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Comparison of Simulated Trends of Regional Climate
Change in the Carpathian Basin for the 21st Century
Using Three Different Emission Scenarios
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Department of Meteorology, E6tvos Lorand University, Budapest, Hungary

Abstract — The present paper discusses the regional climate modeling experiments for the 21st
century for the Carpathian Basin using the model PRECIS. The model PRECIS is a hydrostatic
regional climate model with 25 km horizontal resolution developed at the UK Met Office, Hadley
Centre. Simulated future changes — in mean climatic values, distributions and empirical
probabilities — are analyzed for the period 2071-2100 (compared to 1961-1990, as a reference
period). Significant warming is projected at 0.05 level for all of the A2, A1B, and B2 scenarios,
the largest warming is estimated in summer. Not only the mean value is likely to change, but also
the distribution of daily mean temperature. By the end of the century the annual precipitation in
the Carpathian Basin is likely to decrease, and the annual distribution of monthly mean
precipitation is expected to change. Significant drying is projected in the region in summer, while
in winter the precipitation is estimated to increase.
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Kivonat — Az éghajlat varhat6 alakulasa a Karpat-medencében a XXI. szazad soran harom
kuldbnb6zé emisszié-szcenarié esetére cikk bemutatja a PRECIS regiondlis klimamodellel a

XXI. szazadra végzett szimulaciés futtatdsaink eredményét a Karpat-medence térségére. A
PRECIS modell 25 km-es térbeli felbontast alkalmazé, hidrosztatikus regionalis éghajlati modell,
melyet a Brit Meteoroldgiai Szolgélat Hadley Koézpontjdban fejlesztettek ki. A szimulécidk
felhasznalasaval megvizsgaltuk a 2071-21@3»zdkra varhatdé éghajlatvaltozast (az 1961-1990
referencia-idszakhoz viszonyitva), melyhez a meteoroldgiai paraméterek atlagértékeit, eloszlasat
és empirikus valdszirségeket is figyelembe vettink. A modell 95%-0s szinten szignifikéns
melegedést prognosztizal Magyarorszag és a Karpat-medence egész terliletére az A2, az A1B és a
B2 forgatdékdnyvek esetén egyarant. A legnagyobb valtozas mindharom esetben nyaron véarhato.
Eredményeink alapjan egyértdlm hogy nemcsak az atlagimérséklet ndvekedésére kell
szamitanunk, de admérséklet eloszlasa is jelésen mddosul a j@ben. Az évszazad végére a
Karpat-medencében éves atlagban a csapadék csokkenése, valamint az év soran lehull
csapadékdsszeg eloszlasanasbali atrende&dése valdsziisithet. A PRECIS szimulaciok az

orszag egész terlletén szignifikAns szarazodast prognosztizalnak a nyari évszakban mind a harom
vizsgalt szcenarid esetén. Télen viszont a csapadék ndvekedésére szamithatunk.
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INTRODUCTION

On the basis of about 20 years’ international netea the frame of the Intergovernmental
Panel on Climate Change (IPCC), there is no doudt due to anthropogenic activity the
Earth is facing a global warming (IPCC 2007). Globlianate models (GCMs) are widely
used to estimate the future climate change, howdoeregional scale analysis their coarse
resolution (typically 150-200 km) limits their apgalbility in assessment of the regional
consequences of global warming. Regional climateletsonested in GCMs (Giorgi 1990)
may lead to better estimations of future climatedittons in the European subregions as well
as in other parts of the world since the horizonégblution of these RCMs is much finer
(around 10-25 km) than the GCMs’ (IPCC 2007).

The Carpathian Basin is located in the target megiof several recent EU-projects
(e.g., PRUDENCE (http://prudence.dmi.dk, Christense&hristensen 2007), ENSEMBLES
(www.ensembles-eu.org, van der Linden — Mitcheld20) CECILIA (www.cecilia-eu.org,
Halenka 2007), CLAVIER (www.clavier-eu.org, Jacdbak 2008)) that focused on regional
climate change in the 21st century using high-tdgmi climate model simulations, as well,
as on the environmental impacts of projected cknatange. In the frame of international
cooperative projects, four regional climate modese been successfully adapted and tested
for the region, two of them at the E6tvos Lorandwvdrsity, Budapest: PRECIS(oviding
Regional Climates forlmpactStudies), and RegCMRegonal Climate M odel) (Bartholy et
al. 2009a). By now after completing several RCMeaskpents for the Carpathian Basin and
its vicinity, it is possible to estimate the futurleanges in the climatic means and extremes in
this region for the 21st century (Torma et al. 20B8rtholy et al. 2009a,b,c, Pieczka et al.
2010, Krlzselyi et al. 2011). These projections especially important for planning at the
low-elevation retreating limits of the closed fdreene, such as in Hungary (Matyas 2010).

