trends, respectively. If |Z;| > Z;_ />, the trend is statistically
significant, otherwise, the trend is not statistically significant. Testing trends was carried
out at a specific « significance level, and the significance level of a = 0.05 (95% confidence
level) was applied in this study.

For the measurement of the trend in variation, the Sen’s slope method [65-67] was
used to analyze the slope of the variation, and the slope is expressed as follows:

Xj— X;
B = Median( ; —

_l)l<i<j<n )
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where B is the slope of the data variation, a positive B denotes an increasing trend, while a
negative f means a decreasing trend.

3. Results
3.1. Performance of ERA5-Land

The daily minimum GST from DMDC (V3.0) was used to validate the daily minimum
Ts from ERA5-Land, and the daily minimum TEM from DMDC (V3.0) was used to validate
the daily minimum T, from ERA5-Land. Figures 2 and 3 show the statistical indices
between the daily minimum Ts and T, from ERA5-Land and the daily minimum GST and
TEM from DMDC (V3.0) at 822 national surface weather stations in China, respectively.

(b) NSE B\
" : 7‘.
‘_‘AV : o. : o.;
¢~
* <0.0 ‘ )i
© 0.0-0.3 ¢
0.3-0.6 p2
0.6-0.9
© 0910

(d) RMSE (°C)

* >80

® 6.0-8.0
4.0-6.0
2.0-4.0

* 0.0-2.0

Figure 2. Statistical indices of the daily minimum T, from ERA5-Land against observed daily
minimum GST from CMCD (V3.0) at 822 national surface weather stations in China. (a) R?, coefficient
of determination; (b) NSE, Nash—Sutcliffe efficiency coefficient; (c¢) MBE, mean bias error; (d) RMSE,

root mean square error.

As can be seen from Figures 2a and 3a, the correlation between ERA5-Land simulated
and meteorological stations observed daily minimum surface temperature and air tem-
peratures is pretty good, with an R? greater than 0.6 at all 822 national surface weather
stations across China. Overall, the performance of ERA5-Land for daily minimum T;
and T, simulation is better in East China than in West China, and better in flat regions
than in high-altitude regions, and the performance of ERA5-Land for daily minimum T
simulations is better than that for daily minimum T, simulations. Meanwhile, it can be
seen from Figures 2 and 3 that there is a significant underestimation of daily minimum T;
and T, simulated by ERA5-Land, and this underestimation shows a regional pattern, with
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the underestimation of daily minimum Ts and T, mainly concentrated in regions with high
altitude and complex terrain, such as the southeastern Qinghai-Tibet Plateau. The regional
underestimation of daily minimum Ts and T, from ERA5-Land may have a negative impact
on the quantification of local trends and variations in FFP and FD.

(a) R2 SEDN (b) NSE
7. 3 O TR ¥
* 0.60~0.65 * <0.0
* 0.65~0.75 * 0.0~0.3
0.75~0.85 0.3~0.6
0.85~0.95 0.6~0.9
* 0.95~1.00 * 0.9~1.0
(c) MBE (°C) (d) RMSE (°C)
® <45 *>8.0 LT
® .45~15 6.0~8.0 a2
-1.5~15 S e N " 4.0~6.0
1.5~4.5 S ailE 2.0~4.0
®>45 s * 0.0~2.0

Figure 3. Statistical indices of the daily minimum T, from ERA5-Land against observed daily
minimum TEM from CMCD (V3.0) at 822 national surface weather stations in China. (a) R?, coefficient
of determination; (b) NSE, Nash—Sutcliffe efficiency coefficient; (c¢) MBE, mean bias error; (d) RMSE,
root mean square error.

3.2. Spatial and Temporal Variation of Annual Mean Minimum Ts and T,
3.2.1. Annual Mean Minimum T

To quantify the trends and variations in daily minimum T and T, across China from
1950 to 2020, statistics and trend tests were conducted on the annual mean minimum T
and T, as shown in Figure 4. From Figure 4a, the spatial distribution of the annual mean
minimum T has significant latitudinal zonality and altitudinal dependence. The annual
mean minimum T decreases with increasing altitude in high-altitude regions such as the
Qinghai-Tibet Plateau, the Tianshan Mountains and the Altai Mountains, while the annual
minimum Ts decreases with increasing latitude in East China and other regions.

