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Spatial and temporal analysis of drought-related climate
indices for Hungary for 1971-2100

Anna KIS, Péter SZABO and Rita PONGRACZ!

Abstract

The lack of precipitation may cause severe damage in different sectors, especially in agriculture and forestry,
therefore, its analysis is a key element of adaptation strategies in the changing climate. In the present study,
we selected different climate indices as important indicators for forests to investigate the current and future
wet and dry conditions in summer in Hungary. For the historical period (from 1971), the observation-based
HuClim dataset is used, which already shows a slight drying trend in the past 50 years, especially in June.
For the future, regional climate model simulations from the EURO-CORDEX program are used, taking into
account two different RCP scenarios (a business-as-usual scenario and an intermediate mitigation scenario,
i.e.,, RCP8.5 and RCP4.5, respectively). Since mitigation starts to affect the climate system after about 20 years,
results do not differ substantially for the two scenarios until 2060, however, the simulated changes highly de-
pend on the applied RCP scenario in the late 21 century. Based on the De Martonne Index, a large expansion
of semi-arid conditions is projected for the future in July and even more in August. The analysis of the Forestry
Aridity Index shows that the steppe category will become dominant in 2081-2100, while the category optimal
for beech may disappear entirely from Hungary according to the RCP8.5 scenario.
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Introduction

Climate change is not only the future genera-
tions” problem; its effects can already be de-
tected, and their consequences are able to cause
losses and damages in the natural ecosystems
as well as in socio-economic issues. An increase
of hot extremes has been detected since the
1950s in almost every region of the world, in-
cluding Europe, and there is high confidence in
the anthropogenic contribution to this observed
change. Furthermore, precipitation extremes
and droughts have become more frequent and
more intense over most land areas (IPCC, 2021).

Water plays a key role in our lives, as it is
essential for plants, animals and humans.

Global warming affects the water cycle on
a regional and global level. Both the excess
and lack of water may cause severe prob-
lems, meanwhile, water has a high potential
in managing climate change effects (e.g., in
the case of agriculture, forestry, health or en-
ergy sector; WMO, 2021). On the one hand,
devastating floods or inland water, flash
floods, and landslides may emerge because
of intense rainfall. On the other hand, pre-
cipitation deficit and drought is a critical fac-
tor that already causes problems regarding
agriculture or water supply. Moreover, the
compound effects of irregularly distributed
precipitation and higher daily temperatures
may have severe consequences.
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In 2022 (from January to September), sub-
stantially less than the usual rainfall occurred
in many regions, including Europe (WMO,
2022). The summer was exceptionally hot and
dry in Northern America, China and Europe.
These conditions favoured wildfires, which
caused serious damages, e.g., in Portugal and
in France; the total burned area was 110,000 ha
in 2022 until 15* October. In August, several
European rivers (e.g., Danube, Rhine, Loire)
fell to critically low levels. The summer of 2022
was drier in the European continent compared
to the 1991-2020 reference period in terms of
soil moisture, precipitation and relative hu-
midity as well, except for the south-eastern
areas (Copernicus Climate Change, 2022). In
Hungary, water restrictions were applied to
certain regions, and even drinking-water sup-
ply difficulties emerged in some settlements
in June and July. In addition, these extremely
hot and dry conditions negatively affected ag-
ricultural production: yield losses occurred,
especially in the case of maize.

Because of the importance and severe
consequences of precipitation deficiency,
which can be worsened by concurrent high
temperatures, our study focuses on drought
in the summer half-year, characterized by
different indices. Beside severe drought, the
De Martonne Index, and the Forestry Aridity
Index is analysed, as the climate is a deter-
mining factor in the distribution of different
tree species. Climatological, hydrological
and soil characteristics are often considered
unchanged in forestry, however, in the last
few decades, climate change has intensified,
so climate classification regarding forestry
should be revised (FUHRER, E. 2017). Water
availability is a critical factor for the different
species, if it is aggravated by extremely high
temperature, then it can have severe impacts
on the health of forests. The main objectives
of this study include a detailed analysis of
the above-mentioned indices. Namely, we
address the following questions: (i) How
did/will the spatial extension of the differ-
ent categories of these indices change? (ii) In
which month(s) is the greatest the projected
drought change? (iii) What is the difference

between the simulations under the RCP4.5
and RCP8.5 scenarios?

