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Abstract— A characteristic symptom of climate change is the modified distribution of
frost events that has fundamental effect on agricultural production. To learn these changes
in Sopron region, Hungary, we investigated daily minimum and maximum temperature
data of the period 1961-2016 provided by the Hungarian Meteorological Service. The
time interval 1961-2016 was split into two (1961-1990 and 1991-2016) in order to
compare nearly two climate cycles statistically. We analyzed the 56-year trends of the last
frosty day of spring and the first frosty day of autumn as well as the length of the longest
yearly frost-free period. As for the winter period (October 16 — February 28), the
frequencies of four different strengths of frosty days were examined. We analyzed how
often an uninterrupted frost-free period (Tmin>0 °C) longer than 12 days developed
between two frosty periods in spring and in autumn, exactly when it occurred (Julian
day), and how many days it lasted for. Finally, we investigated the trends of the yearly
numbers of spring frosty days and their variances.

Amongst others, we show that the length of the longest uninterrupted frost-free
periods has increased significantly over the past 56 years, with 70% of years in the recent
climate cycle (1991-2016) having frost-free periods of more than 200 days. As an
average change per 10 years, the last spring frost period ended four days earlier, while the
onset of autumn frost shifted 2 days towards the end of the year. The number of days with
minimum temperatures below -15°C, -10°C, -5°C, and below 0°C decreased
significantly during the dormant period. These changes mean a prolongation of the
growing season, partly a reduction of the winter regeneration period, and the potential
higher overwintering success of the pests. The number of spring frost days also decreased
significantly, while their variability has grown markedly.
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1. Introduction

Extreme weather conditions caused by the change of the climate system can
show up in different ways. Extreme events can be different in every region
around the Earth as well as in Hungary. That is why it is expedient to analyze
the changes in the climate system and the regional effects of global warming.
The statistical examination of risk factors due to extreme weather conditions is
crucial in order to prepare, adapt, and mitigate the vulnerability of certain
regions (Unterberger et al., 2018).

The most vulnerable sector to the potential consequences of changes is
agriculture, while agriculture is responsible for producing food-ingredients.
According to Felkai and Varga (2010), the most important risk factor in
agriculture — due to its unpredictability — is climate change, because its causes
and effects are not yet fully learned.

In Hungary, regarding agriculture, frost is one of the greatest risk factors
caused by weather (Kemény et al., 2011).

According to a study by Agricultural Economics Research Institute, the
most serious damage in 2016 was caused by spring frost and hailstorm. 33% of
all the registered damaged areas was caused by spring frost. In most reports of
spring frost, the size of damaged areas was almost four times the size of that of
the previous year, exceeding 43 thousand hectares (Keményné et al., 2017).
Therefore, managing and mitigating frost events presents a great challenge to
farmers, particularly, if it happens during the spring.

We investigate the frequency and permanency of low temperature values
which can cause frost risk. Inspecting these events has a special importance with
regards to the bud burst and blooming phenophases, because in the case of
grapevine, late spring frost can cause yield loss in the following year as well
(Meier et al., 2018).

The research of grapevine growing possibilities has utmost importance.
According to Central Statistical Office data, in the year of 2016 from all the
cultivated land in the country, grapevine was grown on more than 75 thousand
hectares, and it contributed nearly 480 thousand tonnes of crop to the annual
yield of agriculture.! With these production conditions, Hungary falls into the
category of moderate wine producing countries in the world with more than 3
million hectoliters of wine. For the abovementioned reasons, safe cultivation of
this crop has great importance to the national economy.?

For a reference station, we chose Sopron. This region is a perfect example
for traditional viticulture and wine production. In terms of the average yield of
grapevine, this historical wine region is one of the best in the country.

'http://www.ksh.hu/docs/hun/xstadat/xstadat_eves/i_omn024b.html (donwloaded March 31, 2019)
2http://www.ksh.hu/docs/hun/xstadat/xstadat_eves/i_omn005.html (donwloaded March 31, 2019)
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2. Literature review

By climate change, we mean the upward tendency of global mean annual
temperature, together with the extreme weather conditions which are becoming
more common in certain regions.

In wviticulture, temperature is the most important aspect among
environmental factors. Viticulture is mainly defined by the annual mean
temperature. Low risk open field viticulture can be carried out only within 9—
21 °C annual mean temperature isotherms (Zanathy, 2008). The best regions lie
within 10-16 °C isotherms (Olah, 1979).

While in the Mediterranean region, grapevine can be grown safely due to
the well-known balancing effects, the continental atmospheric conditions
prevalent in the Carpathian Basin can cause such stress factors that lead to
negative economic consequences both in quality and quantity (Szenteleki et al.,
2011). One of these stress factors can be the frequency of extremely cold days
(Dunkel and Kozma, 1981).

