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Abstract: Both globally and in Hungary, agriculture is one of the industries that is most vulnerable to weather
and climate extremes. Intense temperature rises, spatial and temporal variations in precipitation, and
significant changes in extreme climatological and weather parameters have contributed to changes in the
conditions of cropland, crop losses, and impacts on crop quality in recent years. This paper depicts the
transformation of the domestic agricultural sector due to the extreme drought shock of 2022, as well exploring
the adaptation strategies applied. The research is based on official agro-climate database and crop data, and
the temperature, precipitation, and radiation during the growing season are all examined. The agro-
meteorological properties in Hungary had to be investigated for the entire year and all four of its seasons, with
indicator analysis projected onto the ever-increasing and dormant seasons. Long-term climate analysis is
necessary to understand the historic drought of 2022 and the success of future adaptation and mitigation
techniques. The results can help smallholders effectively reduce the adverse impacts of drought conditions,
thereby increasing their adaptation to similar shocks.
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1. Introduction

Climate change and its extremes are one of the most significant challenges of the 21st century
(Bouramdane, 2023; Laporta et al., 2023; Liu and Zhang, 2023). The intense rise in temperature and
the spatial and temporal changes in precipitation in the Northern Hemisphere's middle latitudes are
increasingly disrupting the traditional and usual variety-climate-soil balance (van Leeuwen et al.,
2019; Muehe et al., 2019; Bujdosé et al., 2019). Already in the 1980s, researchers drew attention to the
fact that increasing emissions of GHGs will induce irreversible processes in the atmospheric system
at the beginning of the 21st century (EPA, 2011; Gasser et al., 2020). One of the signs of this was in
Europe in 2021 and 2022; significantly, the agricultural sector was adversely affected (Bonaldo et al.,
2023). The adaptability of sectors to a given climate stress event, such as drought, is defined by the
vulnerability and adaptability of society (Szendré et al., 2014). A study examined the impact of
climate change on the road transport sector in Hungary, and the Sectoral Adaptive Capacity Index
was developed (Szendrd et al., 2014). Extreme weather events threaten all sectors, including
agriculture and transport, and therefore the assessment of the adaptive capacity is crucial to protect
against weather events. Buzasi and Csete (2016) developed indicators for the future adaptive capacity
assessment using the scorecard model. Biré and Csete (2021) examined the climate-oriented activities
in the Hungarian agricultural sector, and the results of content analyses showed that agribusiness in
general is trying to reduce the impacts of climate change through adaptation strategies. The positive
and negative impacts of climate change can be observed simultaneously in different sub-sectors of
agriculture, e.g., in the western wine regions of Hungary (Kocsacs et. al, 2017). In 2022, a drought
warning came into effect in nearly two-thirds of Europe (Toreti et al., 2022). The 2022 European
drought was the worst in at least 500 years (Ripple et al., 2022). Europe's average temperature in both
August and June-August 2022 was the highest ever recorded on the continent (Kempf, 2023;
Copernicus, 2022). The weakening of the jet stream simultaneously caused the dry period of the last
20-24 months, the persistently negative phase of ENSO (La Nifa), the persistent strengthening of
blocking anticyclones, and the absence of tropical cyclones (Rousi et al., 2022). This resulted in low
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saturated water vapour arriving in the northern hemisphere, deficient in atmospheric moisture, so
precipitation could not form. Most of the water vapour was unsaturated in the atmosphere, resulting
in a secondary greenhouse effect. Together, these cause heat and lack of precipitation, which may
become more frequent (Tuinenburg et al., 2020; Ciric et al., 2016). Events like last year's record
drought in terms of volume and intensity may become the new norm (Caloiero et al., 2018). No
scenario currently presents an optimistic forecast for the 21st century (IPCC, 2021). Evaporation, the
water cycle, and macro-circulation processes increase and change with climate change, which is why
droughts, storms, and floods will become more frequent and intense at the same time in Europe (Kron
et al., 2019). Farmers worldwide are trying out different methods in an effort to adapt to changing
climatic conditions. Drought is a severe threat to agricultural production, including livestock
numbers. The death of livestock also harms food security. A study assessed households' strategies in
livestock production during food security shocks (Batha, 2022). Life cycle assessment has been used
to investigate the environmental impacts of livestock production to propose an effective solution for
sectoral adaptation to climate change (Ndue and Goda, 2022). Agriculture depends mainly on water
availability; therefore, the pressure on water resources is increasing worldwide (Hussain et al., 2019).
There are regions (e.g., the Mediterranean area, Hungarian and Romanian lowlands) where surface
and soil water resources have already sunk below a critical level in the long term (Pinke et al., 2020).
Irrigation helps protect farmers from climate extremes and increases crop yields, but it also puts
significant pressure on water resources (Nikolaou et al., 2020). Despite this, no significant relationship
has yet been shown between the modern irrigation technologies appearing in field crop production
and water saving, and according to the FAO study, these lead to an increase in water consumption
(Perry et al., 2017).

