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Abstract—Expected temperature and precipitation changes are analyzed for the
Carpathian Basin and, especially, in Hungary, for the 2071-2100 period using outputs of
the PRUDENCE project for the A2 and B2 emission scenarios. Different regional climate
models (RCMs) of PRUDENCE use 50 km as horizontal spatial resolution, which
enables us to estimate the climate change on regional scale. Composite maps of the
expected seasonal temperature change and trend analysis of extreme temperature indices
suggest that a regional warming trend is evident in the Carpathian Basin. According to
the results the largest warming is expected in summer. Negative temperature extremes are
projected to decrease while positive extremes tend to increase significantly. The climate
simulation results suggest that the expected change of annual total precipitation is not
significant in the Carpathian Basin. However, significantly large and opposite trends are
expected in different seasons. Seasonal precipitation amount is very likely to increase in
winter, and it is expected to decrease in summer, which implies that the annual
distribution of precipitation is expected to be restructured. The wettest summer season
may become the driest (especially in case of A2 scenario), and the driest winter is
expected to be the wettest by the end of the 21st century. The extreme precipitation
events are expected to become more intense and more frequent in winter, while a general
decrease of extreme precipitation indices is expected in summer.

Key-words: regional climate model, temperature, precipitation, Carpathian Basin,
extreme climate index, expected trend

1. Introduction

Spatial resolution of global climate models (GCMs) is inappropriate to describe
regional climate processes; therefore, GCM outputs may be misleading to
compose regional climate change scenarios for the 21st century (Mearns et al.,
2001). In order to determine better estimations for regional climate parameters,
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fine resolution regional climate models (RCMs) can be used. RCMs are limited
area models nested in GCMs, i.e., the initial and boundary conditions of RCMs
are provided by the GCM outputs (Giorgi, 1990). Due to computational
constrains, the domain of an RCM evidently does not cover the entire globe, and
sometimes not even a continent. On the other hand, their horizontal resolution
may as fine as 5-10 km. The first project completed in the frame of the
European Union V Program is the PRUDENCE (Prediction of Regional scenarios
and Uncertainties for Defining EuropeaN Climate change risks and Effects),
which involved 21 European research institutes and universities. The primary
objectives of PRUDENCE were to provide high resolution (50 km X% 50 km)
climate change scenarios for Europe for 2071-2100 using dynamical
downscaling methods with RCMs (using the reference period 1961-1990), and
to explore the uncertainty in these projections (Christensen et al., 2007). Results
of the project PRUDENCE are disseminated widely via Internet
(http://prudence.dmi.dk) and several other media, and thus, they support socio-
economic and policy related decisions.

In the frame of the project PRUDENCE, the following sources of climate
uncertainty were studied (Christensen, 2005):

e Sampling uncertainty. Simulated climate is considered as an average
over 30 years (2071-2100, reference period 1961-1990).

e Regional model uncertainty. RCMs use different techniques to
discretize the differential equations and to represent physical processes
on sub-grid scales.

e Emission uncertainty. RCM runs used two IPCC-SRES emission
scenarios, namely, A2 and B2. 16 experiments from the PRUDENCE
simulations considered the A2 scenario, while only 9 of them used the
B2 scenario.

e Boundary uncertainty. RCMs were run with boundary conditions from
different GCMs. Most of the PRUDENCE simulations used HadAM3H
as the driving GCM. Only a few of them used ECHAM4 or ARPEGE
(Déqué et al., 2005).

In this paper, the regional climate change projections are summarized for
the Carpathian Basin using the outputs of all available PRUDENCE simulations.
Results of the expected mean temperature and precipitation change by the end of
the 21st century are discussed using composite maps. Furthermore, the expected
changes of the extreme climate indices following the guidelines suggested by
one of the task groups of a joint WMO-CCl (World Meteorological
Organization Commission for Climatology)/CLIVAR (a project of the World
Climate Research Programme addressing Climate Variability and Predictability)
Working Group formed in 1998 on climate change detection (Karl et al., 1999;
Peterson et al., 2002) are also analyzed.
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2. Data

Adaptation of RCMs with 10-25 km horizontal resolution is currently proceeding
in Hungary, namely, at the Department of Meteorology, E6tvos Lorand University
(Bartholy et al., 2006), and at the Hungarian Meteorological Service (Horanyi,
2006). Results of these RCM experiments are expected within 1-2 years, however,
impact studies and end-users need and would like to have access to climate change
scenario data much earlier. Also, for the Hungarian National Climate Change
Strategy (accepted by the Parliament in March 2008), climate change input data
are needed for Hungary. Therefore, in order to fulfill this instant demand with
preliminary information, outputs of PRUDENCE simulations (for the 2071
2100 and 1961-1990 periods) are evaluated and offered for the Carpathian Basin.
Composite maps of expected temperature and precipitation change cover the
Carpathian Basin (45.25°-49.25°N, 13.75°-26.50°E). Since the project PRUDENCE
used only two emission scenarios (i.e., A2 and B2), no other scenario is discussed
in this paper. In case of the A2 scenario, 16 RCM experiments are used, while in
case of B2, only outputs of 8 RCM simulations are available (Table 1).