In the next section of this paper the model PREGI$troduced, then outputs of the
different experiments are used to analyze the sitadltemperature and precipitation change
by 2071-2100 for Hungary (compared to 1961-1990a asference period). Besides the
evaluation of mean climate changes, extreme camditare also discussed. Finally, the main
conclusions are summarized in the last section.

1 REGIONAL CLIMATE MODEL PRECIS

PRECIS is a high resolution limited area model wbibith atmospheric and land surface
modules. The model was developed at the Hadleyr€ehthe UK Met Office (Wilson et al.
2009), and it can be used over any part of thegg(ely., Hudsor Jones 2002, Rupa Kumar
et al. 2006, Taylor et al. 2007, Akhtar et al. 200Bhe PRECIS regional climate model is
based on the atmospheric component of HadCM3 (®oetoal. 2000) with substantial
modifications to the model physics (Jones et @0420The horizontal resolution of the model
can be set up to 25 or 50 km. In our studies, veel tise finest possible horizontal resolution.
The target region contains 123x96 grid points, sftkcial emphasis on the Carpathian Basin
and its Mediterranean vicinity containing 105x49dgpoints (Figure 1) In the vertical
direction the model contains 19 levels using hybddrdinates (SimmonsBurridge 1981).

In case of the control period (1961-1990), thaahitonditions and the lateral boundary
conditions (IC&LBC) for the regional model can beyided by ERA-40 reanalysis (Uppala
et al. 2005) or by the HadCM3 ocean-atmosphere ledudCM. For the validation of the
PRECIS simulations CRU TS 1.2 data sets (Mitchdibnes 2005) and E-OBS data (Haylock
et al. 2008) were used. Significance of the biatdé were checked using Welch'’s t-test
(Welch 1938). According to the results, PRECIShkedo sufficiently reconstruct the climate
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Simulated trends of regional climate change 11

of the reference period (Bartholy et al. 2009bJd)e annual cycle of temperature is well
represented, the bias (i.e., difference betweemlated and observed annual and seasonal
mean temperature) is found to be mostly withinitierval (-1 °C; +1 °C). The largest bias
values are found in summer, when the average duwest®n of PRECIS over Hungary is
2 °C in case of the ERA40-driven, and 2.3-3 °Casecof the GCM-driven simulations. For
precipitation a slight overestimation is dominaahly one of the completed experiments
showed a small underestimation in summer), theiadpaverage of the bias is less then
10 mm/month (except spring). The largest precijpitabias can be found in spring which is
significant in each gridpoint within the borders ldtingary. The overestimation is around
20 mm/month, which corresponds to a 40-50% reladifference between observation and
simulation.
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Figure 1. Geographical location and topography lué selected integration domain of
model PRECIS

For the future (2071-2100) three experiments werepteted, namely, for the A2, A1B,
and B2 global emission scenarios (NakiceneviSwart 2000). The estimated global mean
CO, concentration level for the end of the century % $pm, 717 ppm, and 621 ppm,
respectively. Thus, A2 can be considered the messimistic, and B2 the most optimistic
among these scenarios. Our findings for the pregechange of temperature and precipitation
(compared to 1961-1990) are discussed in the nexséctions.

2 SIMULATED TEMPERATURE CHANGE BY 2071-2100

For 2071-2100 A2, A1B, and B2 scenario runs havenbeompleted using the model
PRECIS. A2 scenario implies the highest temperatahees in the Carpathian Basin (due to
the highest estimated GQoncentration level). The projected annual meanp&rature
change for Hungary is between 4.0 °C and 5.4 °@. ffiojected seasonal mean changes are
summarized inTable 1 It can be clearly seen that the largest warminlikely to occur in
summer (the spatial average of the simulated ch&@0-8.0 °C). The least warming is
projected for spring and winter. The simulated d&ais significant at 0.05 level for each
season and grid point (Pieczka et al. 2010).
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Table 1. Projected seasonal mean temperature ch@@edor Hungary by 2071-2100
(reference period: 1961-1990)

Winter Spring Summer Autumn
B2 scenario 3.2 3.1 6.0 3.9
A1B scenario 4.1 3.7 6.7 5.0
A2 scenario 4.2 4.2 8.0 52