In Europe, the agricultural production of nations is significantly affected by the fact that 60% of
water catchment areas are in global regions, which makes effective cross-border cooperation essential
(Baranyai, 2020). More than 10% of the water resources of 20 European countries depend on other
countries, and more than 75% of the water resources of five countries come from rivers from abroad
(European Environment Agency, 2021). The annual water runoff of rivers decreases in Central,
Southern, and South-Eastern Europe and increases in Northern and North-Eastern Europe due to
climate change (Skoulikaris et al., 2020). The falling and growing precipitation and changing water
flows and groundwater levels affected the yield difference in the European agro regions (Nistor,
2019). While crop production increased in Northern Europe, it decreased significantly in South-
eastern Europe - several assessments of climate change impact on crop yields. At more intense global
warming, substantial yield losses are predicted in lower latitudes especially (Deryng et al., 2011).
Czibolya et. al (2020) examined the dependence of yields of maize, wheat, barley and rye on
precipitation and temperature in Hungary. They found that maize yields were the most sensitive to
precipitation among the cereals studied.

2. Materials and methods

In this paper, the shock effects of droughts are approached from two directions. First, the agro-
climatological features of Hungary (temperature, precipitation, radio thermal index, etc.) are
analysed within a 30-year data series. Secondly, the analysis of the effects of the changing climate and
increasing droughts focuses on three selected varieties (wheat, corn, and grape wine). The agro-
climatological data come from the National Meteorological Service (OMSZ) and their measurements.
Each private station was calibrated annually. The results of the RegCM regional climate model, the
HUCLIM, and CARPATCLIM databases were used for the climatological study. During the research,
temperature, and precipitation were examined annually during the growing and dormancy periods.
With the help of the literature, the most crucial extreme climate parameters were collected, which are
calculated from temperature and precipitation. These are important for the climatological
examination of the threshold values (Table 1).

Table 1. The most common general climatic parameters (Sensoy et al., 2011).

Appellation Definition
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3
Summer days Tmax > 25 °C
Heat days Tmax > 30 °C
Hot days Tmax =35 °C
Tropical nights Tmin>20 °C
Frost days Tmin< 0 °C
Winter days Tmax< 0 °C
Days with heavy rainfall R day >20 mm
The maximum length of dry spells R day <1 mm
Rainfall intensity mm/h

In all cases, a statistically cleaned, long-term data set is required for indicator analysis. To
analyse the indicators, most domestic plants react sensitively to changes in the climate, as even minor
changes pose a qualitative and quantitative risk to the crop. The relationship between radio thermal
index (including temperature and radiation effects) and the length of the main crops and growing
season were analysed based on several year-long meteorological and phenological data series. The
calculation of radio thermal index (R) is as follows (Dunkel et al., 1981):

R= (A *E) * 1072 (D)
n

where:

A is the active heat sum of the vegetation period (°C),

G is the global radiation during the vegetation period (J/cm?),

n is the length of the vegetation period per year (Dunkel et al., 1981).
The indicator was developed for grapes but can be used successfully for all domestic plant varieties.

The research also assessed Hungary's drought sensitivity using the Atmospheric Drought Index
(LSZI). Physiological changes occur in plants due to atmospheric dryness, which can often destroy
certain parts of the plant (flowers, shoots, clusters, stems). The temperature must rise above 25 °C,
and the air humidity must fall below 40% (Kovacs, 2018). The formula for the LSZI is as follows
(Lakatos et al., 2005):

_Taa 40
LSZI = i« o )

where:
Tin is the daily mean temperature (°C).
RT3 is the relative air humidity measured at 13 hours (1 pm) (%).

Table 2. Values of LSZI and water supply level (Source: Kovacs, 2018).

Values of LSZI Water supply for plants
0.0<LSZI<0.2 favourable water supply
0.2<LSZI<04 satisfactory water supply
0.4<LSZI<0.6 moderately unfavourable, intermittent water supply
0.6 <LSZI<0.8 strong atmospheric dryness
0.8<LSZI<1 severe atmospheric drought, disruption of plant water balance
1< LSZI extreme atmospheric dryness, plant death, water stress

Not only the atmospheric dryness but also the soil-air dryness should be examined, for which
the Palfai Drought Index (PaDI) was used (Palfai, 1990), which is:

