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Abstract: The effects of the changing frequency and severity of drought events in Central Europe
may become a growing concern for its forests. In this study, we looked into how Hungary’s forests
have been affected by the 2022 compound heatwave and drought, following an arid period from
2018 to 2021. We used our active intensive monitoring plots of the Forest Protection Measuring
and Monitoring System (Level II in the ICP Forests) across the country between 2017 and 2022. We
analyzed satellite images to support a survey of the large-scale drought utilizing moderate and
high-resolution data. The health state of the forest calculated and mapped on the NDVI, ZNDVI, and
NDWI indices showed damage and regeneration throughout the period studied. Overall, the forest
stands observed tolerated the negative impacts of the drought (126–204 mm water deficit in 2022)
based on our biomass data (the summer leaf loss was 14% in each monitoring plot). However, the
classified Z-NDVI values of the Sentinel-2 satellite imagery for the period 2017–2022 showed a severe
drought in 2022, which was followed by some improvement in 2023.

Keywords: drought; intensive monitoring; remote sensing; Forest Protection Measuring and Monitoring
System

1. Introduction

Droughts could play a significant role in changing the forest environment in the fu-
ture in Central Europe. Droughts can be understood as prolonged conditions that are
significantly drier than usual, limiting precipitation, water, and moisture availability to
potentially damaging extents (WMO and GWP, 2016; WMO, 2023 [1,2]). This complex
phenomenon demonstrates itself over several spatial and time scales, usually with a slow
onset, which gradually intensifies. The impacts can be as varied as the causes, with ad-
verse effects on agriculture, forestry, food security, water use, industry, human and animal
health, livelihood security, personal security, and access to education (WMO and GWP,
2016 [1]). In this study, from four general types, namely (1) meteorological, (2) agricultural,
(3) hydrological, and (4) socioeconomic drought, we focus on the first and look also at
its joint occurrence with heatwaves and how such a compound event affected Hungar-
ian forests.

In this study, we look into how Hungary’s woods were affected by the effects of the
2022 compound heatwave and drought, which came after an arid period from 2018 to 2021.
While we cannot provide a comprehensive literature review on the impacts of the drought
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here, we have listed findings that point to those especially connected with the 2018–2022
period in Central Europe and are relevant to the risk of similar damage to be expected
in Hungary. The review aims to set out a framework for evaluating the outputs from the
Hungarian forest monitoring programme analyzed in this paper. The paper’s discussion
section will address site-specific problems from the literature.

By integrating satellite-based vegetation indices with machine learning from 2000 to
2020, Forzieri et al. (2022) [3] showed that temperate forests are among those experiencing
declining resilience due to changes in the climate, which is attributed to increased water
limitations. A significant drought and a major heatwave forming a compound event struck
Central Europe and Hungary in 2022. The summertime temperatures broke records. The
heatwave and the compounded drought resulted in extensive crop damage and water
shortages; its return period was found to be 354 years in Northern Italy by Tripathy and
Mishra (2023) [4]. As Cook et al. (2022) [5] found, exceptional droughts (megadroughts)
may become substantially warmer in the future, intensifying the drought risks and severity
all over Europe. Aalbers et al. (2023) [6] suggested that the likelihood of drought in Western
and Central Europe may significantly increase, thereby reducing the time available to
recover between the periods of drought and heat waves and increasing the frequency of
compound events. Moravec et al. (2021) [7] noted the exceptional severity of a soil moisture
drought when considering the legacy of the 2014–2018 multi-year period in Central Europe.
Van der Woude et al. (2023) [8] reported that during the 2022 drought, a decrease in the net
biospheric carbon uptake in the summer (56–62 TgC) was observed over the drought area.
Rakovec et al. (2022) [9] analyzed the extreme weather of 2018. They concluded that future
events projected across Europe may exhibit comparable intensities to that of the 2018–2020
event but have considerably longer durations than any of those observed during the last
250 years. Therefore, the impact of the changing frequency and severity of drought events
in Central Europe may become a growing concern for its forests.

According to recent studies, drought events are occurring more frequently over shorter
durations, even though their average duration is growing shorter. Since each drought
timescale captures distinct components vital for various fields (including forestry), the
significance of the drought timescale to the drought status assessment needs to be stressed.
To deal with drought’s cumulative and delayed effects, Wei et al. (2023) [10] investigated
the cumulative and time-lag effects of drought on vegetation from 2001 to 2020. At six
months, woodland had the largest time-lag effect, while at other stages, woodland had a
smaller time-lag effect than grassland. Stefanidis et al. (2023) [11] investigated the length
and patterns of drought in a Mediterranean oak woodland between 1974 and 2020. Based
on seasonal analysis, more serious incidents have been found in the last ten years. It
is interesting that these tendencies became more prominent as the period lasted. These
findings showed that it is necessary to conduct regional research on the cumulative and
delayed impacts of drought on various types of terrestrial plants including forests.

A sizable portion of European woods are found in the Carpathians, where some of
Hungary’s forests are also located. Forest ecosystems may be at risk from a reduction in water
resources, the altered seasonality of runoff, and more extreme floods and droughts, all of which
have been recently detected in the Western Carpathians (Keszeliová, et al., 2021) [12]. Based
on a review of 251 papers covering the Western and Eastern Carpathians, Kholiavchuk et al.
(2024) [13] concluded that such environmental changes have negatively impacted the vitality
of forests in many locations, e.g., Slovakia’s Pannonian floodplain forest ecosystems, which
are also degrading as a result of altered ecological and bioclimatic circumstances (Gášpár and
Škrinár, 2021) [14]. Based on 365 papers assessing the effects of climate change on European
forests from 1993 to 2022, Vacek et al. (2023) [15] reported the migration of tree species and
more frequent and devastating large-scale forest disturbances. Based on a comprehensive
global literature review, Seidl et al. (2017) [16] stated that warmer and drier conditions may
favour drought disturbances, but changes in vegetation may also result in disturbances to
the climate.
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Additional harm to forests might also appear after droughts (the impact of a drought
legacy). The ability of forest ecosystems to tolerate and recover from anthropogenic and natural
disturbances determines their resilience (Forzieri et al., 2022) [3]. Even though 2021 was an
average year in a few areas, significant damage was still noted, suggesting that the multi-year
drought between 2018 and 2020 had a lasting legacy impact (Knutzen et al., 2023) [17].

