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Abstract⎯ This study is focusing on the past and, in particular, the present of the 
ALADIN-Climate model used at the Hungarian Meteorological Service. The currently 
applied model version is 5.2 (HMS-ALADIN52). In the recent experiments, the CNRM-
CM5 global model outputs were downscaled in two steps to 10 km horizontal resolution 
over Central and Southeast Europe using RCP4.5 and RCP8.5 scenarios. Temperature and 
precipitation projections are analyzed for 2021-2050 and 2071–2100 with respect to the 
reference period of 1971–2000 with focus on Hungary. The results are evaluated in 
comparison to 26 simulations selected from the 12 km horizontal resolution Euro-
CORDEX projection ensemble (including two additional versions of ALADIN-Climate: 
CNRM-ALADIN53 and CNRM-ALADIN63) to get more information about the projection 
uncertainties over Hungary and to assess the representativeness of HMS-ALADIN52.  

The HMS-ALADIN52 simulations project a clear warming trend in Central and 
Southeast Europe, which is more remarkable in case of greater radiative forcing change 
(RCP8.5). From the 2040s, the Euro-CORDEX simulations start to diverge using different 
scenarios. The total range of the annual change over Hungary is 1.3–3.3 °C with RCP4.5 
and 3.2–5.7 °C with RCP8.5 by the end of the 21st century. HMS-ALADIN52 results are 
approximately near to the median: 2.9 °C with RCP4.5 and 4 °C with RCP8.5. CNRM-
ALADIN53 shows generally similar results to HMS-ALADIN52, but simulations with 
CNRM-ALADIN63 indicate higher changes compared to both. In terms of seasonal mean 
precipitation change, the HMS-ALADIN52 simulations assume an increase between 9% 
and 33% (less in spring, more in autumn) over Hungary in both periods and with both 
scenarios. Most of the selected Euro-CORDEX simulations show a precipitation increase, 
apart from summer, when growth and reduction can be equally expected in 2021–2050, and 
the drying tendency continues towards the end of the century. Increase projected by HMS-
ALADIN52 is mostly confirmed by CNRM-ALADIN53, while CNRM-ALADIN63 
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predicts precipitation decrease in summer. Precipitation results do not show a significantly 
striking difference between the scenarios, likely due to the fact that internal variability and 
model uncertainty are more relevant sources of uncertainty in precipitation projections over 
our region.  

Key-words: regional climate modeling, Hungary, projection, temperature, precipitation, 
ALADIN, Euro-CORDEX, ensemble 

1.  Introduction 

During the early 2000s, it was decided at the Hungarian Meteorological Service 
(HMS) to start working in the field of regional climate modeling in order to 
provide a firm basis for climate change adaptation in Hungary. A pragmatic 
approach was taken in the search of regional climate models (RCM) to be used, 
and the ALADIN model was selected in addition to the REMO model (Szépszó 
and Horányi, 2008). The ALADIN limited area numerical weather prediction 
(NWP) model (Termonia et al., 2018) has been developed through an 
international cooperation, and for now the ALADIN model family is the most 
widely used limited area model in Europe (it has been used also in operational 
practice of HMS since the 1990s). Its two specific versions were considered in 
these early days. The first one was basically the short-range NWP version of the 
model (Farda et al., 2010), which included only minor changes for the climate 
version. The second one was a dedicated model version called ALADIN-Climate 
(Radu et al., 2008), which was built by merging the physical parameterization 
package of the ARPEGE-Climat global climate model (Déqué et al., 1994) and 
the dynamics of the ALADIN model. That version was more tailored for climate 
use and was adapted at the Hungarian Meteorological Service. This model has 
been used for various climate experiments including some shorter (few years) 
experimentation to establish the most appropriate model version, domain, 
horizontal resolution, and the spin-up time. 

At HMS, the first longer experiments were performed by reanalysis lateral 
boundary conditions (LBCs) and then using global climate model (ARPEGE-
Climat) LBCs in order to understand the behavior of the model for the past. While 
the ERA-40 (Uppala et al., 2005) driven experiment was achieved at 25 km 
resolution over Central Europe, the ARPEGE-driven simulation covered only the 
Carpathian Basin with 10 km resolution. The validation demonstrated that the 
domain size affects the results: using the smaller integration area led to an 
overestimation in summer precipitation and an underestimation in temperature 
(Csima and Horányi, 2008). 

The first climate change run with ALADIN-Climate 4.5 was carried out in the 
framework of the CECILIA EU FP6 project (Halenka, 2007) between 2006 and 
2009. The experiment was accomplished for two future time slices (2021–2050 and 
2071–2100) using the medium A1B SRES scenario (Nakicenovic et al., 2000) to 
provide RCM outputs for assessment of the climate change effects on extreme 
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events, air pollution, agriculture, water- and energy management in Central and 
Eastern Europe. The ALADIN-Climate results showed significant temperature 
increase and strong summer and lower winter reduction in precipitation over the 
Carpathian Basin for the 21st century (however, the latter outcome was neither 
confirmed by the results of the REMO model applied also at the Hungarian 
Meteorological Service nor by the available results of other European RCMs; 
Krüzselyi et al., 2011; Belda et al., 2015; Christensen et al., 2007a). 

In the early 2010s, outputs of four locally run regional climate models were 
available in Hungary (Krüzselyi et al., 2011). A National Adaptation Geo-
information System (NAGiS; Kajner et al., 2017) was created in 2013 to support 
climate adaptation and related decision making in Hungary with coordinated 
impact studies. Their model basis for the future climate projections are the 
ALADIN-Climate and RegCM (Torma et al., 2008) RCMs. The climate 
information available in NAGiS is utilized in vulnerability assessments in many 
sectors, e.g., tourism, hydrology, human health (Kovács et al., 2015; Bede-
Fazekas et al., 2017; Homolya et al., 2017; Lepesi et al., 2017). 

