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Abstract: Trends in the appearance of the last spring frost for three thresholds of minimum daily air
temperature at the height of 2 m and near the ground were examined for six meteorological stations
located in two agricultural regions in Poland. For most time series, the last spring frost, calculated as
a consecutive day of the year, showed a statistically significant trend indicating its earlier appearance
from 1.6 to about 3.5 days per decade. The date of the last spring frost was also calculated in relation
to the ongoing growing season. In this case, few statistically significant changes in the dates of the
last frosts were found. The probability of the last spring frost on a specific day of the calendar year
and the day of the growing season was also examined for two periods: 1961–1990 and 1991–2020.
For low probability levels corresponding to the early dates of the last spring frost, the last frost usually
occurred much earlier (6–14 days) in 1991–2020. With the probability levels of 80–90% describing the
late occurrence of the last frost with a frequency of once every 5–10 years, at some stations, the last
spring frosts occurred at a similar time for both periods.

Keywords: late spring frost; trend; Poland

1. Introduction

A frost occurs when the minimum air temperature (measured at the height of 2 m) drops below
0 ◦C, even if the average daily air temperature is still positive.

Most often, such a situation occurs at night or in the morning and is caused by the influx of cold
(often the Arctic) air through a cloudless sky or as a result of cooling the air layer near the ground as a
consequence of the heat radiating from the ground into the atmosphere. This research study is dealing
with late spring frosts, i.e., frosts that already occur during the growing season. These frosts are one of
the most important factors that can cause significant damage to crops when they occur during the
development of the plants, and thus they can result in significant losses in the production of fruit,
horticultural and field plants, and in extreme cases, even destroy the entire crop.

The nature of frost damage depends upon the plant development stage at which the frost occurs.
In general, at the beginning of vegetation, the frost resistance of plants is very low, while the most
critical moment is the flowering phase for some plants or the beginning of leaf formation for others.
Hence, late frosts that can damage flower buds, flowers and fruit buds are particularly dangerous.
In addition, the minimum temperature, and thus the frost, is characterized by great spatial variability,
especially in a diversified area. The severity of frost and hence the extent of subsequent damage
depends on the location of the crop and may be different for the same plant.

The early start of vegetation in areas exposed to late spring frosts significantly increases the
probability of large yield losses. In Poland, there are areas with varying degrees of frost risk. The longer
the period between the occurrence of an average daily air temperature higher than 5 ◦C and the day
when the probability of frost drops to 5%, the greater the potential threat to plants. For Wielkopolska,
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the main agricultural area in the country, this period lasts up to 45 days [1] and is one of the longest
in Poland. Characteristics of frosts on a national or regional scale can be found in numerous studies,
e.g., [2–7], etc.

During the twentieth century, in large parts of the world’s land surface, the average temperature has
increased, wherein minimum temperatures were generally observed to increase more than maximum
temperatures [8,9]. However, in Central and Western Europe in recent decades, the opposite trend was
observed, and maximum temperatures have been increasing more than minimum temperatures [10].
The frequency and intensity of frosts have decreased with global warming in temperate latitude.
The vegetation onset in spring has also advanced by almost two weeks during the period 1982–2011 in
Western Europe [11]. Increased temperatures, associated with earlier last spring frost and delayed
autumn frost dates, have been reported for some regions of Europe [12–14]. Climate projections
indicate larger frost risk after the onset of spring plant growth in a future climate [15].

With such trends observed in Europe, one would expect that as the dates of the last spring frosts
accelerate, the risk of yield losses caused by frosts would also decrease. This paper tries to answer the
following questions: (i) Does the shift of the last frost occur in Poland? (ii) Is this shift of the frosts date
sufficient for the plants to develop enough to stop being prone to frost? (iii) What does this shift look
like in relation to the growing season, which is also accelerating?

The research was carried out on the basis of the measurement data of the daily minimum air
temperature at the height of 2 m and near the ground for six stations located in the agricultural regions
of the country, in the Lowland Wielkopolska and the highland belt in the southeast of Poland.