Using a collection of high-temporal resolution dendrometer data from 21 species over
53 sites in Central and Atlantic Europe, it was determined that the 2018 European heatwave led
to stem dehydration but not to consistent growth reductions in forests (Salomón et al., 2022) [18].
Thom et al. (2023) [19] examined the consequences of the exceptional drought between 2018
and 2020. They found that the tree growth in Bavaria fell by 41.3% during the drought (a
statistically significant decrease for 13 out of 20 species). Senf et al. (2020) [20] examined the
connection between the availability and mortality of water from 1987 to 2016. They found
that excess forest mortality (i.e., canopy mortality exceeding the long-term mortality trends) is
significantly related to drought across continental Europe. A study by Pretzsch et al. (2018) [21]
for Norway spruce and European beech discussed the role of water stress in compromising
the health of various tree species; they emphasized the link between prolonged droughts and
increased tree mortality in areas that are also relevant to Central European forests.

From the tree ring collections located at 22 sites in pure and mixed stands of Scots
pine and Norway spruce, including Austria and Slovakia, Aldea et al. (2022) [22] found
that compared to Scots pine, Norway spruce exhibited greater susceptibility to summer
dryness, reduced resistance of forest stands, and a more extended recovery period. They
further noted that mixed forests offered both species more resistance to drought. However,
the benefit diminished as the drought grew longer. Li et al. (2023) [23] looked at the
greenness of vegetation via satellite in Central Europe and discovered that the resilience
of forests to drought appeared to rely on height, e.g., shorter forests demonstrated less
tolerance to drought than higher ones did. Beloiu et al. (2022) [24] found, as a result of
combined in situ field measurements of saplings of beech, sessile oak, pedunculate oak,
common hornbeam, silver birch, Norway spruce, Scots pine, and other deciduous trees
with remote sensing during droughts (2018, 2019, and beyond 2020) in Northern Bavaria,
that saplings had a remarkable ability to rebound and withstand droughts but a lessened
ability to recover. Using tree-ring data from sessile and pedunculate oaks from 100 locations
and 50 years from central Spain to northern Germany, Bose et al. (2021) [25] found that
precipitation was more important to growth than temperature and that the influence of the
current spring drought and the previous winter’s drought were substantial. In Slovakia,
where the findings of Keszeliová, et al. (2022) [26] indicated that the rise in total catchment
evapotranspiration that had been seen in recent decades would continue, Rybar et al.
(2023) [27] investigated the ICP Forests Level I monitored the radial growth response of
Fagus sylvatica, Picea abies, Abies alba, Quercus petraea, and Pinus sylvestris to the dry years in
the West Carpathians. They found a significant and consistent decline in the growth, which
they primarily attributed to drought with the elevation as a significant climate-relevant
environmental predictor. Using an Italian dataset of 253 trees from 60 species between 1997
and 2020, Bussotti et al. (2021) [28] observed that severe defoliation primarily occurred
in the years with a severe summer drought, while the mortality increased in the years
following the drought as a result of the effect of the drought’s legacy.

Gazol and Camarero (2022) [29] studied the tree defoliation and mortality in Europe over
two decades that were connected to compound events in the summer, 46% of which occurred
across Europe in hot summers and dry years. They predicted an increase in drought mortality
in Eastern European regions over the following decades. When investigating the greenness of
forests in Europe’s temperate biome using NDVI on a 50 km scale in the summers of 2002–2022,
Gordon et al. (2019) [30] showed that the hot summer in 2022 negatively affected 37% of
the temperate forest regions. More than in any other summer, they discovered a decrease in
the greenness of forests. In the temperate forests of Austria, Germany, and Switzerland in
response to the 2018 drought, Schuldt et al. (2020) [31] observed drought stress as expressed by
the potential low foliar water, leaf discolouration, and premature shedding, and the drought-
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induced tree mortality due to the drought-legacy effects in 2019. They called for a pan-European
ground-based monitoring network supported by remote sensing. Thonfeld et al. (2022) [32]
used dense Sentinel-2 and Landsat-8 time-series data combined with a disturbance index
to report a canopy cover loss of 501,000 ha for Germany for the drought years 2018–2021.
However, significant regional differences were also acknowledged.

Ognjenović et al. (2022) [33] focused on the effect of current and previous year climate
conditions when studying the crown vitality indicators of European beech forests in Croatia
related to defoliation and changes due to defoliation. They showed an increasing trend of
defoliation during the study period from 1996 to 2017. When combined, air temperatures
and precipitation clearly affected the changes in defoliation. The notion that losses in
Serbia’s forests were caused by drought and its aftermath is supported by the observations
from 2004 to 2018 made by Češljar et al. (2022) [34]. The highest forest decline rate was
observed in the last period when comparing 2004–2008, 2009–2013, and 2014–2018, with
no statistically significant difference between coniferous and broadleaved tree species.
Hereş et al. (2021) [35] stated that the tree mortality events in the Romanian Carpathians
peaked in 2012 and affected conifer species such as the silver fir, black pine, and Scots
pine. They discovered that when there was a significant drought, black pine and Scots pine
species died off and could not adequately regenerate.