Next, data and methods are described,
and then our results are presented with a
discussion. Finally, the main conclusions
are drawn.

Data and methods
Observations and climate model simulations

The present study focuses on Hungary for the
period 1971-2100. Hungary lies in Central East-
ern Europe (~45.7-48.6°N; 16-23°E), its territory
is about 93,000 km?. For the analysis of the past
50 years (i.e., 1971-2020), the high-quality, ob-
servational database of HuClim (https://odp.
met.hu/) is used. The daily data are homog-
enized and interpolated to a regular 0.1° grid.

As for the investigation of the future, cli-
mate model simulations can be used. We
selected six simulations from the EURO-
CORDEX database (Jacos, D. et al. 2014)
with 0.11° horizontal resolution. Since the
choice of global climate models (GCMs)
shows greater uncertainty in the simulation
results than the choice of regional climate
models (RCMs) over Central Europe (SzaBo,
P. and Szgrsz6, G. 2016), four GCMs (EC-
EARTH, CNRM-CM5, IPSL-CM5A-MR and
NorESM1-M) provided the necessary initial
and boundary conditions for the selected
RCA4 RCM. Furthermore, another RCM
was chosen, namely, the RACMO22E model,
which was driven by two GCMs (EC-EARTH
and CNRM-CM5). Beside internal climate
variability and model physics, the third
greatest source of climate model simulations’
uncertainty is the applied scenario (Hawkins,
E. and Sutton, R. 2009). Therefore, two dif-
ferent RCP scenarios are taken into account
in the present study, namely, a scenario
with starting mitigation from around 2040,
RCP4.5, and a business-as-usual scenario,
with no mitigation in the 21* century, RCP8.5
(vaN Vuuren, D.P. et al. 2011). In order to
use the same horizontal resolution, HuClim
data were interpolated to the same grid as
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the RCM simulations by the bilinear method.
In addition, the area of Hungary was masked
in the simulations’ fields.

The analysed indices

Three different indices are analysed in this
study, describing dry climatic conditions.
Depending on the indicators, they were cal-
culated for every grid point for the entire
time period (1971-2100), on a monthly, half-
year and annual basis. The necessary basic
variables for calculating the selected indices
were daily precipitation and mean tempera-
ture for every grid point.

Severe droughts particularly affect for-
ests and cultivated plants in summer and
autumn. We selected a drought indicator,
which is simple yet powerful. As a basis,
we calculated dry days (DD, when daily
precipitation is below 1 mm) first since it
correlates moderately or highly with other
simple and more complex drought indica-
tors, and precipitation (e.g., ZHUANG, Y. ef al.
2020; HanskL, S. et al. 2022). Note that this 1
mm threshold eliminates the drizzle effect
(e.g., Porapg, S.D. et al. 2011), which may
have caused a problem in the simulations
otherwise. Then, we selected the dry half-
years (DHF) of spring and summer together
(MAM]JJA), when the number of dry days
was above the median value of 1971-2020
separately for both spring (MAM) and sum-
mer (JJA). Then, the values above the mean
value of dry half-years in 1971-2020 were
defined as severe droughts (SD), as follows:

SD = DHF | DHF > mean (DHF1971—2020)’

where DHF=DD,,, +DD, | DD, >median
(DDMAM1971—2020) & DDUA > mediﬂn (DDI]A1971—2020).

We kept this threshold of dry days for the
future as well. The resulting time series cor-
responds well with the lack of precipitation
and other drought indices: when there is a
high number of dry days, the total precipi-
tation is usually low, while evaporation is
high for the MAM]JJA period, which is im-

portant for the cultivated summer and au-
tumn plants and forests.