Due to the large spatial variability of the minimum temperature, the obtained results largely
depend on the location of the measuring station. Therefore, it is difficult to extrapolate them to larger
areas. However, the definition of the last spring frost date defined in this paper both during the
calendar year and in relation to the growing season should contribute to the correct interpretation of
the results.

2. Data and Methods

The present study used time series of the minimum daily air temperature at the height of 2 m
(air frosts) and 0.05 m (ground frosts) above ground level, and time series of the average daily air
temperature at the height of 2 m. Six meteorological stations located in two agricultural regions in
Poland were selected for the analysis. The location of the meteorological stations is shown in Figure 1.
The selection of stations was limited by the number of complete time series of temperature near the
ground. The data used covered the period of 1961–2020 for both heights. Only in the case of 2 stations,
i.e., Wielichowo and Kielce, the temperature time series near the ground began in 1966. The data used
in the research was collected and made available by the Polish Institute of Meteorology and Water
Management—National Research Institute (IMGW-PIB). They were downloaded from Public Data
Repository, https://dane.imgw.pl/, last accessed on 10 August 2020.Agronomy 2020, 10, x FOR PEER REVIEW 3 of 15 
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the growing season cannot be interrupted for a period of 6 days or longer with the average daily air 
temperature Tavg < 5 °C. 
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From the time series of the minimum daily air temperature at the height of 2 m, the time series
of the last spring frost dates for three temperature thresholds were created, namely: Tmin < 0 ◦C,
Tmin < −1 ◦C and Tmin < −2 ◦C. Slightly lower temperature thresholds were assumed for frost near
the ground: Tmin < 0 ◦C, Tmin < −2 ◦C, and Tmin < −4 ◦C, respectively. The selected thresholds
refer to the divisions into the severity of frost used by other authors. Different studies often use
other temperature thresholds, e.g., in WMO publication, there is mild frost—Tmin < 0 ◦C, moderate
frost—Tmin < −1.1 ◦C and severe frost—Tmin < −2.2 ◦C [16], while Dragańska et al. [17] force some
other values. The thresholds adopted in this research study are adequate for the analyzed areas and
ensure that they can be a good basis for deriving reliable probability levels (see below). Finally, 72 time
series of the last spring frost date were obtained. This term is defined as (i) the number of a consecutive
day in the calendar year in which the last frost for a given temperature threshold appeared, but no
later than 30 June; and (ii) the number of a consecutive day of the growing season in which the last
frost for the specified temperature threshold appeared, but no later than 30 June.

In Poland, the most frequently used methods of determining the beginning of the growing
season are those related to the determination of the dates when the average daily air temperature
exceeded the threshold of 5 ◦C [18,19]. For the beginning of the growing season, the method proposed
by [20] was applied, i.e., as the first span of at least 6 days with daily mean temperature Tavg > 5 ◦C.
In Poland, it sometimes happens that this condition is already met in January, and then there are
periods with strong temperature decreases, which certainly interrupt the growing season. Therefore,
for the purposes of this research study, the second condition was introduced, stating that the growing
season cannot be interrupted for a period of 6 days or longer with the average daily air temperature
Tavg < 5 ◦C.

For every year, the last spring frost date was defined both: (i) as a number of days in the calendar
year and (ii) as a number of the day during the growing season. Moreover, then the time series of
the last frost dates were used for trend detection employing the Mann–Kendall test. The threshold
of statistical significance was a level of ≥95% (<0.05 according to another convention). The change
per time unit (decade) was calculated using linear regression. All calculations were made with the
Hydrospect 2.0 software [21].