In summary, it has become clear that the Central European forests suffered damage
from droughts that preceded 2022, especially those of 2018–2022. Szentes (2023) [36] and
Horváth and Breuer (2023) [37] also reported the effects of a severe drought in Hungary. The
exact effects of drought on Central European forests can vary, depending on various factors
such as the severity and duration of drought events, local ecological conditions, the forest
management practices in place, and many other discriminating factors. Due to the regional
and local differences, there is still much to learn about the dynamics and spatial distribution
of the disturbances in response to these climatic extremes, especially when looking at
large-scale patterns of effects interactions and feedback. The evaluations of the ongoing
experimental research and monitoring are essential for a comprehensive understanding of
this region’s complex interactions between climate change and forest ecosystems.

Based on the observations from the Hungarian forest monitoring sites from the period
2018–2022, the following objectives were determined for this paper:

1. To describe the eco-physiological and spatial aspects of the multi-year drought legacy
and the compound effect of 2022 on forest ecosystems.

2. To synthesize the current results of in situ field measurements in forest stands and the
satellite remote sensing of forest canopies.

3. Describe the timing and duration of the different responses between species and
their composition.

In our approach, we combined the local deposition measurements and the remote
sensing method. According to our knowledge, very few similar studies have been published
(Alekseev and Chernikhovskii, 2021) [38]. In addition, our sample areas are also unique
because the monitoring plots were located in the Pannonian Biogeographic Region, which
is a meeting edge between the Central European deciduous forest zone and the continental
forest-steppe region. Furthermore the Pannonian region (Hungary) is influenced by the
Mediterranean, Atlantic, and continental climates (Varga 1995, Fekete et al., 2014) [39,40].

Our analysis aimed at contributing to a comprehensive explanation of the harm caused
by drought to local forest functions. This explanation is essential for trying to comprehend
how forests and vegetation–climate feedback will react to more frequent, severe, and
persistent damage in future droughts.

2. Materials and Methods
2.1. Monitoring Plots

The Forest Protection Measuring and Monitoring System is one of the oldest moni-
toring systems in Hungary, which has cooperated with the ICP Forest since 1996. During
our study work, we used our active intensive monitoring plots of the Forest Protection
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Measuring and Monitoring System (Level II in ICP Forests) across the country between
2017 and 2022 (Figure 1).
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We collected data from seven forest sites that differed regarding the age, composition,
and planting technology for the trees. There are two aged common beech (Fagus sylvatica)
forest stands in the North Central Mountains and in the southwestern region of Hungary.
Furthermore, we also observed two sessile oak (Quercus petraea) forest stands near the beech
stand in the North Central Mountains and in the western part of Hungary. The black locust
(Robinia pseudoacacia) stand is a 43-year-old coppice forest in the middle of the country.
The Scots pine (Pinus sylvestris) monitoring site is near the second sessile oak sample area.
The last site was the turkey oak (Quercus cerris) stand, which is near Budapest (the Buda
mountains). There were seven open-field areas (meadows in the forests) as the control point
near to each forest site. The type of soil at the three stands investigated is different in each
region, i.e., from sand with a low or moderate amount of humus (aridic arenosol) to loam
with a low amount of clay (cutanic luvisol). A description of the sample areas was provided
by our database of previous surveys. The parameters of the forest stands were confirmed
by our local measurements. In addition, the soil data consisted of field and laboratory
tests. The Leaf Area Index (LAI) value was determined via litterfall measurements. The
LAI value of the Scots pine stand was also determined from the Sentinel-2 autumn image
(10 × 10 m) using thematic land processing, which is the biophysical processor of the
Sentinel Application 9.0, but it was not reliable (3.3 m2/m2) for a comparison, so we used
our data (Table 1). The monitoring plots were located on sites without an additional water
supply. The forest stands could not reach the groundwater level. The size of each forest
site was 50 × 50 m. The sample areas selected were good representations of Hungarian
forest stands. The proportion of these tree species was 57% in the whole national woodland
area in 2022 based on the database of the National Land Centre (nfk.gov.hu accessed on
13 March 2024) [41].

nfk.gov.hu
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Table 1. The main information about the monitoring plots (* 2020–2022 in the case of the M21 turkey
oak stand).

ID Tree Species
Age Top Height (m) Stand Volume

(m3/ha)
Mean

LAI (m2/m2) Soil Type
(WRB)

Average
Rooting

Depth (cm)

GPS
Coordinates

2022 2015 2015 2009–2022 *

M01 Common beech
(Fagus sylvatica) 112 35.1 969 5.0 Eutric Leptosol 80 475,331

195,731

M03 Sessile oak
(Quercus petraea) 86 27.3 612 6.1 Mollic

Leptosol 70 475,146
195,801

M15 Scots pine
(Pinus sylvestris) 71 29.7 682 2.5 Haplic

Gleysols 70 464,924
162,417

M16 Sessile oak
(Quercus petraea) 95 27.9 522 4.4 Haplic

Gleysols 55 464,920
162,415

M17 Common beech
(Fagus sylvatica) 92 36.9 1005 6.7 Cutanic

Luvisol 95 463,550
164,434

M19
Black locust

(Robinia
pseudoacacia)

43 22.0 318 5.9 Aridic
Arenosol 65 465,639

193,257

M21 Turkey oak
(Quercus cerris) 77 24.6 318 4.5 Dystric

Cambisol 70 472,926
185,123

2.2. Sampling Monitoring Methods

All the methods applied complied with the ICP Forest manual (https://www.nfk.gov.
hu/EMMRE_kiadvanyok__jelentesek__prognozis_fuzetek_news_536 accessed on
20 February 2024) [42]. Our HWI weather stations (manufactured by HWI Electronics
Ltd.) on open field areas measured the following meteorological parameters: precipitation
(determined by weighing), temperature, relative humidity, global radiation at a 2 m height,
and wind speed and direction at 10 m. The aggregate data were logged in every 10 min.
Hellmann-type rain gauges were also installed on every open field plot. The precipitation
was measured by observers every week. For determining the deposition, precipitation was
measured and sampled using 4 funnels (diameter: 20 cm). For the winter precipitation, we
also used five buckets (diameter: 30 cm).

