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Abstract: Fruits, garden plants, and agricultural crops grown in Poland exhibit wide variations in
their sensitivity to frost, particularly in early spring. In the case of frost, generally, the yield and
quality are reduced, and sometimes, entire plants can be destroyed. This article characterizes the
occurrence of ground frosts (at 5 cm agl) and air frosts (at 200 cm agl) in Poland gathered from
52 meteorological stations affiliated with IMGW-PIB between 1971 and 2020. To assess the real risk of
frost to plants, the variability of this phenomenon was analyzed per thermal growing season (defined
as air temperature >5 °C), rather than in traditional calendar terms as presented in most studies. In
the climatic conditions of Poland, the growing season is characterized by a reported 28 days with
ground frost and 13.3 days with air frost, approximately. In spring, the last ground frost disappears,
on average, on a country scale, on May 14, and air frost on April 27. In turn, in autumn, the first
ground frost is recorded, on average, on 1 October and air frost on 14 October. On the basis of the
selected characteristics of frost and the growing season, four areas of potential risk of ground and air
frost in the growing season, as well as in spring, were determined with the use of cluster analysis.

Keywords: spring frost; autumn frost; the growing season; dates; frost-free period; cluster analysis;
regions

1. Introduction

The adverse effects of climate change are already affecting agriculture worldwide.
Weather anomalies, increasing temperatures, the shifting boundaries of agroecosystems
and increased incidence of extreme weather phenomena such as drought, hail, flood or
hurricane necessitate adaptation. However, despite the observed global warming, many
regions, for example in Switzerland, Germany, or Poland, face a non-decreasing risk of
frost [1-4]. This is because climate change causes an acceleration of both the beginning of
the growing season, as well as the occurrence of the last spring frosts. Thus, the increase or
decrease in the risk of spring frosts depends on which of the aforementioned phenomena
takes place first. If, in a given region, the dates of the beginning of the growing season
occur increasingly earlier with respect to the dates of the last spring frosts, the risk will
increase in the long term. In a reverse situation, the risk will decrease [5]. In principle, the
severity of frost damage to crops is associated with the deceleration values between the
beginning of the spring plant growth and the subsequent frost period [6].

Using satellite-derived phenological records and minimum temperature data sets
from 1982 to 2012, Liu et al. [7] documented the number of frost days during the growing
season (GSFDs, days with minimum temperature < 0 °C) in the Northern Hemisphere (with
latitudes greater than 30° N). It was found that despite the warming trends in the last three
decades, larger increases in the length of the growing season, found in particular regions,
were accompanied by an increased number of frost days. According to the authors, in the
last 30 years, there was a substantial increase in GSFD in ~43% of the hemisphere, Europe
in spring in particular. A decrease in GSFDs was observed mainly in northern Siberia,
the Tibetan Plateau, and north-western North America, mainly in autumn. Ma et al. [8]
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combined daily gridded climate data and 1489 k in situ phenological observations of 27 tree
species from 5565 phenological observation sites in Europe and observed that the risk of
spring frost damage with recent warming is highly dependent on geographical locations
and species. It has been shown that in comparison with continental areas, maritime and
coastal areas in Europe are at a greater risk of more frequent occurrence of frosts and that
late spring frosts in these areas are more severe. Species whose phenology was particularly
sensitive to climate warming were found to be more vulnerable to frost damage. According
to Fu et al. [9], with the continuing warming, the phenological sensitivity of temperate trees
to elevated temperatures is expected to decline.

Frosts are one of the most important factors contributing to heavy losses in fruit,
horticultural, and agricultural production and, in extreme cases, can destroy the entire
crop [10]. The nature of frost damage depends on the developmental phase of the affected
plant. Generally, for most plants, the most critical moment is the flowering phase or the
beginning of leaf formation. Therefore, late spring frosts are particularly dangerous as they
may damage the flower buds, flowers, and fruit setting [11]. According to Doroszewski
etal. [12], spring frosts which occurred at the beginning of May 2011 all over Poland, caused
the greatest loss in crops in the Greater Poland voivodeship: gooseberry, sweet cherry, plum,
and pears—more than 70%; apples, peach, apricot, and walnut—more than 80%. Similarly,
as observed in the second half of April 2017, following the very warm period resulting in
premature vegetation growth, cold Arctic air masses moving to Central and Western Europe
caused severe damage to natural and cultivated vegetation across a wide area [1]. The
reported losses reached historic levels—particularly for fruit and wine growers: economic
losses were estimated at €3.3 bn, with approx. €600 m of this covered by insurance. The
most affected countries were Italy, France, Germany, Poland, Spain, and Switzerland [5].
The frost in April 2021 caused heavy losses across Europe affecting vineyards, fruit trees,
rapeseed, potatoes, and sugar beet. In France, 80% of national wine and fruit growing
regions were affected, and the extent of damage was found to be significant in Italy, the
Czech Republic, and the United Kingdom [13].

As estimated by Zohner et al. [14], ~35% of the European, ~26% of the Asian, and
merely ~10% of North American forest area in the temperate zones will suffer increased
losses due to frost in the conditions of warming climate in the future. On the basis of
the regional climate model simulation, Lhotka and Bronnimann [15], indicate the possible
increased spring frost risk to plants in Switzerland in the foreseeable future. Vitasse et al. [2]
advocate caution and consideration of frost risk when introducing new varieties of fruit
trees or exotic species of forest trees adapted to a warmer and drier climate as well as when
establishing new plantations at higher altitudes.

