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Abstract

The impacts of spring frost on agricultural production and plant ecology have been frequently reported; however, under-
standing of the spatial and temporal distribution patterns and changes in trends of spring frost events on large scale
remains limited. In this work, we explore the spatiotemporal variations of spring frost events in North America and Eurasia
from 1948 to 2016. The frequency of spring frost has increased in North America, while it has decreased in Eurasia. The
percentage of regions with increased spring frost is increasing in North America, whereas it is decreasing in Eurasia. It
was also found that the frequency of cropland experiencing spring frost is rising in North America, whereas it is falling
in Eurasia. The changes in the temporal and spatial distributions of spring frost events raise the question whether they are
triggering changes in agriculture management and potential gains and losses as the world becomes warmer, especially in
regions where the risk of spring frosts is increasing.
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1 Introduction

Over the past 50 years, even as the earth’s average surface
temperature has risen approximately 0.9 °C globally (Lu
et al. 2020), spring frosts have remained a major global
concern (Clayton and Karazsia 2020; Giorgi. 2019; Tanir
et al. 2024). They disrupt the natural cycles of plants and
animals and pose significant threats to agriculture, human
health, and ecosystems (Cowherd et al. 2023; Eekhout and
Vente 2019; Lima et al. 2021; Paul & Macadam 2021; Sales
et al. 2024; Tilburg and Hudson 2022; Viana et al. 2022).
Spring frosts, characterized by temperatures below 0 °C in
spring, are among the most extreme weather events, with a
large impact, but have not been fully investigated (Allevato
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et al. 2019; Augspurger 2013; Bascietto et al. 2018; Hol-
man et al. 2011). Spring frost events primarily occur in the
Northern Hemisphere (Liu et al. 2018). However, the Eur-
asian continent and North America exhibit significant dif-
ferences in geography, climate, and landforms (Hong 1999).
These differences are likely to induce significant differences
in the frequency and the scope of the impact of spring frost
events around the Northern Hemisphere. Seasonal crops
that are planted during fixed time intervals at global loca-
tions, and the seeds that may not be originally from the same
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vicinity, reduce the crops’ ability to adapt to spring frosts at
their new locations (Vitasse et al. 2018a). For example, as
the planet warms, tropical crops are increasingly cultivated
in sub-tropical and temperate regions of the world increas-
ing their vulnerability to sudden snaps of spring frosts. With
increasing frequency of spring frost, cellular damages in
crops increase.

Temperature data is used as an indicator of spring frost
in analyzing and assessing risks from it (Augspurger 2013).
For example, Crimp et al. (2016) have analyzed the changes
in the number of frost events in different months to assess
the risks that crops may face after planting. Xiao et al. (2018)
used the accumulated number of days of spring frost as an
index to measure the rate of spring frost and its impact on
crop yields. To reduce the negative impact of spring frost on
agriculture, Lamichhane (2021) suggested that it is neces-
sary for the assessment of the frequency and the severity of
spring frosts to support the formulation of management and
policy strategies in land and agriculture. All these studies
have emphasized the importance and the necessity of study-
ing the changes in timing of occurrences of spring frost,
especially for evaluating its impact on agriculture.

At present, information on spring frosts has relied on
localized, small-scale studies, from around the world, pro-
viding inconsistent conclusions. Intuitively, while it may
appear that as the planet warms, spring frost events would
decrease (Wang et al. 2011; Zhou and Ren 2012), but in
reality the published literature suggests a much more com-
plicated situation, with the risk of spring frosts varying
widely across geographical regions (Augspurger. 2013;
Cannell and Smith 1986; Eccel et al. 2009; Hoffmann and
Rath 2013; Kaukoranta et al. 2010; Leolini et al. 2018;
Unterberger et al. 2018; Zhong et al. 2007).