The throughfall in the stands was measured using 12–16 funnels, which were set up
in a regular system, and using five buckets. The stemflow was measured on 4–7 trees,
depending on the species using collars and barrels. Some of them, mainly the beech stands,
were equipped with a water meter. Stemflow trees were selected with regard to their
diameter distribution, while the stemflow volume in mm was calculated by taking the basal
areas into account (Figure 2).

The litterfall was collected monthly using five to six 1 × 1 m quadrate traps. The
litterfall was sorted into different fractions in the laboratory: leaves of the main and mixed
tree species, branches, barks, flowers, seeds, etc. The weight was measured after sorting.
We also measured the growth of the trees every week. At least 15 girth bands were installed
in each forest site regarding the diameter distribution of the trees (Figure 2).

2.3. Walter–Lieth Climate Diagram

It was deemed advisable to illustrate the relationship between the temperature and
precipitation based on the relationships of the Walter–Lieth climate diagram (Walter and
Lieth 1960) [43], even for shorter periods. The advantage of the diagram is the estima-
tion of the water supply (humid and drought periods) compared to the commonly used
temperature–precipitation diagrams. The diagram was based on the monthly tempera-
ture and precipitation. In the case of the turkey oak (M21) monitoring site, the monthly
temperature and precipitation data of the Hungarian Meteorological Service were added
between 1 January 2017 and 31 May 2019. The climate diagrams were created using a

https://www.nfk.gov.hu/EMMRE_kiadvanyok__jelentesek__prognozis_fuzetek_news_536
https://www.nfk.gov.hu/EMMRE_kiadvanyok__jelentesek__prognozis_fuzetek_news_536
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slightly modified version of the diagwl function from the climatol R package version 4.0.0
(Guijarro 2023) [44].
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2.4. Forest Aridity Index (FAI)

The forest aridity index (FAI) method uses the average temperature of the critical months
(July, August), which is divided by the total precipitation of the main growth period (May, June,
July, August); the precipitation of July is given twice, and the quotient calculated is multiplied
by 100. This method uses different vegetation types as the climate classes for Hungarian
woodlands. The driest category is the forest-steppe type (FAI index min. 7.26) and the most
humid category is the beech type (FAI index max. 4.75) (Führer 2018) [45].

2.5. Calculation of the Evapotranspiration and Transpiration

We used the MODIS M16 LT algorithm to calculate the actual evapotranspiration (ET).
The M16 LT algorithm applied the total daily ET, which is the sum of the evaporation from
the wet canopy surface, the transpiration from the dry canopy surface, and the evaporation
from the soil surface (Mu et al., 2013) [46].

To calculate the actual transpiration for each sample area, the actual evapotranspiration
extracted from MODIS was reduced by our annual canopy interception values between
2018 and 2022. There was a technical issue with the 2017 monthly data; a good quality of
that data was not available due to download problems.

2.6. Remote Sensing

We analyzed satellite maps to support a survey of the large-scale drought utilizing
moderate and high-resolution data. The drought was detectable on maps made by the
Hungarian Remote Sensing-based Forest Monitoring System (“TEMRE” in Hungarian,
Somogyi et al., 2018) [47]. This system is based on a moderate resolution (250 × 250 m)
of MODIS satellite image series, which showed the standardized NDVI (Z NDVI), which
dropped after the negative effects in the health of the forest as well as the photosynthetic
activity in connection therewith. The negative effect could be due to abiotic (like drought) or
biotic (insect damage) factors or a series of damage as well, when these factors are combined.

To describe the health state of the forest, we calculated the standardized version of
the Normalized Vegetation Index (1 & 2), which is based on the long-term mean (23 years
for MODIS and 7 years for Sentinel-2) and its standard deviation compared to a normal,
healthy state. The negative values of the Z NDVI refer to forest disturbances or damage,
while the positive ones allude to a healthy state or regeneration.
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The NDVI (1) is calculated as (Rouse et al., 1974) [48]:

NDVI = (NIR − RED)/(NIR + RED), (1)

where NIR is the near-infrared, and RED is the surface reflectance in the red coupling
channel. The health of a forest is evaluated on an NDVI scale from −1 to 1, where low
values indicate water, a vegetation-free area, or low photosynthetic activity, while high
values indicate healthy vegetation.

However, the NDVI values show the state at a certain time point, while deviations
from the average conditions are shown more precisely, which is why we utilized the
standardized version of the NDVI, the NDVI Z (2), which was calculated using the formula
below (Peters et al., 2002) [49]:

NDVI Z= (NDVI − NDVI_mean)/NDVI_std (2)

where the NDVI is the value measured in a year; the NDVI mean is the multi-year average
(2017–2022); and the NDVIstd is the standard deviation for the same period. The negative
values of the Z NDVI refer to damage and the positive ones to regeneration.

Besides wall-to-wall maps, we utilized ESA Sentinel-2 imagery (ESA, 2024) [50] as
well for monitoring where the damage was more visible at a 10 × 10 m spatial and 2–
5 days temporal resolution. The processing was carried out using the Google Earth Engine
(Gorelick et al., 2017) [51]. We calculated the Z NDVI as well from Sentinel-2 and reclassified
it according to the below based on the majority:

• severe damage: −2 > Z NDVI;
• damage: −2 < Z NDVI < −1;
• moderate: −1 < Z NDVI < 0;
• good: 0 < Z NDVI < 1;
• excellent condition: 1 < Z NDVI.

Classes with positive values, such as a good or excellent state, might refer to regenera-
tion and strong regeneration.

