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Abstract: The ongoing climate warming affects, among others, and the variability of thermal condi-
tions in spring and autumn are resulting in earlier dates of the beginning and end of the growing
season. The present paper provides detailed characteristics of the phenomenon of ground frosts,
addressing the question of whether the risk of frost-related damage in the extending growing season
is still present. The assessment of temporal and spatial distribution of ground frosts (5 cm above
ground level-AGL) in Poland in the thermal growing season (AT > 5 °C) was conducted on the basis
of the results of air temperature measurements at 5 and 200 cm a.g.l. obtained from 52 station of
the Institute of Meteorology and Water Management—National Research Institute for the period
1971-2020. The thermal growing season was calculated using the method by Gumiriski. The follow-
ing were calculated: the dates of the occurrence of ground frosts in spring and autumn, duration of
the frost-free period, the number of days with frosts of various intensity, according to years, ten-day
period and days in a year together with trends of change. The conducted analysis demonstrated
that the number of days with frosts in the thermal growing season in the multiannual period under
analysis (1971-2020) does not show any statistically significant changes. It was found that in the
thermal growing season, the average number of days with ground frosts in Poland amounts to 28
and ranges in spring from 15 to 22, and in autumn from 8 to 12. Most frequently, approx. 49%, slight
frosts are recorded, followed by moderate (29%), severe (15%) and very severe (7%). A positive effect
of water reservoirs on decreasing the frequency and intensity of frosts, as well as sporadic occurrence
of the phenomenon in the second half of June were demonstrated. Statistically significant earlier
dates of disappearance of frosts in spring, later dates of occurrence in autumn and the lengthening
of the frost-free period from approximately 2 days in the north-east of Poland to approximately 8.0
days over 10 years in the Pomerania region, create increasingly more favourable conditions for the
cultivation of plants with high thermal requirements in Poland.

Keywords: spring frosts; autumn frosts; frost-free period; intensity; tendency of changes; the number
of days; dates

1. Introduction

According to the Glossary of Meteorology [1], frost can be defined as: (1) a decrease in
air temperature below the freezing point of water during the growing period; (2) a decrease
in air temperature below 0 °C during the prevailing occurrence of a positive average 24-h
period temperature; (3) a decrease in minimum air temperature below 0 °C in a 24-h period
positive maximum temperature.

In the literature on the subject, frosts are distinguished and characterised, for example,
due to: the origin i.e., advective, radiation, advective-radiation [2-7]; time of occurrence—
spring and autumn [3,6,8]; altitude above ground level—air frosts at 2 m a.g.1. [6,9,10]
and ground frosts at 5 cm a.g.l. [9,11,12]; as well considering their intensity [8,11,12] or
frost-free period [6,8,10,13].

The frosts recorded in Poland are generally of advective-radiation nature, owing to the
approaching cold arctic air masses [14]. The studies by KoZmiriski and Trzeciak [15] on the
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multiannual period 1951-1970 show that, in most regions of Poland, the last spring frosts
were generally recorded from 26 April to 5 May. In turn, the analysis by Kalbarczyk [12]
on the period 1966-2005 indicates later occurrence by, on average, 15 days. Also, as is
indicated by Michalska [16], the occurrence of last spring frosts in Pomerania may extend
even to the end of June. Generally, the occurrence of ground frosts is recorded on individual
days; however, there may also be a series of two or more days [9,17]. With respect to the
intensity of frosts, the most frequent are the frosts termed slight (to —2 °C) or moderate
(—2 to —4 °C), and severe (4-6 °C) and very severe frosts (>6 °C) are recorded much less
frequently [8,9,11]. The average ground frost-free period in Poland, according to the study
by Kalbarczyk [12] on the period 1966-2010, is 120-150 days. However, in Pomerania, the
period can extend to 130-160 days [16] and in north-western Poland it is by far shorter and
lasts, on average, 112-145 days [9].