Therefore, this study aims at conducting a global analy-
sis of spring frost events to obtain a more comprehensive
understanding of their spatiotemporal patterns and potential
impacts under climate change. Since most of the long-term
global food production is primarily concentrated in North
America and in Eurasia (Potapov et al. 2022; Ramankutty
et al. 2002), we concentrate our assessment to these regions.
We have used long-term historical climate data to conduct
quantitative analysis of the variation patterns of the number
of spring frosts and their impact on agriculture (Crimp et al.
2016; Xiao et al. 2018). These quantitative analyses provide
us with crucial insights for formulating global agricultural
risk management strategies. Here, we specifically use satel-
lite remote sensing derived time series data of two tempera-
ture datasets from the Northern Hemisphere from 1948 to
2016 (Dunn et al. 2020; Rodell et al. 2004; Sheffield et al.
20006) to investigate the occurrences of spring frosts in terms
of: (1) temporal and spatial distributions of spring frosts in
North America and Eurasia in the Northern Hemisphere,
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(2) the change of risk probability of spring frost events in
North America and Eurasia, and (3) analysis of the impact
of spring frost on cropland in North America and Eurasia.

2 Methods

2.1 Data acquisition

(1) Princeton dataset

The daily temperature data used in this work are
with 0.25-degree resolution produced by the Terres-
trial Hydrology Research Group from the Princeton
University (available from https://hydrology.soton.
ac.uk/). These datasets were corrected by combing
observation-based records with the “reanalysis data”
from the National Center for Environmental Predic-
tion and the National Center for Atmospheric Re-
search (NCEP/NCAR) (Sheffield et al. 2006). These
data have already been successfully applied in the
studies of climate changes in the literature (Liu et al.
2018; Zhang et al. 2018).

(2) HadEX3 dataset

HadEX3 dataset contains data on land-based climate
extremes (data available from https://www.metoff
ice.gov.uk/hadobs/hadex3/download etccdi.html;
see: Dunn et al. 2020; Dunn et al. 2022). Among the
above dataset, there is one named ‘frost days’ that
can be used for the study of spring frost events. Its
spatial resolution (latitude and longitude) is 1.25-de-
gree x1.875-degree, and the temporal resolution is
one month. The indices, thus obtained, represent
seasonal and/or annual values derived from daily
station data.

(3) Cropland data

These data are available from: https://developers.g
oogle.com/earth-engine/datasets/catalog/USGS_GF
SAD1000_ Vl1#bands; they are provided by Global
Food-and-Water Security-support Analysis Data
(GFSAD) site, which is a NASA. funded project to
provide highest-resolution global cropland data.

2.2 Extraction of spring frost events

In this work, Spring Frost (SF) events are defined when the
temperatures are below 0 °C in the spring (Liu et al. 2018).


https://hydrology.soton.ac.uk/
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Since the analysis covers the entire Northern Hemisphere,
spring was defined as the period from March 1 to May 31
in this work. The temperature data were extracted from the
Princeton dataset for the months of March, April, and May
each year for each location. The extracted temperature data
were then used to calculate the number of times the tem-
perature was below 0 °C during these months for each grid.
Through this operation, the number of spring frost events for
each month was extracted for each location (Latitude (Lat),
Longitude (Lon)), which was denoted as Nr,q¢. 1.0n,M,y -

3<M L5 1
Year = [1948, 1949, ---, Y, .-, 2015, 2016] @

M refers to one of the three months (March (M=3), April
(M=4), and May (M=5)) of the spring season, whereas, ¥
refers to a specific year between 1948 and 2016.