The De Martonne Index (DMI) can be de-
termined for different time scales, i.e., years,
seasons or months (GavriLov, M.B. et al.
2019). In general, it is applied to a yearly
scale, but in this study, a monthly scale was
chosen instead, as there are substantial dif-
ferences between June and August, for in-
stance. The index is calculated for the three
summer months separately using the follow-
ing formula:

12P
10+T°

DMI =

where P means the monthly precipitation to-
tal (mm), and T indicates the monthly mean
temperature (°C). The results are categorized
on the basis of the following thresholds
(MriLovanovic, B. et al. 2022): arid (DMI < 10),
semi-arid (10 £ DMI < 20), Mediterranean
(20 < DMI < 24), semi-humid (24 < DMI
< 28), humid (28 < DMI < 35), very-humid
(35 < DMI < 55) and extremely humid
(55 < DMI). If DMI is greater than 30, the
conditions are optimal for forests, moreo-
ver, ideal DMI values for beech are between
35 and 40 (Sat™marg, A. 2010).

Furthermore, the simplified Forestry
Aridity Index (FAI — FUHRER, E. et al. 2011)
was determined for Hungary, which repre-
sents the climate marker species. It can be
calculated by the following formula:

_Tyn-vin__
VII VIII >
Py +XPyy;

FAI =100 -

where T, means the average temperature
in July and August, and indicate the precipi-
tation total from May to July and from July
to August, respectively. Five categories can
be defined based on different threshold val-
ues: beech (FAI <4.75), hornbeam-oak (4.75 <
FAI <6), sessile oak and Turkey oak (6 < FAI
< 7.25), forest-steppe (7.25 < FAI < 8.5), and
steppe (8.5 < FAI).

As absolute threshold values are used to
distinguish the different categories, bias-
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correction of the RCM simulations has an
important role. In order to eliminate the sys-
tematic errors emerging from climate model
simulations (CHrISTENSEN, J.H. et al. 2008), a
simple bias-correction method was applied
to the raw results, based on the relative delta-
method. We used the following formula:

future
future Indexy, oge;

corrected — past,mean
Index,, ;.

past,mean

: Indexobservation ;

Index

where “past” refers to the period 2001-2020
regarding the calculation of DMI and FAI, and
1971-2020 regarding severe droughts, “mean”
indicates the temporal mean, “model” denotes
the selected individual climate simulation,
and “observation” is the HuClim database.
The correction is executed for each index,
each grid point, each RCM simulation and
each month (for DMI only) separately. The
simple bias correction is applied to the indices
instead of the raw simulation output variables
in order to avoid possible inconsistency that
may emerge if we correct temperature and
precipitation separately. Similar approach is
widely used in the literature, e.g., CASANUEVA,
A. et al. (2014), RocHETA, E. et al. (2014).

The study investigates the changes in the
past, for which two 20-year-long histori-
cal periods, 1971-1990 and 2001-2020, are
compared. In order to analyse the project-
ed future changes, the average values for
four 20-year-long time periods (20212040,
2041-2060, 2061-2080, 2081-2100) are calcu-
lated. We used 20-year-long periods instead
of the usual 30-year-long periods, hence we
could make a comparison within the obser-
vation period as well. We note that WiLks,
D.S. and Livezey, R.E. (2013) found that using
alternative periods is appropriate in the case
of temperature, while for precipitation, Kis,
A. and PongGrAcz, R. (2023) found that the
15-year-long period is capable to represent
the variability of the 50-year-long data. We
focused only on the summer months (June,
July and August) or the spring + summer
half-year (from March to August), as water
deficit is the most critical in these seasons for
cultivated plants and forests. Temperature

is higher, evaporation is more enhanced,
and at the same time, water is a key miti-
gation factor, e.g., in the case of heatwaves.
Furthermore, several crops need appropriate
water supply at this time of the year in order
to grow properly.

Results

In the following subsections, our results are
presented for each index separately. Maps
show the spatial distribution of the indices,
averaging the analysed 20 years and all of
the selected model simulations, i.e., they pre-
sent a multi-model mean. However, in order
to show the uncertainty emerging from the
choice of the model, diagrams are also includ-
ed, which present the range of the projected
changes, indicating the individual climate
model simulations and the different scenarios.

Validation

As climate model simulations usually show
biases compared to the reference data, a bias-
correction method was applied to eliminate
the systematic errors for all indicators in this
study. In this section, we compare the calcu-
lated indices with and without bias-correc-
tion, for which HuClim serves as a reference.

