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Introduction

Climate change, a very important environ-
mental phenomenon on earth, has become 
one of the most important issues facing hu-
manity today. In the first two decades of the 
21st century, global average temperatures 
were 1 °C higher than between 1850 and 1900, 
and this difference could be between 3.3 °C 
and 5.7 °C by the end of the century, accord-
ing to the worst-case scenario (IPCC 2021). 
Rising temperatures have complex environ-
mental effects on a global, regional and local 
scale. As part of this process, we may experi-
ence an increase in the frequency of extreme 
weather events (such as summer heat waves) 
in our daily lives (Meehl, G.A. and Tebaldi, 

C. 2004; Pongrácz, R. et al. 2013). This could 
have far-reaching implications for society’s 
health status and mortality rates (Baccini, M. 
et al. 2008; Kovats, R.S. and Hajat, S. 2008; 
McGregor, G.R. et al. 2015; Bartholy, J. and 
Pongrácz, R. 2018).

The most recent climate projections are 
based on the Representative Concentration 
Pathways (van Vuuren, D.P. et al. 2011). The 
most commonly used of these are the less 
(RCP4.5) and the highly pessimistic (RCP8.5) 
scenarios (IPCC 2013). Under these scenarios, 
global temperature increases of 2 °C and 4 °C, 
respectively, are expected by the end of the 
century, compared to the period 1986–2005, 
but the change at the regional level may be 
very different from these values (IPCC 2013).
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Abstract 

Since our climate is in a rapid changing phase, it is crucial to get information about the regional patterns of basic 
climatic parameters and indices. The EURO-CORDEX project provides high-quality regional climate model 
outputs, but these raw datasets are not convenient for the application in wider geoscience studies. According 
to the authors’ knowledge, there is a lack of published spatial information about basic climate parameters 
and indices in Central Europe and especially in the broader Carpathian region therefore the basic aim of this 
study to fill this gap. The study presents the future trends in daily air temperature and precipitation and vari-
ous climatic indices in the broader Carpathian Basin region during the 21st century. The indices are calculated 
using multi-model average temperature and precipitation data from EURO-CORDEX model simulations for 
the future time periods (2021–2050, 2071–2100) and emission scenarios (RCP4.5, RCP8.5). The indices present 
the future trends of the heat load, energy demand as well as extreme precipitation and drought characteristics. 
Based on the results the temperature increase is obvious and the heat load and energy demand quantifying 
indices follow the temperature trend. However, the trend is difficult to evaluate in the case of precipitation. 
The changes in the precipitation and the related indices can be considered small and appear within the regions. 
The future changes are the most considerable in the Carpathian Basin, but the entire examined region faces 
crucial changes in the following decades.
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To help assess future climate trends, in 
addition to the basic temperature and pre-
cipitation values, the use of so-called climate 
indices can further nuance and detail the pic-
ture of the change ahead. An example of such 
an index is when we count the days when 
the daily minimum temperature exceeds 
20 °C (tropical night) in a given period. The 
number of these days shows well the annual 
duration of unfavourably warm weather con-
ditions, as a high minimum temperature is 
also likely to mean a high daytime tempera-
ture (Pieczka, I. et al. 2018). There are sev-
eral other similar indices, such as the num-
ber of summer days, hot days, heavy rainy 
days, and so on (see e.g., Dankers, R. and 
Hiederer, R. 2008; Sillmann, J. and Roecker, 
E. 2008). Analyses of the predicted values of 
these indices and their spatial patterns may 
be very useful for further detailed explora-
tion of the characteristics of expected future 
climate change.

Going to a regional level, this paper deals 
with the region of the Carpathian Basin and 
its wider environment using climate pro-
jection outputs (related to the temperature 
and precipitation indicators) of the EURO-
CORDEX regional models in case of RCP4.5 
and RCP8.5 scenarios. Looking back on a 
few years, the earlier and similar modelling 
results based on the mentioned outputs to 
date, and at least in part related to the current 
study area, are as follows (grouped according 
to the extent to which their study areas differ 
from the domain of the present study):

‒ The study area covers a country, province 
or region (Štěpánek P. et al. 2016; Dalelane, 
C. et al. 2018; Pieczka, I. et al. 2018; Vuković, 
A. and Mandić, M.V. 2018; Kis, A. et al. 2020; 
Olefs, M. et al. 2021; Torma, C.Z. and Kis, 
A. 2022).