Parallel to the vulnerability assessments, HMS aimed to update the climate 
simulation base of NAGIS in a side-project of NAGiS and later in the EU-funded 
KlimAdat project from 2016. A new version (5.2) of the ALADIN-Climate model 
was applied over a domain covering Central and Eastern Europe with 10 km 
resolution. For the evaluation and control runs, ERA-Interim reanalysis (Dee et 
al., 2011) and the 5th version of ARPEGE-Climat, which is the atmospheric part 
of the CNRM-CM5 general global circulation model (Voldoire et al., 2013) 
provided the lateral boundary conditions, respectively. The magnitude of the 
temperature underestimation and the summer precipitation overestimation over 
Hungary reduced in the new experiments (Illy et al., 2015). New, transient climate 
change simulations are also accomplished using the RCP (Representative 
Concentration Pathways) anthropogenic scenario family defined for the Fifth 
Assessment Report of the IPCC (Moss et al., 2010). 

In order to properly describe future climate change, uncertainties of climate 
projections need to be taken into account. Therefore, other model results have 
been considered besides the ALADIN-Climate simulations. The World Climate 
Research Program established the CORDEX (Coordinated Regional Downscaling 
Experiment, http://cordex.org; Giorgi et al., 2009) collaboration which provides 
an internationally coordinated framework to improve regional climate scenarios 
over every continent. Simulations are performed mostly at 50 km (EUR-44) 
resolution over the predefined continent-sized domains until the end of the 21st 
century, but in the framework of Euro-CORDEX initiative (http://www.euro-
cordex.net/; Jacob et al., 2014), experiments over Europe are performed also at a 
finer 12.5 km (EUR-11) resolution. The regional simulations downscale the 
CMIP5 global climate projections (Taylor et al., 2012) and take into account the 
RCP scenarios. 
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The aim of this study is to present the projection results of the ALADIN-
Climate regional climate model for Hungary, and to examine how these 
simulations relate to a Euro-CORDEX EUR-11 (Jacob et al., 2014) model 
ensemble. The latter question is important for practical reasons as well, since 
future climate change uncertainties can be best quantified with multi-model and 
multi-scenario ensembles, and in Hungary, the computing capacities are limited 
to run several simulations with different models. After the historical overview, in 
Section 2, first the current model version adapted at HMS and the selected Euro-
CORDEX ensemble are introduced, emphasizing the included ALADIN-Climate 
5.3 and 6.3 RCM versions. Then, experiments achieved with ALADIN-Climate 
5.2, the analyzed Euro-CORDEX simulations, and the evaluation methods are 
also presented. Section 3 is dedicated to assess the temperature and precipitation 
projection results of the latest 10 km simulations of ALADIN-Climate 5.2, 
prepared with two different scenarios and the comparison to the Euro-CORDEX 
ensemble. Finally, a summary is given in Section 4.  

2.  Data and methodology 

2.1. The studied ALADIN-Climate model versions 

ALADIN-Climate is a hydrostatic, spectral regional climate model, which 
5.2 version (Colin et al., 2010; hereinafter HMS-ALADIN52) is currently applied 
at the Hungarian Meteorological Service. The dynamic core of this model version 
is based on the cycle 32 of the ALADIN numerical weather prediction model, 
while the physical parameterization package is originated from the 5th version of 
the ARPEGE-Climat global climate model. The horizontal grid type of the model 
is a Lambert conformal conic projection, while the model applies the hybrid 
(terrain-following near the surface, that continuously turns into pressure levels at 
higher altitudes) coordinate system. The prognostic variables are the horizontal 
components of wind speed, temperature, specific humidity on model levels, and 
the surface air pressure. A combination of semi-implicit and semi-Lagrangian 
schemes are applied to determine the temporal evolution of the prognostic 
variables, which allows the use of a longer integration time step. The lateral 
boundary conditions and the RCM fields are smoothed to each other in the 
relaxation zone (an 8-gridpoint bound around the RCM central domain; Davies, 
1976). 

The main physical parameterization schemes are the followings: longwave 
radiation is described by the RRTM scheme (Rapid Radiation Transfer Model; 
Mlawer et al., 1997) which takes into account the emission and absorption of 
longwave radiation and the effects of particular atmospheric gases and aerosols. 
The calculation of the shortwave radiation flux is done by the Fouquart and 
Bonnel (1980) scheme, which describes the reflection, scattering, and absorption 
of shortwave radiation, and also considers the absorption of each atmospheric 
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trace gas and the modifying effect of cloud cover. Ricard and Royer’s (1993) 
scheme is used for large scale cloudiness and Smith’s scheme (1990) for large 
scale precipitation. The parameterization of convection is based on the scheme of 
Bougeault (1985). The land surface processes are described by the SURFEX land 
surface model (Masson et al., 2013) that applies different schemes over the natural 
land, inland water, sea, and town surfaces. In the present model configuration, the 
ISBA scheme (Interaction of Soil Biosphere Atmosphere; Noilhan and Planton, 
1989) was applied over the natural land surfaces, urban surfaces were described 
as rocks, while over water surfaces the simple Charnock formula (Charnock, 
1955) gives surface fluxes using prescribed surface temperature. 

The impact of human activity is considered through the annual global mean 
evolution of the atmospheric concentrations of greenhouse gases (CO2, CH4, N2O, 
CFC-11, CFC-12) and certain types of aerosols (black coal, organic aerosol, 
sulphate, sea salt, dust). Aerosols are described in monthly distributions for 10-
year periods in the historical period (Tegen et al., 1997), as well as in the scenario 
periods (Szopa et al., 2013). 