The year-to-year variation of seasonal mean teraperéor Hungary is presented kigure
2. All the time series highlight the significant wang for each season and for all scenarios. The
largest seasonal warming is projected for summige. fean temperature in autumn is likely to
increase more than in spring, thus autumn may becwsarmer than spring due to the robust
warming in late summer/early autumn (Bartholy et2809c). The year-to-year variation in the
transition seasons is also likely to increase toup5-2 times of their current value in casehef t
A2 and B2 scenarios, however, such a change ipmocted for A1B. Standard deviation of
winter mean temperature is projected to slightlyrel@se in case of all scenarios. According to the
simulations, the presently quite large standardatien in summer is likely to slightly decrease
for B2, and slightly increase for A1B and A2 sca@rgrbut no robust change is projected. On the
continuous 140-years simulation of A1B the warntirnd is obvious for each season, with the
highest rate in summer — to visualize this tendetieyfitted linear trends using the least squares
method are shown for the entire 1961-2100 period.
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Figure 2. Year-to-year variation of seasonal meamperature (°C) for Hungary.
In case of A1B simulation the fitted linear trerade also shown for 1961-2100
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In Figure 3Box-Whisker plot diagrams calculated from the dated values of monthly
temperature anomalies for 2071-2100 (relative ¢01961-1990 monthly mean values) in all
the gridpoints located within Hungary, are shown &l scenarios. The small rectangles
represent the lower and the upper quartiles, aadséhtical lines indicate the minimum and
the maximum of the sample (the size of the enaira@e is 6,870). The lower quartile values
are always positive (and in most of the summerartdmn months the minimum values are
also above 0 °C), which highlights the projectedmiag trend. The middle 50% of the
sample is represented by the boxes: the largesitiee the larger the variance of the sample.
In case of the different scenarios, the total rarafehe middle-half of the monthly anomalies
are similar (around 2-5 °C), the largest rangegeogcted in the summer months. Negative
anomalies compared to the mean of 1961-1990 asdy lik occur by 2071-2100 only in a
few cases and locations, mainly in the winter msridspecially, in December and February).
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Figure 3. Distribution of projected monthly tempena change (°C) in the gridpoints located
within Hungary for 2071-2100 (reference period: 196990)
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The distribution change of simulated daily meangderature is also analyzed. The results
for January and July (being the coldest and thengat months, respectively) can be seen in
Figure 4
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Figure 4. Distribution change of simulated dailyangemperature
in January (left panel) and July (right panel)

In January the distribution is projected to stofvards the larger temperature values (the
projected monthly mean change is about +5.2 °Q) %6, and +5.7 °C in case of B2, A1B,
and A2 scenario, respectively), which implies lestd and more warm and record warm
periods in winter. In July (shown in the right pBreot only a shift, but also a shape-change
of the empirical distribution is visible. The relet frequency values of different temperature
intervals are likely to change remarkably (the gctgd monthly mean temperature increase is
about +6.3 °C, +7.1 °C, and +8.4 °C in case of 8B, and A2 scenario, respectively). The
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projected distribution changes for these three ast@ are very similar in the winter months
(January is shown in this paper as an example)dilfet more in case of the summer months
(especially in July and August, from which Julysi®wn inFigure 4. Thus, for the summer the
simulations imply less cold and more hot perioa& Erger record hot conditions than in the
reference period. This frequency shift is largaraee of A2 scenario than A1B or B2 scenatrio.

In order to evaluate the projected distribution e from a spatial aspect, a special
method has been developed. The main aim of thihadets to quantify the empirical
probability of temperature or precipitation anorealexceeding given thresholds based on the
model simulations, and then to compare to the oeoge determined from observational
datasets (such as the E-OBS gridded data (Haykoak 2008)). The comparison enables the
provision of a clear message to the impact modelertse distribution shift for instance.
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Figure 5. Seasonal empirical probability of monttdynperature anomaly exceeding 4 °C
(relative to the 1961-1990 monthly mean values)

Among the various threshold values used during ahalysis Figure 5 shows the
empirical probability of temperature anomaly exéegd4 °C in winter and summer for the
reference period (1961-1990) and the target pef@@¥1-2100) for the three scenarios.
(PRECIS experiments project at least 4 °C annuaimivey for Hungary.) For the end-users
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these maps may provide useful spatial informatidwous the probability of threshold
exceedance. In past climatic conditions, monthlgngerature anomaly exceeding 4 °C
occurred in about 5-10% of all the winter months] & hardly ever happened in the other
seasons (only summer and winter are shown). Acaegrti the PRECIS simulations, this is
very likely to change in the future: by the endtloé 21st century the monthly temperature
anomaly (e.g., the difference from the mean of £4890) exceeding 4 °C will become quite
frequent (B2: 35-45% in winter, 70-80% in summet;BA50-60% in winter, 80-85% in
summer, A2: 50-60% in winter, 85—-95% in summer)e Tdrgest probability values can be
seen in summer. The spatial structure of the eogiprobability fields is similar, but the
values differ, namely, probability values for AZzdarger than for A1B and B2. In summer a
zonal structure can be recognized, with the largesability values in the eastern/southern
part of Hungary.