According to Hungarian Act CLXVIII of 2011 2§32, winter frost is defined
as “temperature as low as -15 °C, measured during winter season at an altitude
of 2 meters above ground level at the place of risk-taking”. According to Section
2 Point 32a, winter frost damage is defined as “necrosis of the crop in a
plantation followed by a decline in yields”.

During the winter season, temperatures below -15 °C can cause serious
damage to a wide variety of grapevine species. Late spring frost — even
temperature as low as -1°C — can cause a significant decline in yields
(Szenteleki et al., 2012, Fila et al., 2014, Bois et al., 2015).

In spring, a cooling between 0 °C and -3 °C can seriously damage recently
burst buds or intensively growing sprouts with inflorescences on them (Hajdu
and Saskoi Bne, 2009).

According to the second National Climate Change Strategy, the fact that
due to mild winters, the resistance of perennials to the cold dwindles, causes
another problem. In the case of an approximately 1-2.5 °C rise in temperature,
bud burst happens 1-3 days earlier and the defoliation 1-2 days later per decade.
As a result of a change in the climate system, certain phenophases of grapevine
happen earlier, and the periods between phenological phases become shorter
(Jones and Davis, 2000, Leolini et al., 2018). The earlier appearance of
phenological phases, for example the early flowering periods, poses greater risk
with the return of the late spring frosts. Late spring frosts — mainly “carried”
frosts — can cause serious deformities in plants, thus leading to economic
damage (Vitasse and Rebetez, 2018, Leolini et al., 2018).

For farmers, direct damage of frosts is the loss of revenue and consequent
financing difficulties. Indirectly and in the short or long run, the following factors
can cause serious problems: the increasing danger of alternation, the backlog of
investments and developments required for maintaining competitiveness, and the
loss of market as a consequence of commodity supply shortage (4pati, 2013).
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In Hungary, in year 2016, 62.6%, i.e., 3084.9 million HUF of the
mitigating allowances were disbursed for frost damages. The majority of
damage was inflicted among the plantations and field plants (Keményné et al.,
2017).

In our study, we deal with quantifying frosty days and analyze the changes
of extreme temperature values.

3. Methodology

We conducted our research with a focus on the Sopron wine region, between
1961 and 2016 with a time period of 56 years. For a reference station, we
appointed Sopron with the adjacent wine region in a view of the fact that the city
and its agglomeration have had a tradition in viticulture and winery for
centuries.

The temperature data which we used for our study was provided by the
monitoring station of the Hungarian Meteorological Service in Sopron.

We compared our results against two climatic cycles: the reference period
between 1961-1990 and the more recent period from 1991 to 2016.

With respect to the 56-year-long period, we defined the Julian day (JD) of
the last frosty day in spring and the first frosty day in autumn, and we analyzed
the lengths of the longest annual frost-free periods. We calculated the slope of
linear trends with their significance levels for the whole period (1961-2016), the
reference period (1961-1990) and the more recent period (1991-2016).

We analyzed how often a frost-free period (Tmin > 0 °C) longer than 12 days
developed between two frosty periods in spring and in autumn, exactly when
(JD) and how many days it lasted for.

With respect to the 56-year-long period, for the dormancy period (October
16 — February 28), we defined the frequency of occurrence of four types of frost
with different intensities, when the minimum daily temperature was lower
than -15 °C, -10 °C, -5 °C, and 0 °C, respectively.

Furthermore, we analyzed the continuous length of frosty days, that is, how
long do frosts with certain intensity happen in spring and in autumn year after
year.

Finally, we analyzed the number of frosty days during spring in the last
56 years, together with their moving variances with a 9-year window.

For the comparison of the changes that happened during the reference
period (1961-1990) and the more recent period (1991-2016), we calculated
linear trends and applied a two-sample ratio test (Z-test) and a Student’s t-test.
In the latter case we proved the normality by d’Agostino test (p > 0.05). We
checked the assumption of homogeneity of variances by F-test; in case it was
violated, Student’s t-test was corrected by Welch’s degrees of freedom.
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4. Results
4.1. The beginning, the end, and the length of the longest frost-free period

In the last two climate cycles (1961-2016), in the area of Sopron, the longest
uninterrupted frost-free period (Tmin <0 °C) was longer than 150 days in every
year (Table 1).