Additionally, the time series of the day of the last spring frost occurrence were divided into two
sub-periods, 1961–1990 and 1991–2020, and using R package [22], the probability curves of the last
spring frost date ranging from 10 to 95% were adjusted. From the 17 methods offered by the package
for probability curve fitting, the best 3 methods were selected for each series and the mean was drawn
from them. Figure 2 shows the example of a probability curve for the last spring frost to occur on a
specific day of the year. The presented diagram can be interpreted for the point marked with a black
line (90% and 120 days) as (i) The 120th day in a year is with 90% probability the date of the last spring
frost for this time series; (ii) There is a 10% probability that the last spring frost for this station will
occur after the 120th day of the year; and (iii) The last spring frost after the 120th day of the year may
be repeated once in 10 years.
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3. Results

3.1. Changes in the Last Spring Frost Occurrence Date

3.1.1. Air Frosts

The analysis of trends in the occurrence date of the last spring frost understood as the number
of consecutive days in a year was carried out. For frosts with a minimum temperature below 0 ◦C
measured at 2 m levels, a statistically significant trend occurred at four out of six analyzed stations,
and in the years 1961–2020, it ranged from −1.6 days to −3.5 days per decade (Table 1). Similar results
were obtained for the minimum temperature threshold of −1 ◦C for which the Mann–Kendall test
indicated the existence of a statistically significant trend at four out of six analyzed stations. For an
even lower temperature threshold, −2 ◦C, a statistically significant acceleration of the last spring frosts
date took place at three stations. In total, a statistically significant trend was detected in 11 of the
18 time series.

Table 1. Trend characteristics of the last spring air frosts date in relation to the calendar year (1961–2020).

Station
Linear Regression Mann–Kendall’s Test

Change
(Day/Decade) Significance Level Test Statistic Significance Level

Poznan
Tmin < 0 ◦C −1.86 95.81% −2.45 98.55%

Tmin < −1 ◦C −1.83 95.57% −2.45 98.57%
Tmin < −2 ◦C −2.38 98.19% −2.80 99.48%

Kalisz
Tmin < 0 ◦C −2.91 99.96% −3.54 99.95%

Tmin < −1 ◦C −3.51 99.94% −3.38 99.92%
Tmin < −2 ◦C −2.46 96.11% −2.12 96.59%

Wielichowo
Tmin < 0 ◦C −1.53 81.20% −1.49 86.47%

Tmin < −1 ◦C −0.87 60.89% −0.87 61.81%
Tmin < −2 ◦C −0.89 59.53% −0.73 53.71%

Kielce
Tmin < 0 ◦C 0.28 21.95% 0.40 31.24%

Tmin < −1 ◦C −0.19 15.25% −0.26 20.15%
Tmin < −2 ◦C −1.61 94.29% −2.33 97.99%

Sandomierz
Tmin < 0 ◦C −2.66 99.77% −3.07 99.78%

Tmin < −1 ◦C −2.36 99.50% −2.79 99.47%
Tmin < −2 ◦C 0.78 55.3% 0.64 47.68%

Lublin
Tmin < 0 ◦C −1.73 95.50% −1.94 95.18%

Tmin < −1 ◦C −2.68 99.55% −2.90 99.62%
Tmin < −2 ◦C −1.45 85.16% −1.51 86.98%

The numbers highlighted in bold show statistically significant results.

Distinctly different results were obtained when analyzing the dates of the last frosts in relation to
the duration of the growing season (as the number of consecutive days in the growing season). Only for
one station—Kalisz—for two temperature thresholds, an earlier occurrence of the last frosts event was
observed (Table 2). Both the acceleration and the delay in the occurrence of the last spring frosts for
various minimum temperature thresholds were recorded at the remaining stations. In addition, it is
often that both accelerations and delays in the date of these frosts occur for one station, depending
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on the assumed temperature threshold. However, these changes are not statistically significant.
The significance level of the Mann–Kendall test rarely exceeds 95%, which allows to state that the date
of the last frost during the growing season practically does not change.

Table 2. Trend characteristics of the last spring air frosts date in relation to the growing season
(1961–2020).