In Poland, agricultural and orchard cultivation is at risk of spring and late-spring
ground frosts (5 cm a.g.1.), particularly during the approach of cold air masses after the pe-
riod of significant warming in spring, which is conducive to premature vegetation growth
(the so-called “false spring”) [18]. A particular risk to plants occurs during the period of
flower buds occurrence, flowering and fruit setting. Ground frosts are characterised by a
marked temporal and spatial discontinuity owing to the irregular approach of arctic air
masses and diverse physiographic conditions such as: altitude above sea-level, topogra-
phy and land cover, the nature of the ground, hydrographic network and slope exposure
etc. [19,20]. Consequently, the issue of frosts is of interest to farmers, gardeners, fruit grow-
ers, foresters and meteorologists who, for many years, have been analysing the occurrence
and damage caused by frosts, as well as establishing preventive actions [14,16,21-27].

Polish literature on the subject of frosts is extensive. Owing to the size of the area
under study, it is possible to distinguish studies presenting the phenomenon on a local
scale [3,11,21,28], regional scale [8,14,29,30] and nationwide scale [10,15,17,31,32]. Addi-
tionally, the issue of frosts is a permanent constituent of monographs and handbooks on the
climate and agro-climate of Poland [16,21,33-35]. The studies on the direct and consequen-
tial effects of frosts on the growth of plants and the extent of loss are of particular relevance.
Poor health condition of plants and an increased vulnerability to various diseases is ob-
served particularly during the period of unfavourable weather conditions [12,16,21,25,36].

The studies referred to in the present paper discuss frosts per adopted time period
referred to as the growing season covering, generally, the period from April to October.
Given the consequences of the global warming to agriculture, it may be assumed that with
a positive trend of air temperature [37-42], the vegetation starts earlier in spring [32,43-46]
which results in temporal changes in the phenological phases of plants [47-49]. As is stated
in the aforementioned research studies, the greatest warming is observed in winter, as well
as in February, March, May and August. The increasing occurrence of mild winter [50]
disturbs the plant dormancy period and, with the occurrence of spring frosts, poses a
significant risk to plants [16,27,36,49,51]. The increasing air temperature particularly in
late winter and early spring contributes to an earlier occurrence and, consequently, the
extension of the thermal growing season. According to studies, in Poland it is, on average,
by 3—4 days and as many as 8 days over the period of 10 years in the northern part of
Poland [45,52,53]. Moreover, due to changes in air temperature, the dates of the beginning
and end of the growing season change as well. Greater changes are observed regarding the
dates of the beginning which show a trend of the growing season beginning earlier [32,54].

On the one hand, the ongoing global warming, an increase in thermal resources
in the area of Poland and an earlier dates of the beginning of the growing season are
advantageous to farmers and gardeners who can increase the acreage of thermophilic
plants cultivation [55]. On the other hand, in the case of early sowing or planting in spring,
there is an increased risk of frost damage [11,28,36,56,57]. The future climate change
predictions also show the increased risk of frosts when they occur after the initiation of
vegetation in spring [58].
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In the light of the above, the aim of the present paper is to provide a characteristics
of ground frosts (5 cm a.g.l) of different intensities in Poland considered in the context
of the extension of the growing season (AT > 5 °C) and not just on the calendar basis
(April-October), which is predominant in the literature on the subject.

2. Materials and Methods

The present paper makes use of the results of mean 24-h period air temperature mea-
surements taken at 200 cm a.g.l., and the minimum air temperature at 5 cm a.g.l. obtained
from 52 meteorological stations of the Institute of Meteorology and Water Management—
National Research Institute in the period 1971-2020 (Figure 1).
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Figure 1. Location of meteorological stations in Poland.

A day with frosts was identified when the minimum air temperature was below 0.0 °C,
and mean 24-h period air temperature was above 0.0 °C [1].

Frosts constitute one of the greatest threats to plans in the growing season. Therefore,
in the present paper, the phenomenon of ground frosts was analysed in the thermal
growing season. The first stage of the research was to determine, using the method by
Guminski [59], the dates of the beginning and end of the period with air temperature above
5 °C in consecutive years, followed by establishing the date of the end of spring frosts
occurrence and the beginning of the occurrence of autumn frosts.
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Mathematical formula by Guminski [59] for the rising (1) and falling (2) phase of the
mean temperature were utilized:

t, —t

x; = 2 'n @)
th —1t
1 — ¢

Xp = LI Y 2)
t—t

where:

t,—threshold value,

ti—monthly mean temperature in the month preceding the crossing of the thresh-
old value,

tp—monthly mean temperature in the following month having exceeded the thresh-
old value,

n—number of days in the previous month,

x1, Xp—number of days to be added to the 15th day of the previous month.