3 SIMULATED PRECIPITATION CHANGE BY 2071-2100

The model predicts about 20% annual precipitatiearédase on average for Hungary by
the end of the 21st century in case of A2 and Bfhados, but gives practically no change
in annual precipitation in case of A1B. However, séasonal or monthly simulated
changes are evaluated, the largest change is pedjdor summer, namely, significant
drying is likely according to the simulations fohet whole country (the simulated
precipitation decrease is 34%, 43%, and 58% uspagia averages in case of A1B, B2,
and A2, respectively). Also, for spring and aututhe projected trend is negative (except
for A1B in spring, when it is slightly positive)ubit is much smaller than in summer and
not significant at 0.05 level. The direction of silated precipitation change in the
transition seasons involves large uncertaintiesvilmer a slight increase is projected (in
spatial average about 14%), which is significantcase of A2 in the Transdanubium,
where the simulated winter precipitation change nexgeed 30-40% (Pieczka et al.
2010). The A1B experiment projects a larger, sigaiit precipitation increase (34% in
spatial average) for the entire country.

Precipitation is highly variable both in space anmde. According to the PRECIS
simulations the year-to-year variation in Hungaryl wemarkably change in the future
(Figure 6 and Figure Y. The results suggest a major annual redistrilpubioprecipitation,

a significant decrease in summer precipitation,wadl, as in interannual variation of
summer precipitation, and increase of the interahmariation in spring and winter. In
summer both the seasonal sum and the temporalasthntkviation is likely to decrease
dramatically, by about 50% in case of A2 and B2nsems. The largest decrease of the
standard deviation is expected in June, July, agpteSnber, in the rest of the year the
simulated changes are less pronounced. Howeversithelated year-to-year variation
increase of monthly precipitation in spring is guiarge, especially, in May in case of A2
scenario. The results from the A1B experiment sagtjeat by the middle of the century
the sum and variation of precipitation in summed annter will be almost equal, and by
the end of the century most of the precipitatiofl fail during winter — but in some years
the opposite may happesee Figure B Trends in spring and autumn precipitation change
are small and not significant.
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Figure 6. Year-to-year variation of seasonal meegcypitation (mm/month) for Hungary
in winter and summer

The projected change in the annual distributiosiofulated monthly mean precipitation
is shown inFigure 8 In the present climate (1961-1990), the wettestths in Hungary are
in late spring, early summer (May, June), whenrttoathly mean precipitation sum exceeds
60 mm. The driest months are January and Februighyalvout 30—35 mm total precipitation
on average. The PRECIS simulations suggest thaase of all three scenarios, the annual
distribution of monthly precipitation is very liketo be restructured in the future. The driest
months are projected no longer to occur during evirtut in July and August instead (in case
of A2 with less than 20 mm, in case of A1B arou@d25 mm, and in case of B2 with about
25-30 mm on average by 2071-2100). The wettestimafrthe A2 scenario run is projected
to be April with about 65-70 mm precipitation oreeage, while in case of the B2 and A1B
simulations the wettest months are April, May andeJwith about 60 mm (B2) / over 60 mm
(A1B) total precipitation on average.
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Figure 7. Year-to-year variation of seasonal meegcypitation (mm/month)
for Hungary in spring and autumn
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Figure 8. Annual distribution of simulated monthtgan precipitation (mm/month)
in the reference period (1961-1990) and in thgeaperiod (2071-2100)
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Overall, the model PRECIS predicts a drier climatéhe Carpathian Basin. The more
pronounced changes will probably happen duringeviahd summer months. In case of the
empirical probability analysis threshold values %2@nd +20% were selected since two of
the presented experiments suggest 20% annual patiop decrease for Hungary. The
empirical probability of negative precipitation analy exceeding —20% in past (1961-1990)
climatic conditions occurred in about 40-55% ofta# autumn months, and 30-40% of all
the months in the other three seasdrigure 9. According to the PRECIS simulations, a
drying tendency is projected by the end of the 2&stury, especially, in the summer months
(the occurrence of the monthly precipitation angnedceeding —20% increases significantly
to 70-80% in case of B2 and A1B, and 80-90% in cds&2 scenarios). In winter a less
pronounced frequency increase is expected (B20#®@%, A2: to 30-50%), and in case of
A1B even a slight decrease can be seen (to 20—30%).
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Figure 9. Seasonal empirical probability of montphecipitation anomaly
exceeding —20% (relative to the 1961-1990 montlelgmvalues)
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The empirical probability of positive precipitati@nomaly exceeding 20% in the past
climatic conditions occurred about 25-35% of a# thonths throughout the year. A major
decrease is projected for the summer months: tbleapility of wet conditions decreases to
0-20% in case of B2, to 5-15% in case of A1B, an®+10% in case of AFigure 10)
Based on these mapsigures 9and10) it can be clearly seen that in case of the A2aide
the amplitude of the summer changes are likelyetdalbger than in case of B2 or A1B. For
winter the changes are less pronounced for B2fdouA2 a major increase is projected in the
Transdanubium (from 25-35% to 45-55%) and for AtBnsirio for the entire country (to
45-60%), as we mentioned earlier. In winter, inecab A2 the wetter periods are likely to
become more frequent in the whole country, whike dhy periods will become less frequent
mainly in the area of Transdanubium. This findisgeven more pronounced in case of A1B
scenario, however, valid not only for parts of toeintry but for the entire area.
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Figure 10. Seasonal empirical probability of mogtptecipitation anomaly exceeding
+20% (relative to the 1961-1990 monthly mean v3glues
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4 SUMMARY