ALADIN-Climate version 5.3 and 6.3 (also known as CNRM-ALADIN53; 
Colin et al., 2010 and CNRM-ALADIN63; Nabat et al., 2020) have been 
developed and applied for regional climate model simulations, e.g., in the Euro-
CORDEX framework by the Centre National de Recherches Météorologiques 
(CNRM), the research department of the French national weather service, Météo-
France. CNRM-ALADIN53 is very close to the version 5.2 used at HMS and it 
was described above. The main difference is that CNRM-ALADIN53 does not 
use the SURFEX land surface model (but a similar version of ISBA for the natural 
surfaces). For completeness, note that the HMS-ALADIN52 version is relatively 
different from the ALADIN5 version used by CNRM in Med-CORDEX 
(Tramblay et al., 2013) and the MENA domain (Driouech et al., 2020), but is 
identical to the CNRM version used for CORDEX North America (Lucas-Picher 
et al., 2013).  

On the contrary, CNRM-ALADIN63 is a very different version as more than 
10 years of model development occurred between version 5 and version 6 of 
ALADIN. It is described in detail in Nabat et al. (2020) and the main differences 
between ALADIN5 and ALADIN6 are summarized in Ivusic et al. (2021, in rev.) 
CNRM-ALADIN53 and CNRM-ALADIN63 are part of the latest 12 km-
resolution Euro-CORDEX ensemble that has been assessed in Vautard et al. 
(2021) and Coppola et al. (2021). 

2.2.  Experiments with HMS-ALADIN52 

Two simulations (Table 1) have been created for the future with ALADIN52 at 
the Hungarian Meteorological Service using the high-emission RCP8.5 and the 
intermediate emission RCP4.5 scenarios for greenhouse gases. The numbers in 
the scenario names indicate the expected change in radiative forcing (i.e., 
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8.5 W/m2 and 4.5 W/m2, respectively) by the end of the 21st century compared to 
the pre-industrial level. The associated aerosol distributions were determined 
from simulations with global air chemistry (INCA Chemistry model) and general 
circulation models (Szopa et al., 2013). The lateral boundary conditions have 
1.4 degree (approximately 150 km on our latitudes) horizontal resolution and are 
provided by the CNRM-CM5 general global circulation model, that was 
dynamically downscaled to 50 km resolution with HMS-ALADIN52 to the Euro-
CORDEX domain. CNRM-CM5 includes the ARPEGE-Climat atmospheric 
model, the NEMO ocean model (Madec, 2008), the ISBA land surface scheme 
(Noilhan and Planton, 1989), and the GELATO sea ice model (Salas y Melia, 
2002) coupled through the OASIS system (Valcke, 2006). The 50 km horizontal 
resolution fields are then downscaled to 10 km (0.09 degree) on a domain covering 
Central and Southeast Europe (Fig. 1, left). An error has been recently reported 
concerning the CNRM-CM5 GCM files that were used as atmospheric lateral 
boundary conditions for the ALADIN52 and ALADIN53 runs (www.umr-
cnrm.fr/cmip5/spip.php?article24&lang=en), but this likely has no significant 
effect on the long-term climate change signal. Sea surface temperature (SST) is 
derived from the CNRM-CM5 model, which is used directly by the 50 km 
resolution HMS-ALADIN52 simulations. The SST forcing of the 10 km HMS-
ALADIN52 is more complex, which takes into account the 50 km HMS-
ALADIN52 results and the use of SURFEX (sea-surface ratio). In our HMS-
ALADIN52 experiments, there is no ocean/sea coupling.  

 
 
 

 
Table 1. Features of the HMS-ALADIN52 simulations 

 HMS-ALADIN52 

Lateral boundary conditions  
50 km resolution HMS-ALADIN52 

driven by CNRM-CM5 

Projection Lambert 

Horizontal resolution 10 km 

Number of vertical levels 31 

Time interval 1950-2100 
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Fig 1. The integration domains of the 10 km horizontal resolution HMS-ALADIN52 regional 
climate model (left) and the 12.5 km horizontal resolution Euro-CORDEX regional climate 
models (right). 

 
 
 
 

2.3. The selected Euro-CORDEX simulations 

In addition to the assessment of HMS-ALADIN52 results, the projections of 
several Euro-CORDEX simulations are jointly evaluated, assuming that all of 
them are equally possible realizations of climate change. A multi-model and 
multi-scenario ensemble consisting of 26 simulations from the 12.5 km (0.11° × 
0.11°) Euro-CORDEX RCM set is selected to quantify the uncertainties 
originated from the GCM-RCM differences and the scenario choice. Eight RCMs 
driven by five GCMs (13 model combinations) using the RCP4.5 and RCP8.5 
scenarios have been applied in this study (Table 2). The simulations (except two 
with CNRM-ALADIN63) were chosen several years ago based on the following 
criteria applied for the assessed variables: 1) the simulations should include the 
study period, 2) the historical and the two RCP scenario simulations should be 
available, 3) the simulations should be achieved on 0.44° and 0.11° resolution as 
well. The CNRM-ALADIN63 simulations were added afterwards in order to 
further explore the differences amongst the ALADIN versions. More details on 
the individual RCMs can be found in the reference articles. The domain of the 
simulations is presented in the right panel of Fig. 1.  
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Table 2. The ensemble selected from Euro-CORDEX with 13 model combinations driven 
by RCP4.5 and RCP8.5 scenarios (26 simulation members). The two ALADIN versions 
analyzed in detail are indicated with bold. 

RCM Driving GCM Reference 

ALADIN53 CNRM-CM5 Colin et al. (2010) 

ALADIN63 CNRM-CM5 Nabat et al. (2020) 

CCLM4-8-17 MPI-ESM-LR Rockel et al. (2008) 

HIRHAM5 EC-EARTH Christensen et al. (2006) 

RACMO22E 

EC-EARTH 
Meijgaard van et al. 
(2012) HadGEM2-ES 

RCA4 

CNRM-CM5 

Kupiainen et al. (2011) 

HadGEM2-ES 

MPI-ESM-LR 

IPSL-CM5A-MR 

EC-EARTH 

REMO2009 MPI-ESM-LR Jacob et al. (2012) 

WRF331F IPSL-CM5A-MR Skamarock et al. (2008) 

 

2.4. Evaluation method 

The assessment concentrates on temperature and precipitation. First, the 
projections of HMS-ALADIN52 were thoroughly evaluated both over the whole 
model domain and Hungary. The annual and seasonal mean changes have been 
quantified in two future periods: 2021–2050 for the near future and 2071–2100 
for the far future relative to the 1971–2000 model reference period. The Welch-
test for both temperature and precipitation was performed to identify significant 
changes at grid points over Hungary.  