Based on the MK trend test (Figure 4b), it shows that the annual mean minimum T}
generally shows a significant increasing trend in other regions of China, except for the
borderlands in West China, the eastern Qinghai-Tibet Plateau and the Yunnan-Kweichow
Plateau, where there is no significant increasing or decreasing trend of annual mean
minimum T, but the degree of increase in annual mean minimum T varies greatly between
regions. As can be seen from Figure 4c, Northeast China, northern Xinjiang, North China
and the central and southeastern Qinghai-Tibet Plateau were the regions with the largest
rates of increase in annual mean minimum Ts in China. In particular, the rate of increase
in annual mean minimum T in Northeast China exceeded 0.2 °C/10a, with most regions
experiencing increases of between 0.2 °C/10a and 0.53 °C/10a, indicating that Northeast
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China was the region with the most significant increase in annual mean minimum T in
China. In addition, as can also be seen from Figure 4c, individual regions, such as the
eastern and southern margins of the Tianshan Mountains, parts of the eastern Qinghai-
Tibet Plateau and parts of northwest Yunnan Province showed decreasing trends in annual
mean minimum T, but for the whole country, the annual mean minimum T was generally
increasing rapidly.

(a) Mean annual minimum Ts ('C)
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™-0.38~0
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(d) Mean annual minimum Ta (C)

-_-26~-20 C30~5
=-20~-15 =35~10

=-15~-10 =10~15
£=-10~-5 =m15~20
0-5~0  wm20~24

(e) MK trend test of Ta (f) Sen's slope of Ta ('C/10a)

=-0.13~0

5 £30~0.10 55
,6 % £30.10~0.20 L.
y . Significant increase m0.20~0.30 §
’ CINot Significant ' o ==0.30~0.40
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Figure 4. Spatial distribution of annual mean minimum Ts and T,. (a) Trends of annual mean
minimum T based on the Mann-Kendall trend test (95% confidence level), (b) Sen’s slope of the
annual mean minimum T, (¢) annual mean minimum T, (d) trends of annual mean minimum T,
based on the Mann-Kendall trend test (95% confidence level), (e) Sen’s slope of the annual mean
minimum T, (f) across China during the 1950~2020.

3.2.2. Annual Mean Minimum T,

Similar to the spatial distribution pattern of the multi-year average annual mean
minimum T, the spatial distribution of the annual mean minimum T, also has obvious
latitudinal zonality and altitudinal dependence (Figure 4d). Except for high-altitude regions
such as the Qinghai-Tibet Plateau, the Tianshan Mountains and the Altai Mountains, the
annual mean minimum T, in East China decreases with increasing latitude, and the Tarim
Basin is the region with the highest annual mean minimum T, in Northwest China due to
its relatively closed geographical environment and geological conditions.

Except for the periphery of the Qinghai-Tibet Plateau and parts of the central Tarim
Basin, where there is no significant trend in annual mean minimum T}, the rest of China
shows a significant increasing trend (Figure 4e). Most regions of China show a significant
increasing trend in annual mean minimum T, but the degree of increase in annual mean
minimum T, varies considerably from place to place. As can be seen from Figure 4f, North-
east China, northern Xinjiang, North China and the eastern and central Qinghai-Tibet
Plateau were the regions with the greatest rate of increase in annual mean minimum T,
across China, especially Northeast China, where the rate of increase in annual mean mini-
mum T, greater than 0.2 °C/10a, with most regions experiencing increases ranging from
0.2 °C/10a to 0.53 °C/10a, indicating that Northeast China was the region with the most
significant increase in annual mean minimum T, across China. Although very few regions
in the Sichuan Province and Turpan Basins showed a decreasing trend in annual mean
minimum T,, nationally, the annual mean minimum T, was generally increasing rapidly.
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In addition, as can be seen from Figure 4c,f, there was considerable spatial consistency in
the variability of the annual mean minimum Ts and T, across China.