Station
Linear Regression Mann–Kendall’s Test

Change
(Day/Decade) Significance Level Test Statistic Significance Level

Poznan
Tmin < 0 ◦C 0.39 25.71% 0.67 49.71%

Tmin < −1 ◦C 0.41 26.67% 0.68 50.53%
Tmin < −2 ◦C −0.46 32.32% −0.34 27.10%

Kalisz
Tmin < 0 ◦C −1.71 88.89% −1.66 90.45%

Tmin < −1 ◦C −2.19 94.82% −2.31 97.90%
Tmin < −2 ◦C −1.71 91.60% −1.97 95.80%

Wielichowo
Tmin < 0 ◦C −0.88 50.19% −0.70 51.74%

Tmin < −1 ◦C −0.31 20.29% −0.52 39.96%
Tmin < −2 ◦C −0.25 14.82% −0.25 19.66%

Kielce
Tmin < 0 ◦C 1.59 68.31% 1.02 69.29%

Tmin < −1 ◦C 1.12 50.62% 0.82 59.20%
Tmin < −2 ◦C −0.95 59.52% −0.90 62.97%

Sandomierz
Tmin < 0 ◦C −0.85 55.78% −1.05 70.56%

Tmin < −1 ◦C −0.68 44.14% −0.95 65.94%
Tmin < −2 ◦C 0.81 60.93% 0.88 62.15%

Lublin
Tmin < 0 ◦C −0.26 17.97% −0.41 31.73%

Tmin < −1 ◦C −1.22 75.73% −1.22 77.68%
Tmin < −2 ◦C 0.11 11.48% −0.25 19.58%

The numbers highlighted in bold show statistically significant results.

3.1.2. Ground Frosts

Detection of the trend in time series created on the basis of the minimum temperature at the
ground level showed the existence of a strong trend for almost all analyzed time series, even at the
level of 99%, indicating the earlier date of the last spring frosts understood as a consecutive day of
the year. The only statistically insignificant result for the Mann–Kendall test was obtained for the
temperature threshold of −2 ◦C at the Kalisz station (Table 3). At the remaining stations, a strong
decreasing trend of about 2 to even 3.66 days per decade was observed, indicating an acceleration of
the date of the last spring frosts. Mostly, it can be stated that the more severe frosts were analyzed,
the more considerable was the change of date.
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Table 3. Trend characteristics of the last spring ground frosts date in relation to the calendar year
(1961–2020).

Station
Linear Regression Mann–Kendall’s Test

Change
(Day/Decade) Significance Level Test Statistic Significance Level

Poznan
Tmin < 0 ◦C −2.61 97.28% −2.23 97.45%

Tmin < −2 ◦C −2.31 96.99% −2.06 96.70%
Tmin < −4 ◦C −3.06 99.91% −3.64 99.97%

Kalisz
Tmin < 0 ◦C −3.38 98.33% −2.17 97.10%

Tmin < −2 ◦C −1.89 86.43% −1.57 88.35%
Tmin < −4 ◦C −2.73 94.50% −1.96 95.10%

Wielichowo
Tmin < 0 ◦C −1.86 95.81% −2.45 98.55%

Tmin < −2 ◦C −2.39 98.19% −2.80 99.48%
Tmin < −4 ◦C −2.81 98.68% −2.53 98.87%

Kielce
Tmin < 0 ◦C −2.35 96.48% −2.04 95.87%

Tmin < −2 ◦C −2.66 97.40% −2.11 96.55%
Tmin < −4 ◦C −3.00 99.57% −3.02 99.75%

Sandomierz
Tmin < 0 ◦C −3.32 99.78% −2.94 99.66%

Tmin < −2 ◦C −3.18 99.83% −3.08 95.50%
Tmin < −4 ◦C −3.66 99.71% −2.79 99.79%

Lublin
Tmin < 0 ◦C −1.86 95.81% −2.45 98.55%

Tmin < −2 ◦C −2.39 98.19% −2.80 99.48%
Tmin < −4 ◦C −2.81 98.68% −2.53 98.87%

The numbers highlighted in bold show statistically significant results.

If the trends in the appearance of recent ground frosts in relation to the ongoing growing season are
analyzed, the results are not as clear and unambiguous. It is true that there was a tendency indicating
the earlier occurrence of the last spring frosts date for each of the stations and for each minimum
temperature threshold, which ranged from −0.15 to −2.62 days per decade, but it was statistically
significant only for the Wielichowo and Kielce stations and frosts exceeding −4 ◦C (Table 4).

Table 4. Trend characteristics of the last spring ground frosts date in relation to the growing season
(1961–2020).