‒ The study area covers all or most of 
Europe (Jacob, D. et al. 2014; Kovats, R.S. 
et al. 2014; Rajczak, J. and Schär, C. 2017; 
Spinoni, J. et al. 2018; COACCH 2019; von 
Trentini, F. et al. 2019; Coppola, E. et al. 2021; 
Evin, G. et al. 2021; Badora, D. et al. 2022).

The importance of this topic is also high-
lighted by our previous studies: for many 

cities, we found a significant increase in the 
annual number of various thermal indices, 
so a strong warming trend is expected by the 
end of the century (Skarbit, N. and Gál, T. 
2016; Bokwa, A. et al. 2019; Gál, T. et al. 2021). 
Information from regional climate projections 
on temperature- and precipitation-related cli-
mate indices is essential for the development 
and implementation of climate change miti-
gation and adaptation plans in this region.

According to our knowledge, published 
EURO-CORDEX model results are not avail-
able for the whole study area mentioned 
above, thus, information about the process of 
climate change based on this database is dif-
ficult to access for the broad scientific com-
munity. Therefore, the main aim of the study 
is to fill these gaps and contribute to obtain 
accurate spatial information about climate 
change. These results could also provide 
vital information for climate mitigation and 
adaptation plans, moreover it could serve as 
a starting point for other studies in smaller 
scale or in different disciplines. 

The specific aims of the study are the fol-
lowing, (i) presenting the model averages 
of all available EURO-CORDEX outputs for 
basic climatic parameters (daily mean air 
temperature and daily precipitation), (ii) cal-
culation of the most crucial climate indices 
in order to describe the different details of 
future climate, namely the heat load (warm 
and tropical nights, summer and hot days), 
energy demand (heating and cooling degree 
days) as well as extreme precipitation and 
drought characteristics (heavy and very 
heavy precipitation days and consecutive 
dry days).

Methods

Study area

This study would like to present the future 
conditions of the Carpathian Basin and 
surrounding areas of Central and Eastern 
Europe. The study area lies between longi-
tudes 11° and 30°, and latitudes 43° and 51°.  
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This area covers southeast Germany, south 
Poland, Czech Republic, Slovakia, west 
Ukraine, almost the whole area of Austria, 
Hungary, Romania, Moldova, Slovenia, Croa-
tia and the northern parts of Bosnia and Her-
zegovina and Serbia (Figure 1).

Applied model simulations

The study examines the future conditions 
through the average values of two periods: 
2021–2050, and 2071–2100. For these periods the 
average of bias-corrected air temperature, daily 

Fig. 1. Location in Europe marked by the red rectangle (a), and detailed map of the study area (b) with the 
mentioned regions in Table 4. Source of the background map: Elevation map of Europe (European Environment 

Agency – https://www.eea.europa.eu/data-and-maps/figures/elevation-map-of-europe).

https://www.eea.europa.eu/data-and-maps/figures/elevation-map-of-europe
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maximum and minimum air temperature and 
precipitation data of different EURO-CORDEX 
model simulations with resolution 0.11° were 
used (Jacob, D. et al. 2014). All available model 
simulations that include these parameters for 
the study area, thus, the output of 13 simula-
tions were applied for RCP4.5 and RCP8.5 sce-
narios (van Vuuren, D. P. et al. 2011) (Table 1).

Applied indices

Besides the basic climatic parameters (tem-
perature, precipitation), several climate in-
dices were calculated to describe different 

aspects of the process of climate change  
(Table 2). Four indices were applied to exam-
ine the heat load change. The night heat load 
was analysed through the average number of 
warm and tropical nights, which indices are 
based on the daily minimum temperature. 
While the daytime heat load was determined 
with the change of the summer and hot days, 
using the daily maximum temperature.

