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Abstract. In order to estimate the future regional climate change for the Carpathian Basin located in
Central/Eastern Europe, outputs from several RCMs (from the completed European project
ENSEMBLES) are summarized and analyzed using the SRES A1B scenario. Composite maps of the
projected annual and seasonal temperature and precipitation changes are generated using RCM
simulations (with 25 km spatial resolution) for the reference period 1961-1990, and the target periods
2021-2050, 2071-2100. Overall, the results suggest significant warming in Hungary. Projected seasonal
warming is 1-3 °C, and 2-6 °C for 2021-2050, and 2071-2100, respectively. The largest temperature
increase is likely to occur in summer. In case of precipitation, the annual sum is not likely to change
significantly in the region. However, the summer precipitation is projected to decrease significantly
during the 21st century, autumn and winter precipitation amounts are projected to increase.
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Introduction

Several recently increased regional environmental problems are related to climate
change. The Intergovernmental Panel on Climate Change (IPCC) Assessment Reports
summarize the global warming issues, detected changes, possible causes, global model
projections, as well, as regional adaptation and mitigation strategies. Since the last IPCC
report published in 2007, new model experiments with fine resolution have been
completed and new results became available (e.g., van der Linden and Mitchell, 2009).
For our region, previously 50 km horizontal resolution climate change analysis was
summarized in Bartholy et al. (2007) using PRUDENCE outputs (Christensen et al.,
2007) for the end of the 21st century. In the recent years regional climate models
(RCMs) were run with finer resolution and for longer time periods than previously. For
a region with the size of the Carpathian Basin, RCMs are essential to provide
appropriate details of climate variables. They are limited area models (Giorgi, 1990)
nested in global climate models (GCMs), i.e., the initial and the boundary conditions of
RCMs are provided by the GCM outputs. GCM outputs alone may be misleading to
compose regional climate change scenarios due to their coarse spatial resolution, which
is typically 100-200 km. Evidently, this spatial resolution is not capable to describe
regional climate processes (especially, the precipitation-related meteorological
interactions and events), therefore, downscaling of GCM outputs is necessary in order
to estimate future regional climatic trends. In this paper, new simulation results for
Hungary and its vicinity are summarized and analyzed using the RCM experiments of
the completed ENSEMBLES project (van der Linden and Mitchell, 2009). For the
selected target region covering the latitude 44°-50°N, and longitude 14°-26°E,
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composite maps of projected temperature and precipitation changes are generated using
the RCM simulations for the periods of 1961-1990 (as the reference period), 2021-2050,
and 2071-2100.

First, the project ENSEMBLES is briefly introduced. Then, in order to estimate the
bias of the different RCMs, ERA-40 driven runs are compared to the so-called E-OBS
datasets (Haylock et al., 2009) containing gridded daily temperature and precipitation
values. For the evaluation of annual, seasonal, and monthly projected climatic changes,
GCM-driven runs of the reference and the future periods are compared.

Table 1. List of the participating institutes, their applied RCMs with the driving GCMs, and
the completed simulation for A1B (* on the right indicates the experiments used in this paper)

Institute/Contact Driving GCM Regional model Simulating period
CNRM ARPEGE ALADIN 1950-2100
M. Déqué ARPEGE_RMS5.1 ALADIN 1950-2100
KNMI ECHAMS-r3 RACMO 1950-2100
E. van Meijgaard
OURANOS CGCM3 CRCM 1951-2050
D. Paquin
SMHI BCM RCA 1961-2100
E. Kjellstrom ECHAMS-r3 RCA 1961-2100
HadCM3Q3 RCA 1961-2100
MPI ECHAMS-13 REMO 1951-2100
D. Jacob
OMETNO BCM HIRHAM 1951-2100
J. E. Haugen HadCM3Q0 HIRHAM 1951-2100
C41 HadCM3Q16 RCA3 1951-2100
R. McGrath
UCLM HadCM3QO0 PROMES 1951-2050
M. de Castro
ETHZ HadCM3QO0 CLM 1951-2100
C. Schar
HC HadCM3QO0 HadRM3QO0 1951-2100
E. Buonomo HadCM3Q3 HadRM3Q3 1951-2100
HadCM3Q16 HadRM3Q16 1951-2100
DMI ARPEGE HIRHAM 1951-2100
O. B. Christensen ECHAMS5-13 HIRHAMS 1951-2100
BCM HIRHAMS 1957-2096
ICTP ECHAMS-r3 RegCM 1951-2100
F. Giorgi
VMGO HadCM3QO0 RRCM 1951-2050
I. Shkolnik
GKSS IPSL CLM 1963-2050
B. Rockel
The ENSEMBLES project