2.3 Variations in number of spring frosts with time

The change in the number of spring frosts for a month and loca-
tion (Lat, Lon) can be calculated by linear regression as follows:

NLat,Lon,AI,Y = kLat,Lon,]VI,PerY + bLat,Lon,M,Per (2)

where Nrqi ron M,y 1s the number of spring frost events
corresponding to year Y and month M at location (Lat, Lon);
bLat,Lon, M, Per 18 the intercept; and Per (period) refers to a
specific time period between 1948 and 2016. The signifi-
cance of the slope assessed using a standard t-test (p<0.05),
and its standard error reflects the uncertainty of the estimate.
The coefficient of determination (R?) indicates the propor-
tion of variance in the observed data explained by the linear
model, reflecting the goodness of fit. Further, .4+, Lon, M, Per
is the slope of linear regression. The frequency of spring
frosts varies depending on the value of krqt,ron,M, Per-
Specifically, when krq¢,Lon,a, Per 1S greater than zero, it
indicates increased frequency of spring frost. The locations
with k1,q¢, Lon, M, Per > 01s defined as ISF (Increased Spring
Frosts) region in this work. Conversely, a region with nega-
tive Krat,Lon,M,Per, indicating a decrease in spring frost
frequency, is classified as a DSF (Decreased Spring Frost)
region. If Krat, r.on, M, Per 15 €qual to zero, spring frosts do
not change with time, which usually indicates that the tem-
peratures at a location were always above or below 0 °C
in the three-month period, and these regions are defined as
NSF (No Change Spring Frosts).

2.4 Application of a sliding time window

Given the randomness and scattered nature of spring
frost events, it is necessary to conduct long-term

analysis to reveal the temporal and spatial evolu-
tion patterns of ISF (Increased Spring Frost) regions,
thereby providing a more thorough understanding of
their evolutionary trends. Therefore, the method of a
sliding time window of 30 years (Hawkins and Sut-
ton 2012), incrementing by 1 year each step from 1948
to 2016, was used to study the change of risk of spring
frost. The time window may be represented as a vector,
Pe, as shown below.

© 1948 1949 1976 1977 71
1949 1950 1977 1978
po_ | 1967 1968 1985 1986
€= 1 1968 1969 1986 1987 €)
1986 1987 2014 2015
| 1987 1988 --- 2015 2016 |, .o

Further, PN is the row number in Pe, as Eq. (4).

PN =[1,2,3,,---,Per, ---,38,39,40] @)
In this context, Per refers to the ordinal number of a spe-
cific period. For instance, Per =1 indicates the first period,
encompassing the years from 1948 to 1977, which corre-
sponds to the first row in matrix Pe. After applying a 30-year
sliding windows, the data from 1948 to 2016 yield 40 time
windows of 30 years. We use the first 20 time windows to
represent 1948—1996 (Period 1), and the second 20 time
windows to represent 1968-2016 (Period 2). Within both
the periods, there are 20 distinct periods, each correspond-
ing to a distribution of ISF (Increased Spring Frost) regions.
In each period, there will be a corresponding kr.q¢, Lon, M, Per
for each position. By counting the 20 consecutive periods
within Period 1, we calculate the number of times that the
kLat,Lon,M,Peris greater than 0. Then, we divide this num-
ber by 20 (the total number of periods during Period 1 (or
Period 2)) to obtain value for a proportion, which represents
the probability of an area as ISF region in Period 1 (or Period
2). This probability is denoted as Psr r.at,Lon, M Period1 (OT
PsF Lat,Lon, M Perioda2). To analyze the differences between
the two periods, the means of the probabilities in Eurasia
and North America for the two periods were compared
by t-test. Similarly, we can utilize the same approach to
calculate the number of occurrences where the position
of a cropland region satisfies krqt,Lon, M, Per > 0 across
the 20 periods within Period 1 (or Period 2). We are thus
able to determine the probability of a specific cropland
located in the ISF regions during Period 1 (or Period 2),
which has been denoted as Pcyrop, Lat,Lon,M,Period1 (0T
PCrop,Lat,Lon,M,Perion)'
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2.5 Calculation of the percentage of cropland
located in regions with increased frequency of
spring frost

For a specific time period (Per), krat,Lon,M,Per 1S calcu-
lated for each grid within that time period, and then the
percentage of cropland located in ISF (increased spring
frost) regions in North America (or Eurasia) to the total
cropland area in North America (or Eurasia) is computed
during that time period. This percentage is denoted as
Pn a,M,Cropiand, Per (0T Pgu,M,Cropland, Per). TO analyze
whether PNA7M,CTopland,Per (OI‘ PEu,M,CTcpland,Per)
is increasing or decreasing over time, a linear regres-
sion model is used to study the relationship between
PNA,M,Cropland,Per (PEu,M,Cropland,Per) and Per to
determine the trend.