Considering the spatial extent of the dif-
ferent DMI categories, we can conclude
that raw simulations usually show biases
(Figure 1). For example, the very-humid cat-
egory is well represented in July and August,
but an overestimation occurs in June (26% vs.
5%). Raw simulations underestimate the spa-
tial extent of the semi-humid and the humid
categories in all three summer months. The
Mediterranean category is well represented
in July, while an overestimation occurs in
June and an underestimation in August.
Raw climate model simulations greatly over-
estimate the spatial extent of the semi-arid
category, especially in June and July, when,
according to HuClim, no grid point falls to
this category.
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Fig. 1. Validation results of the spatial extent (in %) of DMI for Hungary, 2001-2020, separately for the three
summer months, based on the multi-model means of the bias-corrected and the raw climate model simulations
compared to the HuClim database.

In the case of FAI, raw climate model simu-
lations overestimate the dry categories, i.e.
steppe and forest-steppe (Figure 2). At the
same time, the sessile-oak and Turkey-oak
category is substantially underestimated,
namely, the raw simulations show ~20 per-
cent spatial extent, while HuClim and the
bias-corrected simulations show ~45 percent.

Severe drought

First, severe droughts in Hungary are pre-
sented. Generally, in the last two decades,
more precipitation occurred in Hungary over
the course of consecutive spring and sum-
mer than in 1971-1990, but rain fell on fewer
days, which resulted in higher precipitation
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Fig. 2. Validation results of the spatial extent (in %) of
the FAI index for Hungary, 2001-2020 based on the
multi-model mean of the bias-corrected and the raw
climate model simulations compared to the HuClim da-
tabase. St = Steppe; F-st = Forest-steppe; So&To = Sessile
oak and Turkey oak; Ho = Hornbeam oak; B = Beech.

Spatial extent (%)

0

F-st So&To

intensity, lower number of wet days, and
higher number of dry days. These changes
may be unfavourable for plants, as a less
intense rainfall infiltrates into the soil more
effectively, compared to a very intense pre-
cipitation event. Additionally, a substantial
increase can be detected in the number of
severe droughts if we compare the periods
1971-1990 and 2001-2020 (Figure 3). Severe
droughts occurred the most often in the

y
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north-eastern and western parts of Hungary
in the last 20 years, while in 1971-1990, the
northern regions were more exposed to the
lack of precipitation or higher evaporation.
Drought means high risk to forestry and
agriculture, as yield losses or even plant de-
struction may emerge due to water scarcity.

According to the multi-model mean, if the
RCP4.5 scenario is followed until the end of
the 21% century, a further increase of severe
droughts can be avoided, moreover, the fre-
quency of severe droughts may even decrease
compared to the observations. In the case of
RCP8.5, slightly (significantly) more frequent
severe drought is likely to occur in 2041-2060
(2081-2100) compared to the RCP4.5 scenario
with intermediate mitigation. Frequency val-
ues are the highest in the southern and east-
ern parts of the country (with currently most-
ly agricultural areas) in 2041-2060 following
the RCP8.5 scenario, while severe droughts
occur in the south-western areas (with more
forests in this region) in 2081-2100. One
may note that the maps based on observa-
tions show higher spatial variability than
the model means, and that even if we follow
the high-emission scenario by the end of the
21 century, frequency values may not be
higher than the observations of 2001-2020.
This is the consequence of (i) averaging sev-
eral model means instead of selecting one

2041-2060

#

Simulations

Fig. 3. Spatial distribution of severe drought frequency in Hungary in 1971-1990 and 2001-2020 based on
HuClim, and in 2041-2060 and 2081-2100 according to the multi-model mean of the selected climate model
simulations, taking into account the RCP4.5 and RCP8.5 scenarios.
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particular model simulation, and (ii) the high
internal variability of precipitation.