3.3. Spatial and Temporal Variation of FFP
3.3.1. Spatial Distribution

Figure 5a shows the spatial distribution pattern of the multi-year average FFP across
China from 1950 to 2020, from which the spatial distribution of FFP across China was
characterized by obvious latitudinal zonality and altitude dependence. It is obvious that
the high-altitude mountainous regions of the Qinghai-Tibet Plateau, the Qilian Mountains,
the Tianshan Mountains and the Altai Mountains were the regions with the smallest FFP,
especially in the northern Tibetan Plateau and the Kunlun Mountains in the northwestern
part of the Qinghai-Tibet Plateau, where FFP was even less than 10 days and there was
almost no FFP throughout the year. Despite the high altitude of the Tsaidam Basin in
the northeastern Qinghai-Tibet Plateau, its relatively enclosed geography has resulted in
a much higher FFP in the basin than in the rest of the Qinghai-Tibet Plateau, making it
an extremely special region on the Qinghai-Tibet Plateau. Except for the high-altitude
regions, FFP in East and Northwest China largely showed a trend of decreasing with
increasing latitude. Provinces in the tropical monsoon climate zone, such as Yunnan,
Guangxi, Guangdong, Taiwan and Hainan, have very high FFP, all greater than 350 days.
The Sichuan Basin was also a region with very high FFP, with most regions exceeding
300 days. Overall, the spatial distribution of FFP was consistent with the spatial variation
of multi-year average surface temperatures in China.

(a) Mean annual FFP (d/year) (b) Standard deviation of FFP

m0~10  C3I150~20048 . L~ ||mm0~4  320~24
m=10~30 E3200~250 ‘ ’ m4~8  [24~28
mEm30~60 EN250~300 mg~12 EN28~32
£360~100 WW300~350 £12~16 =M32~36
[1100~150 W8 350~365 C116~20 WW36~38
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m-1.8~-1.2 @82.0~3.0
£3-1.2~-0.6 #3.0~4.0
£3-0.6~0.0 W™4.0~6.2

M Significant decrease
C3INot Significant
. Significant increase

Figure 5. Spatial distribution of multi-year average FFP, (a) standard deviation of FFP, (b) trends of
FFP based on the Mann-Kendall trend test (c) and Sen’s slope of FFP (d) across China during the
1950~2020.

The standard deviation of FFP from 1950 to 2020 in Figure 5b shows that the spatial
distribution of FFP varies significantly across China, with the eastern and southern parts of
the Qinghai-Tibet Plateau, the regions around the Tsaidam Basin and the Sichuan Basin,
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as well as the southern edge of the subtropical monsoon climate zone, being regions of
high interannual variability in FFP in China. Especially in the eastern and southern parts of
the Qinghai-Tibet Plateau, where the standard deviation of FFP was greater than 20 days,
indicating that the annual mean surface temperature in these regions was more variable
indirectly. The standard deviation of FFP in other regions of China was not very variable
and did not show a clear latitudinal zonality.

3.3.2. Temporal Variations

Interannual trends in FFP across China from 1950 to 2020 were quantified at the
95% confidence level based on the MK trend test and Sen’s slope method, as shown in
Figure 5c,d. As can be seen from Figure 5c, there were significant regional differences
in the interannual trends of FFP across China. Overall, North China, Northeast China
and Zhejiang Province were the regions where the significant increase in FFP was more
concentrated. The outer Tarim Basin, the Junggar Basin and the Turpan Basin were also
regions with a relatively high concentration of significant increases in FFP. In addition,
the FFP in some regions of the Qinghai-Tibet Plateau and South China also showed a
significant increasing trend, but did not show a clear regional pattern. Only a very few
regions showed a significant decreasing trend in FFP, such as parts of the southern Sichuan
Province and parts of the northern Yunnan Province. A comparison of Figure 5¢,b shows
that the interannual trends in FFP and the annual mean minimum T across China were
not entirely consistent.