3 Results

3.1 Temporal and Spatial distributions of spring
Frost events from 1948 to 2016

The probability of spring frost events occurring is shown to be
continuously decreasing from 1948 to 2016 for all the three
months (March, April, and May) in the Northern Hemisphere
land masses (Fig. 1). Although the overall trend of spring frost
in the Northern Hemisphere is decreasing, some regions may
show increased probability of spring frost occurrence. To con-
firm this, the temperature data from 1948 to 2016 were used to
study the variation of spatial distributions of spring frost events
in the Northern Hemisphere, which were divided into two peri-
ods, 1948-1982 and 1983-2016, for better comparison of the
spatial distribution differences of the number of spring frost
events. To map the changes in the number of spring frost events

80%

during 1948-1982 and during 1983-2016 across the Northern
Hemisphere, the number of spring frost events for March, April,
and May of each year at each location was computed by using
the gridded data (Spatial resolution: 0.25 degrees, Temporal
resolution: daily) on daily minimums (for details, see Methods).

The slopes (Krat,Lon, M, Per) Of the number of spring frosts
with respect to years are shown in Fig. 2. The areas were sepa-
rated into three categories according to the number of spring
frost events at a location in the analyzed period: the number of
spring frosts increased (ISF, Krqt,Lon, M, Per > 0, p<0.05),
decreased (DSF, krat,Lon, M, Per < 0, p<0.05), or did not
change (NSF, krat,Lon, M, Per = 0), Where krqt, Lon, M, PeriS
the slope of the number of spring frosts with respect to time
(year), and p is the significance of regression (See Methods and
Supplementary S1 and S2). The NSF areas are mostly near the
Arctic or in the tropics, which is expected because the tropi-
cal areas have high temperatures year-round and are unlikely
to have spring frosts, and the temperature is almost always
below 0 °C in March and April near the Arctic. Our primary
focus, however, is on the distribution of ISF regions, areas with
increasing spring frosts. The ISF regions are basically distrib-
uted only in North America and Eurasia (Fig. 2). Therefore,
we focus on analyzing the characteristics of ISF distribution
in these two continents. The distribution of ISF regions in both
Eurasia and North America exhibit scattered and random dis-
tribution patterns. We processed the HadEX3 dataset with the
same method, as used above, and found very similar conclu-
sions, as noted above (Supplementary S3).

3.2 The change in the trend of areas with increased
spring frost in Eurasia and North America

In North America, compared with Period 1, the probabil-
ity of being an ISF region in Period 2 increased in more
regions, especially in March and May (Figs. 3A to F).
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Fig. 1 The probability of spring frost occurring each year for the months of March (A), April (B), and May (C) from 1948 to 2016 in the Northern

Hemisphere land masses
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Fig.2 The geographic distribution of frequency of spring frosts in
the Northern Hemisphere, calculated from the Princeton dataset.
The number of spring frost events increased (ISF, k. a¢, Lon, M, Per > 0,
p<0.05,red color), decreased (ISF, kr.at, Lon, M, Per < 0,p<0.05,blue
color), or showed no change (NSF, kr.qt,L.on, M, Per = 0, green color).