If we analyse the frequency of severe
droughts based on the individual model sim-
ulations (Figure 4), it can be seen that particu-
larly by 2081-2100 in the case of RCP8.5 the
model selection has a great role: the model
uncertainty is greater than the model mean
itself. In general, the variability between the
model simulations is somewhat smaller for
the RCP4.5 scenario than RCP8.5. The num-
ber of years when severe drought occurs can
reach 5, 6 or even 8 within 20 years according
to several simulations under the RCP8.5 sce-
nario — this is higher than the mean value for
the observed 2001-2020. All in all, there is a
high uncertainty in the projection results, but
5 out of 6 models project higher values for
RCP8.5 than for RCP4.5 after 2040, and only 1
or 2 models simulate lower values after 2060
than the observations in 2001-2020.

De Martonne Index

In this chapter, results based on the De Mar-
tonne Index are shown. We note that the two
tails of the categories, which are introduced
in Section 2, namely, the arid and the ex-
tremely humid categories, cannot be found
in Hungary (or only in 1-2 grid points) in the
investigated time period.

In general, the wettest month in summer
is June in Hungary (~70 mm/month). In this
month, the spatial extensions of very-hu-
mid and humid categories are reduced for
2001-2020 compared to the period 1971-1990
(Figure 5). Further reductions are projected
for 2041-2060 and 2081-2100, according
to both RCP scenarios. As a result of these
changes, the very-humid category is lim-
ited to the western and northernmost parts
of Hungary in future time periods. Note
that these categories are ideal for forests
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Fig. 4. Projected frequency of severe droughts in Hungary according to the individual RCM simulations
(indicated by different colours) taking into account the RCP4.5 (circle) and RCP8.5 (triangle) scenarios. The
reference values based on observations are indicated by a dashed (1971-1990) and a solid (2001-2020) black line.
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Fig. 5. Spatial distribution of DMI categories in June in Hungary in 1971-1990 and 2001-2020 based on HuClim,
and in 2041-2060 and 2081-2100 according to the multi-model mean of the selected climate model simulations,
taking into account the RCP4.5 and RCP8.5 scenarios.

(30 < DMI), and climatic conditions are ap-
propriate for beech within the very-humid
category (DMI: 35-40). In general, DMI
is greater than 24 in June, however, the
Mediterranean category appears in more
grid cells in the future time periods, espe-
cially in the case of RCP8.5 by the end of the
21 century in the lowland areas. Moreover,
even the semi-arid category (which was not
present at all earlier) appears in one grid cell.

July is generally warmer and drier in
Hungary than June. Consequently, domi-
nantly lower DMI values occurred in July in
1971-1990 in the central parts of Hungary,
while DMI was greater than 20 in 2001-2020
in every grid point (Figure 6). So on the ba-
sis of the observations, substantial changes
can be recognized within the historical pe-
riod, namely, the spatial extent of humid
categories increased. In the future, similar
values and spatial patterns are projected for
2041-2060 to 2001-2020 regardless of the
applied scenario: humid and very-humid
conditions in the north-eastern and western-
most parts of Hungary, the Mediterranean
category occurring in the southern and
north-western areas, and semi-humid grid
cells in the central regions. However, there
are likely to appear substantial differences
by 2081-2100 between the simulations under
RCP4.5 and RCP8.5. More specifically, in the
case of the RCP4.5 scenario, the spatial dis-

tribution of the categories of DMI are very
similar to 2001-2020, but if RCP8.5 is taken
into account, semi-arid category appears in
the south-eastern, central-eastern parts of
Hungary and in the north-western lowland
region. Furthermore, the Mediterranean cate-
gory expands substantially, while humid and
very-humid grid cells will be found only in
the westernmost and northernmost regions.
In August, in the Great Hungarian Plain
the dominant DMI category is semi-arid in
1971-1990, and it will be in the whole country
in the future time periods (Figure 7). However,
in 2001-2020 a small reduction appears in
this drier category, while the Mediterranean
category occupies a greater area. A west-east
gradient can be identified in all of the investi-
gated periods, namely, there are higher DMI
values in the western parts of the country (hu-
mid and very-humid), and heading towards
the east, DMI decreases, until it reaches the
semi-arid category. So, the spatial distribution
of DMI categories is very similar for the two
different scenarios, however, there are differ-
ences in the spatial extent of each category:
in the case of RCP8.5, the area of the humid
category is very limited, while semi-arid ex-
pands to the northern and western regions.
Figure 8 summarizes the future spatial
extent of the different DMI categories for
each of the three summer months, based on
the individual climate model simulations.
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Fig. 6. Spatial distribution of DMI categories in July in Hungary in 1971-1990 and 2001-2020 based on HuClim,