In addition, the model results have been corrected by the delta method 
(Maraun, 2016; Maraun and Widmann, 2018) to filter out the systematic error of 
HMS-ALADIN52 (assuming that the past and future bias is unchanged), 
considering the CARPATCLIM-HU (Bihari et al., 2017) as a reference database. 
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CARPATCLIM-HU is a daily gridded observation database on 0.1 degree 
horizontal resolution covering Hungary. The dataset was generated by the MASH 
homogenization (Szentimrey, 2008; 2014) and the MISH interpolation 
(Szentimrey and Bihari, 2007; 2014) methods specially developed for 
meteorological purposes, and it incorporates station measurements from Hungary 
and the neighboring countries For correction of the RCM results, the simulated 
monthly mean changes for each year in the projection time periods were combined 
with the observed 30-year monthly mean of the reference period (originated from 
CARPATCLIM-HU) in an additive way (according to Eq.(1)) for temperature and 
in a multiplicative way (according to Eq.(2)) for precipitation:  

 
 

 ܺሺݐሻ′௦௜௠,௙ 	= 	 തܺ௢௕௦,௣ + ൫ܺ(ݐ)௦௜௠,௙ 	−	 തܺ௦௜௠,௣൯ , (1) 
 

 

௦௜௠,௙′(ݐ)ܺ   	= തܺ௢௕௦,௣ × ൬௑(௧)ೞ೔೘,೑௑തೞ೔೘,೛ ൰	,  (2) 

 
 

where ܺ(ݐ)′௦௜௠,௙ is the bias-corrected future monthly mean value for the given 
year, തܺ௢௕௦,௣ is the average of the observations for the reference period, ܺ(ݐ)௦௜௠,௙ 
is the simulated raw future value for a given year, and തܺ௦௜௠,௣ is the average of 
simulated past values for the reference period. The yearly monthly means 
averaged over Hungary in the past and in the two future 30-year periods are shown 
in box-whisker diagrams (also known as boxplot; Williamson et al., 1989), in 
order to investigate how the range and distribution of monthly means change 
between the different 30-year periods. Five statistical attributes are visualized in 
a box-whisker diagram: the median, the lower and upper quartiles (i.e., the 25th 
and 75th percentiles), and the minimum and maximum values.  

Finally, the HMS-ALADIN52 results have been compared to the Euro-
CORDEX experiments to examine how HMS-ALADIN52 fits into the 
uncertainty range of a larger ensemble, thus providing information on the 
representativeness of HMS-ALADIN52 in terms of temperature and precipitation 
changes over Hungary. This is an important step as there are limited opportunities 
to adapt and run several regional climate models in Hungary. The projected 
evolution of changes was assessed by using moving averages over 30-year time 
windows with one-year steps (e.g., 2021–2050, 2022–2051, etc.) throughout the 
21st century. Moreover, the mean temperature and precipitation changes for all 
models are presented together on scatter plots. The far future period in the case of 
Euro-CORDEX ensemble had to be slightly shifted to 2070–2099 instead of 
2071–2100, because for some RCM simulations the year 2100 was missing due 
to the lack of GCM data. Nevertheless, shifting the 30-year period by one year 
does not affect the climate change signal significantly. 
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3. Results and discussion 

3.1. In-house simulations with HMS-ALADIN52 

Temperature 

A gradual warming can be detected towards the end of the century, which is more 
intense with the RCP8.5 than with the RCP4.5 scenario and in winter compared 
to summer (Fig. 2). Considering first the spatial pattern of temperature change on 
the model domain, the warming is increasing from southwest to northeast in 
summer. This also suggests that the continental parts are expected to experience 
higher temperature increases than the western, ocean-influenced parts. The 
temperature rise in the Ukrainian area (eastern part of the domain) could reach 
5 °C by the end of the century with the RCP8.5 scenario and 3–3.5 °C with 
RCP4.5. The smallest temperature rise (0.5–1 °C) can occur in 2021-2050 with 
RCP4.5 over the central part of Germany and the northwestern part of 
Switzerland. Moreover, the Alps are emerging with higher temperature increase 
(reaching around 7 °C for the RCP8.5 scenario) from its surrounding areas as well. 
In general, the spatial differences are larger with both scenarios at the end of the 
century in contrast to the middle of the century. In winter, the Alpine chains do 
not appear as prominent as in summer, but the largest temperature increase is 
expected also over Ukraine, and several smaller regions (e.g., Po Plain, South 
Germany, Czech Republic) may face remarkable warming too, reaching 7–8 °C 
by 2071–2100 with RCP8.5 and 5–6 °C with RCP4.5. 

The mean temperature increase for the area of Hungary is summarized in 
Table 3. Annually 1.3 °C in 2021–2050, 2.9 °C in 2071–2100 with RCP4.5 is 
obtained, respectively, which could reach 4 °C by the end of the century with 
RCP8.5. The largest seasonal temperature increase occurs in winter: 3.6 °C and 
4.8 °C by the end of the century with RCP4.5 and RCP8.5, respectively. A slight 
zonality in the warming can be noticed in winter with all scenarios and for all 
periods with higher values over the northern and northeastern parts of the country, 
especially over the North Hungarian Mountains (Fig. 2). The second most 
warming season is summer: 2.9 °C and 4.4 °C by the end of the century with 
RCP4.5 and RCP8.5, respectively, and the warming in this season is almost 
homogeneous in terms of the spatial pattern. The change is mostly significant at 
both annual and seasonal scales at all grid points (not shown).  