Table 1. List of RCMs with their driving coupled GCMs used in the composite analysis

Institute RCM Driving GCM Scenario
1 | Danish Meteorological Institute | HIRHAM HadAM3H/HadCM3 | A2, B2
2 HIRHAM ECHAMA4/0OPYC A2
3 HIRHAM high res. HadAM3H/HadCM3 | A2
4 HIRHAM extra high res. | HadAM3H/HadCM3 | A2
5 | Hadley Centre of the UK Met HadRM3P (ensemble/1) | HadAM3P/HadCM3 | A2, B2
Office
6 HadRM3P (ensemble/2) | HadAM3P/HadCM3 | A2
7 | ETH (Eidgendssische CHRM HadAM3H/HadCM3 | A2
Technische Hochschule)
8 | GKSS (Gesellschaft fiir CLM HadAM3H/HadCM3 | A2
Kernenergieverwertung in
Schiffbau und Schiffahrt)
9 CLM improved HadAM3H/HadCM3 | A2
10 | Max Planck Institute REMO HadAM3H/HadCM3 | A2
11 | Swedish Meteorological RCAO HadAM3H/HadCM3 | A2, B2
and Hydrological Inst.
12 RCAO ECHAM4/0PYC B2
13 | UCM (Universidad PROMES HadAM3H/HadCM3 | A2, B2
Complutense Madrid)
14 | International Centre for RegCM HadAM3H/HadCM3 | A2, B2
Theoretical Physics
15 | Norwegian Meteorological HIRHAM HadAM3H/HadCM3 | A2
Institute
16 | KNMI (Koninklijk Nederlands | RACMO HadAM3H/HadCM3 | A2
Meteorologisch Inst.)
17 | Météo-France ARPEGE HadAM3H/HadCM3 | A2, B2
18 ARPEGE ARPEGE/OPA B2
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According to the A2 global emission scenario, fertility patterns across regions
converge very slowly resulting in continuously increasing world population.
Economic development is primarily regionally oriented, per capita economic
growth and technological changes are fragmented and slow. The projected CO,
concentration may reach 850 ppm by the end of the 21st century (IPCC, 2007),
which is about triple of the pre-industrial concentration level (280 ppm). The
global emission scenario B2 describes a world with intermediate population and
economic growth, emphasizing local solutions to economic, social, and
environmental sustainability. According to the B2 scenario, the projected CO,
concentration is likely to exceed 600 ppm (IPCC, 2007), which is somewhat larger
than a double concentration level relative to the pre-industrial CO, conditions.

Regional analysis of the detected trend of different extreme climate indices
for the Carpathian Basin is discussed by Bartholy and Pongrdcz (2005, 2006,
2007), where the list and definition of the indices can be found also. In this
paper, the expected future trends of extreme climate indices are analyzed in the
Carpathian Basin using daily temperature and precipitation outputs of four
different RCMs run by the (i) Danish Meteorological Institute (DMI), (ii) Abdus
Salam International Centre for Theoretical Physics (ICTP) in Trieste, (iii) Royal
Meteorological Institute of the Netherlands (Koninklijk Nederlands Meteorologisch
Institute, KNMI), and (iv) Swiss Federal Institute of Technology Zurich
(Eidgendssische Technische Hochschule Ziirich, ETHZ). For all of these
simulations the boundary conditions were provided by the HadAM3H/HadCM3
(Rowell, 2005) global climate model of the UK Met Office (Table 1). DMI used
the HIRHAM4 RCM (Christensen et al., 1996), which has been developed
jointly by DMI and the Max-Planck Institute in Hamburg. ICTP used the
regional climate model RegCM, which was originally developed by Giorgi et al.
(1993a, 1993b) and then improved as described by Giorgi et al. (1999) and Pal
et al. (2000). KNMI used the RACMO2 (Lenderink et al., 2003), which
combines dynamical core of the HIRLAM Numerical Weather Prediction
System with the physical parameterization of the European Centre for Medium-
range Weather Forecasting used for the ERA-40 re-analysis project. ETHZ used
the Climate High Resolution Model (CHRM) RCM described by Vidale et al.
(2003). Model performances of the four selected RCMs are analyzed by Jacob
et al. (2007) using the simulations of the reference period 1961-1990. Besides
the A2 scenario experiments, DMI and ICTP accomplished further experiments
using the B2 emission scenario.