Papl =M gk, 3)
x-vii

where PaDl is the drought index °C/100 mm; fiv-vin is the mean temperature of the period between
April and August; Px-vin is the weighted sum of precipitation (mm) between October and August; ki,

kp, ksw are temperature, precipitation, and the correction factor for soil humidity.
The analysis of the quantity and quality of the crops was based on official data from the
Hungarian Chamber of Agriculture, village farmers, and the Hungarian Central Statistical Office.
The statistical data sets were checked by t-test, mean, median, standard deviation, and Mann-Kendall

(MK) trend test.
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3. Results

3.1. Agroclimatology aspects focused on precipitation and drought

Based on the evaluation of long-term and short-term data, climate change and its extremes have
a negative and, to a lesser extent, a positive impact on Hungarian agriculture. Precipitation is a very
variable meteorological element in space and time, both in the Carpathian Basin and in Hungary. The
country’s average annual precipitation is around 620 mm, usually between 550 and 700 mm. Values
above 800 mm also occur in the wettest years, while the driest years, which tend to occur in recent
decades, have been below 430 mm over the last 30 years. In the long term, a slight decrease in annual
precipitation is observed but not significant (Figure 1).

1000
950

900

Annual precipitation (mm)

Figure 1. Annual precipitation - based on homogenised and interpolated data (Source: own editing).

In Hungary, a drier or wetter year occurs on average every two years during the 1991-2020
climate standard period. Drier (avg. prec. -15%) or wetter (avg. prec. +15%) years also occur
irregularly, a region feature. On average, the southwestern part of Hungary receives 150-200 mm
more precipitation falls than the south-eastern part. According to meteorological station data, the
difference is less than 300 mm. In some cases, even more, significant differences, up to 600-700 mm,
can occur within the country, e.g., in 2022. In the last 30 years, there have been prolonged
permanently dry periods, for example, between 1992 and 1994, as well as in 2011 and 2012. The most
severe drought began in 2021 and ended in the early fall of 2022.

The change in precipitation is not significant if only examined on an annual basis. Where climate
change is concerned, predicting and observing changes in precipitation is the most uncertain factor.
Therefore, the measurement and evaluation of precipitation amounts is of great importance. The
differences in precipitation indicators measured between 1991 and 2020 are not significant in most
cases. The amount of precipitation during the growing season decreased significantly (p <0.05), from
387 mm to 321 mm (standard deviation: 68.87).

However, it can already be seen as significant changes from season to season. In the climate
period between 1991-2020, it decreased significantly between May and September (-15-20%), while it
increased by 16-18% from October to April. The results of the climate simulations predict further
significant precipitation patterns comparable to this for Hungary until 2100.

Hungary's exposure to climate change is very significant, reflected in the number, duration, and
intensity of heat waves. In the case of heat waves, there is a shift towards early onset, but there are
also examples of the heat period starting in August and extending into the first days of September or
an independent heat period forming at the beginning of autumn. In the climate period between 1991-
2020, the number of summer and early autumn heat wave days increased by more than 100 percent.
The steepest increase occurred in August, nearly 300 percent compared to the period between 1961-
1990 (Table 3). In the last 30 years, 2019 and 2022 had the most heatwave days in Hungary. It had
150-200% more heatwave days in both years than the 30-year average. In the summer, the country's
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heat and radiation supply continues to improve due to the increasing number and intensity of
anticyclones, decreasing cloud cover, and intense warming. While previously the western half of the
country was not ideal in terms of heat and radiation supply for some varieties, today the region's
capabilities have improved, but based on all climate simulations, from the middle of the century due
to temperature extremes, the eastern and southern thirds of the country will become less and less
suitable for agricultural activities in the current form.

Table 3. The occurrence of days above 27 °C between 15 May and 15 September in 2022 (X day/3
decades) (Source: own editing).

Climate normal June July August September
1901-1930 5 41 26 0
1931-1960 3 64 40 0
1961-1990 0 51 28 0
1991-2020 18 128 115 3

2022 6 8 17 0

3.1.1. Drought assessment based on LSZI and PAI data

Based on the data for 1991-2022, every second year is below 1, which means that every second
year was a drought. The LSZI value for the 2010 decade is 0.5-0.6. Different grades of dryness can be
observed, among which 2003, 2007, 2012, 2021, and 2022 stand out. In these years, a particularly
severe drought was typical. According to the drought indices, the most extreme drought was
standard in 2009 and 2022. The correlation matrix of the available 30-year crop series and the drought
indices produced for the growing season is shown in Table 4.

Table 4. Correlation matrix of drought indices for each plant (Source: own editing).