Monthly mean temperature values averaged over Hungary are analyzed to 
gain information on the variability within the selected 30-year periods. The 
warming in February, August, September, and December using the RCP8.5 
scenario (red boxes in Fig. 3) is so large, that the monthly values between the 25th 
and 75th percentiles (which are in the boxes) do not even overlap in the two  
30-year periods. The highest value among the mean temperatures of July – which 
month was the warmest in the reference period – was 23.2 °C, this can exceed  
29 °C by the end of the century. Based on the percentiles, for both future periods 
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and both scenarios, the mean temperature in July may become much more variable 
compared to the reference period: the wider boxes indicate that the range of values 
between the 25th and 75th percentiles may become extended. August can compete 
with July in terms of the hottest month in the year on average (max. 30.1 °C) in 
2071–2100 with the higher emission scenario. Mean temperature values not 
exceeding 0 Celsius degree are still possible to occur in the winter months in 
2021–2050 with both scenarios and in 2071–2100 with RCP4.5, but the 75% of 
the monthly means will reach 0 degree considering all the three months.   

The key difference of temperature increase with RCP4.5 and RCP8.5 
scenarios, that is especially clear in the far future, reveals the strong correlation 
between the radiative forcing and the temperature change.  
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Fig. 2. Summer (JJA) and winter (DJF) temperature changes (°C) projected for 2021–2050 and 
2071–2100 over the domain of HMS-ALADIN52 in case of RCP4.5 and RCP8.5 scenarios 
(reference period: 1971–2000). 
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Table 3. Annual and seasonal mean temperature changes (°C) in Hungary for 2021–2050 
and 2071–2100 compared to 1971–2000, based on the results of HMS-ALADIN52 model 
simulations with RCP4.5 and RCP8.5 scenarios, below them the corresponding minimum 
and maximum changes are in parentheses based on 26 Euro-CORDEX (EC) ensemble 
simulations. 

  Annual MAM JJA SON DJF 

2021–2050 
RCP4.5 1.3 

[0.9 – 2.2] 
1.1 

[0.5 – 2.4] 
1.4 

[1.0 – 2.1] 
0.8 

[0.5 – 2.0] 
1.8 

[0.6 – 2.5] 

RCP8.5 1.7 
[0.8 – 2.4] 

1.3 
[0.9 – 2.2] 

1.7 
[0.8 – 2.5] 

1.5 
[0.8 – 2.7] 

2.1 
[0.2 – 2.8] 

2071–2100 
(EC: 2070–

2099) 

RCP4.5 2.9 
[1.3 – 3.3] 

2.7 
[1.1 – 3.1] 

2.9 
[1.5 – 3.3] 

2.3 
[1.1 – 3.5] 

3.6 
[1.0 – 3.9] 

RCP8.5 4.0 
[3.2 – 5.7] 

3.4 
[2.6 – 5.0] 

4.4 
[3.2 – 5.8] 

3.5 
[2.7 – 5.9] 

4.8 
[3.4 – 6.1] 

 
 

 
Fig. 3. Box-whisker diagram of the bias-corrected monthly mean temperature values (°C) area-
averaged over Hungary for every year of 2021–2050 and 2071–2100 (light and dark colors 
respectively) obtained with the RCP4.5 and RCP8.5 scenarios driven HMS-ALADIN52 (blue 
and red, respectively). The observations (CARPATCLIM-HU) for 1971–2000 are indicated 
with grey. The lower and upper boundaries of the rectangles (the “boxes”) represent the lower 
and upper quartiles of the dataset (25th and 75th percentiles, respectively), while the line in the 
boxes shows the median value. The vertical dashed lines below and above the boxes show the 
minimum and maximum values of the dataset.  
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Precipitation 

The winter and summer mean precipitation changes over the model domain are 
presented for both future time periods considering both scenarios in Fig. 4. The 
simulation results suggest a precipitation increase both in summer and winter, for 
a large part of the domain, including Hungary. In summer, heavy increase (>70%) 
– which can be caused by an inaccuracy in the SST forcing field (CNRM, personal 
communication) – is projected over the Black Sea, Adriatic Sea, and Aegean Sea 
with both scenarios. 

Over Hungary, the relative precipitation increase can reach 16–24% by the 
end of the century on annual scale (Table 4), which is significant in most of the 
grid cells for both future periods with RCP4.5 and RCP8.5, except above Lake 
Balaton in 2071–2100 and over a western region in Hungary in 2021–2050 with 
the RCP4.5 scenario (not shown). Considering seasonal mean changes, relative 
precipitation increase occurs in all seasons, moreover, larger increase is expected 
in the far future period and with RCP8.5, except in spring and summer with 
RCP4.5, when the magnitude of precipitation change remains nearly the same 
between the two future periods. Precipitation change between 2021–2050 and 
2071–2100 is the strongest in autumn, and considering RCP8.5, this season may 
face the most precipitation surplus in the year (23 and 33% in the near and far 
future, respectively). The smallest increase is expected in spring with the RCP4.5 
scenario: 9% for 2021–2050 and 10% for 2071–2100. Note that gridpoints with 
higher relative seasonal increase (reaching around 20%) are generally significant 
areas, while areas of decrease occurring only with RCP4.5 are not significant 
(except 1–2 grid cells) and may appear over small regions like Lake Balaton in 
summer and spring of both future period, and like some parts of the Somogyi Hills 
and the North Hungarian Mountains in autumn of 2021–2050 (not shown). It 
should also be noted that no explicit lake parameterization is used in the model, 
so, for example, results over Lake Balaton should be treated with caution in terms 
of both temperature and precipitation. 