We also calculated the Normalized Differenced Water Index (NDWI) (3) from Sentinel
imagery, according to Gao (1996) [52]:

NDWI = NIR − SWIR/NIR + SWIR, (3)

where NIR (near-infrared) is band 8, and SWIR (short-wave infrared) is band 12. The high
NDWI values correspond to high vegetation water content and cover, while the low index
values correspond to low ones; during the drought periods, the NDWI decreases. The
range of the NDWI is similar to that of the NDVI, where -1 refers to the driest and +1 to the
wettest state. The NDWI values were classified into five classes. Severe damage was under
a 0.4 NDWI value, while 0.5 was damage, 0.6 moderate damage, 0.7 a good health state,
and 0.8< was an excellent state. Having the same classes for all the monitoring sites made
it possible to compare their health status.

3. Results
3.1. Precipitation and Temperature

In 2022, the amount of yearly precipitation was 8% lower than the average yearly pre-
cipitation between 2017 and 2021. The biggest negative difference occurred in the cases
of the common beech (M01), sessile oak (M03: 26% = 204.0 mm), and black locust (M19:
21% = 125.8 mm) in a comparison of the yearly precipitation in 2022 and the previous five
years. Quite low precipitation in the eastern part of Hungary was detected. The lowest yearly
precipitation of 471.5 mm was in the black locust forest stand (M19, central Hungary). However,
western Hungary was less affected by drought: the yearly precipitation was 776.6 mm on the
Scots pine (M15) and sessile oak (M16) sites. The highest yearly precipitation was measured in
the southwestern part of the country around a common beech forest site (M17) (804.3 mm).
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When examining the monthly precipitation amounts, a slight decrease between 2017
and 2022 could be seen in the case of the common beech (M01), sessile oak (M03), and
black locust (M19) sites. From 15 June to 15 August 2022, the precipitation was low (by an
average of 27.8 mm) on the greater part of Hungary, which affected the central, eastern,
and northern regions (M01, M03, M19, M21). The temporal distribution of precipitation
was also unequal; it was extremely low in the first three months of 2022. The average
precipitation during the dormant season was only 48.5 mm. The precipitation in autumn
was also low (27.1 mm) in the western sample areas (M15, M16, M17) (Figure 3).
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The average temperature in 2022 showed an increase according to the temperature
data of our meteorological stations compared to the previous five years (2017–2021). The
number of heat days (Tmax ≥ 30 ◦C) and the number of hot days (Tmax ≥ 35 ◦C) were
also high (62 heat days, 14 hot days on the Great Hungarian Plain). The regional monthly
temperature increased in 2022 over the average of 2017–2021. The yearly temperature
in 2022 was over the average of 2017–2021 in every sample area. The dry period was
typical in the first part of the year (January–April) due to higher temperatures and a lack of
precipitation in 2022. The highest temperature was usually measured in the black locust
forest stand (M19) in 2022. The annual average temperature of 2022 was well over the
yearly average temperature of 2017–2021 by 1.3 ◦C in the common beech (M01) and sessile
oak (M03) stands, by 1.9 ◦C in the black locust (M19) and by 2.6 ◦C in the turkey oak (M21)
sampling areas. Compared to the urban database of the Hungarian Meteorological Service,
the sample areas registered an averaged 1.2 ◦C (the difference between the urban and
woody data: a 0.6–1.9 ◦C) lower temperature, which refers to the temperature-tempering
effect of the forest stands in each monitoring plot.

Examining the correlations of the Walter–Lieth climate diagram, we can see the arid
periods, which were observed several times; these periods manifested high temperatures
without any precipitation (Figure 3). The temperature in 2022 was above the average of
2017–2021 for each sample area. Drought was detected in the months of May, June, and July
in 2022 at the common beech (M01), sessile oak (M03), and black locust (M19) monitoring
sites. In the case of the turkey oak (M21) sample area, drought was observed in April, July,
and October in 2022. A prolonged and severe drought was observed in the black locust
stand (M19), which is located on the Great Hungarian Plains. The three sample areas in the
western part of Hungary, i.e., the Scots pine (M15), sessile oak (M16), and common beech
(M17) stands were less affected by the drought in 2022. Super-humid periods (precipitation
above 100 mm) occurred in the mountain and hilly sample areas (common beech (M01),
sessile oak (M03), Scots pine (M015), sessile oak (M16), common beech (M17), and turkey
oak (M21) stands) due to the large amount of precipitation.

3.2. Forest Aridity Index (FAI)

Regarding the forestry aridity index, we encountered interesting differences in several
cases in 2022. In the case of the common beech (M01), sessile oak (M03), black locust
(M19), and turkey oak (M21) stands, the FAI value was very high (forest-steppe climate
in 2022) due to less summer precipitation and higher average temperatures. The values
of 2022 differed significantly from the FAI values between 2017 and 2021 (beech and oak
climates). The FAI values of 2022 did not detect any drought in the sample areas in the
western part of the country (M15 Scots pine, M16 sessile oak, M17 common beech forest
stands). The FAI values clearly showed a severe drought in the sample areas listed above
in 2022 (Table 2). In the future, the forestry aridity index will be an important parameter
for careful characterizations of the climate of each woody sample area.

Table 2. Forest aridity index values 2017–2022.

Year
M01 Common Beech

M03 Sessile Oak
M15 Scots Pine,

M16 Sessile Oak M17 Common Beech M19 Black Locust M21 Turkey Oak

FAI Climate Class FAI Climate Class FAI Climate Class FAI Climate Class FAI Climate Class

2017 4 Beech 7.6 Forest-steppe 7.4 Forest-steppe 8.6 Forest-steppe 7.4 Forest-steppe

2018 5.6 Forest-steppe 4 Beech 5.7 Hornbeam-oak 6.7 Oak 11.5 Forest-steppe

2019 4.7 Beech 4.4 Beech 4.2 Beech 6.5 Oak 6.5 Oak

2020 3.6 Beech 3.7 Beech 3.5 Beech 4.9 Hornbeam-oak 5.4 Hornbeam-oak

2021 7.3 Forest-steppe 5.1 Hornbeam-oak 4.6 Beech 7.4 Forest-steppe 6.4 Oak

2022 12 Forest-steppe 4 Beech 4.6 Beech 21.6 Forest-steppe 11.5 Forest-steppe
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3.3. Interception and Stemflow

The average value of the canopy interception was 33.3% in the common beech sites
(M01, M17), while this value was 19.1% in the sessile oak sites (M03, M16) in 2022. The
value of the interception without any stemflow was measured at 21.1% at the Scots pine site
(M15), for which the average interception (26.2%) between 2017 and 2021 was less. At the
black locust site (M19), the interception was higher than the average of the previous five
years because there was a lot microprecipitation in 2022, which only affected the infiltration
of the canopy (Table 3).