3. Analysis of the expected regional climate change
Composites of the mean seasonal temperature (daily mean, maximum, and

minimum) and precipitation changes are mapped for both A2 and B2 scenarios.
The spatial variation of the composite maps are summarized in tables for the
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gridpoints located inside Hungary. In order to represent the uncertainty of the
composite maps, standard deviations of the RCM model results are also
determined and mapped for all seasons.

First, the expected temperature change is discussed, followed by the
analysis of the expected precipitation change for the Carpathian Basin.

3.1. Temperature

Fig. 1 presents the expected seasonal temperature change for A2 and B2
scenarios (left and right panel, respectively). Similarly to the global and the
European climate change results, larger warming can be expected for A2
scenario in the Carpathian Basin than for B2 scenario. The largest temperature
increase is expected in summer, while the smallest increase in spring. The same
conclusion can be drawn from Table 2, where the intervals of the seasonal
temperature increase are summarized for the area of Hungary. The largest
warming is expected in summer for both scenarios: in case of the daily mean
temperature the interval of the expected increase is 4.5-5.1°C (A2) and 3.7—
4.2°C (B2), in case of the daily maximum temperature these intervals are 4.9—
5.3°C (A2) and 4.04.4 (B2), and in case of the daily minimum temperature
these intervals are 4.2—4.8°C (A2) and 3.5-4.0°C (B2). According to the climate
projections, the expected increase of mean temperature in summer is between
the expected warming of the maximum temperature and that of the minimum
temperature. In case of spring, the expected temperature increase inside Hungary
IS 2.8-3.3°C (for A2 scenario) and 2.3-2.7°C (for B2 scenario).

Fig. 2 summarizes the expected mean seasonal warming for Hungary in
case of A2 and B2 scenarios. In general, the expected warming by 2071-2100 is
more than 2.4 °C and less than 5.1 °C for all seasons and for both scenarios.
Expected temperature changes for the A2 scenario are larger than for the B2
scenarios. The smallest difference is expected in spring (0.6-0.7 °C), and the
largest in winter (1.0-1.1 °C). The largest daily mean temperature increase is
expected in summer, 4.8 °C (A2) and 4.0 °C (B2). The smallest daily mean
temperature increase is expected in spring (3.1 °C and 2.5 °C in case of A2 and
B2 scenarios, respectively). Expected increase of the daily maximum
temperature exceeds that of the daily minimum temperature by about 0.1-0.6 °C
(the largest is in summer), except in winter when the seasonal average daily
minimum temperature is projected to increase by 4.1 °C (using the A2 scenario)
and 3.0 °C (using the B2 scenario), both of them are 0.1 °C larger than what is
projected for the daily maximum temperature increase.

On the basis of seasonal standard deviation fields (Bartholy et al., 2007),
the largest uncertainty of the expected temperature change occurs in summer for
both emission scenarios.

Similarly to mean temperature, expected seasonal increase of daily
maximum and minimum temperatures in the Carpathian Basin was also mapped
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(Bartholy et al., 2007). Fig. 3 compares the projected increases of the winter and
summer average daily maximum temperatures for the A2 and B2 scenarios. It
can be seen that the spatial structure of the expected warming is similar to that
of the expected daily mean temperature increase (Fig. 1), but in case of the
maximum temperature the projected warming is larger by about 0.1-0.2 °C in
winter and 0.3-0.4 °C in summer than in case of the mean temperature.

A2 scenario B2 scenario
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Fig. 1. Seasonal temperature change (°C) expected by 2071-2100 for the Carpathian
Basin using the outputs of 16 and 8 RCM simulations in case of A2 and B2 scenarios,
respectively (reference period: 1961-1990).
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Table 2. Expected increase in mean, maximum, and minimum temperatures (°C) by 2071—

2100 for Hungary in case of A2 and B2 scenarios using 16 and 8 RCM simulations,
respectively (reference period: 1961-1990)

Temperature Scenario  Winter (DJF)  Spring (MAM) Summer (JJA) Autumn (SON)
Mean A2 3.7-4.3 2.9-3.2 4551 4.1-4.3
B2 2.9-3.2 2.4-2.7 3.74.2 3.2-34
Maximum A2 3.7-4.2 2.8-3.3 49-5.3 4.3-4.6
B2 2.6-3.0 2.4-2.6 4.0-4.4 3.3-35
Minimum A2 3.8-4.6 3.0-3.2 4.2-4.8 4.0-4.2
B2 2.8-3.5 2.3-2.7 3.54.0 3.0-3.2
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Fig. 2. Expected seasonal increase of daily mean, minimum, and maximum temperatures
(°C) for Hungary (temperature values of the reference period 1961-1990 represent the
seasonal mean temperature in Budapest).