In Poland, frosts occur in every growing season. Spring frosts are recorded most often
in April (particularly in the second decade), and autumn frosts in October (most frequently
in the third decade) [3,4,10,11,16]. Ground frosts in spring disappear throughout most of
the country, on average, between May 10 and May 25, and in autumn their occurrence
is recorded between September 20 and October 5 [3]. Similarly, for more than 2 weeks,
spatial variability is observed with respect to air frosts which, in comparison with ground
frosts, disappear earlier and occur later. On average, the earliest end of air frosts i.e., before
20 April, is recorded on the coast, and the latest end i.e., after 5 May, in the Narew River
basin. In turn, the average dates of the occurrence of the first autumn frosts fall in the first
decade of October in the northeast of Poland, whereas along the coast, in the last pentad of
the said month [4]. It is noteworthy that there is a marked, statistically significant trend of
an earlier ending date of the last spring frosts and increasingly later occurrence in autumn
which, in turn, results in the lengthening of the frost-free period. Multiannual variability
of the aforementioned characteristics, both local as well as throughout the country, was
confirmed by numerous authors [3,4,11,16-23].

The aim of the present paper is the assessment of the potential risk to crops in Poland
due to ground and air frosts occurring in the growing season and in spring based on the
selected features characterizing the phenomenon using the cluster analysis method.
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2. Materials and Methods

The study is based on the results of the minimum and mean 24-h period air temper-
ature taken at 200 cm agl, and the minimum air temperature at 5 cm agl obtained from
52 meteorological stations in Poland (Figure 1) for the period 1971-2020. The data were
obtained from the Institute of Meteorology and Water Management—National Research In-
stitute (IMGW-PIB). Mountain areas over 500 m above sea level (Sudetes and Carpathians)
were excluded from the study as, generally, plants with high thermal requirements are not
cultivated there.

® IMGW-PIB stations m area excluded from analysis

Figure 1. Location of meteorological stations in Poland.

A day with ground frost was identified when the minimum air temperature at 5 cm
agl was below 0.0 °C, with the mean 24 h period air temperature 200 cm agl being above
0.0 °C. Conditions for determining air frost were: minimum air temperature at 200 agl
below 0.0 °C with the mean 24-h period air temperature at the same altitude being above
0.0 °C.

For the purpose of presenting the real frost risk to plants, the variability of this
phenomenon was analyzed per growing season and not in calendar terms as it is presented
in most studies. Therefore, the first stage consisted of determining with the Guminski
method [24] the dates of the beginning and end of the periods with the mean 24 h period air
temperature being above 5 °C with respect to individual stations and years under analysis.
Once the growing season was determined in the aforementioned way, the occurrence of
ground and air frosts was identified. In the present paper, frosts are presented in terms
of the following features: the date of the latest occurrence of spring frost, the dates of the
earliest autumn frosts, the number of days with frost in the growing season, the number of
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days with frost in the spring season (from the beginning of the growing season to June 30),
the number of days with frost in the autumn season, frost-free period, absolute frost-free
period, the series of days with frost, the probability of frost occurrence 20 days after the
beginning of the growing season. The frost-free period, expressed in number of days, is the
difference between the first autumn frost and the last spring frost. The absolute frost-free
period should be understood as a period in which no frosts were recorded in any of the
analyzed years (1971-2020). If there is no frost in spring or autumn, the date of the last
spring frost and the first autumn frost is taken as the beginning and end date of the growing
season, respectively, to calculate the frost-free period.

The potential risk to plants due to ground and air frost was determined using cluster
analysis on the basis of the selected features of frost and the growing season. In the
process of grouping the meteorological stations, the k-means method (Euclidean distance),
belonging to non-hierarchical methods of cluster analysis was used [25-27]. The k-means
algorithm consists of moving the objects from one cluster to another in order to maximize
the variations between individual clusters and at the same time minimize the variations
within the analyzed clusters. Eventually, in the resulting clusters, the similarity should be
the highest and the individual clusters should exhibit maximum differences.

The potential risk was assessed on grounds of mean values from 1971 to 2020 and,
additionally, from 2011 to 2020. On the basis of cluster analysis comprising the most
important features of air and ground frosts, four groups of meteorological stations with
comparable characteristics in the growing season and in spring were determined through-
out the country. The input data for the cluster analysis are: the dates of the beginning
and end of the growing season as consecutive days in the year, the dates of the last spring
and first autumn frosts as the difference from the beginning of the growing season, the
number of days with frost in spring, the number of days with frost in autumn, the number
of days with frost during the growing season, frost-free period and the probability of frost
occurrence 20 days after the beginning of the growing season. The identified groups of
stations show differences in the magnitude of the features representing the level of risk to
crops due to frost.

All statistical calculations were made using STATISTICA 13.3 software.