Varieties LSZI PAI Level of significance (o)
wheat 0.19 0.05 NS
corn 0.71 0.68 p <0.001
barley 0.62 0.70 p <0.001
sugar beet 0.23 0.42 p<0.01
apple 0.61 0.58 p<0.1
grapevine 0.23 0.09 NS
sunflower 0.60 0.63 p <0.001
potato 0.18 0.11 NS

A strong correlation was observed between drought indices and the average yield of each plant.
The correlation is strong for corn (r=0.71), barley (r=0.62), and apples (r=0.61). The correlation is weak
for wheat (r=0.19). The statistical correlations indicate that drought and aridity particularly impact
late-season varieties.

3.2. Drought Shock 2022

According to data from official institutions and domestic agriculture participants, the 2022
drought caused considerable damages and crop losses in the Carpathian Basin. The most significant
yield losses are observed in late-ripening varieties such as corn, apple, grapevine, etc. The main
reason is that the extreme drought occurred in July and August, so cell development was delayed in
these crops due to lack of rain. The decline in fodder crops has also negatively affected the livestock
sector. Hungarian agriculture was not prepared for such an extraordinary drought. The soils of
agricultural areas are overused, and organic matter replacement needs to be improved in many cases.
Another problem is that 90% of the former floodplains have disappeared from the country, and in
some regions, groundwater has sunk by 100-200 cm (own observation). The new technological
solutions must be found as soon as possible for targeted surface and groundwater storage and
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utilising stocks for agricultural and drinking water supply. Both surface and soil water reservoirs are
still waiting to be established in the country. Since 2010, more than 18 rainwater reservoirs have been
built in the country, but due to the changing climate, at least three or four times as many would be
needed, especially in the Hungarian Great Plain, which is prone to aridity. In Hungary, 4.3-4.4 million
hectares are currently under cultivation, of which slightly over 2%, roughly 100.000 hectares are
irrigated - based on the regional database of the Hungarian Central Statistical Office. The most
ambitious plans would increase the ratio to two or three times, which means 200-300 thousand
hectares, more than that could not realistically be included. Therefore, the soil's water demand is
handled by precipitation and groundwater.

4. Discussion and conclusions

The increasingly extreme effects of global warming and climate change pose more significant
challenges for Hungarian agriculture, and with present cultivation technologies, it will be impossible
to grow crops efficiently. The combination of a warming atmosphere, a significant decrease in
summer rainfall, and an increase in drought are causing more frequent droughts in the country. The
peak of this so far occurred in 2022.

Field cultivation must be shifted from drought regions to less arid ones, e.g., from the Hungarian
Great Plain to the Little Plain or the Transdanubia region. In the case of current industrial crops, re-
establishing less productive but more stress-tolerant varieties with a short growing season brings a
“renaissance” (e.g., short breeding season soybean, buckwheat, etc.). Corn is currently grown in 6-
8% of Hungarian fields. As this crop is susceptible to precipitation and the number of rainy days in
the country decreases significantly in summer, it will increasingly decline in Hungary. In arid regions
(e.g., Homokhatsag, Kiskunsag), sorghum can be one of the main alternatives to corn, as it is much
better able to tolerate heat and drought stress. It was widespread in the country until the 1920s and
1930s, but its production area has shrunk in the last 50-60 years.

The success of July and later crop varieties (corn, sunflower, barley, apples, wine grapes) is of
fundamental importance in the crop production of growing plants. In the future, the hybrid portfolio
in Hungary will offer farmers and growers an extraordinarily abundant and wide-ranging
opportunity to choose the most suitable hybrids for a given area and a given technological level.

In the future, it will be necessary to clone and create crop varieties that can withstand the extreme
heat and dryness of the summer and then the high humidity and the overfilling of the summer
groundwater in the following wet periods. It should be noted here that the peculiarity of the
Carpathian Basin is that a wet one always follows a dry period. However, variety selection is only
partially successful; the technological system needs to be transformed from soil cultivation to
intelligent farm management and crop protection. The key is the soil: if it can retain water, plants can
survive periods of rainfall deficit with less damage. Although Hungary's soils are still of relatively
good quality for successful cultivation, one of the keys to future success is the provision of precision
nutrients and water supply. This requires a complete change of attitude in domestic agriculture.
Robotisation and digitisation are keys to future cultivation from dormant to harvest. In the era of
climate change and environmental protection, the whole of agriculture in Hungary must strive to
ensure that mitigation and adaptation are balanced simultaneously.

Technological developments and digitalisation achievements must be brought closer to farmers
so they can manage changes flexibly and support them in investing in sustainable innovation and its
practical application. To achieve sustainable agricultural and rural development in Hungary,
preparing for the expected impacts of climate change, including the transformation of the agricultural
sector, is crucial and strongly supports EU climate policy objectives and national recovery and
resilience-building plans. Changing climatological conditions will require a complete transformation
of agriculture, from growing conditions to digitalisation and crop varieties. We expect a new
agricultural revolution to begin in Hungary, driven by climate change rather than technological
progress.
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