The next stage was to calculate the days with spring and autumn frosts and the
duration (in days) of frost-free periods. Variability of the dates of occurrence of the last
spring and the earliest autumn ground frosts, as well as the duration of frost-free area in
Poland, were determined with the use of regression coefficients of the fitted linear trends,
and the number of days per 10 years was given.

Considering the minimum air temperature values, the frosts were classified regarding
their intensity, into four groups: from —0.1 °C to —2.0 °C (slight frosts), from —2.1 °C to
—4.0 °C (moderate), from —4.1 °C do —6.0 °C (severe) and below —6.0 °C (very severe).

Mountain areas over 500 m above sea level were excluded from the study as, generally,
plants with high thermal requirements are not cultivated there. Owing to great spatial
and temporal discontinuity of frosts occurrence, the data collected from 52 meteorological
stations allow only a general characteristics of this phenomenon in Poland.

To illustrate the temporal and spatial variability of frosts when characterising the
particular features of frosts, apart from the averaged values for the whole country, figures
(Figures 2, 4, 6, 8, 12 and 13) and Table 1 regarding the exemplary stations representative
for different regions of the country were added (Figure 1).

3. Results and Discussion

In the climatic conditions of Poland, continuous occurrence of mean 24-h period air
temperature above 5 °C is adopted as the beginning of the thermal growing season in
spring and its end in autumn [32,34,35]. In the analysed multiannual period of 1971-2020,
increasingly earlier dates of the beginning of the growing season in spring are observed—
from 3.0 days in Biatystok to 3.4 days over 10 years in Wroctaw, and in the scale of the
whole country on average by 2.9 days (Figure 2). In turn, in autumn the extension of this
period is observed from 2.2 days in Biatystok to 4.5 days over 10 years in Wroctaw, however
for the whole country the extension is, on average, by 3.3 days. Consequently, the increased
duration of the thermal growing season is pronounced, from 5.2 to 7.9 days and for the
whole country, on average, by 6.1 days over 10 years (Figure 2). Polish literature on the
subject analyses the variability of the number of days with ground frosts on a calendar basis,
for example from April to October. As is presented in Figure 2, the course of the average
number of days with the phenomenon under study shows a negative highly statistically
significant trend. A similar course of the number of days with frosts was recorded in
the area of Bydgoszcz in the period 19712020 [11], in the Wielkopolska Lowland in the
years 1981-2010 [8] and in the Mazurskie Lakeland in the years 1966-2005 [30]. However,
the number of days with frosts in the thermal growing season (AT > 5 °C) reflecting the
actual risk to plants indicates that the analysed phenomenon does not show statistically
significant temporal variability in the analysed 50-year long period (Figure 3). The duration
of the growing season is clearly variable, from the shortest in Suwatki (203 days) to the
longest in Stubice (245 days). The structure of the occurrence of the growing season on
consecutive days in a year, together with its earliest and latest occurrence, is illustrated for
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selected stations in Figure 4. As illustrated, in some stations (Szczecin, Kotobrzeg) there
were years in which a decrease in temperature marking the end of the growing season was
recorded as late as in January of the next year. The increased frequency of frosts is also
in line with the dates of the beginning of the latest occurrence of the growing season in
spring and its earliest occurrence in autumn. The maximum frequency of these frosts is
recorded, predominantly, several days after the average date of the beginning of the thermal
growing season in spring and, respectively, prior to average date of the end of the growing
season in autumn (Figure 4). It is worth mentioning here, that in Poland, according to the
Act on subsidies to crop and livestock insurance (of 7 July 2005 as amended) [60], loss
or a complete destruction of crops is covered by insurance provided that spring frosts
occur between 15 April to 30 June. As is discussed in popular specialist literature and in
petitions submitted by farmers and gardeners [61-63] to the Minister of Agriculture, the
date 15 April, stated in the definition of “spring frosts”, is questioned as being no longer
valid owing to the ongoing global warming and thus increased thermal resources and the
trend of an earlier occurrence of the thermal growing season. Therefore, it seems all the
more valid that the date of liability of the insurer for possible loss of crops due to frosts
should take into account the thermal beginning of the growing season and the average
date of frost occurrence in spring which vary depending on the region of Poland.
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Figure 2. The dates of the beginning, end and duration of the growing season (AT > 5 °C) with the trend in Poland and in