3. Results and Discussion

Figures 2 and 3 allow determination, per individual meteorological station, of the
beginning and end of the thermal growing season, the length of the growing season, the
dates of the end of the spring frosts and the beginning of the autumn frosts—both air
frosts and ground frosts, as well as the duration of the frost-free period. Additionally, the
number of days with spring and autumn frosts is presented. The aforementioned features
show high spatial variability in Poland. For example, the earliest occurrence of the thermal
growing season is recorded in Lower Silesia on 16-17 March, and the latest date in the
region of Suwatki—on average, April 6. In autumn, the earliest end of the said period
is recorded in the north-eastern part of the country—the last pentad of October, and the
latest end date is recorded in the coastal zone—after November 15. As a result, the longest
duration of the growing season is recorded in the Silesian Lowland—on average, more than
240 days, and the shortest in the Suwatki Lake District—around 204 days. According to
research, the trend of moving the starting date of the growing season has been consolidated
with increasingly earlier occurrences. In the last 30 years (1991-2020), as compared with
1961-1990, there was an acceleration in the occurrence of the beginning of the thermal
spring season (initiating the growing season) by as much as a month in the west, and
by two weeks in the east of Poland [28]. Szyga-Pluta et al. [29] found an increase in the
length of the growing season in Poland by an average of 4.8 days over 10 years between
1966 and 2020. A slightly higher rate of the said changes, on average by 6.2 days over the
period of 10 years, however, for another multiannual period (1971-2020), was determined
by Kozminski et al. [4].
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Figure 2. Basic characteristics of the growing season (AT > 5 °C) and ground frost at IMGW-PIB
stations in Poland. Years 1971-2020.
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Figure 3. Basic characteristics of the growing season (AT > 5 °C) and air frost at IMGW-PIB stations
in Poland. Years 1971-2020.

In the thermal growing season (air temperature > 5 °C), the average number of days
with ground frosts in Poland amounts to 28 and ranges in spring from 10 to 26, and in
autumn from 6 to 16 (Figure 2). As for air frosts, the average number of days in Poland is
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13 and, depending on a given station, ranges from 4 to 15 in spring and 3 to 9 in autumn
(Figure 3). Most importantly, on the grounds of data from the period 1971-2020, KoZmirski
et al. [3] and KoZminski et al. [4] demonstrated that the number of days with both ground
as well as air frost in the conditions of the lengthening thermal growing season does not
change, yet still poses a threat to agricultural and fruit crops. Most often, such frost events
are of a mild nature with the minimum temperature ranging from -0.1 to -2.0 °C, whereas
strong frosts (tmin < —6 °C) are recorded in Poland very rarely [3,4,18,30]. The frost events
in Poland were recorded most frequently in anticyclonic situations, accompanied by arctic
(PA), polar maritime old (PPms), and polar continental (PPk) air masses [17,31]. A study by
Ustrnul et al. [32] shows the probability of late spring frost in Poland, including the last frost
event in a given year, to be the highest with northerly advection and, occasionally, easterly
advection. In turn, Tomczyk et al. [30] emphasize the relationship between the average
conditions that favor strong and very strong frost events recorded in spring and autumn
and higher than average air pressure recorded at sea level present over the prevailing part
of the Euro-Atlantic sector that causes advection of cool air masses from the northern sector.
As is presented in Figure 4, in the growing seasons under analysis, the highest fre-
quency of dates with frost was recorded in April, particularly in the second and first
decade. In spring, the first frost in the growing season occurs as early as February, and
the last ground frost events were recorded in the third decade of June. Autumn frosts
(ground) occur sporadically in the third decade of August, reaching the highest frequency
of occurrence only in the third decade of October. In the climatic conditions of Poland,
there is a significant predominance—more than double, of ground frost over air frost and a
markedly higher frequency of spring frost over autumn frost. Detailed temporal and spatial
characteristics of ground and air frosts as per growing seasons covering the period of the
last 50 years (1971-2020) are presented by KoZminski et al. [3] and Kozminski et al. [4].

M ground frost air frost

Mar Apr May Jun Jul Aug Sep Oct Nov Dec  months

Figure 4. Frequency of ground and air frosts in Poland by decade in the growing season (AT > 5 °C).
Years 1971-2020.

Generally, in the climatic conditions of Poland, ground frosts occur as a one-day-long
event (23.7%) and in a series of two (21.1%) or three days (15.5%), yet ground frosts occur
in a series of 4 days and show a higher frequency of occurrence than air frosts. Similarly, air
frosts occur as one-day-long events (35.6%) and in a series of two (24.8%) and three days
(16.3%), very rarely in a series of 7 days and more (Figure 5). The longest series of days
with frost is recorded in the south of Poland, and the shortest in the coastal zone.

Figure 6 presents spatial variability of the probability of ground and air frost occurrence
20 days following the beginning of the growing season. As can be seen, the level of risk from
frost varies across the country and is about 10% higher for ground frost. The occurrence
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Figure 5. Series of days with ground (a) and air (b) frosts in Poland in the growing season (AT > 5 °C).
Years 1971-2020.

Figure 6. Probability of ground frosts (a) and air frosts (b) 20 days after the beginning of the growing
season in Poland. Years 1971-2020.

3.1. The Growing Season

Due to the ongoing warming, the length of the growing season (AT > 5 °C) in Poland
has changed from, on average, 218 days in the first decade of the period 1971-1980 to 244
in the fifth decade (2011-2020), with mean length in the multiannual period under analysis
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(1971-2020) of 229 days (Figure 7). The greatest increase in the length of the growing season
was found between the third and fourth decade—by 10 days, and between the fourth and
fifth decade—by 12 days. In the last decade (2011-2020), the calculations show that the
beginning of the growing season, on average, falls on March 18, the earliest—January 25,
and the latest date of occurrence is April 14. The end of the growing season, as presented
above, was recorded, on average, on November 17, the earliest—October 16, the latest date
being December 30. It is noteworthy that with the lengthening growing season in Poland,
there is an increase in the extremity of dates of the beginning and end of the growing season
in particular years, which translates into a higher risk to the cultivation of thermophilic
plants. According to Tomczyk and Szyga-Pluta [33], spatial variability of the duration of
the growing season in Poland (1971-2010) ranged, on average, from 200 days in Suwatki to
237 days in Wroctaw and was caused by the change in the date of the end of the growing
season rather by the date of its beginning. This is confirmed by KoZminski et al. [4] in
a study covering a longer multiannual period (1971-2020) which shows that throughout
Poland, the beginning of the growing season occurred earlier with a rate of 2.8 days over
10 years and the date of the end by 3.3 days over 10 years. Szyga-Pluta et al. [29] point to an
increased intensity of the changes in both the beginning and end of the growing season in
the long term, as compared with the short-term future. According to forecasts, the duration
of the growing season outside the mountain areas is to vary from less than 255 day—the
north-east regions—to more than 290 days—the south-west and west of Poland.