The ENSEMBLES project (van der Linden and Mitchell, 2009) has been funded by
the European Union 6th framework programme. The project was accomplished between
2004 and 2009 with the lead of the UK MetOffice, and 66 other institutes from 20
countries (mostly from Europe) participated. The main aims of the research program
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were as follows: (i) to develop an ensemble climate prediction system on seasonal to
centennial time-scales; (ii) to quantify and reduce the uncertainty in modelling climate
change; (iii) to link the outputs of the ensemble prediction system to a range of
applications. For all these purposes an intermediate emission scenario has been selected,
namely, SRES A1B (Nakicenovic and Swart, 2000). According to this scenario fast
economical and technological development is projected, the world population is
estimated to increase by the mid-century up to 9 million, then slightly decrease by the
end of the 21st century to 7 million. The energy demand is estimated to be fulfilled both
from fossil fuels and renewable and/or nuclear sources. As a consequence, CO, content
of the atmosphere continues to increase in the coming decades. The estimated CO,
concentration levels by 2050 and by 2100 are 532 ppm, and 717 ppm, respectively.

Table 1 summarizes the completed RCM experiments with 25 km horizontal
resolution. In the present analysis 11 RCM experiments are used, they all were run for
the entire 1951-2100 period. The driving lateral and boundary conditions are provided
by three different GCMs, namely, (i) ECHAM developed by the Max Planck Institute in
Hamburg (Roeckner et al., 2006), (ii)) HadCM developed by the UK MetOffice Hadley
Centre (Gordon et al., 2000; Rowell, 2005), and (iii) ARPEGE developed by Météo-
France (Déqué et al., 1998).

Validation of RCM results

In order to estimate the bias of the different RCMs, ERA-40 (European Centre for
Medium-range Weather Forecast, ECMWEF, re-analysis dataset described in Uppala et
al.,, 2005) driven runs are compared to the E-OBS datasets (Haylock et al., 2008)
containing observation-based daily temperature and precipitation values for Europe. In
case of each RCM experiment, monthly mean bias values have been calculated for each
grid point located in Hungary, and then, the spatial averages for the country have been
determined for all months. Figs. 1 and 2 compare the total numbers of months, in which
the RCM results over/underestimate significantly (at 0.05 level using t-test) the average
temperature or precipitation values calculated from E-OBS data. Although 11 RCM
experiments are analyzed for the future, two of them (i.e., RCA, HIRHAM) were run
using different GCMs. Therefore, only 9 ERA-40 driven RCM validation runs are
necessary to evaluate.

In case of temperature (Fig. I), three models (HadRM3Q, RCA3, RCA) can be
considered bias-free, i.e., the monthly differences between the RCM outputs and the E-
OBS data are not significant at 0.05 level and do not exceed 1 °C in any month. The
most overestimations (in 7 months) can be identified in REMO simulations (from May
to November). Moreover, RegCM outputs significantly underestimate the monthly
mean temperature calculated from E-OBS data in 4 months (February, March, April,
and October).
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Figure 1. Validation of temperature in case of the ERA40-driven RCM experiments
(1961-1990)

In case of monthly precipitation (Fig. 2), RCMs are less successful in reconstructing
current climatic conditions than in case of monthly temperature. The HadRM3Q is the
only model that can be considered bias-free, i.e., the monthly differences between the
RCM outputs and the E-OBS data are not significant at 0.05 level, and do not exceed 10
mm. In general, RCM simulations significantly overestimate monthly precipitation. In
case of models RegCM, RCA3, RCA, CLM, and HIRHAM, simulated precipitation is
significantly larger than the E-OBS data in most part of the year (especially, in winter
and early spring). However, most RCMs underestimate the monthly precipitation in a
month or two (typically in August). The most underestimation appears in case of
ALADIN simulations (in 6 months: from August to December).
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Figure 2. Validation of precipitation in case of the ERA40-driven RCM experiments
(1961-1990)
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Overall, the validation results suggest that the RCMs are generally able to reconstruct
the temperature sufficiently. In case of precipitation, simulated values often
significantly overestimate the observations.