Station
Linear Regression Mann–Kendall’s Test

Change
(Day/Decade) Significance Level Test Statistic Significance Level

Poznan
Tmin < 0 ◦C −0.46 24.20% −0.15 12.17%

Tmin < −2 ◦C −0.15 8.68% −0.05 4.70%
Tmin < −4 ◦C −0.81 52.3% −0.71 52.14%

Kalisz
Tmin < 0 ◦C −2.62 87.40% −1.21 77.21%

Tmin < −2 ◦C −0.99 47.89% −1.16 75.21%
Tmin < −4 ◦C −1.93 81.72% −1.64 89.91%
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Table 4. Cont.

Station
Linear Regression Mann–Kendall’s Test

Change
(Day/Decade) Significance Level Test Statistic Significance Level

Wielichowo
Tmin < 0 ◦C −1.08 95.00% −0.75 54.87%

Tmin < −2 ◦C −1.90 70.69% −1.78 92.49%
Tmin < −4 ◦C −1.99 77.86% −2.11 96.50%

Kielce
Tmin < 0 ◦C −1.59 70.69% −0.74 54.12%

Tmin < −2 ◦C −1.90 77.86% −1.13 74.27%
Tmin < −4 ◦C −2.20 88.90% −2.23 97.39%

Sandomierz
Tmin < 0 ◦C −1.58 73.22% −0.75 54.86%

Tmin < −2 ◦C −1.44 74.45% −1.46 85.64%
Tmin < −4 ◦C −1.87 91.77% −1.93 94.69%

Lublin
Tmin < 0 ◦C −0.30 20.41% −0.26 20.64%

Tmin < −2 ◦C −1.37 82.96% −1.41 84.24%
Tmin < −4 ◦C −1.24 81.80% −1.77 92.39%

The numbers highlighted in bold show statistically significant results.

3.2. Changes in the Probability of Late Spring Frosts Occurrence

3.2.1. Air Frosts

In both analyzed regions, the probability of the last spring frost at the height of 2 m (as a consecutive
day of the year) differed very clearly for individual stations. In both regions, there were stations
(Sandomierz and Kalisz) for which the 95% probability that there would be no frost was recorded
around the 130th day of the year (10 May). There were also stations (Kielce and Wielichowo) for which
this probability value was observed around the 150th day of the year, i.e., on 30 May, so almost 3 weeks
later. Figures 3–7 show a comparison of the course of the probability of the last spring frost event for
different stations and different minimum temperature thresholds.
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Figure 4. The probability curves of the last spring frost event described by a calendar day number
(Tmin < 0 ◦C) in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Kielce (b) Poznan.Agronomy 2020, 10, x FOR PEER REVIEW 9 of 15 
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Figure 5. The probability curves of the last spring frost event described by a calendar day number
(Tmin < −1 ◦C) in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Sandomierz
(b) Poznan.
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Figure 6. The probability curves of the last spring frost event described by a day number in the growing
season (Tmin < 0 ◦C) in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Wielichowo
(b) Kielce.



Agronomy 2020, 10, 1835 9 of 14

Agronomy 2020, 10, x FOR PEER REVIEW 10 of 15 

 

 
(a) 

 
(b) 

Figure 7. The probability curves of the last spring frost described by a day number in the growing 
season in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Poznan for Tmin < 0 °C, 
(b) Sandomierz for Tmin < −2 °C. 

3.2.2. Ground Frosts 

Extremely late frosts (with 95% probability) near the ground, depending on the station, may 
occur from about 3 weeks (in Kalisz) to almost 5 weeks later (in Poznan) than those measured at the 
height of 2 m. This means that once every 20 years, ground frosts may appear in early or even 
mid-June. 

For minimum temperature below 0 °C, the date of the last frost (as the consecutive day of the 
year) occurred much faster in the entire probability range in the period 1991–2020 for four out of six 
stations. In Poznan, 80% (Figure 8a) probability that a frost will no longer occur was observed in the 
years 1991–2020 on the 145th day of the year, while in the years 1961–1990, it was the 153rd day. 
Even more considerable differences were recorded in Kalisz (Figure 8b), and for this probability 
value, it was the 139th and 152nd day in a year, respectively. 