- - 350

300

[number of days]

1971—1980 1981—1990 1991—2000 2001—2010 2011—2020 1971—2020
267 294 265 297 312 312
218 227 223 233 245 229
180 188 180 183 199 180

31-Mar 25-Mar 27-Mar 25-Mar 18-Mar 25-Mar
4-Mar 29-Jan 11-Feb 11-Feb 25-Jan 25-Jan
23-Apr 20-Apr 19-Apr 13-Apr 14-Apr 23-Apr
4-Nov 6-Nov 4-Nov 12-Nov 17-Nov 9-Nov
10-Oct 19-Oct 12-Oct 12-Oct 16-Oct 10-Oct
5-Dec 28-Nov 4-Dec 19-Jan 30-Dec 19-Jan

Figure 7. Dates of the beginning, end, and duration of the growing season (AT > 5 °C) in Poland by
decades of the period 1971-2020.

Horticulture and agriculture are particularly at risk of experiencing the effects of
climate change. Most factors determining the success of agricultural production, such as the
length of the growing season, the amount and distribution of precipitation, maximum and
minimum temperature, frost occurrence, etc., are dependent on climate change. Gardeners
and farmers have been facing new challenges and the need to adapt agricultural production
to new conditions (e.g., selection of species/variety, sowing date, emerging risk due to
plant diseases and pests, etc.) as well as develop and implement new solutions in rural
areas, including improved water retention and flood protection [15,34-38].
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3.2. Ground Frost at 5 cm agl

The determined high variability in the length of the growing season in individual
years, particularly in spring, and significant changes in the dates of the occurrence of
ground frosts, their intensity, and the number of days with ground frost increases the risk
to cultivation. As is presented in Figure 8, days with ground frost are more frequently
recorded in spring than in autumn, as manifested in the last 10 years. In the 50-year-long
period under analysis, there was a decrease in the spring frost events till the fourth decade
—from 18.9 to 16.2 days, followed by an increase in the last decade—18.2, with the mean
for the said multiannual period 17.8. The number of days with ground frost in autumn
shows less variability, the highest number of days was recorded in the third (10.6) and
fourth (10.7) decades and the lowest in the fifth decade (9.3), with the mean for the entire
multiannual period being 10.2 days. In spring, the last ground frost disappeared the earliest
in the fifth decade (2011-2020), on average, 8 May—that is 12 days earlier than in the period
1971-1980. Similarly, in autumn, the first ground frosts occurred at the latest date in the
fifth decade, on average 8 October, and at the earliest date on average 27 September—in
the first 10 years. It is estimated by KoZmiriski et al. [4] that the rate of increasingly earlier
disappearance of ground frosts in spring, as observed in the last 50 years (1971-2020) in
Poland, is 2.8 days over 10 days, and the increasingly later appearance of autumn frosts
takes place at a rate of, on average, 3.0 days over 10 years. More importantly, the changes
are statistically significant.
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Figure 8. The average number of days and the dates of occurrence of ground frosts in the growing
season (AT > 5 °C) by decades of the period 1971-2020.

3.3. Air Frost at 200 cm agl

The average number of days with air frosts (200 cm agl) in spring shows a marked
decrease in four consecutive decades—from 8.9 to 7.6—followed by an increase in the
last decade—9.4 days. In turn, in autumn, the changes from one decade to another are
small—from 4.6 to 5.3 (Figure 9). In spring, air frosts, similarly to ground frosts, were found
to disappear at the latest date in the first decade (1971-1980)—on average, May 5, and in
later years showed even earlier disappearance—in the period 2011-2020 on average April
25 (earlier by almost two weeks as compared with ground frosts). In autumn, the occurrence
of air frost at the latest date in the 10-year-long period under analysis was recorded, on
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average, on October 18, that is, 10 days later than the ground frosts. Interestingly, there
is an increase in the number of days with air frost in spring in the fifth decade and in
autumn in the fourth decade (Figure 9), as is the case with ground frosts. Numerous
authors point to the fact that the risk of frost, particularly of spring frost, is not decreasing
and is in fact increasing despite the warming climate [1,2,6-8,14,39,40]. Updating the dates
of the occurrence of frost in consecutive decades, just as in the case of ground frosts, it was
found that there is a general acceleration in spring and deceleration in autumn together
with an increase in span over particular years. According to Kozminski et al. [4], in the
period 1971-2020 in Poland, the earlier disappearance of the latest air frosts in spring was
identified as 2 to 3 days over 10 years, and later occurrence of air frosts in autumn as 1 to
4 days over 10 years.
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26-Nov * . * * * *
27-Oct 30
— — — — —
27-Se
’ ° ° ° ° 25
28-Aug ° ® 2
7 (1]
g 29-Jul 20 o
© o
= 29-Jun ]
Ke)
30-May * ¢ * ¢ 3 ¢ g
30-Apr f— — — — — — =
10
31-Mar ° [
[ ] (] [ L]
1-Mar 5
1-Jan 0
1971—1980 1981—1990 1991—2000 2001—2010 2011—2020 1971—2020
number of air frosts (SPRING) 8.9 8.4 8.2 7.6 9.4 8.5
W number of air frosts (AUTUMN) 4.8 4.6 4.7 5.3 4.8 4.8
— average date of last spring frost 5-May 27-Apr 27-Apr 23-Apr 25-Apr 27-Apr
# latest date of last spring frost 7-Jun 11-Jun 6-Jun 6-Jun 30-May 11-Jun
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@ carliest date of first autumn frost 6-Sep 8-Sep 7-Sep 3-Sep 19-Sep 3-Sep

Figure 9. The average number of days and the dates of occurrence air frosts in the growing season
(AT > 5 °C) by decades of the period 1971-2020.