From the decadal rates of variation in FFP in Figure 5d, there were large differences in
the degree of interannual variability in FFP across China. Most regions of China showed
increasing trends in FFP, with rates of variation in FFP ranging from 0 to 6.2 d/10a, except
for parts of western Inner Mongolia, northern Gansu Province, the Kunlun Mountains, the
central and eastern Qinghai-Tibet Plateau and northern Yunnan Province. Overall, the
rapid increase in FFP was the main feature of the variations in FFP across China during
1950~2020.

3.4. Spatial and Temporal Variation of FD
3.4.1. Spatial Distribution

Similar to the spatial distribution of FFP, the spatial distribution of FD also showed
a clear latitudinal zonality and altitudinal dependence (Figure 6a). Figure 6a shows the
spatial pattern of the multi-year average FD across China from 1950 to 2020. The FD
was greatest in the high-altitude mountainous regions of the Qinghai-Tibet Plateau, the
Qilian Mountains, the Tianshan Mountains and the Altai Mountains, especially in the
Kunlun Mountains in the northwestern part of the Qinghai-Tibet Plateau, where the FD
even greater than 350 days. Despite its high altitude, the relatively enclosed geography
of the Tsaidam Basin results in much lower FD in the basin than in other parts of the
Tibetan Plateau, making the Tsaidam Basin a relatively special region on the Qinghai-Tibet
Plateau. Apart from the high-altitude mountains, the FD in East China and Northwest
China basically showed an increasing trend with increasing latitude. Provinces in the
tropical monsoon climate zone, such as Yunnan, Guangxi, Guangdong, Taiwan and Hainan,
have very low FD, all less than 10 days. The Sichuan Basin was also a region with very few
FD, with most regions having less than 10 days. Overall, the spatial distribution of FD was
consistent with the spatial variation of the annual mean minimum air temperature and was
the opposite of the spatial distribution of FFP in China.

The standard deviation of FD from 1950 to 2020 (Figure 6b) shows that there were
significant differences in the spatial variation of FD across China, with the central Qinghai—
Tibet Plateau, the region around the Tsaidam Basin and the region around the Sichuan
Basin being regions with large interannual variability in FD in China, indicating greater
variability in air temperature in these regions indirectly. The standard deviation of FD in
the rest of China varied little and was similar to the spatial variation of FPP, showing no
clear latitudinal zonality.
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Figure 6. Spatial distribution of multi-year average annual FD, (a) standard deviation of FD, (b) trends
of FD based on the Mann—Kendall trend test (c) and Sen’s slope of the FD (d) across China during the
1950~2020.

3.4.2. Temporal Variations

Interannual trends in FD across China from 1950 to 2020 were quantified at the 95%
confidence level based on the MK trend test and Sen’s slope method, as shown in Figure 6¢,d.
As can be seen from Figure 6¢, the trends of FD across China showed obvious regional
differences. Overall, the FD in the peripheral alpine regions of the Qinghai-Tibet Plateau,
Sichuan Basin, most of Yunnan Province, southern Guangxi Province, southern Guangdong
Province, Taiwan Province and Hainan Province did not show a significant decreasing
or increasing trend from 1950 to 2020. Except for the above-mentioned regions, all other
regions in China showed a significant decreasing trend in FD, and only a very few regions
showed a significant increasing trend in FD, indicating that the trends in FD across China
were dominated by significant increasing trends, which was consistent with the trends in
air temperature across China in the past decades.

Despite the clear regionalization of FD trends, the degree of increase or decrease in
FD varied widely across China. Except for some alpine regions on the periphery of the
Qinghai-Tibet Plateau, where an increasing trend in FD is seen, most regions in China
showed a decreasing trend in FD, with rates of variation in FD ranging from 0 to —6.7/10a.
The central and western parts of the Qinghai-Tibet Plateau, the middle and lower reaches of
the Yangtze River, the Huaihe River Basin, northern Inner Mongolia and northern Xinjiang
were the regions with the largest FD reduction rates.