The monthly means for each year of the 30-year period indicates large inter-
annual variability (Fig. 5) according to the spread of the values. The maximum 
for the future is expected in June like in the reference period, but it can be even 
wetter in the 21st century: the amount can reach 65–120 mm considering the 25th 
and 75th percentiles for the end of the century, while it varied between 50-85 mm 
in 1971–2000 according to the CARPATCLIM-HU. In addition, HMS-
ALADIN52 simulations show the largest spread of monthly precipitation amounts 
in August. February was usually the driest month in the past, and it seems likely 
to be shifted to March in future. September was also a particularly dry month on 
average in 1971–2000, while a secondary maximum occurred in November. In 
comparison, the future monthly values suggest that mainly September is 
responsible for the autumn precipitation increase, moreover, the secondary 
maximum appears also in this month. The very low (near-zero) monthly 
precipitation sums occurred between 1971 and 2000 are not likely to disappear in 
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the 21st century, moreover, near-zero monthly sums are possible both in the near 
and far future. The maximums can vary between 50 and 240 mm depending on 
the considered month, and it suggests that much higher monthly precipitation 
amounts could occur even in the near future than have been observed in the past. 
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Fig. 4. Summer (JJA) and winter (DJF) relative precipitation changes (%) projected for 2071–
2100 over the domain of HMS-ALADIN52 in case of RCP4.5 and RCP8.5 scenarios (reference 
period: 1971–2000). 
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Table 4. Annual and seasonal mean precipitation relative changes (%) in Hungary for 
2021–2050 and 2071–2100 compared to 1971–2000, based on the results of HMS-
ALADIN52 model simulations with RCP4.5 and RCP8.5 scenarios, below them the 
corresponding minimum and maximum changes are in parentheses based on 26 Euro-
CORDEX (EC) RCM simulations. 

  Annual MAM JJA SON DJF 

2021-2050 
RCP4.5 13 

[-4 – 13] 
9 

[-5 – 21] 
17 

[-16 – 15] 
9 

[-11 – 21] 
18 

[5 – 24] 

RCP8.5 17 
[0 – 16] 

13 
[-1 – 26] 

15 
[-8 – 23] 

23 
[-7 – 19] 

19 
[-5 – 26] 

2071–2100 
(EC: 2070–

2099) 

RCP4.5 16 
[0 – 18] 

10 
[1 – 29] 

16 
[-16 – 17] 

23 
[-1 – 25] 

22 
[4 – 29] 

RCP8.5 24 
[3 – 37] 

19 
[-2 – 32] 

24 
[-19 – 48] 

33 
[0 - 60] 

24 
[17 - 53] 

 

 

 
Fig. 5. Box-whisker diagram of the bias-corrected monthly precipitation sums (mm/month) 
area-averaged over Hungary for every year of 2021-2050 and 2071-2100 (light and dark colors, 
respectively), obtained with the RCP4.5 and RCP8.5 scenarios driven HMS-ALADIN52 (green 
and purple, respectively). The observations (CARPATCLIM-HU) for 1971-2000 are indicated 
with grey. The lower and upper boundaries of the rectangles (the “boxes”) represent the lower 
and upper quartiles of the dataset (25th and 75th percentiles, respectively), while the line in the 
boxes shows the median value. The vertical dashed lines below and above the boxes show the 
minimum and maximum values of the dataset.  
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3.2. Comparison to Euro-CORDEX model ensemble 

Based on the results of the selected Euro-CORDEX simulations (for the calculated 
minimum-maximum ranges of the annual and seasonal mean temperature and 
precipitation changes for the investigated 30-year periods see Tables 3 and 4), the 
projected annual mean temperature change for Hungary lies approximately in the 
same range (within 0.8 °C and 2.4 °C) with both scenarios for the near future, 
while for 2070–2099, their ranges seem to be almost disjoint: 1.3–3.3°C for 
RCP4.5 and 3.2–5.7 °C for RCP8.5 (see Table 3 and also the box-whisker on the 
right side of Fig. 8). Jacob et al. (2014) also concluded that a robust and 
statistically significant warming, in the range of 1–4.5 °C for RCP4.5 and of  
2.5–5.5 °C for RCP8.5 is likely to occur on a European scale, with regional 
differences.  

Considering the maxima of the projected temperature changes by the Euro-
CORDEX models (Table 3), the largest warming may occur in winter in both 
future periods, with both scenarios. However, the spread of the model results is 
also the highest in this season (except with the RCP8.5 in the end of the century), 
which makes winter a highly uncertain season in terms of the magnitude of 
changes. In contrast, the lowest change is seen in spring (except in 2021–2050 
with RCP4.5 scenario). Recall, that the largest warming was projected in winter 
by HMS-ALADIN52 as well, while the least warming season was spring and 
autumn using RCP8.5 and RCP4.5, respectively.  

The projected precipitation change for both scenarios in the near future and 
also for the RCP4.5 scenario in 2070–2099 lies in the same range, namely between 
-16% and +29%. (Table 4). Only the RCP8.5 for the far future projects somewhat 
higher values: except for spring, the maximum of the Euro-CORDEX ensemble 
is between 48–60% depending on the seasons, but it must be added that only one 
model is responsible for such high values in each season (Fig. 7). For both future 
periods, most of the model simulations show seasonal precipitation increase 
(reinforcing the HMS-ALADIN52 precipitation projections) except autumn in 
2021-2050 and summer. The sign of the summer change is uncertain in the Euro-
CORDEX results, i.e., both increase and decrease are projected. The concluded 
tendencies are in good agreement with the findings of Kis et al. (2020) on a 
monthly scale, even though they performed their analysis for a different multi-
model ensemble – 10 RCMs driven by 4 different GCMs with 3 RCPs (RCP2.6, 
RCP4.5, and RCP8.5). 