A2 SCENARIO

WINTER (D-J-F)

SUMMER (J-J-A)

B2 SCENARIO

WINTER (D-J-F)

EXPECTED TEMPERATURE CHANGE (°C)

25 3.0

35 4.0 4.5

5.0 5.5

SUMMER (J-J-A)

Fig. 3. Expected change of daily maximum temperature (°C) in winter and summer by
2071-2100 for the Carpathian Basin using the outputs of 16 and 8 RCM simulations in
case of A2 and B2 scenarios, respectively (reference period: 1961-1990).
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The expected trends of the extreme temperature indices are compared in
Fig. 4 for A2 and B2 scenarios using the daily temperature outputs of the
regional climate modeling experiments (both for the 1961-1990 and 2071-2100
periods) of four different institutes (i.e., DMI, ICTP, KNMI, and ETHZ). The
annual values of the indices are calculated as a spatial average of all the grid
points located in Hungary, and then, the expected change is determined.
According to the results, negative extremes are expected to decrease, while
positive extremes tend to increase significantly. Both imply regional warming in
the Carpathian Basin. The largest increase due to this warming trend can be
expected in case of extremely hot days (Tx35GE), hot nights (Tn20GT), hot
days (Tx30GE), warm nights (Tn90), and warm days (Tx90) by more than
100%. The expected changes are larger in case of the more pessimistic A2
emission scenario than in case of B2, the ratio is about 1-3. The expected
warming trends of all the temperature indices are completely consistent with the
detected trend in the 1961-2001 period (Bartholy and Pongrdacz, 2006, 2007).

300
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200
150

100 ~
50 +
O*-

-50
-100

B2 scenario

Expected change (%)

GSL
HWDI
TX90
TN9O
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FD

TX30GE
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TN20GT
TX10
TN10
TXOLT
TN-10LT

Temperature indices

Fig. 4. Expected change of the extreme temperature indices in case of A2 and B2
scenarios (2071-2100) based on the daily outputs of the regional climate models of DMI,
ICTP, KNMI, and ETHZ (reference period: 1961-1990).

In order to evaluate the model performance, temperature bias is determined
for each RCM output fields using the simulations for the reference period
(1961-1990), and the CRU (Climate Research Unit of the University of East
Anglia) database (New et al., 1999). In general, the RCM simulations
overestimate the temperature in most parts of the Carpathian Basin, however,
small underestimation can be seen in the western and northeastern boundary of
the selected domain (Bartholy et al., 2007). The largest overestimation can be
detected in the southern part of Hungary (1.0-1.5 °C). In the northern part of
Transdanubia and the northern part of the Great Plains the temperature is
overestimated by 0.5-1.0 °C, while in the northeastern part of the country the
overestimation is only 0-0.5°C.
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3.2. Precipitation

Similarly to temperature projections, composites of mean seasonal precipitation
change and standard deviations are mapped for both A2 and B2 scenarios for the
2071-2100 period. Fig. 5 presents the expected seasonal precipitation change for
A2 and B2 scenarios (left and right panel, respectively) for the Carpathian Basin.
The annual precipitation sum is not expected to change significantly in this region
(Bartholy et al., 2003), but it is not valid for seasonal precipitation. According to
the results shown in Fig. 5, summer precipitation is very likely to decrease (also,
slight decrease of autumn precipitation is expected), while winter precipitation is
likely to increase considerably (slight increase in spring is also expected).

A2 scenario B2 scenario
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Fig. 5. Seasonal precipitation change (%) expected by 2071-2100 for the Carpathian
Basin using the outputs of 16 and 8 RCM simulations in case of A2 and B2 scenarios,
respectively (reference period: 1961-1990).
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Table 3 summarizes the intervals of seasonal precipitation change for
Hungary. In summer, the projected precipitation decrease is 24-33% (A2) and
10-20% (B2). In winter, the expected precipitation increase is 23-37% (A2) and
20-27% (B2). Based on the seasonal standard deviation values (Bartholy et al.,
2007), the largest uncertainty of precipitation change is expected in summer,
especially, in case of A2 scenario (the standard deviation of the RCM results
exceeds 20%).