In order to present the change of energy 
demand the heating degree days (HDD) and 
cooling degree days (CDD) were examined 
(see Table 2). Their calculation was based on 
Matzarakis, A. and Thomsen, F. (2009). The 
HDD and CDD give the heating and cool-
ing energy demand of the buildings during 
the heating and cooling period, respectively. 
In case of the HDD the heating threshold of  
15 °C was used. The index summons the differ-
ence of this value and the daily mean tempera-
ture when it does not reach this threshold. The 
CDD calculated in a similar way, in this case 
we applied the cooling threshold of 18 °C and 
the index summons the difference between the 
threshold and the daily mean temperature when 
it exceeds that. Selecting a suitable threshold for 
a larger area is inherently difficult because of 
the different regional climates, thus, studies for 
Europe or parts of Europe use several different 
thresholds (Cartalis, C. et al. 2001; Golombek, 
R. et al. 2012; Lindberg, F. et al. 2013; Moreci, E. 
et al. 2016; Chervenkov, H. et al. 2020). The focus 
of this analysis is mostly on the change in the 

Table 1. Details of the applied EURO-CORDEX 
model simulations

Nr Institute
Global Regional

climate model
1.
2.
3.
4.

CLMcom

CNRM-CM5
EC-EARTH
HadGEM2
MPI-ESM-LR

CCLM4

5. DMI EC-EARTH
HIRHAM5
RACMO22E6.

7. KNMI EC-EARTH
HadGEM2

8. MPI MPI REMO2009
9.

SMHI

CNRM-CM5

RCA4

10. EC-EARTH

11. IPSL-CM5A-
MR

12. HadGEM2
13. MPI-ESM-LR

Table 2. The examined climate indices and their definition with the applied parameter
Nr. Index Definition Applied parameter
1.
2.

Warm night (WN)
Tropical night (TN)

Tmin ≥ 17 °C
Tmin ≥ 20 °C Daily minimum temperature (Tmin)

3.
4.

Summer day (SD)
Hot day (HD)

Tmax ≥ 25 °C
Tmax ≥ 30 °C Daily maximum temperature (Tmax)

5.
6.

Heating degree day (HDD)
Cooling degree day (CDD)

∑ (15 – Ta) when Ta < 15
∑ (Ta – 18) when Ta > 18 Daily mean temperature (Ta)

7. Heavy precipitation day 
(HPD) Rd > 10 mm

Daily precipitation sum (Rd)8. Very heavy precipitation 
day (VHPD) Rd > 20 mm

9. Consecutive dry days (CD)
Rd < 1 mm (maximum 
number of consecutive 
days per time period)
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value of the indices, so the choice of thresholds 
was not considered relevant.

The extreme precipitation characteristics 
were investigated through two indices, the 
heavy and very heavy precipitation days when 
the daily precipitation sum exceeds 10 mm and 
20 mm, respectively (see Table 2). While the 
change of drought circumstances was studied 
through consecutive dry days. In case of this 
index the maximum number of consecutive 
dry days per time period was determined, 
when the daily precipitation did not reach 1 
mm. While the other applied indices are aver-
age values for the 30 periods, this index shows 
the maximum number for the whole periods.

Results

Basic climatic parameters

Temperature

In the period of 2021–2050, the daily average 
(Ta) temperature in the northern part of the 
study area is mostly between 8 °C and 10 °C 
(Figure 2, a and b). It is over 10 °C in the lower 
areas in Germany, Czech Republic and Poland, 
which covers a larger area in scenario RCP8.5 
(see Figure 2, b). In the Carpathians the values 
are between 4 °C and 8 °C, lower values appear 
in the eastern part. Similar values appear in the 
Alps. In the Carpathian Basin, Ta is higher than 
10 °C in almost the whole area. In the south-
ern part, the temperature exceeds 12 °C. The 
greatest difference between the two scenarios 
occurs in this area. In case of scenario RCP8.5, 
the values over 12 °C appear over a larger area, 
especially in the southern and central part of 
Hungary and in the Little Hungarian Plain. 
In the Romanian Plain, the values are over  
12 °C in most of the area. In the Dinaric Alps, Ta 
will be between 6 and 10 °C. On the coast of the 
Adriatic Sea Ta exceeds 14–16 °C.