The climate conditions of the 1961-1990 (refererme)l 2071-2100 periods have been

simulated using the PRECIS regional climate modtielthe present paper the projected

temperature and precipitation changes for the GlaigraBasin for the end of the 21st century

(compared to the mean of 1961-1990) have been zsthlyThe main conclusions can be

drawn as follows.

(i) The sign of the simulated temperature change isanee for all the three scenarios, the
projected annual temperature increase is in thgerah 4.0-5.4 °C. The amplitude of the
projected warming is the largest in case of A2,oading to which the highest GO
concentration level is estimated.

(i) In all the four seasons significant warming isjgcted at 0.05 level in all simulations,
the largest warming is likely to occur in summeor(Hungary the spatial average
warming by the end of the 21st century is likelygach 6-8 °C).

(iif) Not only the mean climatic conditions will changeit also the distribution of the daily
(and monthly) mean temperature, implying more feegquwarm and hot periods and
greater record hot conditions than in the 1961-18%ence period.

(iv) By the end of the century the annual precipitaiiorthe Carpathian Basin is likely to
decrease by about 20% for both A2 and B2 scenaflus A1B scenario does not project
such annual changes.

(v) Significant drying is projected in the region, espdy, in summer (the seasonal
precipitation amounts as well, as the probabilftpacurrence of wetter periods are likely
to decrease in Hungary) while in winter the prdeipon is projected to increase. The
direction of precipitation change in the transitsgasons is uncertain, the simulations do
not estimate significant changes.

(vi) According to the PRECIS simulations the annual rithstion of monthly mean
precipitation is also expected to change. In th@139990 reference period the wettest
months in Hungary occurred in May and June, anddtiest months were January and
February. In the 2071-2100 future period, the dmesnths are projected to be July and
August, while the wettest April, May and June.

PRECIS is only one of the four RCMs adapted andl Use assessing the regional
climate change in Hungary. Obviously, these expeni® differ in many aspects, e.g., in
model formulation, physical parameterization, sgatsolution, driving boundary conditions
and forcings. Due to these differences besidesdbast future changes suggested by the
different RCM results the uncertainties associabeithe estimated changes for the Carpathian
Basin can be also assessed (Krizselyi et al. 20dreover, previous RCM results based on
PRUDENCE outputs (Batholy et al. 2008) and ENSEMBL&utputs (Bartholy et al. 2011)
also enable us to evaluate the PRECIS simulati@@mpared to these other RCM
experiments, PRECIS results for Hungary projectesshat warmer conditions than the mean
temperature change of all the available simulatiesults. The largest seasonal warming
projected for summer by PRECIS simulations are isterst with other results (Bartholy et al.
2008, 2011). In case of precipitation projectidhs, uncertainty is much larger than in case of
temperature. The RCM results often disagree irsitpe of the projected seasonal and annual
changes, which are often non-significant. Howetle®, summer drying is estimated by most
of the RCM experiments, as well, as PRECIS runsemed in this paper. Slightly wetter
winter conditions are also likely to occur in theture compared to the reference period
1961-1990. From this sense PRECIS simulations ansistent with the available RCM
results.
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