3.5. Regional Interannual Trends and Variations in FFP and FD

The interannual trends and variations in FFP and FD for different climate zones were
calculated by averaging the data for all gridded annual FFP and annual FD within each
climate zone. Figure 7 shows the interannual trends and variations in FFP and FD across
China and different climate zones from 1950 to 2020. As can be from Figure 7a, the annual
FFP of China and different climate type zones showed a significant increasing trend, among
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Frost-free Period (FFP, d/year)

which, the increase in FFP of SUMZ was the largest and the increase in FFP of TRMZ was
the smallest. The national average rate of increase in FFP was 1.25 d/10a, and the rate
of increase in FFP in SUMZ was 1.73 d/10a. The increase in annual FFP of China and
different climate type zones was SUMZ > TEMZ > China > TECZ > ALCZ > TRMZ in order.
Although the annual FFP showed an increasing trend across China and different climate
zones, the process of increase was simultaneously phased. It was clear from Figure 7a that
the FFP experienced a decreasing process for both China and the different climate zones
from 1950 to the 1970s and 1980s, and then maintained a continuous fluctuating increasing
trend from the 1970s and 1980s to the present. The phased variations in annual FFP across
China were consistent with the phased variations in surface temperature across China,
which was also consistent with the apparent warming of China from the 1970s and 1980s
onwards [68,69].
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Figure 7. Interannual trends and variations of FFP and FD for China and different climate type
zones in China during the 1950~2020. k represents the degree of variation in annual FFP and FD,
respectively, i.e., the slope of the data variation. (al-a6) Annual FFP; (b1-b6) Annual FD.
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Contrary to the trends and variations of annual FFP across China and different climate
zones, except for the TRMZ, the annual FD showed a clear decreasing trend across China
and other climate zones, where the TEMZ was the climate zone with the greatest decrease
in FD. Despite the large interannual fluctuations in the FD of the TRMZ, the FD of the
TRMZ from 1950 to 2020 did not show a significant decreasing trend. The national average
rate of decrease in FD was —1.41 d/10a, and the rate of decrease in FD in SUMZ was
—1.72 d/10a. The degree of decrease in annual FD across China and different climate
zones was TEMZ > TECZ > SUMZ > China > ALCZ > TRMZ in order. Similarly, while
there was a general decreasing trend in FD across China and in different climate zones, the
decrease has been phased. It is clear from Figure 7b that the FD experienced an increasing
process for both China and the different climate zones from 1950 to the 1970s and 1980s,
and then maintained a continuous, fluctuating, decreasing trend from the 1970s and 1980s
to the present. The phased variations in FD across China were consistent with the phased
variations in air temperature across China, which was also consistent with the marked
warming of China from the 1970s and 1980s onwards.

Among the different climate zones in China, the SUMZ was the zone with the most
significant increase in FFP, while the TEMZ was the zone with the most significant decrease
in FD, indicating that the increase in FFP and the decrease in FD was not consistent
across China.

3.6. Regional Variation Differences in FFP and FD

In order to explore the degree of difference in the interannual variations of FFP and FD
across China, the coefficient of variation (Cy) of FFP and FD across China was calculated.
As can be seen from Figure 8, there were significant regional differences in the C, of FFP
and FD across China. It was obvious that, except for the Tarim Basin, high-altitude regions
such as the Qinghai-Tibet Plateau, the Tianshan Mountains and the Altai Mountains were
the regions with the largest C, in FFP, with C; ranging from 0.3 to 8.4. In particular, the Cy
of FFP was even greater than 1 in the Kunlun Mountains in the northwestern part of the
Qinghai-Tibet Plateau, while the C, of FFP in the rest of China was not very variable, with
C, ranging from 0 to 0.3. Similarly, the Cy of FD across China also has obvious regional
differences, with the Sichuan Basin, South China and southern Tibet being the regions with
the largest C, of FD, with a C, of FD ranging from 0.3 to 8.4. In particular, the regions
near the Tropic of Cancer were the regions with the largest Cy of FD, with Cy of FD greater
than 1.

(a) Coefficient of Variation of FFP , (b) Coefficient of Variation of FD

Figure 8. Comparison of the coefficient of variation (Cy) of FFP and FD across China from 1950~2020.
(a) Cy of FFP; (b) Cy of FD.