Table 3. Interception and stemflow values in the sample areas.

Monitoring Plots Interception (%)
2022

Stemflow (%)
2022

Interception (%)
2017–2021

Stemflow (%)
2017–2021

Interception (%)
(Járó 1980; Führer 1984, 1992,
1994; Koloszár 1981; Kucsara

1998; Szabó 1979) [53–59]

M01 Common beech 14.8 18.2 12.1 19.9 35.0

M03 Sessile oak 20.7 4.3 25.9 4.5 25.0

M15 Scots pine 21.1 * na 26.2 * na 37.0

M16 Sessile oak 13.3 * na 17.3 * na 25.0

M17 Common beech 11.3 22.3 5.6 28.2 35.0

M19 Black locust 20.6 0.9 17.4 1.1 31.0

M21 Turkey oak 16.4 2.9 19.0 ** 2.6 ** 27.5

* interception without stemflow (stemflow was not measured for the M15 Scots pine and the M16 sessile oak);
** data of period: 2020–2021 (the M21 turkey oak was installed in 2019).

The value of the stemflow in the common beech stands (M01, M17) in 2022 was similar
to the previous average values (2017–2021), while in the other wood stocks (M03, M19,
M21), it was barely measurable or negligible according to the previous measurements and
the published results (Table 2). The stemflow value was lower in the sessile and turkey oak
stands (M03, M21) because the bark of the trees is thick, rough, and absorbent. This finding
was also true for the black locust forest stand (M19). On the other hand, this value was
much higher in the common beech stands (M01, M17), as the bark of the tree is smooth and
drains water.

3.4. Measuring the Litterfall and Tree Growth

Early leaf loss was well established in the black locust forest stand (M19) in July 2022.
This forest showed the harmful effects of the severe drought in the Sandridge region. In
this case, early leaf loss was related to high summer temperature values. Early leaf loss
in July was a small fraction (1%–4% in deciduous forest stands) of the annual biomass at
each monitoring point except for the previously mentioned black locust forest stand (M19),
where this value was much higher (13% among the deciduous forest stands) in July 2022.
The yearly averaged leaf weight was less than that of the five-year average (2017–2022)
with 21% at the four monitoring points (M15, M17, M19, M21). The summer leaf loss (July
and August) was 14% at our monitoring sites, and the early leaf fall was 13% in September,
2022 (Figures 4 and 5).

The annual growth of the common beech (M01, M17), sessile oak (M03, M16) and
black locust (M19) forest stands was less than in previous years, but the growth of the
Scots pine (M15) and turkey oak (M21) was more than the average of the previous years
(2017–2021). The growth in girth was 35% less on average in the five sample areas in 2022
than the average of the previous years (2017–2021). The biggest difference was measured
at the common beech forest stand (M17) at 61%, which was 46% at the other common
beech wood stock (M01) and 43% at the black locust monitoring site (M19) compared to the
previous five years (Figure 6).
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Figure 5. Yearly leaf fall in the monitored sites during 2017–2022.

Interestingly enough, the common beech wood stock (M17), which is located in the
western part of the country, showed the greatest decrease in the growth of the diameter
(61% less than the average growth) in 2022. According to the health report in 2022 of the
Forest Research Institute, an average leaf loss of 24.1% was registered, which was clearly
caused by the dry, droughty weather conditions.

The Scots pine (M15) and sessile oak (M16) forest stands near the Austrian border
produced various growth rates, which are also supported by our meteorological data. The
Scots pine (M15) produced 18% less growth compared to the average between 2017 and
2021. The turkey oak forest stand (M21, which is located near Budapest) produced 15%
growth in 2022. The Scots pine (M15) and turkey oak forest stands (M21) produced a good
growth value despite the drought in 2022.
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Figure 6. Growth in girth values in 2022.

3.5. Evapotranspiration and Transpiration

The actual evapotranspiration (AET) is a significant component of the water balance in
forests, which is why we focused on it. While applying the M16 LT algorithm to the actual
evapotranspiration (AET) calculated, we used our local interception values on the reduced
evapotranspiration to calculate the annual transpiration values in the years between 2017
and 2022. The highest AET value was determined at the common beech forest stand (M17:
615 mm), which was related to the high average temperatures in 2022. The black locust
(M19) wood stock showed the lowest evapotranspiration (AET) values in 2022, because
there was not enough water available for evaporation and transpiration. The value of the
AET in 2022 was lower by 11% than the average of 2017–2021 for all the areas sampled
(Figure 7). The difference was more than 10% compared to the reference years (2018–2021)
in the monitoring areas (M01: common beech, M17: common beech, M19: black locust,
M21: turkey oak), which were mostly affected by the drought in 2022.

As expected, the lowest yearly actual transpiration (AT) value (378 mm) was deter-
mined at the black locust stand (M19) in the Great Hungarian Plain with the highest at the
sessile oak forest stand (M16: 492 mm) in 2022. The transpiration in 2022 was also lower
than the average of 2017–2021 for all the sample areas because of the drought (Figure 8).
The values of the evapotranspiration and transpiration were significantly affected by the
changes in the yearly temperature and precipitation conditions.
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Figure 8. Yearly actual transpiration between 2018–2021 and 2022.