In 2071–2100, under RCP4.5, values over 
10 °C can be typical in the north areas of the 
study area (Figure 2, c). In the Carpathians 
and the Alps, Ta can be over 6 and 8 °C in 
more area, values under 4 °C almost disap-

pear. In almost the whole Carpathian Basin 
and the Romanian Plain, Ta will be above 12 
°C, and in Serbia in a small area over 14 °C. 
The values will exceed 10 °C in several areas 
of the Dinaric Alps, while on the coast of the 
Adriatic Sea there is not relevant change.

According to scenario RCP8.5 major 
changes will occur. Apart from the moun-
tains and higher areas, Ta will be over 12 °C 
(Figure 2, d). Ta in the Carpathians and Alps 
will be above 8 °C. The typical values in the 
Carpathian Basin and the Romanian Plain 
will be over 14 °C, in the Dinaric Alps 16 °C. 
In the Mediterranean, the temperature will 
exceed 16 °C or even 18 °C in a large area.

Precipitation

In 2021–2050, the annual precipitation (P) will 
be between 600 mm and 800 mm in the most 
northern parts of the study area (Figure 3, a 
and b). In the Carpathians, Alps and Dinaric 
Alps the values are typically over 800 and 1,000 
mm and in many areas exceed 2,000 mm. In the 
Carpathian Basin, P will be between 600 and  
800 mm, but in the central and southern part 
it is lower than 600 mm. The pattern of P does 
not depend on the scenario in this period. Val-
ues close to 400 mm will appear in the south-
ern and south-eastern parts of the study area.

In 2071–2100, there are no remarkable 
changes compared to the previous period un-
der any of the scenarios (Figure 3, c and d). The 
only major change will appear in the area of 
the Carpathian Basin where P will be over 600 
mm in a large area. This change is more pro-
nounced in scenario RCP8.5 (see Figure 3, d). 

Minimum temperature-based indices

Warm nights

The warm nights (WN) in 2021–2050 will be 
between 10 and 20 in the northern areas and 
under 10 in the higher areas (Figure 4, a and 
b). In the Carpathian Basin, WN are over 30 
and exceed 40 in the central and southern 
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Fig. 2. Daily average mean temperature in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 
by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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Fig. 3. Average annual precipitation in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 
by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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Fig. 4. Average number of warm nights in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 
by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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parts. Higher values appear in the Romanian 
Plain where WN exceed 40 or even 60. There 
are higher (over 80) values on the Adriatic 
coast. There is minimal difference between 
the scenarios. The only spectacular difference 
appears in the Carpathian Basin, the Roma-
nian Plain and on the seacoast. 

In 2071–2100, under scenario RCP4.5, WN 
will exceed 20 in the northern and north-
eastern parts of the study area (Figure 4, c). 
Furthermore, fewer areas in the mountains 
have values below 10. The values are over 40 
and 60 in almost every part of the Carpathian 
Basin and in the central and southern part 
and in the main part of the Romanian Plain, 
respectively. On the coast of the Adriatic Sea, 
WN will exceed 80 or even 100. 

According to scenario RCP8.5, major 
changes will take place at the end of the cen-
tury (Figure 4, d). In the mountains WN will 
be below 20 in only a few areas and between 
40 and 60 in the northern and north-eastern 
areas. In the Carpathian Basin they exceed 
60, and in most of the areas 80 and in Serbia 
even 100. In case of the Romanian Plain, val-
ues over 80 and 100 will be typical. On the 
Adriatic coast WN will be over 120–140.

Tropical nights

In 2021–2050, the number of tropical nights (TN) 
is low, except the Carpathian Basin and Roma-
nian Plain, it will not reach 5 (Figure 5, a and 
b). It will exceed 10 in the central and southern 
part of the Carpathian Basin and 20 the eastern 
and southern parts of the Romanian Plain. On 
the coast of the Adriatic Sea, the values will be 
higher than 40 or even 60. There are hardly no-
ticeable differences between the scenarios.