Table 3. Expected mean precipitation change (%) by 2071-2100 for Hungary in case of
A2 and B2 scenarios using 16 and 8 RCM simulations (reference period: 1961-1990)

Scenario Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)
A2 (+23) — (+37) 0 - (+10) (-24) — (-33) (-3) - (-10)
B2 (+20) — (+27) (+3) - (+12) (+10) — (-20) (-5)-0

The expected seasonal change of precipitation for Hungary in case of A2
and B2 scenarios are summarized in Fig. 6. Black and grey arrows indicate
increase and decrease of precipitation, respectively. According to the reference
period 1961-1990, the wettest season was summer, then less precipitation was
observed in spring, even less in autumn, and the driest season was winter. If the
projections are realized, then the annual distribution of precipitation will be
totally restructured, namely, the wettest seasons will be winter and spring (in
this order) in cases of both A2 and B2 scenarios. The driest season will be
summer in case of A2 scenario, while autumn in case of B2 scenario. On the
base of the projections, the annual difference between the seasonal precipitation
amounts is expected to decrease significantly (by half) in case of B2 scenario
(which implies more similar seasonal amounts), while it is not expected to
change in case of A2 scenario (nevertheless, the wettest and driest seasons are
completely changed).

200 A2 B2 A2 B2 A2 B2 A2 B2
=
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R uuuuuuu I mean sum, 1961-19%0 D R sssssss I mean sum, 2071-2100

Fig. 6. Expected seasonal change of mean precipitation (mm) for Hungary (increasing or
decreasing precipitation is also indicated in %). Precipitation values of the reference
period 1961-1990 represent the seasonal mean precipitation amount in Budapest.
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Table 4. Expected change of extreme precipitation indices in case of A2 and B2 scenarios
(%) (2071-2100) based on the daily outputs of the RCMs of DMI, ICTP, KNMI, and
ETHZ (reference period: 1961-1990). In case of the detected trends, signs in parentheses
indicate regional mean coefficients being not significant at 95% level.

ipitati Detected
Pre(i::]rg;itlon A2 scenario B2 scenario trend
Year January  July Year January  July 1976-2001
Rx1
+17 +29 -2 +13 +23 -5 -

(Rmax)
RXS +10 +26 11| +11 +17 11 +
(Rmax,s days)
SDII +10 +16 +13 +7 +12 +1 (+)
(Ryea/RR1)
R95

+7 +60 -30 +14 +35 22 +
(Raay > Roso,1961-90)
R75

-9 +19 -35 +0 +8 21 +
(Raay > R7s%,1961-90)
RR20
(Rywy > 20 mm) +60  +233 +66 | +68  +212 24 ¥
RR10
(Ryay> 10 mm) +14 +95 11 | +20 458 14 +
RR5
(Ragy > 5 mm) -1 #8230 | 7 28 22 &)
RR1
(Res, > 1 mm) -10 +19 31 2 +6  -19 _
RRO.1
(Rgay > 0.1 mm) -11 +9 -3 -3 +1 -10 -
RO5T
(ZRday: when +16 +27 +9 +14 +23 +0 +
Rday>R95%,1961—90/ Riotar)

Table 4 summarizes the expected future trends of the extreme precipitation
indices determined using the climate simulations of four selected RCMs (i.e.,
HIRHAM4 of the DMI, RegCM of the ICTP, RACMO?2 of the KNMI, and
CHRM of the ETHZ) for the 1961-1990 and 2071-2100 periods. Expected
changes of annual precipitation indices are generally consistent with the detected
trends in the last quarter of the 20th century (Bartholy and Pongracz, 2005,
2007). However, the expected regional increase or decrease is usually small (not
exceeding 20% in absolute value), except of RR20, the number of very heavy
precipitation days. Much larger positive and negative changes are projected in
January and July, respectively, on the base of the RCM simulations in case of
the A2 and B2 scenarios. These results together with the composite maps shown
in Fig. 5 suggest that the climate tends to be wetter in January and drier in July
in the Carpathian Basin. Since the projected increases of the RR20, RR10, and
R95 (these indices describe very extreme precipitation events) exceed 60% in
January in case of A2 scenario, and the expected increases of RR0.1 or RR1
(these indices are not related to extreme precipitation) is 9% and 19%,
respectively, the extreme precipitation events are expected to become more
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intense and more frequent in January. Similar but smaller changes are expected
in case of B2 scenario. Furthermore, drought is projected to become more severe
in July by the end of the 21st century, which can be derived from the robust
decrease of precipitation indices. The largest decrease rates (exceeding 30%) in
July are expected in case of the R75, RR1, RR0.1, RR5, and R95 indices for the
A2 scenario. The projected monthly changes are smaller for the B2 scenario.
The expected changes of R95 (number of very wet days) are illustrated in
Fig. 7 using annual and monthly (January and July) changes of grid point values
of the extreme climate indices for A2 (upper maps) and B2 (lower maps)
scenarios. Blue circles in the maps indicate expected increase, while yellow and
red circles imply expected decrease. The size of the circles corresponds to the
magnitude of the expected changes. In case of the annual change, the expected
increasing rate between 2071-2100 and 1961-1990 in Hungary is about 9% and
18% on average using the A2 and B2 emission scenarios, respectively. Much
larger changes are projected in January, namely, +59% and +41% for the
country. Opposite changes can be expected in July, the average decrease is
expected about 28% (A2) and 23% (B2) for the grid points located in Hungary.