Analysis of future regional temperature trends

For the evaluation of annual, seasonal, and monthly projected climatic changes,
GCM-driven runs of the reference and the future periods are compared. Figs. 3-5 show
the annual and seasonal mean projected warming for Hungary for each RCMs. All
projected temperature changes are significant at 0.05 level using t-test.

All the ECHAM driven RCMs (Fig. 3) project 0.7-1.7 °C and 1.9-4.0 °C seasonal
and annual warming by 2021-2050 and 2071-2100, respectively. The largest annual
increase is projected by REMO for both period. In case of seasonal warming, the largest
rate is likely to occur in summer and autumn by the middle of the 21st century, while in
summer and winter by the end of the 21st century.
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Figure 3. Projected temperature changes for Hungary by 2021-2050 and 2071-2100 using
ECHAM as driving GCM (reference period: 1961-1990). All seasonal and annual changes are
significant at 0.05 level

The HadCM-driven RCMs (Fig. 4) project larger increase in temperature than the
ECHAM-driven RCMs. By the mid-century the simulations suggest 1.1-3.4 °C seasonal
warming, which are likely to double by the late-century (up to 2.2-6.4 °C). The largest
seasonal warming is clearly projected by HadRM3Q experiment for summer. Moreover,
the largest annual warming is also simulated by HadRM3Q (2.5 °C and 5.0 °C by 2021-
2050 and 2071-2100, respectively). HadCM-driven RCMs project the largest
temperature increase for summer and winter by the near future, and mostly for summer
by the end of the 21st century (except RCA).

In case of ARPEGE-driven RCMs (Fig. 5), the projected seasonal changes by 2021-
2050 and 2071-2100 are 0.8-2.1 °C, and 1.7-5.0 °C, respectively. In general, the
ALADIN experiment results greater warming than the HIRHAM experiment. The

largest seasonal increase is projected for summer in both future period, and by both
RCMs.
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Figure 4. Projected temperature changes for Hungary by 2021-2050 and 2071-2100 using
HadCM as driving GCM (reference period: 1961-1990). All seasonal and annual changes are
significant at 0.05 level
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Figure 5. Projected temperature changes for Hungary by 2021-2050 and 2071-2100 using
ARPEGE as driving GCM (reference period: 1961-1990). All seasonal and annual changes are
significant at 0.05 level

Fig. 6 presents the seasonal spatial structure of composite maps calculated from
projected seasonal temperature changes by the mid- and late-century for all the 11 RCM
experiments considered in this analysis. In summer and autumn zonal structures can be
recognized, the simulated changes are likely to increase from north to south. The
projected changes by 2021-2050 are 1.2-1.8 °C. The largest warming is likely to occur
in autumn in the southern/southeastern part of the country. The smallest increase is
projected for spring. By 2071-2100 the projected seasonal changes are 2.6-4.0 °C. The
largest warming is projected in summer and autumn, and the smallest in spring.
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Figure 6. Composite map of the projected seasonal mean temperature changes (°C)
by 2021-2050 and 2071-2100 (reference period: 1961-1990)
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Analysis of future regional precipitation trends

Annual and seasonal mean projected precipitation changes for Hungary are shown in
Figs. 7-9, separated according to the driving GCMs. All the changes being significant at
0.05 level using t-test are marked on the graphs (using an asterisk). More estimated
changes are significant by 2071-2100 than by 2021-2050 due to the more clear climate
change signal.