3.4. Frost-Free Period

Figure 10 presents the duration of air- and ground-frost-free period in the growing
season. As the season transpires, the duration of the air-frost-free period in the analyzed
50-year-long period is, on average, 171 days, which is by as much as one month longer
in comparison to the duration of the ground-frost-free period. In comparison, Bielec-
Bakowska et al. [17] found that in the period 1951-2015, the duration of the air-frost-free
period in Poland was, on average, 166 days (averaged values from 20 stations). As for the
50-year-long period under analysis, the observed marked increase in the duration of the
frost-free period, i.e., by approx. 3 weeks, with respect to both air as well as ground frost, is
only consequential of increasingly earlier disappearance of frost in spring and increasingly
later occurrence in autumn—as has already been discussed. The longest frost-free period
was identified for the region of the Coast—more than 185 days without air frost, and more
than 150 days without ground frost recorded in the growing season [3,4]. Generally, the
length of the frost-free period was found to increase from the east to the west [16]. The
length of the absolute frost-free period, which should be understood as the period in which
there are no ground frosts or air frosts, was recorded in all of the analyzed years ranges in
Poland, ranging from only 36 days (Jelenia Gora) to 115 days (Swinoujscie) and for high
frosts from 88 days (Stubice) to 153 days (Swinoujscie), Figures 2 and 3.
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The shortest period without frost at 5cm agl, i.e., only 62 days, was recorded in 1983
in Leba where the last spring frost was observed at a very late date—24 June, and the
first autumn frost occurred as early as 26 August. In turn, the shortest period without air
frost, i.e., 93 days, was recorded in 1991 in Ktodzko (the last spring frost on June 6 and the
first autumn frost on 8 September). By far the longest frost-free period of the duration of
312 days, owing to lack of air frost altogether that year, was recorded in Swinoujécie in
2006—the duration was determined by the dates of the beginning and end of the growing
season—Figure 10. It is noteworthy that in 2006 in Swinoujécie, ground frosts were in
fact recorded at 10 frost events, and the frost-free period of 204 days in duration was the
second-longest recorded period in that station in the 50-year-long period under analysis.
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Figure 10. Duration of the frost-free period during growing season (AT > 5 °C) in Poland by decades
of the period 1971-2020.

3.5. Potential Risk to Crops due to Ground Frost in the Growing Season

Low potential risk is identified, generally, in the central and western part of the
coast and, additionally, in several meteorological stations (Gorzéw, Zielona Gora, and
Czestochowa) located in favorable physiographic conditions. The end of frost falls, on
average, on May 3, and the beginning in autumn on October 15. The average number of
days with ground frost throughout the growing season, for this group of clusters, amounts
to 18.1 showing fluctuations between particular stations from 15.0 to 24.0 days. The average
duration of the frost-free period is 166 days (Figure 11a, Table 1a).

Medium potential risk was identified mainly in the central and southern parts of
Poland. In spring, ground frosts in this area disappear, on average, on 12 May, and in
autumn, the beginning falls on 1 October with the average duration of the frost-free period
being 142 days. The average number of days with frost in this group of stations is 25.7.

High potential risk due to ground frost in the growing season is mainly identified
in Lower Silesia with the average number of days with frost being 33.9. In this cluster
(marked in red), vegetation starts at the earliest, on average, on 18 March and the last frosts
disappear at the latest, on average, 56 days after the beginning of vegetation.

Very high potential risk due to frost occurs in the north-east of Poland and, locally, in
Pomerania and the Sudetic Foreland. The last spring frosts end, on average, on 24 May and
begin in autumn on 23 September. The extreme dates in spring are between 16 May and
5 June and in autumn between 18 September and 26 September. The average duration of
the frost-free period is only 120 days. The average number of days with frost is 32.3 and,
within this group, it ranges from 26.9 to 42.0 (Figure 11a, Table 1a).
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Table 1b presents additionally developed values of variables determining the potential
risk due to ground frost during the growing season in the period of the last 10 years
(2011-2020). As transpires from the data presented, in comparison with the main study
period, i.e., 1971-2020, all clusters manifest earlier beginning of the growing season (from 6
to 9 days) as well as later disappearance of spring frost with respect to the beginning of the
growing season (from 1 to 4 days).