selected stations in the years 1971-2020.
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Figure 3. Average number of days with ground frosts in Poland in the period April-October and in the thermal growing
season (AT > 5 °C) with the trend in the years 1971-2020.
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In spring, during the thermal growing season, throughout the country, ground frosts
occur with the highest frequency in the second (14.3%), first (12.4%) ten-day period of April,
and in autumn in the third (10.6%) and in the second (7.7%) ten-day period of October.
Sporadically, air temperature below 0 °C at the ground level is recorded in consecutive
decades of June: the first—0.64%, second—0.23% and in the third only—0.05%, and in the
third decade of August—0.11%. Frosts in April constitute 36.6% of the total number of
days with this phenomenon, an in October in autumn 23.2%. The frosts in May posing
risks to crops, known by farmers and often called “ice saints”, occur with the duration of
2 days on the Coast, 2—4 days in the central area of the country and more than 4 days in
the north-eastern part of Poland and at the Carpathian Foothills and the Sudetes Foreland
(Table 1). Out of the 11 meteorological stations presented in Table 1, the highest number of
days with frosts was recorded in the growing season in Wroclaw—on average, 36.6 mainly
due to an early occurrence of the beginning of the period observed there. This was followed
by the station in Biatystok—31.9 and in Ktodzko—31.4 days. Nationwide, the average
number of days with spring frosts is almost twice as high as that recorded in the autumn
season, and represents approx. 64% of the total number of days with this phenomenon.
Similar results were obtained by Draganiska et al. [9] in the analysis of the frequency and
intensity of frosts in north-east Poland.

Table 1. Average number of days with ground frosts in consecutive ten-day period of the growing season (AT > 5 °C) in
selected stations in Poland. Years 1971-2020.
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VI 2 0.0* 0.1 0.2 0.0* 0.2 0.1 0.1 0.1 0.1
3 0.0% 0.0* 0.0* 0.0%
1
Vil 2
3
1
VIII 2
3 0.0* 0.1 0.0* 0.0* 0.1 0.1
1 0.0* 0.0* 0.1 0.3 0.0* 0.1 0.0* 0.1 0.1 0.2 0.1
X 2 0.2 0.0* 0.7 1.1 0.4 0.6 04 04 0.6 0.5 0.5
3 0.4 0.2 12 2.0 0.6 0.7 0.7 0.6 0.9 0.8 0.9
1 11 0.6 17 2.8 13 1.4 13 14 15 17 15
X 2 2.0 13 2.5 2.8 2.3 2.3 2.2 2.6 2.7 24 2.5
3 3.2 2.1 2.6 22 34 3.2 3.1 4.0 2.9 2.7 3.9
1 2.1 1.9 0.8 17 12 14 2.8 1.6 0.9 17
XI 2 0.9 1.0 1.5
3

* value in the range 0.02-0.04 day (1 or 2 days over 50 years).
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In spring, the analysed ground frosts disappear the earliest on the Coast and along
the upper section of the Wista river valley (to Sandomierz), on average before 5 May, and
the latest—after 25 May;, in the area of Leba and Lebork and in the north-eastern part of
the country (Figure 5a). Relatively early, on average between 5 May and 10 May;, frosts
disappear in the south-western part of the country, in the coastal zone and around Mamry
and Sniardwy Lakes. In turn, in the central part of Poland, frosts disappear between 10 May
and 15 May, and in both Lakelands and in the Lublin Upland between 15 May and 20 May.
The course of the isarithm of the value 15 May divides the country into two parts of almost
equal size: the north-east and south-west (Figure 5a).
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Figure 5. Average (a) and the latest (b) dates of occurrence of the latest spring ground frosts (AT, < 0.0 °C) in Poland.

Years 1971-2020.