The obvious regional differences in the C, of FFP and FD across China indicating that
the higher the altitude and lower the temperature, the greater the interannual variability
of FFP, while the higher the temperature, the greater the interannual variability of FD. In
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addition, since there was little FD in the tropical monsoon climate zone in China, the Cy of
FD in this region can be ignored.

Although the large regional variability exhibited by FFP and FD is related to regional
climatic characteristics, the variability in FFP and FD differs from the latitudinal zonality
and altitudinal dependence of climate. In particular, the spatial characteristics of FD
variability are hardly latitudinally zoned, and the large regional variability of FFP and
FD may have important implications for regional agricultural production, e.g., in the
subtropical monsoon region of southern China, an increase in FD may cause damage to
spring crops, which in turn may lead to reduced crop yields. Therefore, the large regional
variability of FFP and FD may indicate the instability of regional climatic characteristics
and regions where agrometeorological disasters occur more frequently to a certain extent.

4. Discussion
4.1. Uncertainty of ERA5-Land on the Quantification of FFP and FD

As can be seen from Figures 2a and 3a, the daily minimum Ts and T, from ERA5-
Land correlate reasonably well with the daily minimum GST and TEM from DMDC
(V3.0). However, as can also be seen from Figures 2b—d and 3b—d, there is a clear regional
underestimation of the daily minimum Ts and T, from ERA5-Land. Based on the four
evaluation indices, including the R2, NSE, MBE and RMSE, ERA5-Land is generally more
applicable to surface and air temperatures simulation in East China than in West China
and the Qinghai-Tibet Plateau, more applicable in flatter regions than in regions with high
altitude and complex terrain, and more applicable in regions with dense weather stations
than in regions with sparse weather stations. In particular, the southeast Qinghai-Tibet
Plateau is the region where the ERA5-Land underestimates daily minimum T and T, most
significantly (Figures 2 and 3).

Studies have shown that the applicability of reanalysis dataset is poor in regions with
sparse meteorological stations and complex terrain, such as Northwest China and the
Qinghai-Tibet Plateau [43,70-73]. Reanalysis dataset is an important product of numerical
modelling, obtained by assimilating quality-controlled observations (including ground,
sounding, satellite, radar, buoy, aircraft, ships and other observations) into global or regional
numerical model calculations [74,75]. Therefore, the accuracy of the reanalysis dataset for
the simulation of land variables is reduced when ground-based or airborne observations
are scarce. In addition, considering the complex terrain of the southeastern Qinghai-Tibet
Plateau, the terrain height of the reanalysis dataset may differ from the actual altitude,
leading to a deviation in the surface and air temperatures between the reanalysis and the
in situ observed data [43]. In regions with complex terrain, the meteorological stations
are generally constructed at lower elevations in flatter river valleys [36], and the terrain
around the stations is highly undulating, with average elevations much higher than the
elevations of the meteorological stations, making the average surface and air temperatures
over a larger region much lower than those at lower elevations due to the temperature
lapse rate [43].

The underestimation of daily minimum surface and air temperatures in a reanalysis
dataset such as ERA5-Land is inevitable due to the scarcity of meteorological stations at
high altitudes on the southeastern Qinghai-Tibet Plateau. Consequently, it is inevitable
that the lack of ground-based meteorological stations on the southeastern Qinghai-Tibet
Plateau leads to a reduction in the simulation accuracy of the ERA5-Land reanalysis dataset,
which in turn leads to a reduction in the quantification accuracy of FFP and FD in this
region. In fact, high-altitude mountainous regions such as the southeastern Qinghai-Tibet
Plateau are not major crop production regions in China, so the uncertainty in the trends
and variations in FFP and FD in this region based on the ERA5-Land does not affect the
accuracy of quantifying the trends and variations in FFP and FD in China as a whole.
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4.2. Effect of Variations in FFP and FD on Agriculture Production