Looking at the scatter plots of projected precipitation and temperature 
changes over Hungary, we hardly see any correlation between them neither for 
2021–2050 (Fig. 6) nor for 2070–2099 (Fig. 7), and the sign of precipitation 
change is uncertain in some seasons. Hawkins and Sutton (2011) showed that the 
internal variability and model uncertainty have higher contribution to the total 
uncertainty of the near-future temperature projections, while the scenario choice 
has higher role in the second half of the century. This is valid also for Hungary: 
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while the symbols representing the changes are grouped in a small circle for 2021–
2050 in Fig. 6, for 2070–2099 in Fig. 7 they are clearly distributed between two 
groups based on the applied RCP scenarios in each season. Szabó and Szépszó 
(2016) proved using global climate model results, that the main uncertainty source 
of precipitation projections over the Carpathian Basin is the internal variability 
along the whole century, and the scenarios choice has the smallest contribution to 
the total uncertainty range. Our results coincide with this for Hungary: low and 
high precipitation change as well as positive and negative precipitation changes 
are equally projected both using RCP4.5 and RCP8.5 scenarios. The only 
exception is winter in the far future: higher precipitation increase is shown mostly 
by RCP8.5 simulations (accompanied also by higher temperature change). This 
outcome for winter contradicts the conclusion of Szabó and Szépszó (2016) which 
did not show any impact of the scenario choice on the winter precipitation change 
signal over the Carpathian Basin, however, their study was based solely on GCM 
outputs. 

 

 

  

  

Fig. 6. Scatter plots of projected seasonal (winter-DJF: upper left, spring-MAM: upper right, 
summer-JJA: lower left, autumn-SON: lower right) changes of precipitation (y-axis; in %) and 
temperature (x-axis; in °C) over Hungary according to the different RCP scenarios (represented 
by different shapes) for 2021–2050 based on 26 Euro-CORDEX RCM simulations 
(highlighting CNRM-ALADINs) and HMS-ALADIN52. The reference period is 1971–2000. 
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Fig. 7. Scatter plots of projected seasonal (winter-DJF: upper left, spring-MAM: upper right, 
summer-JJA: lower left, autumn-SON: lower right) changes of precipitation (y-axis; in %) and 
temperature (x-axis; in °C) over Hungary according to the different RCP scenarios (represented 
by different shapes) for 2070–2099 based on 26 Euro-CORDEX RCM simulations 
(highlighting CNRM-ALADINs) and for 2071-2100 for HMS-ALADIN52. The reference 
period is 1971–2000. 

 

 

 

Finally, results of the three ALADIN versions are assessed and compared to 
the Euro-CORDEX subset. Focusing on the annual temperature change (Fig. 8), 
CNRM-ALADIN53 with the RCP4.5 is quite similar to HMS-ALADIN52, but 
the former one projects somewhat lower temperature change throughout the 21st 
century. In contrast, with the RCP8.5 scenario, CNRM-ALADIN53 produces 
almost the same warming as HMS-ALADIN52. Looking at the scatter plots of 
seasonal changes (Figs. 6 and 7), it is clear that the largest difference between the 
two model versions occurs in winter with both scenarios. Note that the RCP8.5 
driven HMS-ALADIN52 projects lower temperature increase than CNRM-
ALADIN53 in spring, summer, and autumn, which may contribute to the very 
similar results on annual scale. Considering all the ALADINs, the RCP4.5 
scenario driven simulations indicate more intense warming compared to the 
RCP8.5 driven counterparts in the early part of the century (Fig. 8).  
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Comparing the temperature projections of the different ALADIN versions to 
the 26 members Euro-CORDEX ensemble in the 21st century over Hungary (see 
Fig. 8), while HMS-ALADIN52 with RCP4.5 tends to alternate around the 
median of the Euro-CORDEX ensemble during the whole time span, with the 
RCP8.5 scenario it remains below the median till 2040, but then increasingly 
exceeds it. CNRM-ALADIN63’s projection is above the ensemble median, both 
with RCP4.5 and RCP8.5 scenarios thanks to its larger warming. The concluded 
features seem to be logical, because HMS-ALADIN52 and CNRM-ALADIN53 
are consistent regarding the physical parameterization package, while CNRM-
ALADIN63 is quite different, as large part of the parameterization has been 
changed in that version. We also should remember that HMS-ALADIN52 and 
CNRM-ALADIN53 share the same LBC error during the historical period, 
whereas this error was corrected in CNRM-ALADIN63 (see Section 2.2).  

 
 
 