 
(a) 

 
(b) 

Figure 8. The probability curves of the last spring frost event described by a calendar day number 
(Tmin < 0 °C) in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Poznan, (b) 
Kalisz. 

For 2 stations—Wielichowo (Figure 9a) and Lublin (Figure 9b)—around the day, which ended 
the frost period with 80% probability, the probability curves intersected, and so for the later date of 
the last frost, the probability was higher in 1991–2020. 

-5

5

15

25

35

45

55

0% 20% 40% 60% 80% 100%

Gr
ow

in
g 

se
as

on
 d

ay
 

Probability
-5

5

15

25

35

45

55

0% 20% 40% 60% 80% 100%

Gr
ow

in
g 

se
as

on
 d

ay

Probability

100

110

120

130

140

150

160

170

0% 20% 40% 60% 80% 100%

Da
y 

nu
m

be
r

Probability

100

110

120

130

140

150

160

170

0% 20% 40% 60% 80% 100%

Da
y 

nu
m

be
r

Probability

Figure 7. The probability curves of the last spring frost described by a day number in the growing
season in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Poznan for Tmin < 0 ◦C,
(b) Sandomierz for Tmin < −2 ◦C.

At most stations, for the 0 ◦C temperature threshold, frosts ended earlier in the years 1991–2020 for
the entire probability range. The probability curves for the two periods generally ran almost parallel,
getting slightly closer together for the higher probability levels. In the years 1961–1990, frosts for some
probability levels occurred even 10–15 days later compared to the period 1991–2020 (Figure 3a,b).

There were also some deviations from this course, e.g., for the Kielce station (Figure 4a), they ran
very close to each other, intersecting around the probability of 70%. At the Poznan station (Figure 4b),
for the lower probability values, in the years 1961–1990, the last frost appeared 6–7 days later, and for a
probability level of 95%, it occurred 5 days earlier.

Furthermore, for the lower temperature thresholds (−1 ◦C and −2 ◦C), spring frosts in the whole
range of probability most often occurred later in the years 1961–1990. However, the courses of the
curves were no longer parallel, and for the higher probability values of 90 and 95%, the curves
approached each other (Figure 5a,b), which means that the last frosts occurring at very late dates
practically did not change.

The comparison of the analyzed periods, when the date of the last spring frost is defined as the
consecutive day of the growing season, did not show such a clear acceleration of the date of the last
frosts, especially for the probability levels above 90%. Moreover, for the temperature threshold of 0 ◦C,
the probability curves approached each other around the day corresponding to the 80% probability
and crossed on the day corresponding to the 90% probability (Figure 6a,b). This means that the late
frost, recurring on average every 5 or 10 years, occurred just as often or even more often in the warmer
period of 1991–2020.

As for lower temperature thresholds, the courses of the probability curves for both periods are
very similar, and the last frost occurred in the period 1991–2020, both earlier and later than in the
period 1961–1990 (Figure 7a,b).

3.2.2. Ground Frosts

Extremely late frosts (with 95% probability) near the ground, depending on the station, may occur
from about 3 weeks (in Kalisz) to almost 5 weeks later (in Poznan) than those measured at the height
of 2 m. This means that once every 20 years, ground frosts may appear in early or even mid-June.
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For minimum temperature below 0 ◦C, the date of the last frost (as the consecutive day of the year)
occurred much faster in the entire probability range in the period 1991–2020 for four out of six stations.
In Poznan, 80% (Figure 8a) probability that a frost will no longer occur was observed in the years
1991–2020 on the 145th day of the year, while in the years 1961–1990, it was the 153rd day. Even more
considerable differences were recorded in Kalisz (Figure 8b), and for this probability value, it was the
139th and 152nd day in a year, respectively.
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Figure 8. The probability curves of the last spring frost event described by a calendar day number
(Tmin < 0 ◦C) in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Poznan, (b) Kalisz.