A great risk to thermophilic plants (AT > 10 °C) in spring is caused by ground frosts
occurring very late. The isarithm of 20 June divides the country into two parts: the north-
east, where the latest frosts can occur even till the end of June, and the south-west where
the frosts with the latest day of occurrence are recorded between 10 June and 20 June
(Figure 5b). The earliest date of disappearance of frosts, before 10 June, is recorded on
the Coast and in the upper sections of the Odra and Wista rivers to which, through the
Moravian Gate, warm air masses often flow in spring. As a result of the ongoing global
warming, the disappearance of frosts is recorded at an increasingly earlier dates in spring,
and the occurrence of frosts in autumn is recorded at increasingly later dates, as is presented
in Figures 6 and 7. The values of the regression coefficients show that from the north-east to
south-west of Poland, the rate of disappearance of the analysed frosts increases from 0.3 day
in Biatystok to more than 4 days in the central basin of the Odra and Wista river, and for
the whole area of Poland on average by 2.8 days over 10 years. In turn, in autumn the dates
of occurrence of frosts is recorded later, from 2.0 days in the central eastern part of Poland
to 3.0 days in the Lubuskie Lakeland, and in Pomorskie Lakeland as many as by 2.0 to 5.0
days later, for the whole area of Poland the average is 3.0 days over 10 years. Importantly,
the directions of changes discussed above were found to be statistically significant for
most of the stations. The trend of the variable dates of the occurrence of the last spring
and earliest autumn frosts was indicated by Dragariska et al. [9], Bielec-Bakowska and
Piotrowicz [10], Tomczyk [8], KoZzmiriski and Michalska [21].
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Figure 6. Dates of the last spring and the beginning of the autumn ground frosts together with the trend for Poland and in
selected stations in the years 1971-2020.

Figure 7. Values of regression coefficients for average dates of the last spring (a) and the first autumn (b) ground frosts
(ATin < 0.0 °C) in Poland. Years 1971-2020.
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The tendency of an earlier disappearance of ground frosts in spring and later oc-
currence in autumn was also observed with respect to ground frosts of higher intensity
(Figure 8). For example, in spring, ground frosts of the intensity <—2.0 °C—disappear
earlier by 1.2 day over 10 years in Biatystok and 1.8 day in Warszawa—to 5.2 days in
Wroctaw, and ground frosts of the intensity <—4.0 °C—from 1.1 day in Bialystok to 5.8 days
in Krakéw. There are years in which spring frosts of the intensity <—4.0 °C are not recorded,
as was the case in the years: 1983, 2000, 2004, 2009 and 2010 in Krakéw and in 2013 in
Bialystok (Figure 8). In turn, in autumn, frosts of the intensity AT, < —2 °C occur at a
later date by 0.6 day over 10 years in the area of Szczecin to 3.5 days in Wroctaw, and frosts
of the intensity <—4.0 °C from 1.3 day in Biatystok to 5.3 days in Krakéw, which is similar
to the situation in spring.
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Figure 8. Dates of occurrence of the last spring ground frosts and the beginning of autumn ground frosts according to
intensity together with the trend in selected stations in Poland in the period 1971-2020.

According to Figure 9, the longitudinal orientation of isarithm of the average dates
of occurrence of the first ground frosts evidently represents the advent of autumn from
the east to the west of Poland. The earliest occurrence, on average before 20 September, is
recorded in the Biebrza River Basin and in the Bialostocka Upland, and the latest date of
occurrence, after 10 October, is recorded in the western part of the Coast. However, there
are years in which the first occurrence of ground frosts is observed as early as 31 August,
as was the case in the east of the country, in the Barycz river basin and in the higher parts
of the Pomorskie Lakeland, or as late as after 15 September at the seaside (Figure 9b). The
average dates of occurrence of the first autumn frosts presented in Figure 9 demonstrate
close similarity to the spatial distribution of these dates given in the literature on the
subject [12,14,31].
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Figure 9. Average (a) and the earliest (b) dates of occurrence of the first autumn ground frosts (AT, < 0.0 °C) in Poland.
Years 1971-2020.

A significant indicator characterising the phenomenon of frosts is the duration of the
frost-free period. The duration is, on average, below 120 days in the north-eastern part
of Poland and more than 150 days on the Coast (apart from the area of Leba) and in the
upper section of the Wista River (Figure 10a). Significant variations in the duration of
the frost-free period (120-140) is recorded to the east of the Wista and San River valleys.
The average duration for the whole area of Poland is 141 days. The calculated values of
regression coefficients of the fitted linear trends (Figure 10b) manifest the increase in the
duration of the frost-free period throughout most of the country, particularly due to an
earlier disappearance of the last spring frosts, from 2.0 days in the north-east to 6.0 days
over 10 years in the western part of Poland.