Under the RCP4.5 scenario, TN will be high-
er than 10 in the whole area of the Carpathian 
Basin and 20 in its central and southern parts 
(Figure 5, c). In the Romanian Plain it exceeds 
20 and 30 in its central and eastern parts. On 
the seashore, TN will reach 40 or even 60.

There will be a huge change for 2071–2100 
according to scenario RCP8.5 (Figure 5, d). 
Values below 10 will occur only in the moun-

tains. The number of TN will be higher than 
20 in the entire area of the Carpathian Basin 
and in most parts it can exceed 40 and in some 
southern parts 50. Higher values will be in 
the Romanian Plain where TN exceed 60 and 
in some eastern part 70. On the shores of the 
Adriatic Sea, the values can be over 80–100.

Maximum temperature-based indices

Summer days

In 2021–2050 the number of summer days (SD) 
is between 20 and 40 in the northern part of 
the study area (Figure 6, a and b). In most parts 
of the mountains the values are under 20. In 
the Carpathian Basin SD are over 80 and 100 
in its southern part. In almost the entire area 
of the Romanian Plain the values are over 80 
and 100 in the inner parts. Similar values can 
appear on the Adriatic coast where the typi-
cal values are over 80 and 100. The difference 
between the scenarios is minimal.

For the period of 2071–2100, the SD is higher 
than 60 in the northern parts of the study area 
according to RCP4.5 (Figure 6, c). Furthermore, 
more areas in the mountains can have SD over 
40. In the Carpathian Basin, the number of SD 
is above 100 in a larger area and values over 
120 can appear in the southern part. In the 
Romanian Plain SD is over 120 in almost the 
entire area. Values are also above 120 on the 
Adriatic coast where they can be over 140 too.

Under scenario RCP8.5, SD is above 80 and 
40 in most parts of the north of the study and 
in the mountains, respectively (Figure 6, d). 
In the entire Carpathian Basin, the values are 
over 100, but it can be 120 in most areas and 
140 in the south. SD can exceed 140 in almost 
the whole Romanian Plain. On the Adriatic 
coast, SD above 140 are typical, but values 
above 160 also appear.

Hot days

The number of hot days (HD) in the period 
2021–2050 is under 10 in the Alps, Carpathians 
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Fig. 5. Average number of tropical nights in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 
by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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Fig. 6. Average number of summer days in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 
by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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Fig. 7. Average number of hot days in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 by 
RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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and higher altitudes in the north, however, 
it is between 10 and 20 in the lower parts of 
the northern areas (Figure 7, a and b). In the 
largest area of the Carpathian Basin the HD 
is over 30 and in the southern part, 40 or even 
50. In most of the Romanian Plain the values 
are over 60 and in a smaller area 70. On the 
shores of the Adriatic Sea HD is over 50–60. 
There are minimal differences between the 
scenarios; the values differ only in some 
smaller areas. 

In the period 2071–2100, according to 
RCP4.5, the values exceed 20 in the northern 
part of the study area (Figure 7, c). There can 
be fewer areas in the mountains where the 
values do not exceed 10. HD can be over 30 in 
the entire Carpathian Basin, 40 in most parts 
of it and 50–60 in the southern parts. In most 
parts of the Romanian Plain the values can 
exceed 70 and in a smaller area 80. On the 
Adriatic coast, HD can be 70–80.

Under scenario RCP8.5, the values can 
be over 30 in most parts of the northern ar-
eas and 10 or even 20 in the mountains in 
2071–2100 (Figure 7, d). HD can be over 50–60 
in the entire Carpathian Basin, while 70–80 
in the southern parts of it. Higher values 
can appear in the Romanian Plain and the 
Adriatic coast, since in these areas HD can 
exceed 90–100. 