All the ECHAM-driven RCMs project precipitation increase in winter (by 20-30%)
and autumn (by 15-25%), and decrease in summer (by 5-25%) for both periods (Fig. 7).
Most of these projections are significant by 2071-2100, unlike by 2021-2050.
According to these experiments, overall, the Hungarian climate is projected slightly
wetter by the late 21st century, the estimated annual precipitation increase do not
exceed 10%, and it is significant only in the case of RegCM and HIRHAM simulations.
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Figure 7. Projected precipitation changes for Hungary by 2021-2050 and 2071-2100 using
ECHAM as driving GCM (reference period: 1961-1990). Significant seasonal and annual
changes are indicated by ’ *’

Similarly to the ECHAM-driven experiments, HadCM-driven RCM simulations
project wetter winters and drier summers (Fig. 8) for the future than the present
conditions. The estimated winter increase and summer decrease by 2071-2100 is 7-27%
and 3-41%, respectively. However, less of these projected changes are significant than
those by the RCMs shown in Fig. 7. On the other hand, among all the 11 RCM
experiments discussed in the present paper, CLM and HadRM3Q simulations project
the largest precipitation decrease (~40%).

Only two RCM experiments are driven by ARPEGE, namely, HIRHAM and
ALADIN. Most of their seasonal precipitation projections for Hungary are not
significant at 0.05 level. However, the significant summer drying estimated by the other
GCM-driven RCM simulations is also projected by both ARPEGE-driven RCMs (Fig.
9). The estimated average precipitation decrease for the entire country is 4%
(HIRHAM) and 28% (ALADIN). Overall, a slight annual precipitation decrease (by
about 10%) is also projected for the country by 2071-2100, which is significant in case
of ALADIN simulations. Unlike the other GCM-driven RCM experiments, these two
RCM simulations do not project significant changes in winter neither by the middle, nor
the end of the 21st century.
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Figure 8. Projected precipitation changes for Hungary by 2071-2100 using HadCM as driving
GCM (reference period: 1961-1990). Significant seasonal and annual changes are
indicated by > *
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Figure 9. Projected precipitation changes for Hungary by 2071-2100 using ARPEGE as
driving GCM (reference period: 1961-1990). Significant seasonal and annual changes are
indicated by * *

Fig. 10 presents the seasonal spatial structure of composite precipitation changes for
the mid- and the late-century using all the 11 RCMs considered in this paper. The
composite maps clearly suggest drier summers and wetter climatic conditions for the
other three seasons for both future periods compared to the 1961-1990 reference period.
The estimated changes are larger (by about a factor of 2) for 2071-2100 than for 2021-
2050. The largest precipitation increase by the middle and the end of this century is
projected for autumn (7-12%) and for winter (14-19%), respectively. The rate of
precipitation change in autumn increase from southwest to northwest for both periods.
As the spatial average changes already suggested, summers are very likely to become
drier in the coming decades. Nevertheless, spatial differences within Hungary can be
identified in the composite maps. Future summers are projected much drier in the
southeastern part of the country than in the northwestern region. By the late century the
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estimated seasonal precipitation decrease exceeds 20% in the southeastern part of the
Great Hungarian Plain.
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Figure 10. Composite map of the projected seasonal mean precipitation changes (%)
by 2021-2050 and 2071-2100 (reference period: 1961-1990)
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Finally, in spring the composite maps indicate wetter conditions in the northern part
of the selected domain and drier climate in the southern regions compared to the 1961-
1990 reference period. In the gridpoints located within the borders of Hungary the
estimated seasonal changes are small and not significant.

Conclusions

Based on the regional climate change analysis discussed for Hungary in this paper,
the following conclusions can be drawn.

(i) All of the evaluated RCM simulations from the project ENSEMBLES suggest that
the temperature is very likely to increase significantly in the future in all months and
seasons. The projected annual warming is about 1-2.5 °C, and 2-5 °C for 2021-2050,
and 2071-2100, respectively. Annual and seasonal mean projected changes for Hungary
are summarized in Fig. 11, the different driving GCMs are also indicated.

(i) Most of the RCMs suggest that the winter and autumn precipitation is likely to
increase (Fig. 12), while summer precipitation is projected to decrease during the 21st
century. The mean change by 2021-2050 is not likely to exceed 20% in any season. By
2071-2100 remarkable winter precipitation increase (10-30%) and significant summer
precipitation decrease (15-40%) are projected for Hungary.
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Figure 11. Summary of projected temperature changes for Hungary by 2021-2050 and
2071-2100 separated according to the driving GCM (reference period: 1961-1990)
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Figure 12. Summary of projected precipitation changes for Hungary by 2021-2050 and
2071-2100 separated according to the driving GCM (reference period: 1961-1990)
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