N
b)
e
| &
0¢
Q)

Figure 10. Average duration of the frost-free period per days (a) and the values of regression coefficients of the frost-free
period (b) in Poland. Years 1971-2020.
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Another characteristic of frosts used in the description of the phenomenon is the
number of days with frosts in spring and autumn. In the analysed period of 1971-2020, the
average number of days with ground frosts in spring, calculated from the beginning of the
thermal growing season (AT < 5 °C) is 17.5 days for the whole of the country and is the
lowest in the coastal zone—less than 15.0 days, and the highest—more than 20.0 days, in
the area of Bialystok, along the Odra River, in the Carpathian Foothills and the Sudetes
Foreland (Figure 11a). In autumn, the average number of days with ground frosts amounts
to 10.3 for the whole area of Poland, and is by 41% lower than that in the spring season. In
the north of Poland, on average, 8-10 days are recorded and in the central and southern
part of the country from 10 to 12 days, in the Carpathian Foothills and the Sudetes Foreland
even more than 14 days (Figure 11b).

N
Ty

Figure 11. Average number days with ground frosts in spring (a) and autumn (b) in Poland. Years 1971-2020.

In the light of data presented in Figure 12, there is a high variability in the number
of days with ground frosts in spring on a year-to-year basis. However, there are periods
lasting a few or several years during which there is an increase as well as a decrease
in the frequency of occurrence. Such high inter-annual variability partly explains the
lack of a statistically significant trend of the number of days in most stations (with the
exception of six stations—positive trend: Suwatki, Terespol; negative trend: Elblag, Krakow,
Sandomierz, Zielona Goéra). At best, it is possible to distinguish the occurrence of a slight
tendency in spring of an increase in the number of days with frost in the north-west and
north-east of Poland, and the respective decrease in the central and southern part of Poland.
Frosts of the intensity <—4 °C are most frequently recorded in years with a high number of
frosts below <0.0 and <—2.0 °C. Often, following the years with low frequency of ground
frosts, a significant increase is recorded in the next year (Figure 12). In comparison to
spring, during the thermal growing season in autumn, the number of days with frosts is
markedly lower, though in this season there is also a trend of a slight increase as well as a
decrease in the number of days with the phenomenon, interestingly in the same areas as
in spring. However, similarly to spring, the observed direction of changes is statistically
insignificant for most stations, as is confirmed by data presented in Figure 13. A positive
feature of the climate of Poland is the fact that the increase in the number of days in a
given area of the country, at a particular time, does not always translate into an increase in
another area. The highest variability in the number of days with frosts of various intensity
on a year-to-year basis is pronounced in the area of the coast from Swinoujscie to Ustka,
and the lowest in the area of Suwalki and Biatystok (Figures 12 and 13).
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Figure 12. The number of days with ground frosts together with trend per intensity classes in spring in Poland and in
selected stations in the period 1971-2020.

The percentage share of severe and very severe ground frosts in the total number of
frosts allows the assessment of the intensity of the phenomenon in the growing season in
individual meteorological stations located in different physiographic conditions (Figure 14).
The stations located nearby water reservoirs, such as Swinoujécie, Kotobrzeg, Ustka or
Mikotajki are characterised by a small number of days with ground frosts in comparison to
the neighbouring stations located farther from the reservoirs, which is particularly mani-
fested in autumn. The share of severe and very severe spring frosts in their total number
amounts to 7.8% in Kotobrzeg, 15.3% in the neighbouring city of Koszalin (Figure 14).
Small percentage share of the frosts is also recorded in stations located nearby hill slopes,
such as Zielona Goéra, Sandomierz or Gorzéw Wielkopolski.
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Figure 13. The number of days ground frosts together with a trend per intensity classes in autumn in Poland and in selected
stations in the years 1971-2020.
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Figure 14. Percentage share of the number of days with severe (AT, —4.1 to —6.0 °C) and very severe (AT, < —6.0 °C)

ground frosts in their total number in spring (a) and autumn (b) in Poland. Years 1971-2020.