 
Fig. 8. The temporal evolution of the annual mean temperature change (°C) over Hungary in 
the 21st century under the RCP4.5 and RCP8.5 scenarios based on 26 Euro-CORDEX RCM 
simulations, smoothed with a 30-year window moving average. The median of these 
simulations is indicated with blue and red lines, the spread of these simulations is indicated with 
blue and pale red shades for the RCP4.5 and RCP8.5 scenarios, respectively. The thin blue and 
pale red lines represent the 25th and 75th percentiles. HMS-ALADIN52, CNRM-ALADIN53, 
and CNRM-ALADIN63 with RCP4.5 (solid line) and RCP8.5 (dashed line) are indicated with 
different colors. (The calculated average values are plotted at the final year of the time interval.) 
On the right, the box-whisker diagram of the Euro-CORDEX simulations sorted by the different 
scenarios is shown for 2070–2099. The reference period is 1971–2000. 
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Regarding the temporal evolution of the precipitation changes in the 21st 
century, two seasonal examples are shown (Fig. 9). In winter, CNRM-ALADIN63 
is below the ensemble median with both scenarios. HMS-ALADIN52 and CNRM-
ALADIN53 behave similarly to each other, and project larger precipitation 
increase than CNRM-ALADIN63, which difference is reduced by the end of the 
century. Note that at the beginning of the century, HMS-ALADIN52 shows higher 
mean precipitation values than even the maximum of the Euro-CORDEX 
ensemble. By the end of the century, the HMS-ALADIN52 and CNRM-
ALADIN53 versions project approximately the same winter precipitation increase 
as the median of the Euro-CORDEX ensemble considering RCP4.5 scenario. This 
is also true for the RCP8.5-driven HMS-ALADIN52, but CNRM-ALADIN53 is 
shifted away from the median and projects lower values. During summer, CNRM-
ALADIN63 indicates precipitation decrease with both RCPs in 2021–2050 and 
2071–2100 (Figs. 6 and 7) in contrast to HMS-ALADIN52 and CNRM-
ALADIN53. However, looking at the whole century (Fig. 9), especially with 
RCP8.5, a few 30-year time periods may face precipitation surplus compared to 
the past. Assessing the ALADIN versions in light of the Euro-CORDEX 
ensemble, HMS-ALADIN52 with the RCP8.5 scenario sticks out from the spread 
for some short time intervals. The extent of the uncertainties is much larger for 
the summer season than for winter (just as the box-whisker diagrams on the right 
side of Fig. 9 clearly indicate this for 2070–2099). The RCP8.5 results completely 
cover the ensemble uncertainty by the end of the century, underlining the 
irrelevance of the scenario choice. However, it is also important to note that the 
maximum of the summer change is provided by the WRF331F simulation which 
is responsible for about the upper 20% of the range from 2080 in case of RCP8.5 
scenario. In autumn (not shown) and winter, this member gives also the maximum 
of the RCP8.5 range. The WRF331F simulation should be treated with caution, 
as it has been removed from several national and international model ensembles 
due to its problematic behavior (Giorgi et al., 2016; Vautard et al., 2021). 
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Fig. 9. The temporal evolution of the winter (DJF, top) and summer (JJA, bottom) mean 
precipitation changes (%) over Hungary in the 21st century under the RCP4.5 and RCP8.5 
scenarios based on 26 Euro-CORDEX RCM simulations, smoothed with a 30-year window 
moving average. The median of these simulations is indicated with blue and red lines, the spread 
of these simulations is indicated with blue and pale red shades for the RCP4.5 and RCP8.5 
scenarios, respectively. The thin blue and pale red lines represent the 25th and 75th percentiles. 
HMS-ALADIN52, CNRM-ALADIN53, and CNRM-ALADIN63 with RCP4.5 (solid line) 
and RCP8.5 (dashed line) are indicated with different colors. (The calculated average values 
are plotted at the final year of the time interval.) On the right, the box-whisker diagram of the 
Euro-CORDEX simulations sorted by the different scenarios is shown for 2070–2099. The 
reference period is 1971–2000. 
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4. Summary and conclusions 

In this paper, the history and some recent temperature and precipitation results of 
the ALADIN-Climate regional climate model used at HMS have been 
summarized. In addition to HMS-ALADIN52 simulations, a Euro-CORDEX 
ensemble (which includes two additional versions of ALADIN-Climate) has been 
studied in order to evaluate the climate change expected in Hungary and to assess 
the representativeness of HMS-ALADIN52. The results of three ALADIN-
Climate models (HMS-ALADIN52, CNRM-ALADIN53, CNRM-ALADIN63) 
included in this study were evaluated with special focus. Temperature and 
precipitation changes are analyzed mainly for 2021–2050 and 2071–2100 (2070–
2099 for Euro-CORDEX) with respect to 1971–2000 but for the whole 21th 
century as well along RCP4.5 and RCP8.5 scenarios. 

The HMS-ALADIN52 results for Hungary can be considered representative 
for temperature: the gradual increase is significant, the annual mean change is 
close to the median of the Euro-CORDEX simulations. The main source of 
uncertainty in the second half of the century is the scenario choice (Szabó and 
Szépszó, 2016) which is confirmed by the results. According to the Euro-
CORDEX, the annual mean temperature increase is more moderate with RCP4.5 
varying between 1.3 °C and 3.3 °C (2.9 °C in HMS-ALADIN52), while with 
RCP8.5, the increase is between 3.2 °C and 5.7 °C (4 °C in HMS-ALADIN52) by 
the end of the 21st century.  

Earlier studies based on SRES scenarios showed that Hungary lies in a very 
uncertain area in Europe concerning the future evolution of precipitation 
(Christensen et al., 2007b; Coppola et al., 2021), but the majority of the 
simulations projected summer reduction and winter increase in the Carpathian 
Basin. Szabó and Szépszó (2016) proved the key role of the internal variability in 
projection uncertainty for this region. HMS-ALADIN52 simulations suggest a 
definite increase exceeding 10% in all seasons with RCP4.5 scenario. The Euro-
CORDEX simulations project a precipitation increase in winter and spring for 
both future 30-year periods, and in autumn at the end of the century, however, the 
sign of the summer change is uncertain. Summer precipitation decrease may occur 
for both scenarios, but higher temperature change values are associated with those 
using the RCP8.5 scenario. Considering the whole century, HMS-ALADIN52 
simulations are in the “upper” part of the spread (indicating higher values than the 
median), especially in the first part of the 21st century, and also completes the 
Euro-CORDEX range in a positive direction. 

The three ALADIN RCMs show similar evolution of annual temperature 
change, though CNRM-ALADIN63 indicates higher changes throughout the 21th 
century. CNRM-ALADIN63 shows lower precipitation increase compared to 
HMS-ALADIN52 and CNRM-ALADIN53. Moreover, and contrary to the other 
versions, CNRM-ALADIN63 assumes decrease in autumn with RCP4.5 in the 
near future, and in summer for both future periods with both scenarios (e.g., by 
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the end of the century -0.5% and -11% relative change with RCP4.5 and RCP8.5, 
respectively). CNRM-ALADIN63 shows a nearly systematic lower precipitation 
amounts in summer compared to HMS-ALADIN52 and CNRM-ALADIN53 
(which are relatively close to each other) from the 2010s till the end of the 21st 
century. The differences are likely related to the changes in physical 
parameterizations made between ALADIN5 and ALADIN6 as a result of a 10-
year model development. Only further investigations implying sensitivity 
simulations for each parameterization may be able to reveal the specific reasons 
behind the simulated differences. This is far out of the scope of the current study. 

Our further plans include the investigation of climate indices and extremes 
in HMS-ALADIN52 projections as well as in the Euro-CORDEX ensemble, and 
a joint evaluation of HMS-ALADIN52 and REMO2015 – also adapted at HMS – 
results.  
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