Between 1961 and 2016, a 150 —174-day-long frost-free period happened in
8 years, while during the more recent period, the number of such years was zero.
The number of years with frost-free periods longer than 200 days was 13 in the
reference period, while in the more recent period (1991-2016) it was 18. This
means that more than two-thirds of the 26-year period contained frost-free
periods longer than 200 days (7able 1).

Table 1. Frequency of the longest frost-free periods in the two climate cycles studied
(1961-1990 and 1991-2016) in Sopron

Indicator 1961-1990 1991-2016
150—174-day-long uninterrupted frost-free period 8 0
175-199-day-long uninterrupted frost-free period 10 9
Contained frost-free periods longer than 200 days 12 18

The length of frost-free periods has significantly increased in the past 56
years (slope of linear trend=m=0.62; p < 0.01). However, in the period between
1961 and 1990, the increase was not significant (m=0.81; p=0.14), while the
change between 1991 and 2016 was significant (m=1.16; p < 0.02).

The linear, 56-year trend of the Julian day of the last frosty day in spring is
significant (m=-0.40; p <0.01), that is, these days are coming earlier (Fig. I).
The linear trend of the first frosty days in autumn is not significant (m=0.21;
p=0.07), although the date of the onset of frosts shifted towards the end of the
year.

Fig. I illustrates the Julian days of the last frosty days in spring (blue) and
the first frosty days in autumn (red) between 1961 and 2016. According to the
slope of the linear trends, the onset of autumn frost shifted forwards by 2 days
(although the change is not significant), while the period of frost in spring ended
an average of 4 days earlier per decade. The results of the comparison of the two
time periods (1961-1990 and 1991-2016) done by a two-sample Student’s t-test
regarding the last frosty day in spring (JD), the first frosty day in autumn (JD),
and the days that passed between the two events are shown in Table 2.
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Fig. 1. Julian days of the last days of frost days in spring (blue) and the first days of frost
days in autumn (red) between 1961 and 2016 in Sopron.

Table 2. The average of the last spring frost, the first autumn frost days, and the longest
frost-free period (JD), and the comparison of these indicators with a two-sample
Student’s t-test between 1961-1990 and 1991-2016 in Sopron

Average p
Indicator t (df=54)
1961-1990 1991-2016
Julian day (JD) of the last frost in spring 103 95 1.66 0.10
Julian day (JD) of the first frost in autumn 300 307 -1.71  0.09
;1;1}:1(; ;ength of the longest uninterrupted frost-free period 197 211 297 0.03

McCabe et al. (2015) got the same result by examining the temperature
data collected from more than 500 stations throughout the United States.
According to this data, in the past decades (1920-2012), the last frosty day in
spring occurred earlier, while the first frosty day in autumn occurred later.
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Although neither the Julian day (JD) of the last frost in spring, nor the
Julian day (JD) of the first frost in autumn differ significantly (p>0.05)
according to the two-sample Student’s t-test, the length of the longest
uninterrupted frost-free period within a year is significantly longer (p<0.05) by
approximately two weeks in the more recent period (1991-2016) compared to
the period 1961-1990.

In the following, we introduce three indicators regarding the returning frost
in spring and three indicators in autumn.

Spring indicators:

— the starting point of a frost-free period (JD) longer than 12 days
preceding a period of frost (frost-free (spring)>12-start);

— the length of a frost-free period (day) longer than 12 days preceding a
period of frost (frost-free (spring)>12-lenght);

— the frequency and length of a period of frost (day) following a frost-
free period longer than 12 days.

Autumn indicators:

— the starting point of a frost-free period (JD) longer than 12 days
following a period of frost (frost-free (autumn)>12-start);

— the length of a frost-free period (day) longer than 12 days following a
period of frost (frost-free (autumn)>12-lenght);

— the frequency and length of a period of frost (day) preceding a frost-
free period longer than 12 days.

In the first 30 years of the examined period (Fig. 2a), the first frost-free
period longer than 12 days happened after the 105th Julian day on average,
(which was followed by another frosty period), while in the 26 years of the more
recent period (Fig. 2b), the first frost-free period happened right after the 82nd
Julian day on average. The difference is significant (p<0.05, Table 3). The
lengths of frost-free periods (day) longer than 12 days following a period of
frost did not change significantly (p=0.19).

Table 3. The average of the start and length of the frost-free period longer than 12 days
prior to the spring frost period; the average of the start and length of the frost-free period
longer than 12 days after the autumn frost period; and the comparison of these indicators
with a two-sample Student’s t-test for the 1961-1990 and 1991-2016 periods

Average

Indicator 1961-1990 19912016 (@D P
Frost-free (spring)>12_start (JD) 106 83 2.45 0.02
Frost-free (spring)>12_length (day) 23 19 1.35 0.19
Frost-free (autumn)>12_start (JD) 331 328 0.39 0.70
Frost-free (autumn)>12_length (day) 16 24 2.84 0.01
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Fig. 2. Frost-free periods longer than 12 days preceding frost in spring period in Sopron:
a) between 1961-1990 and b) 1991-2016.