(a) GROUND FROSTS - GROWING SEASON (b) GROUND FROSTS - SPRING
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Figure 11. Spatial distribution of the potential risk of ground and air frosts during all growing seasons
(AT > 5 °C) and spring. Years 1971-2020.
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Table 1. Potential risk to crops due to ground frost in the growing season.
(a) Years 1971-2020
Start da}te of Fnd da.te of . Start date of Number of days
growing growing End date of spring Frost—free . :
Cluster . autumn frosts . with frosts during Cases
season season frosts (days) (days) * period the erowing season (%)
AT>5°C AT>5°C Y growing °
a 25 Mar 14 Nov 253 li\/[‘if’;i?[) 15 Oct (204) 166 181 7
b 20-30 Mar 8-19 Nov & 48) ay 7-23 Oct (200-211) 154-175 15.6-24.2 (13.5)
a 26 Mar 7 Nov 12 May (47) X 6182"t_(1138(9))ct 142 257 23
b 22 Mar-2 Apr 2-14 Nov 1-19 May (38-54) a 811)—199) 131-156 21.1-33.1 (44.2)
a 18 Mar 13 Nov 13 May (56) zi SOeCt_(;gglt 140 339 10
b 15-21 Mar 10-16 Nov 6-23 May (49-63) (185—202) 123-148 30.4-40.9 (19.2)
v BB 30 Mar 5 Nov 12‘*1\4“22‘,{5(?1 21385_;12 (51675) 120 23 12
b 25Mar—6 Apr 27 Oct-15 Nov 4564 (168-180 111-129 26.9-42.0 (23.1)
(b) Years 2011-2020
Start dgte of End da.te of . Start date of Number of days
growing growing End date of spring Frost—free . :
Cluster autumn frosts . with frosts during Cases
season season frosts (days) * (days) * period the erowin . (%)
AT >5°C AT >5°C ays e growing seaso. o
a 16 Mar 23 Nov 2221?5_1(@}] 1340235(21\213; )V 181 16.8 7
b 12-21 Mar 16-30 Nov (36-54) (209-232) 168-198 11.7-22.6 (13.5)
a 20 Mar 15 Nov ” Q:f_ylgﬂay 27782;;—(2240?))ct 153 25.1 23
b 15-28 Mar 9-24 Nov (35-60) (191-219) 134-173 13.5-34.3 (44.2)
a 11 Mar 22 Nov 7 May (57) 10 Oct (213) 155 32.6 10
b 6-16 Mar 17-26 Nov 2-18 May (51-66)  1-15 Oct (202-220) 135-161 27.2-40.9 (19.2)
v BB 23 Mar 13 Nov ﬁ%ﬁ;ﬂ?ﬁl 259521‘213 o 131 336 12
b 19-31 Mar 3-25 Nov (51-75) (180-202) 122-140 27.9-41.0 (23.1)

Potential risk in clusters: I Low, Il Medium, III High, IV Very High; a mean; b min—max; * number of days counted
from the begining of the growing season.

3.6. Potential Risk to Crops due to Ground Frosts in Spring

The applied cluster method, with respect to ground frosts in spring, allowed for
determining the 4 groups of stations with varied potential risks to crops due to ground
frosts. Generally, the spatial distribution of the separated clusters, especially cluster I1I, is
very similar to the above-described distribution for the entire growing season. The stations
belonging to clusters of low-risk are markedly scattered throughout the area of Poland. The
area with medium frost risk (marked in blue) occurs almost throughout the country (except
for southwestern Poland) with the average number of days with the said phenomenon
being 17 days. Stations with high risk are characterized, on average, by the earliest start
of vegetation (March 19). The areas of very high frost risk (marked in black) are scattered
and were mainly identified in the Pomerania and the Sudetic Foreland where the average
number of days with ground frosts in spring amounts to 21.5 (Figure 11b and Table 2a).

Noteworthy is the almost identical number of days that elapse on average from the
beginning of vegetation to the disappearance of the last spring frosts, the number of spring
frosts, and the probability for areas III and IV. The risk in cluster III results primarily from
the very early start of the vegetation period. In turn, the dispersion of stations in cluster IV
reflects the influence of local topography, which in particular determines the occurrence of
ground frost.

Table 2b presents a compilation of values determining the potential risk due to ground
frost in spring in the last decade 2011-2020. The analysis of particular characteristics shows
persistent threat due to frost in all identified areas.
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Table 2. Potential risk to crops due to ground frosts in spring.
(a) Years 1971-2020
Sta1:t date of End date of spring Number of days Probability of frosts Cases
Cluster growing season frosts (days) * with frosts in sprin occurrence 20 days after the (%)
AT >5°C y PP start of the growing season °
a 27 Mar . 4,41;[3_},1 ﬁf}ay 125 439 10
b 20 Mar-2 Apr (32-48) 9.7-15.3 40.4-47 4 (19.2)
a 26 Mar 17 May (48) 17.0 50.7 23
b 20 Mar-6 Apr 4-25 May (42-54) 14.5-19.3 47.4-54.6 (44.2)
a 19 Mar 14 May (56) 214 56.6 10
b 15-24 Mar 623 May (48-64) 18.6-25.3 51.5-62.8 (19.2)
v a 28 Mar 25 May (57) 215 56.3 9
b 25Mar-3 Apr 18 May-5 Jun (53-63) 19.1-26.0 54.2-59.5 (17.3)
(b) Years 2011-2020
Staljt date of End date of spring Number of days Probability of frosts Cases
Cluster growing season frosts (days) * with frosts in sprin occurrence 20 days after the (%)
AT >5°C Y PHRS  start of the growing season ’
a 19 Mar 25?%?38%2}1 12.3 44.0 10
b 12-27 Mar (35-54) 7.5-16.3 34.5-49.8 (19.2)
a 20 Mar 9 May (50) 17.5 52.6 23
b 12-31 Mar 2-21 May (37-61) 10.4-21.8 44.2-58.0 (44.2)
a 11 Mar 7 May (57) 21.6 57.3 10
b 6-17 Mar 2-18 May (50-66) 18.1-26.5 52.1-62.5 (19.2)
v a 21 Mar 20 May (60) 23.0 60.3 9
b 17-27 Mar 10 May—4 Jun (52-75) 18.6-27.1 54.5-68.4 (17.3)

Potential risk in clusters: I Low, Il Medium, III High, IV Very High; a mean; b min-max; * number of days counted
from the begining of the growing season.