The ET values discussed above were found to fall within the range of values specified
for the corresponding tree species in Hungary (based on the comparison data of the
evapotranspiration maps validated for Hungary and published by Csáki, 2020) [60].

3.6. Remote Sensing

Based on the MODIS satellite imagery of the Hungarian Satellite-based Forest Moni-
toring System, the results show how the forest stands reacted to the extreme drought of
2022 on a national and a local scale, which was supplemented by our meteorological data
and our depositional ground measurements. The calculated forest health status mapped
on the NDVI, Z NDVI, and NDWI indices showed damage and regeneration throughout
the period studied. MODIS-based Z NDVI maps for 2022 showed the negative effects of
the drought in 2022 (Figure 9, Table 4).
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Table 4. Statistics of the remotely sensed damage in the forests for the period June to September in
2022 on the MODIS imagery.

Date Damaged Forest (ha) Non-Damaged Forest (ha) Damage Ratio (%)

16 June 2022 46,463 1,247,602 2.26

2 July 2022 416,089 878,094 20.23

18 July 2022 312,028 982,648 15.17

3 August 2022 532,418 761,088 25.88

19 August 2022 735,86 556,674 35.75

3 September 2022 444,295 830,272 21.60

The figure shows the differences between the Z NDVI values, where the positive
values (improvement, recovery) are in green, and the negative values (deterioration) are in
yellow, orange, and red, respectively, according to the severity of the damage. This map
shows that almost the entire region had been affected by the drought to some extent, but
the North Central Mountains, the Mecsek Mountains (southern mountains), and the Duna–
Tisza plain (the central region) were affected to a very significant extent. However, there
was some improvement by September, presumably due to the rainfall after the summer.
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In addition to the moderate-resolution dataset, we also carried out high-resolution,
ESA Sentinel-2 satellite-based imagery analyses using Google Earth Engine cloud com-
puting. Here, we can see the changes in the health status within the forest stands due to
the 10 × 10 m spatial resolution. Figure 10 shows the seven monitoring sites, where the
difference between the sites can be seen. We analyzed the effects of the drought in 2022 at
each site based on the water content of the canopy, as measured by the NDWI. The NDWI
values of the growing seasons differ significantly due to the drought; the different tree
species also reacted differently to the drought conditions. The turkey oak was the most
severely affected by the lack of precipitation at site M21 with 80% of the site’s pixels in
the moderately damaged healthy class. The black locust also suffered from drought at
site M19, where around 20% was moderately and 5% more severely damaged. The sessile
oak and common beech also showed 5%–10% damage. Depending on the intensity of
the potential forest damage, the more severely damaged forest stands are marked in red
and orange, while the less damaged ones are marked in yellow and the healthy ones in
green (Figure 10).
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Figure 10. NDWI chart derived from satellite imagery of 2022 showing the water content of the canopy
at the seven sites monitored. Due to the severe drought, the photosynthetic activity of the forest
stands and the water content decreased, which can be seen in the form of forest status classification.

We observed a significant drop in the photosynthetic activity as an indicator of forest
damage, where the Z NDVI values were below −1 (see the red pixels in Figure 9). According to
our estimations, the area of potentially damaged forests grew from 2% to 36% between June
and August 2022 (Table 2), which affected 735.000 ha. The estimation is based on a number of at
least 75% forest-covered pixels compared to the total forested area (2 million ha), where a pixel
is 6.25 ha large, which is similar to an average forest compartment size in Hungary. We marked
the damaged pixels on the maps in red (Z NDVI < −1) and the least or undamaged ones in
blue (Z NDVI > −1). The analysis covered the period from June until September with six maps
based on 16-day periods.

The reclassified Z NDVI values of the Sentinel-2 mosaics for 2017–2022 showed results
similar to those in Figure 9 for 2022, namely that 2022 stood out negatively due to drought.
The shifts in the Z NDVI classes show their deterioration in 2020, 2021, and especially 2022
(Table 5). The difference between 2021 and 2022 is most significant, where the Z NDVI class
in a good condition with 68% was replaced by the severe damage class with almost the same
percentage of 67%. The impact of the drought is therefore clearly evident.
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Table 5. Statistics of the remotely sensed damage in the forests for the period 2017–2022 on the
Sentinel-2 imagery, as expressed in percentages [%].

Z NDVI Class Meaning 2017 2018 2019 2020 2021 2022

<−2 severe degradation 0.14 0.15 0.08 0.98 0.76 67.46

<−1 degradation 0.40 1.02 0.93 1.43 1.04 17.23

<0 moderate 3.44 70.25 38.37 36.95 28.54 15.17

<1 regeneration 88.82 27.80 60.07 59.24 68.16 0.11

>1 strong regeneration 7.21 0.78 0.55 1.40 1.49 0.04

4. Discussion

Various authors have reported drought-induced forest mortality from many parts of
the world (Carnicer, 2010; Allen et al., 2009; 2010) [61–63], although we lack the knowledge
to define this as a global trend (Hartman et al., 2022) [64] or to connect the phenomena
directly to global climate change (Fensham, 2019) [65]. The extreme dry weather of 2022
also caused a similar phenomenon in Hungary. The parameters and effects of this process
were examined at seven monitoring points across the country.

The drought did not affect the sample areas equally. The yearly precipitation was
much less; therefore, it showed a significant deficit (126–204 mm) in 2022 compared to the
previous five years at the common beech (M01), sessile oak (M03), and black locust (M19)
sample areas. The negative effects of the drought were also visible in the southwestern
part of the country (M17 common beech). The drought was less typical and had no clearly
detectable negative effects at the Scots pine (M15) and sessile oak (M16) forest stands in
2022. It had the greatest negative effect on the black locust forest stand (M19) in the Sand
Ridge region in the Great Plain, where the lack of water was already typical in the past and
is even increasing nowadays (Szabó et al., 2022) [66].