In the spring time of the reference period, returning frost occurred six times
after a second frost-free period longer than 12 days. The lengths of these frosty
periods were 1, 1, 1, 2, 7, and 16 days, respectively. In the more recent period,
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the number of such periods were 4 and the length of these periods were 8, 26,
32, and 41 days, respectively. Although the frequency of these periods does not
differ significantly (z=0.5; p=0.65), their lengths in the recent period exceeded
one week every time, so they pose a more serious risk.

In case of plantations, a persistently low temperature below zero after a
frost-free period longer than 12 days can cause frost damage, which may lead to
a decline in crop quantity, crop quality and increased production costs due to
prolonged use of anti-frost methods (Dami et al, 2015). According to Warmund
et al. (2008), a disruption of plant growth caused by spring frost is not only
detrimental to the plant growth and reproduction, but it can also lead to a huge
economic loss.

Note that in Figs. 2 and 3, preceding the periods of refrost, we only
indicated the frost-free periods longer than 12 days. In the case of shorter frost-
free periods, we depicted them as the uninterrupted frosty days.

As for the autumn period, the starting point of a frost-free period (JD) longer

than 12 days following a period of frost did not change significantly (p=0.70),
however, the lengths of such frost-free periods changed significantly compared
to the reference period (1961-1990, Table 3, p<0.05).

The periods of frost in the more recent period (Fig. 3b) have shifted
towards the end of the year and, compared to the reference period between 1961
and 1990 (Fig. 3a), the frost-free periods disrupt the continuity of the periods of
frost typically in the last two months (after Julian Day 300) of the year.

Although the extent of frost damage is significantly more frequent in spring
than in autumn, it is important to analyze the days of frost in autumn, because
the frost resistance of crops depends on the number and intensity of frosty days
occurring during the long endodormancy phenophase (Lakatos et al., 2017).

By quantifying the changes that happened during the past two climate
cycles, we detected that, while in the reference period the beginning of the frost-
free periods longer than 12 days is on the 331st day of the year on average, in
the more recent period it is on the 328th day of the year (7able 3). The change is
not significant (p>0.05). The average length of a frost-free period longer than
12 days in the reference period (16 days) became longer (24 days) in the more
recent period, and the difference is significant (p<0.05, Table 3).

In autumn, considering the periods of frost between two frost-free periods longer

than 12 days, we detected no significant differences between the two climatic
cycles regarding their lengths and frequencies.

The frequency of frost-free periods longer than 12 days prior in spring
(1961-1990: 18; 1991-2016: 17) do not differ significantly in the two climate
cycles (z=0.42; p=0.68).
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Fig. 3. Frost-free periods longer than 12 days following frost in autumn period in Sopron
(between 1961-1990 and 1991-2016).
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4.2. Winter frosts with different intensities

During the analyzed 56 years, with regards to the frequency of frosty days, a
significant difference was detected in the winter season (between October 16
and February 28): the decrease of the number of frosty days with a minimum
temperature below -15 °C is significant (p<0.05) in the past 56 years, the
number of such days decreased by 0.5 day per decade (Fig. 4, Table 4). The
number of days with a minimum temperature below -10 °C decreased more
dramatically, the number of such days decreased by 1.5 days per decade, the
change is significant (p<0.05; Fig. 4, Table 4). The number of days with a
minimum temperature below -5 °C decreased significantly (p<0.05), by 3 days
per decade, while the number of frosty days with a minimum temperature below
0 °C decreased significantly (p<0.01), by 4.5 days per decade (Fig. 4, Table 4).

These changes can partly lead to longer growing seasons, the decrease of
length of the dormancy period and the decrease of mortality rates of pests. The
significantly increasing temperature in winter can set out new conditions for
Hungarian farmers (Horvdth et al., 2017).
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Fig. 4. Frequency of frosts with different intensities (day) (1961-2016).
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Table 4. The average of the frequency of frost of different intensities in winter (between
October 16 and February 28) (1961-2016) and the comparison of these indicators with a
two-sample Student’s t-test for the 1961-1990 and 1991-2016 periods.