ANNUAL: +9% for Hungary ~ JANUARY: +59% for Hungary JULY: -28% for Hungary PROJECTED
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g J98100
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cent 20%> + >-40%
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Fig. 7. Expected change of annual and monthly number of very wet days (R95) in case of
A2 and B2 scenarios (2071-2100) compared to the reference period (1961-1990). Maps
are determined using simulated daily precipitation amounts of the regional climate model
of DMI.

In order to evaluate the model performance, precipitation bias is
determined for all the RCM output fields using the simulations for the reference
period (1961-1990), and the CRU database (New et al., 1999). In general, the
RCM simulations overestimate the precipitation in most parts of the Carpathian
Basin, however, underestimation can be seen in the southwestern part of the
region (Bartholy et al., 2007). In Hungary, the bias is not exceeding 15% in
absolute values. The precipitation is slightly underestimated in the western/-
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southwestern part of the country, while precipitation in the other large parts
(including the entire Great Plains and the eastern part of Transdanubia) is
slightly overestimated.

4. Conclusions and discussion

On the basis of the results shown in this paper, the following conclusions can be
drawn using the RCM experiment outputs of the PRUDENCE project.

(1) Expected seasonal temperature increase for the Carpathian Basin in
case of the A2 scenario is larger than in case of the B2 scenario, which is in
good agreement with the expected global and European climate change results
(IPCC, 2007). The smallest difference between the A2 and B2 scenarios is
projected for spring (0.6—0.7 °C), while the largest for winter (1.0-1.1°C).

(2) The largest daily mean temperature increase is projected for summer,
4.8°C (A2) and 4.0 °C (B2), while the smallest seasonal warming is expected in
spring, 3.1°C (A2) and 2.5 °C (B2).

(3) The largest increase of maximum and minimum temperatures is
expected also in summer for both scenarios. In case of maximum temperature,
the intervals of the expected warming are 4.9-5.3 °C (A2) and 4.0-4.4 °C (B2),
while in case of minimum temperature, these intervals are 4.2-4.8 °C (A2) and
3.5-4.0 °C (B2). Expected increase of the daily maximum temperature exceeds
that of the daily minimum temperature, except in winter.

(4) The extreme temperature indices associated with cold climatic
conditions are projected to decrease in the Carpathian Basin by 2071-2100
while the positive extremes tend to increase significantly. The expected changes
of the extreme temperature indices are larger in case of the A2 scenario than in
case of the B2 scenario.

(5) The annual precipitation sum is not expected to change significantly in
this region, but it is not valid for seasonal precipitation sums. Summer
precipitation is very likely to decrease, furthermore, slight decrease of autumn
precipitation is expected. On the other hand, winter precipitation is likely to
increase considerably, and slight increase in spring is also expected.

(6) The projected summer precipitation decrease is 24-33% (A2) and 10—
20% (B2), while the expected winter precipitation increase is 23-37% (A2) and
20-27% (B2).

(7) In the reference period (1961-1990), the wettest season was summer,
while the driest season was winter. If the projections are realized, then the
annual distribution of precipitation will be totally restructured. Namely, the
wettest season will be winter in case of both A2 and B2 scenarios. The driest
season will be summer in case of A2 scenario, while autumn in case of B2
scenario.
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(8) Expected changes (for 2071-2100) of annual precipitation indices are
small, but generally consistent with the detected trends in 1976-2001. The
projected changes in winter and summer are opposite to each other, which
means that large positive and negative changes of monthly precipitation indices
are projected in January and July, respectively. Projected increase of very extreme
precipitation events exceeds 60% in January, while the expected increases of not
extreme precipitation indices do not reach 20%. These results imply that the
extreme precipitation events are expected to become more intense and more
frequent in January. Furthermore, drought is projected to become more severe
and a general decrease of extreme precipitation indices is expected in July.