3.7. Potential Risk to Crops due to Air Frosts in the Growing Season

Low potential risk (marked in green) due to air frosts in the growing season (Figure 11c,
Table 3) is found along the coast and in stations located in favorable physiographic con-
ditions such as on high ground—Zielona Géra. The beginning of the growing season
identified in this cluster of stations falls, on average, on 24 March, the end—12 November.
In turn, the last spring frosts end, on average, on 20 April, and the first autumn frosts start
on 22 October, with the average number of days with frost in the entire growing season
amounting to 8.7. The duration of the frost-free period is, on average, 189 days (Figure 11c,
Table 3a).

Medium frost risk (marked in blue) was identified in stations located in the north-
eastern, eastern, and central areas of Poland. The beginning of the growing season for this
group of stations falls, on average, on 30 March, and ends on 4 November. The last spring
frosts disappear on average on 29 April, and the first occurs on 11 October. The number
of days with air spring and autumn frosts amounts to, on average, 12.5 days, however, in
particular stations in this group of clusters it ranges from 8.3 to 16.2 days. The duration of
the frost-free period is, on average, 166 days.

High potential frost risk (marked in red) was identified in the western and southern
areas of Poland. The average beginning of the growing season falls on 19 March, and the
end on 12 November. The last spring frost disappears on 26 April and the first autumn
frosts occur, on average, on 15 October, yet the frost-free period lasts 172 days. The number
of days with frost amounts to, on average, 14.7 days, and in this group of stations, the
extreme values range from 11.9 to 17.8 days.

Very high potential risk due to frost (marked in black) occurs in the Sudetic Foreland
and, locally, in unfavorable physiographic conditions such as river valleys (Lebork, Pifa,
Torun). The beginning of the growing season is recorded, on average, on 27 March and
the end on 7 November. On average, the last spring frosts end on 6 May (i.e., as much as
40 days after the beginning of the growing season) and the first autumn frosts occur on 7
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October, thus the frost-free period lasts on average 154 days. The average number of days
with frost is 17.2 (Figure 11c, Table 3a).

Table 3. Potential risk to crops due to air frosts in the growing season.

(a) Years 1971-2020

Start date of End date of End date of Start date of Number of days
growing growing . Frost—free with frosts Cases
Cluster spring frosts autumn frosts . . o
season season (days) * (days) * period during the (%)
AT >5°C AT >5°C y y growing season
a 24 Mar 12 Nov 21% ilzr f? 2126?5?5 (é}:tz) 189 8.7 12
b 20-30 Mar 5-19 Nov A 9_30§’ (205-220) 180-204 5.6-11.0 (23.1)
a 30 Mar 4 Nov 29 Apr (31) 11 Oct (196) 166 125 18
b 25 Mar—6 27 Oct-15 23 Apr-6 May 1-21 Oct 149-181 8 B—i 6.2 (34.6)
Apr Nov (21-35) (181-205) ' ’ '
a 19 Mar 12 Nov zzgg%r [f’sr) 157_01‘;; glto) 172 14.7 13
b 15-23 Mar 7-16 Nov (354 4%0 (205_2;5) 161-177 11.9-17.8 (25.0)
I 27 Mar 7 Nov 30 ZM:—ylglISEa 30752Ct—(11419é)ct 154 172 J
b 24-31 Mar 2-12 Nov (1;’7 _5) y (182’_201) 140-164 13.6-23.9 (17.3)
(b) Years 2011-2020
Start date of End date of End date of Start date of Number of days
growing growing . Frost—free with frosts Cases
Cluster spring frosts autumn frosts . . o
season season (days) * (days) * period during the (%)
AT >5°C AT >5°C Y y growing season
a 16 Mar 21 Nov 16 Apr (31) 152285[1(2212\152“, 197 8.6 12
b 12-21 Mar 12-30 Nov 7-24 Apr (23-37) (211-240) 178-217 5.7-12.7 (23.1)
a 23 Mar 12 Nov . ;ZAE’;(I‘O\’;; 21%2?7%?2 175 12.9 18
b 17-31 Mar 3-25 Nov (5’4 ) y (194-226) 160-194 7.1-17.5 (34.6)
a 12 Mar 21 Nov éiigr A(4t) 1%?2(:2 (CZ)ZtO) 176 16.0 13
b 6-17 Mar 13-26 Nov (39_51%0 (212_22;) 167-186 11.6-18.9 (25.0)
v a 20 Mar 15 Nov - iMff’l ﬁf}a 3318ch2(§0§) . 161 18.1 9
b 17-23 Mar 9-23 Nov (1;9_50) y (1’;1;_220) ¢ 141-178 15.1-26.2 (17.3)

Potential risk in clusters: I Low, Il Medium, III High, IV Very High; a mean; b min-max; * number of days counted
from the begining of the growing season.

For the purpose of illustrating the most relevant threat, similarly to the aforementioned
cases, air frost was developed in terms of variables characterizing the potential risk in the
growing season during the period of the last 10 years—Table 3b. In all clusters, similarly to
the case of ground frost, despite increasingly longer frost-free periods, air frost tends to
disappear later in spring and their number remains at a comparable level (cluster I and II)
or there is a slight increase in their occurrence (cluster III and IV) against the multiannual
period of 1971-2020.