As an important characteristic quantity of agro-climatic heat conditions, the FFP plays
a crucial role in agricultural production, especially in North China [31]. Generally, the
longer the FFP, the longer the growth period of crops, and the more conducive to the
development of agricultural production [30,31]. Under climate warming, the increase in
FFP leads to an increase in heat resources, and the increase in heat resources can prolong the
growth period of crops or increase agricultural biological yields per unit region [22,31,32,76].
Frost is a meteorological disaster that can cause serious damage to crop growth [34,77].
The decrease in FD reduces the risk of frost damage to crops and is extremely beneficial
to agricultural production [34,55]. The decrease in FD in North China has also led to a
further expansion of wheat cultivation northwards [78,79]. In summary, the increase in FFP
and the decrease in FD have had three main effects on agricultural production: firstly, the
increase in FFP has contributed to a longer crop growing period; secondly, the decrease
in FD has reduced the risk of extreme frost damage to crops; and thirdly, the increase in
FFP and the decrease in FD have contributed to an adjustment in the layout of agricultural
production to adapt to climate change.

However, the increase in FFP and the decrease in FD across China are the result of
climate warming [16] which is not entirely positive for agricultural production. Generally,
crops are divided into thermophilic crops such as rice and maize and chimonophilous crops
such as wheat and barley [80-82], where climate warming is beneficial to the growth of
thermophilic crops but detrimental to the growth of chimonophilous crops [81-84]. Studies
have shown that climate warming leads to a reduction in the yields of chimonophilous
crops such as barley on the Qinghai-Tibet Plateau, as it leads to a greater difference in
saturated water vapor pressure, which in turn reduces the stomatal conductivity of plant
leaves, reduces photosynthesis and ultimately leads to lower crop yields [85]. Climate
warming has led to a longer growing season for thermophilic crops, but also to a shorter
growing season for chimonophilous crops [81,82]. Therefore, when planning the layout of
agricultural production, it is necessary to expand the cultivation of thermophilic crops in
accordance with the increase in FFP and the decrease in FD, while shifting the cultivation
of chimonophilous crops to regions with lower temperatures, thus adjusting the layout of
agricultural production more scientifically in order to better adapt to climate change.

5. Conclusions

To investigate the trends and variations in FFP and FD across China under climate
change, this study conducted a quantitative statistics and trend test of the FFP and FD
across China from 1950 to 2020 based on the ERA5-Land reanalysis dataset. Although
the ERA5-Land simulations of daily minimum Ts and T, are significantly underestimated
regionally in regions such as the southeastern Qinghai-Tibet Plateau with high altitude
and complex terrain, from a national perspective, the ERA5-Land has good applicability
for quantifying the trends and variations in FFP and FD.

The study revealed that both the annual mean minimum T and T, showed a significant
increasing trend from 1950 to 2020, with particularly pronounced warming in Northeast
China, North China and northern Xinjiang, which has a lasting impact on the variations in
FFP and FD. Quantitative statistics and trend test of FFP and FD across China from 1950
to 2020 found that both FFP and FD showed significant latitudinal zonality and altitude
dependence, i.e., FFP decreased with increasing latitude and altitude, while FD increased
with increasing latitude and altitude; at the 95% confidence level, FFP generally showed an
increasing trend, while FD generally showed a decreasing trend across China, but there
were large spatial differences in the increase in FFP and decrease in FD between regions,
suggesting that the increase in FFP and decrease in FD was not entirely consistent in space.

For China as a whole, FFP showed a significant increasing trend with average in-
creasing rate of 1.25 d/10a, the maximum increasing rate of FFP in individual regions was
6.2 d/10a, while FD showed a significant decreasing trend with an average decreasing rate
of —1.41 d/10a, the maximum decreasing rate of FD in individual regions was —6.7 d/10a.
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Among the five major climate zones in China, the SUMZ was the region with the largest
increase in FFP, with a rate of 1.73/10a, while the TEMZ was the region with the largest
decrease in FD, with a rate of —1.72 d/10a. The variations in FFP and FD across China and
in different climate zones were phased, which was consistent with the phased variations of
surface and air temperatures across China over the past 70 years.

There is no denying that the variations in FFP and FD across China have a positive
impact on agricultural production, but the adaptability of different crop species to climate
change should also be considered when adjusting the layout of agricultural production to
make it better and more scientifically adapted to climate change.
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