For 2 stations—Wielichowo (Figure 9a) and Lublin (Figure 9b)—around the day, which ended the
frost period with 80% probability, the probability curves intersected, and so for the later date of the last
frost, the probability was higher in 1991–2020.
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Figure 9. The probability curves of the last spring frost described by a calendar day number (Tmin < 0 ◦C)
in the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Wielichowo, (b) Lublin.

In almost every case, the probabilities of the last spring frosts for the thresholds Tmin < −2 ◦C
and Tmin < −4 ◦C differed very clearly for both analyzed periods. Hence, at Wielichowo (Figure 10a)
and Lublin (Figure 10b) stations, the 90% probability of a ground frost Tmin < −2 ◦C occurred 9 days
earlier in the period 1991–2020.
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Figure 10. The probability curves of the last spring frost event described by a calendar day number in
the period of 1961–1990 (blue line) and 1991–2020 (orange line). (a) Wielichowo with Tmin < −2 ◦C,
(b) Lublin Tmin < −4 ◦C.

The comparison of the analyzed periods, 1961–1990 and 1990–2020, when the date of the last
spring frost is defined as the consecutive day of the growing season, resulted in a very different course
of the probability curves for individual stations and different temperature thresholds.

For the lowest considered temperature threshold near the ground, Tmin < −4 ◦C, for almost
all stations, there was a very strong acceleration of the last frost date. The course of the probability
curves is quite similar at all stations. However, the differences between the periods are the greatest in
Wielichowo—11 days for a 90% probability (Figure 11a) and in Sandomierz—12 days (Figure 11b).
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Figure 11. The probability curves of the last spring frost event described by a day number in the
growing season (Tmin < −4 ◦C) in the period of 1961–1990 (blue line) and 1991–2020 (orange line).
(a) Wielichowo, (b) Sandomierz.

4. Discussion

For most stations, the analysis of trends in the time series of the last spring frost date at the height
of 2 m showed a statistically significant trend indicating its earlier appearance. The trend calculated in
this research study, ranging from 1.6 to 3.5 days per decade, and statistically significant changes confirm
the previous results of research studies from the territory of Poland [7,23]. Any minor differences may
result from the selection of the station or the analyzed period.
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Of course, Poland is not the only country in which such observations have been made. In the
literature, one can find a number of studies, not only from Europe [14] but also from other continents,
such as North America [24] or Asia [25], which show a statistically significant shift of the date of the
last spring frost.

Despite this, in the last 10 years, in Europe, in at least the last 2 spring seasons (2011 and 2017),
very large losses related to the occurrence of late and severe frosts were recorded. The acceleration of
the last spring frost date calculated as the number of a consecutive day of the year does not seem to have
a significant impact on reducing losses in agriculture and horticulture. In May 2011, significant losses
in horticultural crops with a decrease in yields exceeding even 70% in many regions of Poland [26]
were recorded. In 2017, the April and May strong frosts in Europe resulted in unprecedented losses of
over euros 3.3 billion [27] in grapevines and fruit trees. One of the reasons for that may have been the
change in the length of the growing season, including its earlier beginning.

Therefore, to correctly assess the changes in the risk associated with the occurrence of late frosts,
they should be related to parameters that will allow to associate them with the plant’s development
phase, e.g., growing degree days for different temperature levels or the day of frost occurrence
calculated as a consecutive day of the growing season. In this study, referencing the last spring
frost date to the beginning of the growing season resulted in considerable changes in the results of
trend detection. While changes in the date of the last frosts, described as a day in a calendar year,
undoubtedly take place, they practically do not change in relation to the growing season. Statistically
significant changes during the growing season concerned only 1 station for measurements at the height
of 2 m and 2 for measurements at the ground level.

According to [28], it is possible that the extension of the growing season duration, despite the
decrease in the number of frost days per year, will increase the risk for plants. Moreover, the increase
in the number of days with frost during the growing season is the most significant in regions where
the growing season has lengthened the most, including Europe. In paper [29], the date of occurrence
of heavy spring frosts (Tmin < −4 ◦C) was compared to Growing Degree Days at 5 ◦C. The obtained
results show great spatial variability. In large areas of Europe and Asia, where the increase in the
average annual air temperature is the highest, the risk of damage caused by late frosts increases.