3.8. Potential Risk to Crops due to Air Frosts in Spring

The spatial distribution of the identified clusters of stations with different levels of
potential risk due to spring air frost is very similar to the aforementioned distribution for
the entire growing season. Features describing the variability of frosts, i.e., the dates of
the last spring frosts expressed in the number of days from the beginning of the growing
season, the number of days with spring frost, and the probability of frost occurrence 20 days
after the beginning of the growing season, have the lowest values in the cluster with low
risk and gradually increase in subsequent clusters (Figure 11d, Table 4a). It is noteworthy
that the probability of frost occurrence in cluster III is high, almost identical to that in
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cluster IV. The beginning of the growing season shows a significant impact on the level
of risk due to spring frost, with the earlier dates of the start of vegetation causing greater

potential risk to crops with high thermal requirements.

Table 4. Potential risk to crops due to air frosts in spring.

(a) 1971-2020

Start date of

Probability of frosts

Cluster growing season Enfdr d?te(gf sp)ring w11\tI}? Ifl:be:‘ ?f\da}r?n occurrence 20 days after the C(ao/s;es
AT >5°C osts ldays OSISHLSPHNG  gtart of the growing season ’
a 26 Mar 21 Apr (26) 6.0 36.9 16
b 20 Mar-2 Apr 16-26 Apr (19-30) 3.6-7.7 26.6-42.1 (30.8)
a 30 Mar 2;’&‘;&%@ 8.7 39.5 15
b 23 Mar-6 Apr (28-35) 6.9-10.9 34.2-44.0 (28.8)
a 19 Mar 26 Apr (38) 9.6 46.3 13
b 15-24 Mar 23-30 Apr (33-44) 7.7-11.4 40.1-58.4 (25.0)
v a 27 Mar 7 May (41) 11.6 46.7 8
b 25-31 Mar 3-12 May (38-45) 9.9-15.3 43.0-50.2 (15.4)
(b) 2011-2020
Staljt date of End date of spring Number of days Probability of frosts Cases
Cluster growing season frosts (days) * with frosts in sprin occurrence 20 days after the (%)
AT >5°C osts (days OSISISPIING  gtart of the growing season ’
a 18 Mar 17 Apr (30) 6.0 36.8 16
b 12-28 Mar 7-24 Apr (23-37) 3.5-8.1 27.3-49.4 (30.8)
a 23 Mar 2529A?1I‘3—r4(1?</ie)1y 9.8 424 15
b 17-31 Mar (34-42) 7.8-12.4 33.9-47.8 (28.8)
a 12 Mar 25 Apr (44) 10.7 48.4 13
b 6-17 Mar 21-29 Apr (39-51) 8.3-12.6 38.5-57.8 (25.0)
v IR 20 Mar 3062422’ 6(‘11\? 13.2 525 8
b 17-23 Mar (45-50) ay 11.4-17.1 48.7-56.8 (15.4)

Potential risk in clusters: I Low, Il Medium, III High, IV Very High; a mean; b min-max; * number of days counted
from the begining of the growing season.

Table 4b presents the potential risk due to spring air frost in the last decade (2011-2020)
of the period under study. Again, despite the observed warming, the enduring risk due
to frost is confirmed, and in the case of clusters III and IV, owing to the noticeable higher
number of days with frost and increased probability, it can even be stated that the risk is
increasing.

4. Conclusions

The observed acceleration of the dates of the beginning of the growing season
(AT > °C) favors the earlier start of vegetation when the occurrence of frost in early spring
is high. In the climatic conditions of Poland, in the years 1971-2020, frost is most frequently
recorded in the second and the first decade of April in spring and in the third and second
decade of October in autumn, with spring frost being recorded far more frequently than
autumn frost. In the thermal growing season, on average, there are 28 days with ground
frost and 13.3 days with air frost. Frosts occur mainly as one-day-long events and in a series
of two or three days, very rarely in a series of more than 7 days. In spring, the last ground
frost disappears, on average, on a country scale, on May 14—and air frost on 27 April. In
turn, the first autumn ground frost is recorded, on average, on 1 October, and air frost
on 14 October. Depending on the region of Poland, the last ground frosts disappear, on
average, 32 to 64 days after the beginning of the growing season, and air frosts—from 19
to 45 days. In the multiannual period under analysis, there is an earlier disappearance of
frost in spring and a later occurrence in autumn, which in turn leads to the extension of the
frost-free period. The duration of the air-frost-free period amounts to, on average, 171 days
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and is by as much as a month longer in comparison with the frost-free period with respect
to ground frost.

Varied of features of frost in the identified clusters represent different potential risks
to agricultural crops due to frost.

High risk of frost, primarily due to a particularly early start of vegetation, is identified
in the western and southern parts of Poland. The stations characterized by very high
potential risk of frost are scattered throughout the country and their local topographic
conditions are unfavorable, for example, river valleys (Lebork, Pita, Torun) in the Sudeten
Foothills. Very high risk in the growing season, but only due to ground frost, is also
recorded in the north-east of Poland. The stations with medium potential risk constitute
the largest group and, in the case of ground frost, their largest numbers are found in the
central part of the country whereas in the case of air frosts—in the north-eastern part of
Poland. Low potential risk is found in the central and western parts of the Coasts, as well
as in stations located in favorable physiographic conditions such as water reservoirs, hill
slopes, and favorable area exposure.

The obtained spatially coherent picture of the risk of frost in four variants, despite
having taken into account different input data, confirms a strong consistency between air
and ground frosts and allows the conclusion that the adopted classification methodology
is correct.

Despite the ongoing warming of the climate, frosts remain a current risk to crops.
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