The analysis discussed in this paper is based on the PRUDENCE
simulations, which means that only very few GCMs (mainly
HadAM3H/HadCM3, some RCM experiments used ECHAMA4/OPYC, and
ARPEGE/OPA) are used as driving data of RCMs, which can be considered as
limitations of the presented analysis. In an earlier paper (Bartholy et al., 2003),
16 GCM outputs (i.e., ECHAM1, ECHAM3, ECHAM4, HadCM2, UKHI-EQ),
UKTR, GFDL-TR, NCAR-DOE, UIUC-EQ, CGCML1-TR, CCC-EQ, BMRC-
EQ, CSIRO1-EQ, CSIRO2-EQ, CSIRO-TR, and CCSR-NIES) are analyzed for
Hungary in case of Al, A2, B1, and B2 scenarios. The results of the multi-GCM
analysis are very similar to most of the findings of the present paper. The
quartile range of the expected seasonal temperature change by the end of the
21st century is 3.0-5.5°C in winter, 2.1-3.9°C in spring, 3.0—4.6°C in summer,
and 3.04.5°C in autumn in case of A2 scenario. The expected temperature
increase is smaller for B2 than for A2 scenario. The quartile intervals for the B2
scenario are as follows: 2.0-3.8°C in winter, 1.5-2.5°C in spring, 2.0-3.1°C in
summer, and 2.0-3.0°C in autumn. Thus, the projected warming is somewhat
smaller than the expected temperature increase of the RCM simulations of
PRUDENCE in most of the seasons except winter. However, one must not
forget that the horizontal resolution is far more coarse in case of the GCMs
(where only 1 or 2 gridpoints represent the entire area of Hungary) than RCMs.
For the seasonal precipitation projections the GCM quartile ranges are also
considerably smaller, especially, in case of winter and summer (the sign of the
projected changes are the same as in the RCM simulations). The GCMs suggest
that wetter winters and drier summers are expected by the end of the 21st
century (the quartile intervals are (+5%)-(+25%) for A2 and (+2%)-(+15%) for
B2 in winter, and (—2%)—(—24%) for A2 and (—2%)—(—15%) for B2 in summer).
The projected precipitation changes in spring and autumn are very small (around
zero), which also supports the RCM-based results discussed in the present paper.

Acknowledgements—Research leading to this paper has been supported by the following sources: the
Hungarian Academy of Sciences under the program 2006/TKI/246 titled Adaptation to climate
change, the Hungarian National Research Development Program under grants NKFP-3A/082/2004
and NKFP-6/079/2005, the Hungarian National Sciences Research Foundation under grants T-049824,
K-67626, and K-69164, the Hungarian Academy of Science and the Hungarian Prime Minister’s

262



Office under grant 10.025-MeH-1V/3.1/2006, the Hungarian Ministry of Environment and Water
under the National Climate Strategy Development project, and the CECILIA project of the European
Union Nr. 6 program (contract no. GOCE-037005). Climate change data have been provided through
the PRUDENCE data archive, funded by the EU through contract EVK2-CT2001-00132.

References

Bartholy, J. and Pongrdacz, R., 2005: Tendencies of extreme climate indices based on daily
precipitation in the Carpathian Basin for the 20th century. Iddjaras 109, 1-20.

Bartholy, J. and Pongracz, R., 2006: Comparing tendencies of some temperature related extreme
indices on global and regional scales. Iddjaras 110, 35-48.

Bartholy, J. and Pongrdcz, R., 2007. Regional analysis of extreme temperature and precipitation
indices for the Carpathian Basin from 1946 to 2001. Global Planet. Change 57, 83-95.
doi:10.1016/j.gloplacha.2006.11.002

Bartholy, J., Pongrdcz, R., Matyasovszky, 1., and Schlanger, V., 2003: Expected regional variations
and changes of mean and extreme climatology of Eastern/Central Europe. Combined Preprints
CD-ROM of the 83rd AMS Annual Meeting. Paper 4.7, American Meteorological Society. 10p.

Bartholy, J., Pongracz, R., Torma, Cs., and Hunyady, A., 2006: Regional climate model PRECIS and
its adaptation at the Department of Meteorology, E6tvos Lorand University (in Hungarian). In
31. Meteorological Scientific Days — Dynamical climatological research on objective estimation
of regional climate change (ed.: T. Weidinger). Hungarian Meteorological Service, Budapest.
99-114.

Bartholy, J., Pongrdcz, R., and Gelybo, Gy., 2007: Regional climate change expected in Hungary for
2071-2100. Applied Ecology and Environmental Research 5, 1-17.

Christensen, J.H., 2005: Prediction of Regional scenarios and Uncertainties for Defining European
Climate change risks and Effects. Final Report. 269p. Danish Meteorological Institute,
Copenhagen.

Christensen, J.H., Christensen, O.B., Lopez, P., Van Meijgaard, E., and Botzet, M., 1996: The
HIRHAM4 Regional Atmospheric Climate Model. Scientific Report 96-4, 51p. Copenhagen,
DMLI.