No changes in the probability of crop losses or even an increase in this probability could be
even more pronounced if they were related to the key stages of development of specific plant species.
Such results were presented for 27 tree species in Europe [30].

It should also be remembered that the risk of crop losses caused by spring frosts may be different
for different species and also for different populations within species depending on geographic location.

5. Conclusions

Both for the temperature measurements at the height of 2 m and 0.05 m above the ground level,
regardless of the analyzed temperature threshold, a clear and statistically significant trend indicating
an earlier occurrence of the last spring frost is most often observed. Such a shift is also reported by
other researchers, e.g., [17,31]. However, this does not reduce the risk of losses in agriculture and
horticulture-related to the occurrence of late and strong frosts.

Defining the last frost date as a consecutive day of the growing season significantly reduces the
number of time series with statistically significant trends indicating the acceleration of the last spring
frost. For frosts at the height of 2 m, the results, depending on the station and the analyzed temperature
level, indicate both its forward and backward shifts.

The comparison of the periods 1961–1990 and 1991–2020 showed that for the probability ranges
indicating a relatively quick appearance of the last frost (typical spring frosts), it almost always
appears significantly later in the period 1961–1990. For higher probability ranges, where the last frost
occurs extremely late, with a probability of once every 5 or 10 years, it is very often that there are
no big differences between the periods, and it even happened that in the period 1991–2020, the frost
occurred later.
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Hence, to conclude, in spite of earlier spring phenology due to climate warming, results suggest
that the risk of damaging frost events to vegetation has remained almost unchanged. Such a statement
is in line with other research studies, e.g., [32]. It seems that in order to better assess the risk of losses
related to the occurrence of exceptional late and/or strong frosts, the date of their last occurrence should
be referenced to either the day of the growing season or specific ranges of GDD sums at which plants
are particularly sensitive to frost damage.
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and air mass statistics in Poland. Időjárás 2018, 122, 375–392. [CrossRef]
24. McCabe, G.J.; Betancourt, J.L.; Feng, S. Variability in the start, end, and length of frost-free periods across the

conterminous United States during the past century. Int. J. Climatol. 2015, 35, 4673–4680. [CrossRef]
25. Zhang, D.; Xu, W.; Li, J.; Cai, Z.; An, D. Frost-free season lengthening and its potential cause in the Tibetan

Plateau from 1960 to 2010. Theory Appl. Climatol. 2014, 115, 441–450. [CrossRef]
26. Doroszewski, A.; Wróblewska, E.; Józwicki, T.; Mizak, K. Ocena szkód w roslina sadowniczych i ogrodniczych

powodowanych przez przymrozki w maju 2011 roku (Evaluation of damage to fruit and horticultural plants
caused by frosts in May 2011). Theory Appl. Climatol. 2015, 115, 441–450.

27. Faust, E.; Herbold, J. Spring Frost Losses and Climate Change–Not a Contradiction in Terms; Munich RE: Munich,
Germany, 2018.

28. Liu, Q.; Piao, S.; Janssens, I.A.; Fu, Y.H.; Peng, S.; Lian, X.; Ciais, P.; Myneni, R.B.; Peñuelas, J.; Wang, T.V.
Extension of the growing season increases vegetation exposure to frost. Nat. Commun. 2018, 9, 429. [CrossRef]
[PubMed]

29. Zohner, C.M.; Mo, L.; Renner, S.S.; Svenning, J.-C.; Vitasse, Y.; Benito, B.M.; Ordonez, A.; Baumgarten, F.;
Bastin, J.-F.; Sebald, V.; et al. Late-spring frost risk between 1959 and 2017 decreased in North America but
increased in Europe and Asia. Proc. Natl. Acad. Sci. USA 2020, 117, 12192–12200. [CrossRef] [PubMed]

30. Ma, Q.; Huang, J.G.; Hanninen, H.; Berninger, F. Divergent trends in the risk of spring frost damage to trees
in Europe with recent warming. Glob. Chang. Biol. 2019, 25, 351–360. [CrossRef] [PubMed]
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