Average

Indicator 1961-1990 1991-2016 war=sh e
daily minimum temperature below -15 °C (day) 1.3 0.3 2.07 0.04
daily minimum temperature below -10 °C (day) 7.5 33 2.59  <0.01
daily minimum temperature below -5 °C (day) 26.2 19.0 2.27 0.03
daily minimum temperature below 0 °C (day) 79.1 66.3 339 <0.01

4.3. Spring frosts

The frequency of frosty days in spring decreased significantly in the period
between 1961 and 2016 (p<0.01; Table 1, Figs. 5 and 6). The moving averages
of the variance of the numbers of frosty days in spring with a 9-day window
shows a significant increase in the analyzed 56-year-long time period (p<0.01;
Table 5) with a scale of 1.5 days per decade (Fig. 6). This tendency can be seen
in the case of both (reference and more recent) climate cycles with significant trend
in the reference period (p<0.05) while with not significant trend in the recent time
interval, although the increase is not significant (p>0.05; Table 5). These results
mean increasing uncertainty of annual frequency of frosts and, as a
consequence, the difficulties of plant protection.

This means that, according to the changes that happened during the two
climate cycles, the number of frosty days decreased (blue) by nearly 4 days per
decade in the spring period. This change means a 7-day (red) per decade decrease
in the reference period and a 5-day (green) per decade decrease in the more recent
period. These changes can be seen in Fig. 5.
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Fig. 5. The number of frosty days in the spring period under the three examined time
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Fig. 6. The moving averages of the variances of the numbers of frosty days in spring with
a 9-day window (1961-2016) in Sopron.
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Table 5. The moving averages and the variances of the numbers of frosty days in spring
with a 9-day window (1961-2016, 1961-1990, 1991-2016) in Sopron, together with their
linear trends

1961-2016 1961-1990 1991-2016
Indicator moving slope moving slope moving slope
average of average of average of
variance variance variance
Numbers of frosty days 52 0.18%* 56 0.21% 48 0.06 ns
(spring)

ns: not significant; *p<0.05, **p<0.01

5. Conclusions

In our study, first the lengths of uninterrupted frost-free periods were discussed,
and it was found that in two-thirds of the past 26 years, they have increased to
more than 200 days per year. The change during the two analyzed climate cycles
1s significant. This increase is in relation to the shift of the last frosty day to
earlier in spring and the shift of the first frosty day to later in autumn. Although
we have not seen any significant changes in the alteration of these two
indicators, the difference is still unfavorable, taking other signs of climate
change into consideration; i.e., the so-called “false spring” at the end of the
winter, which can cause the early development of plants followed by a frost,
thus leading to problems in development and loss of crops (Ma et al., 2019).

In this context, Unterberger et al. (2018) draws attention to the
vulnerability of crops, according to which an early blooming followed by a cold
period (spring frost) can disrupt the growing season in the early spring.

We also considered the frost-free periods both in spring and autumn.
Considering the examined climate cycles, we could see a significant change
during the spring. According to our results, it can be concluded that in the past
few decades, frost formed often after gradually longer frost-free periods, thus
causing disruption in the plant development.

There is also a significant difference in the appearance of frost-free periods
longer than 12 days preceding a refrost between the two climate cycles, that is,
in the more recent climate cycle, a long frost-free period often appeared even in
March. However, there is no significant difference in the frequencies of periods
of frost longer than 12 days, so the frequency of such periods in the more recent
period is similar to that of the reference period.

As for the number of frosty days with different intensities, it can be
generally stated that over the past 56 years, the number of days with
temperatures below
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-15 °C, -10 °C, -5 °C, and 0 °C has decreased. In the winter period, the change is
significant in every case.

At the same time, it can be concluded that the number of frosty days in
spring shows a decreasing tendency. That change, with regards to the two
climate cycles, is significant. However, this declining rate does not exclude the
possibility of major hazard events (i.e., late spring frosts). Our expectations
coincide with the conclusion of Mosedale et al. (2015) that, according to the
HadCM3 climate model, the risk of late spring frosts will increase before bud
burst.

Our results are supported by the results of the National Climate Change
Strategy of Hungary, according to which, the number of frosty days will
decrease significantly in the future due to the warming tendency: from an
average of 96 days in the reference period (1961-1990), by 18—-19 days until
2021-2050, by
32-55 days until 2071-2100. The decrease of the frequency of frosty days will
likely affect every region of Hungary.’

A northward shift of the zone limit can be expected in viticulture and in the
wine industry, meanwhile negative climatic effects (frost, water stress, sunburn,
infections), decrease of grapevine lifetime, and decline in quantity and quality of
wine may occur. In order to prevent the above-mentioned problems, the role of
forecasts in meteorology with plant protection warning becomes more important
in the future. Modifications in the variety structure may also become necessary
in the future (Szenteleki et al., 2012).
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