Specifically, in March, the average probability of each
area as ISF region significantly increased from 11.46%
in Period 1 to 34% in Period 2 (»p<0.01) (Fig. 3G). Then,
in April, although the average probability increased,
the increase was relatively small, rising from 19.04%
to 22.28% (p<0.01) (Fig. 3G). However, in May, rose
from 23.37% in Period 1 to 34.5% in Period 2 (»p<0.01)
(Fig. 3G). For HadEX3 dataset, the calculated results
are consistent with the results from the Princeton data-
set (p<0.01) (Supplementary S4). Consequently, we

A =
o 7 o
< <
=z 4
o - - o
=} [=]
~N o~
May 1948-1982 May 1983-2016
= . L k8 1 4 L L )
e 100°E e 100°E

150°W  100°W 50°W 0°wW 50°E 150°E

(A) March 1948-1982. (B) March 1983-2016. (C) April 1948-1982.
(D) April 1983-2016. (E) May 1948-1982. (F) May 1983-2016. Note
that Krat,Lon, M, Peris the slope coefficient in the linear regression of
the number of spring frosts vs. time (see Methods and Supplementary
Figs. S1 and S2)

conclude that the frequency of spring frost has recently
increased in the western region (the Rockies and the Prai-
ries) of North America.

In Eurasia, compared with Period 1, Period 2 showed
a reduction in the probability of being an ISF region in
many more regions (Fig. 4A to F). However, it is worth
noting that some areas that had a relatively low probabil-
ity of being an ISF region in Period 1 have experienced
an increase in the probability of being an ISF region in
Period 2 (Fig. 4A, B, C and D). Overall, the average

@ Springer



140 Page 6 of 13

W. Guo et al.

The probability of each area as ISF( increased spring frost) region P Lat Lon M Periodt

80°N

60°N

40°N |

20°N

100%

! 80%
*&w 6*', &

160%

{40%

o ..\. - .\‘ - -. [} 200/

Princeton Princeton Princeton °
March Period1 April Period1 May Period1

. . . . 1 L 0

P SF,Lat ,Lon,M ,Period2
r 100%
80°N | S "W*J
3 % 80%
b .
600N - =
160%
400N - 4
{40%
20°NF E P 20%
Princeton Princeton Princeton °
March Period2 April Period2 May Period2
0 . . . . . . 0
150°W 100°W 50°W 150°W 100°W 50°W 150°W 100°W 50°W
100% T T T
G Princeton Period1 mm Period2
_é‘ 80% [ -1
5 p<0.01 p<0.01 p<0.01
(1]
-g 60% [~ -1
1
o
S 40% .
o
4
< 20°/o - -1
0 1 L L

March April May

Fig.3 The distribution of probability of each area as ISF (increased
spring frost) region in North America, calculated by the Princ-
eton dataset. (A) March, Period 1; (B) March, Period 2; (C) April,
Period 1; (D) April, Period 2 (E) May, Period 1; (F) May, Period 2.
(G) A comparison of the average probability of each area as ISF region

probability of each area as an ISF region has declined.
Specifically, in March, the average probability of each
position as ISF region in Eurasia decreased from 19.23%
in Period 1 to 15.05% in Period 2 (p<0.01) (Fig. 4G).

@ Springer

between two time periods in North America. The color bar refers to
the probability of each area as ISF region (Psr, Lat,Lon,M,Period1(0r
PsF Lat,Lon,M,Period2)). Period 1 refers to the time span encompass-
ing the years from 1948 to 1996, whereas Period 2 covers the period
from 1968 to 2016 (See Methods)

Subsequently, in April, the average probability decreased
from 22.69% to 17.07% (p<0.01) (Fig. 4G). In May, the
average probability dropped from 27.35% in Period 1
to 15.05% in Period 2 (p<0.01) (Fig. 4G). By using the
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Fig.4 The distribution of probability of each area as ISF region in
Eurasia, calculated by the Princeton dataset. (A) March, Period 1;
(B) March, Period 2; (C) April, Period 1; (D) April, Period 2 (E) May,
Period 1; (F) May, Period 2. (G) A comparison of the average prob-
ability of each area as an ISF region between two time periods in Eur-

HadEX3 dataset, the same conclusion was also reached
(»<0.01) (Supplementary S5). Therefore, the frequency
of spring frost has decreased in Eurasia.