Measures of energy demand

Heating degree days

The heating degree days (HDD) in 2021–2050 
will be between 2,000–3,000 in the northern 
parts of the study area (Figure 8, a and b). In 
the mountains, the values will be higher than 
3,000 and in most parts they exceed 4,000. In 
the northern Carpathian Basin HDD will be 
between 2,000 and 2,500 while in the south-
ern parts under 2,000. In large parts of the 
Romanian Plain HDD will be between 1,500 
and 2,000. The lowest values, under 1,500 
HDD, will appear near to the Adriatic Sea. 
The differences between the scenarios are 
minimal.

In 2071–2100, according to RCP4.5, the 
HDD will not exceed 2,500 in the north, high-
er values will appear only in the mountains 
(Figure 8, c). In some smaller northern areas, 
the HDD will not reach 2,000. While in the 
Carpathian Basin and the Romanian Plain 
the values will be between 1,500 and 2,000. 

Under scenario RCP8.5, HDD will ex-
ceed 2,000 only in the mountains and in 
some higher areas in the Czech Republic 
and Ukraine (Figure 8, d). In the Carpathian 
Basin and Romanian Plain the values will be 
between 1,000 and 1,500, as well as between 
500 and 1,000 on the Adriatic coast.

Cooling degree days

The cooling degree days (CDD) in 2021–2050 
will be under 100 in the mountains, and they 
exceed 100 in most and 200 in some minor 
northern areas (Figure 9, a and b). In the Car-
pathian Basin CDD will be over 300 in north 
and 400–500 in the southern part. In almost 
the entire Romanian Plain the values will be 
over 500. The highest number of CDD, over 
600–700 will appear on the coast of the Adri-
atic Sea. There are some minor differences 
between the scenarios, but they are not re-
markable.

In 2071–2100, under scenario RCP4.5, the 
values will be higher than 200 in almost the 
entire northern part of the study area (Figure 
9, c). CDD will be under 100 only in the 
mountains. In almost the entire part of the 
Carpathian Basin CDD will be over 400–500 
and 600–700 in the south. In the Romanian 
Plain, CDD will exceed 700–800 and 900–
1,000 on the Adriatic coast.

According to scenario RCP8.5, CDD will 
be over 300–400 in 2071–2100 in the northern 
parts (Figure 9, d). In the mountains, there 
are very few areas where the CDD will not 
reach 100. In almost the whole Carpathian 
Basin, CDD will exceed 700 and in the 
southern parts 800–1,000. In most parts of 
the Romanian Plain, the values will be over 
1,000–1,200 and 1,400–1,600 on the coast of 
the Adriatic Sea.
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Fig. 8. Average heating degree days in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 by 
RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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Fig. 9. Average cooling degree days in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 2071‒2100 by 
RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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Fig. 10. Average number of heavy precipitation days in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), 
in 2071‒2100 by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d). (The scale of the isolines is 5 and 20 under and 

above 20, respectively.) 
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Precipitation-based indices

Heavy precipitation days

The heavy precipitation days (HPD) in  
2021–2050 will be under 20 in the Czech 
Republic, the northern and eastern part of 
the study area and in the Carpathian Basin  
(Figure 10, a and b). In most of these areas, the 
values will be under 15, especially in the Car-
pathian Basin and Romanian Plain. Around 
the mountains, western and southern parts 
of the study area, HPD will be over 20–30. 
In the mountains, values are over 40 and in 
some smaller areas even 60–80. There is not 
relevant difference between the scenarios. 

For the period of 2071–2100, HPD increase 
in especially lower lying regions. Under sce-
nario RCP4.5, the size of the areas, where 
the value of HPD is under 15, decreases  
(Figure 10, c). This process is the most re-
markable in the Carpathian Basin, but it is 
also noticeable in the Czech Republic and in 
the northeast region. In these regions, HPD 
values above 20 will appear in some areas. 

In case of scenario RCP8.5, the tendency 
is similar and larger changes will occur  
(Figure 10, d). The affected areas are the 
same to the previous scenario. According 
to RCP8.5, HPD will be over 15 in the entire 
Carpathian Basin and 20 in its northern and 
western parts. 