and in 2041-2060 and 2081-2100 according to the multi-

model mean of the selected climate model simulations,

taking into account the RCP4.5 and RCP8.5 scenarios.
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Fig. 7. Spatial distribution of DMI categories in August in Hungary in 1971-1990 and 20012020 based on
HuClim and in 2041-2060 and 2081-2100 according to the multi-model mean of the selected climate model
simulations, taking into account the RCP4.5 and RCP8.5 scenarios.

The semi-arid category is clearly the most
dominant in August. According to the ma-
jority of the simulations, an increasing trend
is projected for the future in the spatial ex-
tent of this dominant category, which can
reach even 70-80 percent by the end of the
21¢ century, based on RCP8.5. In July, only a
few simulations (under the RCP8.5 scenario)
imply an increase compared to the period
1971-1990. In June, the spatial extent of the
semi-arid category is almost negligible, but
there are some individual simulations that
project a substantial increase for 2081-2100.

The simulated changes of the
Mediterranean category are different in the

three summer months. In general, an increase
is projected for June, a decrease for August,
and a quasi-stationary state for July (or more
precisely, the sign of the change depends on
which historical period provides the refer-
ence). In the case of the semi-humid category,
the range of the model uncertainty is smaller,
and there is no discrepancy between the two
scenarios. Similar to the Mediterranean cat-
egory, an increase (decrease) is likely to oc-
cur in the spatial extent in June (in August),
while the predicted change in July depends
on the reference period. The humid category
is projected to decrease in June according to
almost all the simulations under both scenar-
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Fig. 8. Projected DMI categories in Hungary in June, July and August, according to the individual RCM simulations
(represented by different colours) taking into account the RCP4.5 (circle) and RCP8.5 (triangle) scenarios. The
reference values based on observations are indicated by a dashed (1971-1990) and a solid (2001-2020) black line.

ios: in some periods, its spatial extent will be-
come less than 10 percent according to some
of the individual simulations. In August, a
decrease is projected in general too, but we
note that this category has a smaller ratio in
the historical periods (~20%), so the relative
changes are also smaller. In July, an increase
in the spatial extent of the humid category
can occur in the middle of the 21* century.
The very-humid category’s spatial extent is

projected to be smaller as we are heading to
the future in all three months.

Forestry Aridity Index

Finally, the results related to the FAI are pre-
sented. In the historical periods, ideal condi-
tions for hornbeam oak appeared in the west-
ern parts of Hungary and in the northern,
mountainous areas (Figure 9). Beech can be
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Fig. 9. Spatial distribution of FAI categories in Hungary in 1971-1990 and 2001-2020 based on HuClim, and
in 2041-2060 and 2081-2100 according to the multi-model mean of the selected climate model simulations,
taking into account the RCP4.5 and RCP8.5 scenarios.

found also in these regions, but its extent is
much smaller. Forest-steppe is the dominant
category in the central parts of the country
and also in the north-western lowlands. The
change of the distribution of FAI in the last
50 years in Hungary is unfavourable, and its
cause is primarily the increasing temperature
(FUHRER, E. 2017). For 2041-2060, the two ap-
plied scenarios show similar changes: beech is
likely to disappear from the western regions,
while steppe is projected to expand in the
south-eastern parts of the Hungarian Great
Plain. By the end of the 21* century, in the case
of RCP4.5 the simulated changes are very sim-
ilar to the period 2041-2060. However, if we
take into account the RCP8.5 scenario, the spa-
tial distribution of FAI categories is substan-
tially different. Specifically, beech is predicted
to disappear entirely from Hungary and horn-
beam oak will be limited to a small area in the
northern mountains of the country. The extent
of sessile oak and Turkey oak reduces, while
forest-steppe will appear in the western and
northern parts of Hungary. The lowland areas
are projected to be steppe, which will be the
dominant FAI category in Hungary according
to the simulations used in this study.