3.3 The impact of spring Frost on agriculture in
Eurasia and North America

Croplands are mainly distributed in the low and mid-lati-
tude regions, which are also areas with more spring frost
(Supplementary S6). The percentage of croplands located

asia. The color bar refers to the probability of each area as ISF region

(PsF,Lat,Lon,M,Period1(0" PSF,Lat,Lon, M,Period2))- Period 1 refers
to the time span encompassing the years from 1948 to 1996, whereas
Period 2 covers the period from 1968 to 2016 (See Methods)

within ISF (Increased Spring Frost) regions have undergone
a trend of increasing over time in North America over the
years for all the three months (p<0.05) (Fig. 5A, B and C),
while in Eurasia, it has shown a downward trend (p<0.01)
(Fig. 5D, E and F). The results calculated from the Princeton
dataset are consistent with that from the HadEX3 dataset
(Supplementary S7).

Further, we analyzed changes in the probability of crop-
land being located in ISF regions (See Methods). In North
America, the probability of cropland located in ISF regions
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during the Period 2 is shown here to be greater than that dur-
ing the Period 1, regardless of the month (Fig. 6). By calcu-
lating the average values of the probability distributions for
both the periods, we have quantified this change and found
that, compared to Period 1, the average probability of crop-
land located in ISF regions increased significantly during
Period 2 (p<0.01) (Fig. 6G). This change indicates that the
frequency of cropland experiencing spring frost is gradually
increasing in North America. The findings derived from the
HadEX3 dataset are shown to be in close agreement with
those obtained from the Princeton dataset (Supplementary
S8).

For Eurasia, in March, compared to Period 1, the prob-
ability of cropland located in ISF regions decreased signifi-
cantly in the Asian part, while a small portion of cropland in
Europe showed an upward trend (Fig. 7A and B). In April,
during Period 2, the probability of cropland located in the
ISF regions in the Western Europe decreased relative to that
in Period 1, while there was an increasing trend in southern
Europe. Meanwhile, the probability in Asia shows a decline
(Fig. 7C, D). In May, for both Europe and Asia, the prob-
ability of cropland located in ISF regions in Period 2 shows
a decreasing trend compared to Period 1 (Fig. 7D, E). By
comparing the average probabilities of cropland located
in the ISF regions between the two periods in Eurasia, we
found that the probability significantly decreased in Period

North America March

North America April

2 compared to Period 1 for all the three months (p<0.01)
(Fig. 7G). This indicates that the frequency of cropland
experiencing spring frost is decreasing in Eurasia overall.
The HadEX3 datasets also yield similar results (Supplemen-
tary S9).

4 Discussion

The ISF (Increased Spring Frost) regions are primarily
concentrated in Eurasia and North America (Fig. 2). Many
researchers have also conducted investigations on this topic
and have discussed this issue. According to a hypothesis
proposed in 1985, global warming was suggested to increase
the risk of spring frost damage to trees in the boreal and
temperate regions (Cannell 1985; Hénninen 2006). In the
Huang-Huai regions, the frequency of spring frost has been
increasing since the 1970s (Zhong et al. 2007). Analysis of
a long-term temperature record (1889-1992) in the state
of Illinois in the USA also indicates that spring frost risk
is increasing (Augspurger. 2013). These studies do indeed
confirm that even as global temperatures rise, there are still
local regions exhibiting increased risk of spring frosts. How-
ever, as the temperature rises, more regions are expected to
decrease the risk of spring frost (Wang et al. 2011; Zhou
and Ren 2012). This indicates that there are regions where
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Fig. 5 The changes in trends of the percentage of crop-
land located in the ISF (increased spring frost) regions
(PNA,JVI,Cropland,Pe'r (PEu,]W,C'ropland,Per)see MethOdS) in
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North America and Eurasia, were calculated by using the HadEX3
dataset. (A) March, North America; (B) April, North America; (C) May,
North America; (D) March, Eurasia; (E) April, Eurasia; (F) May, Eurasia
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The distribution of probability of cropland located in ISF(increased spring frost) regions
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Fig. 6 The distribution of probability of cropland located in the
ISF (increased spring frost) regions in North America, calculated
from the Princeton dataset. (A) March, Periodl; (B) March, Period
2; (C) April, Period 1; (D) April, Period 2 (E) May, Period 1; (F) May,
Period 2. (G) A comparison of the average probability of cropland