On a countrywide scale, the intensity of ground frosts in spring is greater than that
recorded in autumn. In spring, the smallest number of severe and very severe frosts is
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recorded on the Coast—Iless than 10%, and the highest—more than 18% in the Biebrza
River basin and in the Bialostocka Upland, in areas of Lebork, in the central and lower
course of the river Note¢ and on the Sudetes Foreland (Figure 14a). However, throughout
most of the country, this share is from 14% to 18%. Apart from the Coast, the privileged
areas of reduced percentage share of days with severe and very severe ground frosts are
the areas of: Kalisz and Wielur, Dolny Slask and the upper section of the Wista River to
Sandomierz. In autumn, water reservoirs significantly reduce the number of days with
frosts below —4.0 °C in the neighbouring area, which is manifested in the coastal zone,
around Mamry and Sniardwy Lakes—below 6%. Throughout most of the country, the
analysed share of frosts with the minimum temperature below —4.0 °C is from 6 to more
than 8% (Figure 14b).

4. Conclusions

Due to ongoing climate warming, the characteristics of frosts should consider not only
the calendar basis but also the lengthening of the thermal growing season. The analysis
demonstrated that the number of days with frosts in the multiannual period under analysis
(1971-2020) from April to October shows a statistically significant shortening, whereas the
number of days with frosts recorded in the growing season remains unchanged.

In the climatic conditions of Poland, there is an inter-annual very high variability in the
dates of the disappearance of the last spring ground frosts and the dates of the occurrence
of the first autumn ground frosts as well as in the number of days with the phenomenon
and the duration of frost-free period. Temporal variability of these characteristics is several
times higher than that concerning spatial variability, particularly in the central lowland
area of Poland, hence there is a need for an ongoing analysis of this phenomenon in Poland.

Ground frosts in spring disappear throughout most of the country, on average, be-
tween 10 May and 25 May, and in autumn their occurrence is recorded between 20 Septem-
ber and 5 October, yet the duration of the frost-free period amounts to, on average, 120 to
150 days.

The observed global warming results in the extension of the thermal (AT > 5 °C)
growing season from 5 to 7 days over 10 years, particularly in the west of Poland where an
increased number of early-spring and late-autumn ground frosts is recorded.

In the thermal growing season, throughout most of the country, the average number
of days with ground frosts ranges from 15 to 22 in spring, and in autumn from 8 to 12 days.
However, the high frequency and intensity of ground frosts recorded in individual years,
generally, is not found throughout the whole area of Poland.

The occurrence of ground frosts in June in Poland, especially in the second half of
June, is found to be an exception rather than a rule as it had previously been.

The ongoing warming climate is conducive to the lengthening of the frost-free period
from approximately 2 days in the north-east of Poland to approximately 8 days over
10 years in the Pomerania region, mainly owing to the earlier date of disappearance of
frosts in spring.

The greatest advance of the dates of the disappearance of the last spring ground frosts
is found in the Lubuskie Lakeland, Wielkopolska Lowland and in the Sandomierska Basin.
In turn, in autumn, the longest delay of the dates of the occurrence of ground frosts is
recorded in Pomerania.

The share of severe and very severe ground frosts in their total number in Poland
amounts to 14-18% in spring, and 6-8% in autumn.

Despite the unchanged statistically significant number of days with frosts in the ther-
mal growing season in the analysed multiannual period, earlier dates of the disappearance
of the last ground frosts in spring and later occurrence of the first frosts in autumn, as well
as the extension of the frost-free period, create increasingly more favourable conditions for
cultivation of plants with high thermal requirements in Poland.
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The date of liability of the insurer for possible loss of crops due to frosts should take
into account the thermal beginning of the growing season and the average date of frost
occurrence in spring which vary depending on the region of Poland.

Given the earlier dates of the disappearance of the last ground frosts in spring and
later occurrence of the first frosts in autumn, as well as the extension of the frost-free period,
the conditions for cultivating plants with high thermal requirements in Poland are found
to be increasingly more favourable.

The demonstrated high spatial and temporal discontinuity of ground frosts occurrence
in Poland necessitates further research into the frost-related damage to plants; however,
taking into consideration the earlier dates of the beginning of the growing season.
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