Figure 10 presents the relative spatial ex-
tent of each FAI category based on the indi-
vidual climate model simulations. The great-
est changes can be seen in the case of steppe,

for which the spatial extent was smaller than
5 percent in the historical periods, while in
2081-2100, it is 52 percent on average (with
one extremely high simulated value, i.e., 93%)
under the RCP8.5 scenario. The other sub-
stantial change is projected for beech, whose
spatial extent was already low in the histori-
cal periods (< 2%), but it can even disappear
from the area of Hungary by the end of the
21% century under RCP8.5. The projected rel-
ative extent of forest steppe varies between
30 and 40 percent according to the multi-
model mean, which is similar to the values
of the historical period. The number of grid
cells, which is suitable for sessile and Turkey
oak, generally shows a decreasing trend
compared to the historical period, especial-
ly in the case of RCP8.5 by 2061-2080 and
2081-2100. The spatial extent of hornbeam
oak is also likely to be smaller in the future
periods, according to most of the simulations;
it is projected to be less than 4 percent in the
last two 20-year-long periods in the 21 cen-
tury if RCP8.5 is taken into account.

Discussion

Ragv, L. et al. (2015) defined the vulnerabil-
ity of forests in relation to the value of DMI
for Bulgaria, where the current climate is not
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very different from Hungary even though the
location is somewhat to the southeast relative
to Hungary. In the current climate most of
the forests fall into the “high” to “medium”
vulnerability category (DMI: 25-35), but in
the future, the dominant category will be
“high” (DMI: 25-30) in the case of RCP2.6
and RCP4.5, and “very high” (DMI: 10-25)
if RCP8.5 is taken into account. So similarly
to Hungary (based on our results), drier DMI
categories are likely to expand in Bulgaria
as well, which is unfavourable for forests
(DMI < 30). The possible shift of DMI to-

wards drier categories implies that adapta-
tion strategies must be planned in sectors
where water is essential, e.g., agriculture.
As an example, the study of PaLTINEANU, CR.
et al. (2007) can be mentioned that used DMI
values for an agricultural application, name-
ly, the relationship between DMI and irriga-
tion demand is analysed for different crops
in Romania. The results show that irrigation
is usually needed in those regions, where
DMI is below 35. Evidently, the smaller the
DMI value, the more water is needed for ir-
rigation. These small values are projected to
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dominate the majority of the Great Hungar-
ian Plains by the late 21* century, for which
stakeholders in agriculture must plan ahead,
and develop their own adaptation strategies
to handle the changing conditions. This is
especially important because the lack of pre-
cipitation is already a problem in the region:
a questionnaire completed by Biro, K. et al.
(2021) in Hungary showed that more than
60 percent of the responders experienced
decreased productivity due to drought peri-
ods. Moreover, according to the analysis of
BuzAsi, A. et al. (2021) there are already three
counties in Hungary that are highly vulner-
able, but poorly prepared for droughts.

Although Moricz, N. et al. (2013) used a dif-
ferent and only one single climate model to
calculate the Ellenberg Index, they also con-
cluded that beech forests are likely to disap-
pear almost entirely from Hungary by the end
of the 21 century, moreover, the ideal area
for sessile oak is projected to be shrunken.
Similarly to these conclusions, our results also
show that the extent of sessile oak and Turkey
oak reduces, while forest-steppe will appear
in the western and northern parts of Hungary.

In our study, newer model simulations and
scenarios (RCPs) were taken into account,
but the main conclusions are fostered by for-
mer results as well. More specifically, based
on 12 RCM simulations taking into account
the SRES A1B emission scenario (which is be-
tween RCP4.5 and RCP8.5), FUHRER, E. ef al.
(2017) concluded that in the 21% century, for-
est-steppe will expand, while the other three
categories are likely to be shrunken — further-
more, a new category, called steppe (FAI >
8.5), is introduced, which is projected to ap-
pear in Hungary in the southern regions. The
study of FUHRER, E. et al. (2011) investigated
FAl separately for the Transdanubian region
in Hungary, and showed that only 10 percent
of beech will remain in summer and the rela-
tive spatial extent of hornbeam oak will be
half as much as in the reference period, while
forest-steppe will occupy an area four times
greater than in the past few decades.