the risk of spring frosts is increasing and there are regions
where the risk is decreasing. Hence, studying different
regions may lead to different conclusions. In contrast, our
work focuses on the variations of spring frost events on a

located in ISF regions between two time periods in North America. The
color bar refers to the probability of cropland located in ISF regions

(PCTop,Lat,Lon,M,Periodl(Or PC'rop,Lat,Lon,M,PeriodZ))v Period 1
refers to the time span encompassing the years from 1948 to 1996,
whereas Period 2 covers the period from 1968 to 2016 (See Methods)

large-scale in both North America and Eurasia, providing a
clearer demonstration of the significant differences in spring
frost events in these regions. This can explain why different
studies have yielded diverse outcomes (Augspurger. 2013;
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The distribution of probability of cropland located in ISF(increased spring frost) regions

100%

March Period1| [C~

4 F

A Princeton

80°N <o
60°N|

40°N

20°N

Princeton

Princeton

< H=e

April Period1 | |E
- s ﬁ

May Period1

<y

80%

m\v}’:\%&

60%

40%

20%

100%

Princeton

< e

March Period2

80°N [N

60°N|

40°N|

20°N

Princeton

April Period2

80%
60%
40%

20%

150°E

150°E

50°E

150°E

100% [~

80% p<0.01

60%

1 1
——
—_

40%

Average Probability

o |

p<0.01

0 1
March

Fig. 7 The distribution of probability of cropland located in ISF
(increased spring frost) regions in Eurasia, calculated from the
Princeton dataset. (A) March, Period 1; (B) March, Period 2; (C)
April, Period 1; (D) April, Period 2 (E) May, Period 1; (F) May,
Period 2. (G) A comparison of the average probability of crop-

Eccel et al. 2009; Hoffmann and Rath 2013; Unterberger
et al. 2018). Therefore, it is necessary to study spring frost
events on a large scale to avoid biases resulting from a lim-
ited research scope.

In the context of global warming, a decline in the risk
of spring frost can be expected. Indeed, the probability of
being an ISF (Increased Spring Frost) region has decreased
in Eurasia. However, in North America, the probability
has increased. This may be related to the lack of a barrier
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Princeton Period1 mm Period2 _]

p<0.01 -
1
May

land located in ISF regions between the two time periods in Eurasia

((PCrop,Lat,Lon,M,Periodl(Or PC'rop,Lat,Lon,M,PeriodZ)))' Period 1
refers to the time span encompassing the years from 1948 to 1996,
whereas Period 2 covers the period from 1968 to 2016 (See Methods)