Christensen, J.H., Carter, T.R., Rummukainen, M., Amanatidis, G., 2007: Evaluating the performance
and utility of regional climate models: The PRUDENCE project. Climatic Change 81, 1-6.
doi:10.1007/s10584-006-9211-6

Deéqué, M., Jones, R.G., Wild, M., Giorgi, F., Christensen, J.H., Hassell, D.C., Vidale, P.L., Rockel,
B., Jacob, D., Kjellstrom, E., de Castro, M., Kucharski, F., and van den Hurk, B., 2005: Global
high resolution versus Limited Area Model climate change scenarios over Europe: Results from
the PRUDENCE project. Clim. Dynam. 25, 653-670. doi:10.1007/s00382-005-0052-1.

Giorgi, F., 1990: Simulation of regional climate using a limited area model nested in a general
circulation model. J. Climate 3, 941-963.

Giorgi, F., Marinucci, M.R., and Bates, G.T., 1993a: Development of a second generation regional
climate model (RegCM2). Part I: Boundary layer and radiative transfer processes. Mon.
Weather Rev. 121, 2794-2813.

Giorgi, F., Marinucci, M.R., Bates, G.T., and DeCanio, G., 1993b: Development of a second
generation regional climate model (RegCM2). Part 1l: Convective processes and assimilation of
lateral boundary conditions. Mon. Weather Rev. 121, 2814-2832.

Giorgi, F., Huang, Y., Nishizawa, K., and Fu, C., 1999: A seasonal cycle simulation over eastern Asia
and its sensitivity to radiative transfer and surface processes. J. Geophys. Res. 104, 6403-6423.

Horanyi, A., 2006: Dynamical climatological research on regional scales: International and Hungarian
review (in Hungarian). In 31. Meteorological Scientific Days — Dynamical climatological
research on objective estimation of regional climate change (ed.: T. Weidinger). Hungarian
Meteorological Service, Budapest. 62-70.

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Edited by S.
Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller.

263



Cambridge, UK and New York, NY, Cambridge University Press. 996p. (Available online from
http://www.ippc.ch)

Jacob, D., Bdrring, L., Christensen, O.B., Christensen, J.H., de Castro, M., Déqué, M., Giorgi, F.,
Hagemann, S., Hirschi, M., Jones, R., Kjellstrom, E., Lenderink, G., Rockel, B., Sanchez, E.,
Schdr, Ch., Seneviratne, S.I., Somot, S., van Ulden, A., and van den Hurk, B., 2007: An inter-
comparison of regional climate models for Europe: Model performance in Present-Day Climate.
Climatic Change 81, 21-53. doi:10.1007/s10584-006-9213-4

Karl, T.R., Nicholls, N., and Ghazi, A., 1999: Clivar/GCOS/WMO Workshop on Indices and
Indicators for Climate Extremes Workshop Summary. Climatic Change 42, 3-7.

Lenderink, G., van den Hurk, B., van Meijgaard, E., van Ulden, A., and Cuijpers, H., 2003: Simulation
of present-day climate in RACMO2: First results and model development. KMNI, Technical
Report TR-252.

Mearns, L.O., Hulme, M., Carter, T.R., Leemans, R., Lal, M., and Whetton, P.H., 2001: Climate
scenario development. In Climate Change 2001: The Scientific Basis (ed.: J. Houghton et al.).
Intergovernmental Panel on Climate Change, Cambridge University Press, New York.

New, M., Hulme, M., and Jones, P., 1999: Representing twentieth-century space-time climate
variability. Part I. Development of a 1961-90 mean monthly terrestrial climatology. J. Climate
12, 829-856.

Pal, J.S., Small, E., and Elthair, E., 2000: Simulation of regional scale water and energy budgets:
representation of subgrid cloud and precipitation processes within RegCM. J. Geophys. Res.
105(29), 567-594.

Peterson, T., Folland, C.K., Gruza, G., Hogg, W., Mokssit, A., and Plummer, N., 2002: Report on the
Activities of the Working Group on Climate Change Detection and Related Rapporteurs, 1998-
2001. World Meteorological Organisation Rep. WCDMP-47. WMO-TD 1071. 143p. Geneva,
Switzerland.

Rowell, D.P., 2005: A scenario of European climate change for the late 21st century: Seasonal means
and interannual variability. Clim. Dynam. 25, 837-849.

Vidale, P.L., Liithi, D., Frei, C., Seneviratne, S.I., and Schar, C., 2003: Predictability and uncertainty
in a regional climate model. J. Geophys. Res. 108(D18), 4586, doi:10.1029/2002JD002810.

264


http://www.ippc.ch/