The potential risk of drought on forests was
also highlighted by HrAsNy, T. et al. (2014),

who used 10 RCM simulations taking into ac-
count the above-mentioned SRES A1B emis-
sion scenario, and projected a warming with
drying trend for Hungary. However, such
drought risk is present not only in Hungary,
but also elsewhere in Central Europe. For
instance, the future distribution of forests
was analysed for Serbia on the basis of FAI
(Stojanovic, D.B. et al. 2014). According to
their results, more arid conditions are likely
to occur in the investigated region in the
future, and therefore, the most vulnerable
among the currently present tree species is
Pedunculate oak due to climate change.
The Hungarian foresters are dominantly
aware of the effects of the projected climate
change according to an interview-based
study (i.e., JaNkO, F. et al. 2022), however,
the number of respondents who have already
initiated adaptations is rather low. These ap-
plied adaptations so far include changing the
composition of the forest area. The study
showed that there is an agreement to enhance
forest diversity and eliminate monoculture.
The international survey of Sousa-SiLva, R.
et al. (2018) also concluded that stakeholders
in forestry think that climate change will af-
fect forests, but only 36 percent of foresters
modified their management practices.

Conclusions

Different climate indices related to drought
are calculated for Hungary, based on the
HuClim observations and six climate model
simulations, taking into account the RCP4.5
and RCP8.5 scenarios. As water deficit can
be critical, especially if it is combined with
high temperature values, spring and summer
months are investigated. According to our re-
sults, the following conclusions can be drawn:
- Generally, more precipitation fell on few-
er days in Hungary during spring and
summer in the last two decades than in
1971-1990.
- According to the multi-model mean, a
further increase of severe droughts can be
avoided if we follow the RCP4.5 scenario,
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while in the case of RCP8.5 severe droughts

are likely to occur more frequently.

- In June, the very-humid category of DMI
(which can be ideal for beech) will be lim-
ited to the western and northernmost parts
of Hungary in the future time periods ac-
cording to the simulations.

— In July, semi-arid and Mediterranean cat-
egories will be dominant by the end of the
21° century under the RCP8.5 scenario.

— In August, the semi-arid DMI category will
clearly become the most dominant catego-
ry, reaching even 70-80 percent spatial
extent by the end of the century, based on
RCP8.5.

— FAI shows that the steppe category will
be the dominant category in Hungary by
2100, while the beech optimum could dis-
appear entirely from around 2060 accord-
ing to the RCP8.5 scenario.

The overall projected drying trend in
Hungary implies that water management
should focus on retaining water, as it is criti-
cally essential for drinking water supply, ag-
riculture, and therefore, reliable food supply,
ecosystems, forests and natural vegetation. If
we can store water surplus either from exces-
sive, high-intensity rainfalls or from wet years
or during autumn and winter, it can be use-
fully exploited in drought periods or in pe-
riods with higher evaporation. Furthermore,
because of the changing climatic conditions,
the plantation of drought-tolerant species
(both in agriculture and forestry) should be
considered in regional/national adaptation
strategies. Adaptation could mean a more di-
verse tree species mixture and the introduc-
tion of new species which are more adaptable
to the changing climate, but more informa-
tion on these species would be necessary for
better forest management. Irrigation may also
be a solution to water scarcity, however, the
availability of water may be a limiting fac-
tor. Thinning forests can reduce fire risk and
increase the health and growth of the remain-
ing trees (VILA-CABRERA, A. ef al. 2018).

In the case of agriculture, climate-smart ag-
riculture tools (e.g., bio innovation such as
plant breeding, development of new seeds,

or precision agriculture by effectively reduc-
ing impacts) can foster both adaptation and
mitigation (Biro, K. et al. 2021). These are key
elements for future strategies, since in addi-
tion to the necessary adaptation, agriculture
also must contribute to global mitigation ef-
forts, as some anthropogenic emissions are
associated with agricultural activity.
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