of transverse mountain ranges in North America, which
allows cold air from the Arctic regions to move through
the continent unimpeded, resulting in increasing the likeli-
hood of spring frosts (Zohner et al. 2020). In addition, in
North America, tree species in forest regions tend to adopt
“cautious” leaf-out strategies, whereas in Eurasia they
tend to adopt opportunistic strategies (Zohner et al. 2020),
from which we may infer that spring frosts occur more
frequently in North America compared to Eurasia. Our
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approach directly analyzes the frequency change of spring
frost across the entire spring season (March to May) in
North America and Eurasia, confirming that the frequency
of spring frost in North America is increasing, whereas the
frequency in Eurasia is decreasing. However, which spe-
cific month’s spring frost events have the greatest impact on
plant phenology still requires further investigation in future
reserach. The impact of spring frosts on plants is not only
determined by the frequency and timing of frost events, but
also closely related to the developmental stage and phenol-
ogy of the plants (Peterson and Abatzoglou 2014; Schwartz
and Ahas 2006). For instance, Rigby et al. (2008) reported
that spring frost events of similar intensity occurred almost
symmetrically around the mean date of last spring frost,
yet only the later event caused damage, highlighting the
threshold-like dependence of plant damage on temperature
during budbreak. Therefore, simply counting the number of
frost days during a fixed period (e.g., March-May) may not
fully capture the risk of spring frost-induced damage across
regions with different phenological timings. There is a need
to use long-term large-scale phenological data for more
accurately assessing the ecological and agricultural impacts
of spring frost events.

In North America, cropland is facing increased frequency
of spring frost, while cropland in Eurasia is experiencing
reduced frequency of spring frost. Currently, research on the
risk of spring frost in agricultural regions tends to focus on
local areas, which limits in-depth insights into the global
risk pattern to some extent (Ma et al. 2019; Nidzgorska-
Lencewicz et al. 2024; Vitasse and Rebetez 2018b; Zhong
et al. 2007). Our current work overcomes such limitations,
by comprehensively assessing the risk of spring frost on
cropland in North America and Eurasia from a much more
macro perspective. Our findings remind us that in address-
ing the agricultural risk of spring frost, agricultural regions
in North America and Eurasia may require adopting dif-
ferent management strategies. Especially considering the
increasing risk of spring frost of cropland in North Ameri-
can, we need to take measures to strengthen the monitor-
ing and early warning capabilities for spring frost in these
agricultural regions.

In this work, we defined spring frost events using a 0 °C
threshold, commonly referred to as a “soft freeze” (Sav-
age et al. 2025). The “soft freeze” threshold may not fully
capture the biological severity of spring frost damage. In
agricultural and ecological research, a stricter definition,
referred to as a “hard freeze” (approximately —2.2 °C), is
also often adopted because it is closely associated with irre-
versible cellular injury, particularly during sensitive stages
such as budburst, flowering, or leaf expansion (Smith 2019;
Savage et al. 2025). Therefore, the choice of spring frost
threshold can lead to different interpretations of spring

frost risk and its ecological or agricultural consequences. In
future research, there is a need to investigate the impact of
spring frost defined as hard freeze for specific crops.

In this research, we have utilized two different data-
sets to mutually verify the conclusions. Through analy-
sis and comparison, we have found that the conclusions
drawn from the two datasets are generally consistent, but
there are certain differences in some details. The exis-
tence of differences between different datasets is a com-
mon phenomenon, and numerous studies have already
explored this issue (Cheng et al. 2021; Escorihuela &
Quintana-Segui 2016). In this study, the major differ-
ence between the two datasets lies in their temporal and
spatial resolution, which may have led to differences in
data processing and analysis, ultimately affecting the
final results. Despite these differences, the consistency
of the basic conclusions drawn from the two datasets
still enhance the reliability of our research results.

5 Conclusions

The present research was an attempt to study the changes in
spring frost patterns in the Northern Hemisphere by using
historical global temperature data. Our analysis has revealed
that the percentage of regions with increased spring frost
is increasing in North America, whereas it is decreasing in
Eurasia. Further to study the impact of spring frost on crop-
land, we have found that the frequency of cropland experi-
encing spring frost is increasing in North America, while
it is decreasing in Eurasia. It is worth mentioning that the
conclusions we have drawn using two datasets are consis-
tent, further enhancing the reliability of our research results.
Our current study suggests that given the increasing risk
of spring frost in cropland in North America, agricultural
regions in North America and Eurasia may need to adopt
different management strategies.
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