We compared our dataset to the database of the Hungarian Meteorological Service,
and our results of the woody sample areas showed an average of 1.2 ◦C lower temperature
values, which demonstrate the temperature-tempering effect of the forest stands in each of
the monitored plots.

The forestry drought index (FAI) also clearly indicated that the year 2022 was extraor-
dinary. The FAI values showed that drying had already started in previous years, but
actually peaked in 2022.

The canopy interception values were lower in almost all the sampling sites compared
to the values of Führer 1984, 1992, 1994; Járó 1980, Koloszár 1981; Kucsara 1998 and Szabó
1979 [53–59]. The consistently lower interception value cannot be explained by the early
defoliation but can be explained by the lower canopy closure, the poor quality of the
trunks, the distribution of the branches, and the location of each tree. A comparison with
previously published values was also difficult due to the diverse forest stand structures
and the different age and measurement methodology.

The defoliation in July is a small fraction of the annual biomass mass at each monitoring
point except for the previously mentioned black locust forest stand (M19), where the leaf
loss was much higher in 2022. The yearly average leaf weight was less by 21% than the
five-year average at most of the monitored points. The summer leaf loss (July and August)
was also significant in our monitoring sites in 2022. According to the ICP forest report,
there was extensive moderate as well as severe crown damage (mean defoliation: 41%) for
all the species in 2022 (Nagy and Szalók 2023) [67]. Based on the National Land Centre
report, there was a large (61%–99%) amount of leaf loss in the common beech sample areas
in Zala county in 2022, but the crown damage was only 24.1% in the common beech (M17)
sample area, which was clearly caused by the dry, droughty weather conditions according
to the health report of the Forest Research Institute. Overall, the forest stands observed
tolerated the negative effects of the drought well based on our biomass data. The Scots
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pine (M15) and turkey oak forest stands (M21) produced good girth growth values, despite
the drought in 2022.

In the case of the evapotranspiration and transpiration values, there was not enough
water available for the forest stands most observed. The evapotranspiration values were
significantly less (average 12%) compared to the previous years (the ET was 20% less at
the M19 black locust stand). The lower values could be explained by the dry weather
conditions and the lack of water in 2022. The forest stands responded to the lack of water
through early leaf loss and by slowing down their girth growth at the five sites monitored.

According to the National Land Centre database, 48% of the damage was in the
form of drought damage at the Hungarian forest stands in 2022 (nfk.gov.hu accessed on
13 March 2024) [41]. Based on the reports of the forestry companies, there was 78%
damage in the form of abiotic damage in 2022 (Hirka 2024) [68]. Based on the health
report of the Forest Research Institute, the damage from the drought in the black locust
sample area (M19) has been continuous since 2017. This is in line with the conclusions of
Jia et al. (2022) [69]. The effect of the drought was already detectable at a different rate in
the other monitored plots; thus, the harmful effect of the dry periods had already appeared
earlier at our forest stands. The three sample areas of the Scots pine (M15), sessile oak
(M16), and turkey oak (M21) were barely affected by drought damage according to the
forest health report in the previous five years.

The forest stands observed tolerated the negative effects of the drought well. Com-
pared to the National Land Centre database, our survey detected much less drought
damage. This could be explained by the difference in the age, the health status, and tree
stand structure (Sousa-Silva et al., 2018, Zhang et al., 2016) [70,71], and the geographical
location of our monitoring sites could have had an effect as well.

However, the classified Z NDVI values of the Sentinel−2 satellite imagery for the
period 2017–2023 showed severe drought in 2022, which was followed by an improvement
in 2023. While in 2022, the severe damage class contained 67% of the pixels, in 2023, 48%
of the pixels were already in the moderate class due to more precipitation; thus, strong
regeneration has started but has not yet been completed. It is important to note that a
subsequent drought could have severe consequences on a longer timescale (Berdanier and
Clark, 2015) [72]; thus, the monitoring should be continued in future years in order to study
the effects of changes from droughts and wetter periods.

It is important to note that the Terra satellite carrying the MODIS sensor has been in
descending orbit since 2020, when the constellation exit took place and is now nearing the
end of its operation (USGS, 2022a accessed on 4 April 2024) [73]. Therefore, Terra should
be replaced with other satellites with similar parameters like Sentinel-3, which is suitable
for forest monitoring. For instance, the American ForWarn III (USGS, 2022b accessed on
4 April 2024) [74] and the Hungarian TEMRE (2024) [47] systems have already been utilizing
this new data source since 2016.

5. Conclusions

The climate forecasts are not very encouraging for Hungary’s future forest stands. Half
of the forest-steppe climate category up to now (more than 10% of the country’s territory)
may be even hotter and drier (steppe climate) than today. Changes in climatic and weather
conditions may double the number of dry and extremely dry periods by 2021–2050, which
can increase the risk of the mortality of sensitive tree species (Gálos and Führer 2018).
That is why it is important to plant drought-resistant and drought-tolerant tree species
suitable for the growing area. The destruction of the common ash (Fraxinus excelsior) on the
Bakony mountain has been significant in the last two years according to the health report
of the Forest Research Institute. The common ash is the first tree species that may be a
regional victim of climate change. The temperature increases and precipitation stagnation
or decreases (126–204 mm water deficit in 2022) must be taken into account when creating
afforestation plans. Monocultures are always exposed to pests and climate change. Creating

nfk.gov.hu
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mixed forest stands that are more resistant to climatic extremes is important as is the use of
drought-tolerant species in afforestation, e.g., the turkey oak (Quercus cerris).

It is important to connect and validate the evaluation of remotely sensed data with
local measurements (meteorological measurements, biomass measurements) and determine
the required amount of water for our forest stands. In the future, the Forest Protection
Measuring and Monitoring System will be even more important in assessing and mitigating
the effects of climate change. It is necessary to expand the network to increase representation
by including other species, e.g., pedunculated oak (Quercus robur).
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