Very heavy precipitation days

In 2021–2050, the very heavy precipitation 
days (VHPD) will be under 5 in most parts of 
the study area, while values over five will ap-
pear around the mountains and south-eastern 
region (Figure 11, a and b). In mountainous ar-
eas, the values will be above ten and in some 
parts, especially in the Alps, over 20–30. The 
difference between the scenarios are minimal. 

For 2071–2100, the values increase and 
the number of VHPD exceed 5 in case of 
RCP4.5 in the west of the Carpathian Basin  
(Figure 11, c). Under scenario RCP8.5, the 
change is more remarkable (Figure 11, d). The 

affected areas are the northern and western 
parts of the Carpathian Basin, the areas north 
from the Carpathians and north-western part 
of the study area.

Consecutive dry days

The consecutive dry days (CD) in 2021–2050 
will be under 40 in the north-western part 
of the study area and in the mountains  
(Figure 12, a and b). In the Alps, CD will be un-
der 30 in a larger area, while in most areas of 
the Carpathians and Dinaric Alps they will ex-
ceed 50. In almost the entire Carpathian Basin 
CD will be over 50 and 60 in some scattered 
areas, which are larger in the case of scenario 
RCP8.5 (see Figure 12, b). In the Romanian 
Plain, values will exceed 70 and in a smaller 
area 80, which are also larger under RCP8.5. On 
the Adriatic coast, the values will be over 50–60.

For 2071–2100, minor changes will occur 
compared to the previous period (Figure 12, c 
and d). In the Carpathians, values higher than 
40 and 50 will appear in several areas. In the 
Carpathian Basin, the CD will be over 60, es-
pecially in its eastern and southern parts. In 
the Romanian Plain, values over 80 will oc-
cur, particularly under scenario RCP8.5 (see  
Figure 12, d). In the case of this scenario, values 
over 60 will appear on the Adriatic coast.

Conclusions

In order to summarize our results, the range of 
the examined climatic parameters and indices 
are presented in the main regions of the study 
area (Table 3). In the last part of the century the 
temperature increase is obvious, but the trend 
is difficult to evaluate in the case of precipita-
tion. The heat load and energy demand quan-
tifying indices follow the temperature trend. 
Examining the changes of precipitation and the 
related indices, the changes can be considered 
small, and these changes appear more within 
the regions. Noticeable changes will appear in 
the Carpathian Basin, where P will decrease, 
while HPD, VHPD and CD will increase.
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Fig. 11. Average number of very heavy precipitation days in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 
(b), in 2071‒2100 by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d). (The scale of the isolines is 5 and 10 under 

and above 10, respectively.)
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Fig. 12. Maximal number of consecutive dry days in 2021‒2050 by RCP4.5 (a), in 2021‒2050 by RCP8.5 (b), in 
2071‒2100 by RCP4.5 (c) and in 2071‒2100 by RCP8.5 (d).
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It is important to mention that in case of 
precipitation there are no relevant changes 
in any region, however, based on the pre-
cipitation-related indices (HPD, VHPD, CD) 
the Dinaric Alps and the Carpathian Basin 
regions are facing considerable changes in 
the rest of the century (see Table 3). The high-
est temperature change occurs in the moun-
tainous regions, especially in the Alps, how-
ever in case of temperature-related indices 
the spatial differences of the future change 
are more complex. In case of warm nights, 
tropical nights, summer days and hot days 
in the Carpathian Basin, Romanian Plain 
and Adriatic coast the changes are more se-
vere. The trend in the heating degree days 
predict decreasing energy demand in all 
regions. In some areas in Carpathian Basin 
and Romanian Plain, as well as in almost the 
entire Adriatic coast, the energy demand 
for cooling will be more important than for 
heating.

Based on the results it is obvious that the 
entire region will face crucial changes in the 
following decades, therefore all the effort of 
climate mitigation and adaptation initiatives 
should be prioritized. These results may help 
to draw attention to these changes and hope-
fully it will help other climate change studies, 
climate strategies and climate adaptation plans.
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