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Abstract — Climatic effects of forest cover change have biegestigated for Hungary applying the
regional climate model REMQor the end of the 21st century (2071-2100) casdies have been
analyzed assuming maximal afforestation (forestsedng all vegetated area) and complete
deforestation (forests replaced by grasslandd)etountry. For 2021-2025, the climatic influen€e o
the potential afforestation based on a detailedonat survey has been assessed. The simulation
results indicate that maximal afforestation mayusedthe projected climate change through cooler
and moister conditions for the entire summer peridte magnitude of the simulated climate change
mitigating effect of the forest cover increase ahi$f among regions. The smallest climatic benefg wa
calculated in the southwestern region, in the avitla the potentially strongest climate change. The
strongest effects of maximal afforestation are etgukin the northeastern part of the country. Here,
half of the projected precipitation decrease cdaddelieved and the probability of summer droughts
could be reduced. The potential afforestation hagery slight feedback on the regional climate
compared to the maximal afforestation scenario.

climate change / forest cover change / drought preatbility

Kivonat — A klimavaltozas hataskorlatozadsanak esélyei etdelepitéssel Magyarorszagon.
A magyarorszagi efik klimavaltozas-hataskorlatoz6 szerepét harom ifdbszitas-valtozasi
forgatokonyvre szamsZesitettik a REMO regiondlis klimamodell segitségével2071-2100-as
id6szakra vizsgaltuk, hogy a feltételezett maximalidéelepitéssel (minden ndvényzettel boritott
felszin erd), valamint a hazai eéteriiletek gyeppel torténhelyettesitésével milyen irAnyban és
mértékben befolyasolhatok azéedvetitett dmérséklet- és csapadéktendenciak. A 2021-2025-0s
periédusra a rossz adottsagu és gyengeésagi szantok helyére tervezett ékdéghajlati hatdséat
elemeztik. A modellszimulaciok eredményei alapjan eadbteriilet valtozas, amennyiben nagy
kiterjedési, 0sszeflgg tertleteket érint, hatassal van a regiondlis kiémaA feltételezett maximalis
erdbtelepitéssel a nyari honapban a csapadékmennyidéeksrik, a felszinhmérséklet csokken,
melynek nagysaga régionként eftéA legnagyobb hatas az orszag északkeleti résadmatd, ahol a
klimavaltozassal jar6 csapadékmennyiség-csokkeriéskiegyenlithét lenne és az aszalyos nyarak
szama is csoOkkenhet. A potencialisan megvaldsithatézagos atlagban 7%-os &etllet
ndvekedésnek nincs jelésthatasa a regionalis éghajlati viszonyokra, Hékalis klimatikus hatasok
kedvedek lehetnek. Az ekidklima kolcsbnhatasok szamsigitése nem csak az ékdklimavédelmi
szerepéil ad informaciot, hanem az éghajlatvaltozas kowatiényeinek megékését, enyhitését
célz6 stratégiak alapja is lehet.

klimavaltozas / erditelepités / aszalygyakorisag
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1 INTRODUCTION

For Hungary, the projected warming and drying trehdummers is significant in the 21st
century (Christensen 2005; Bartholy et al. 2007rtlBa@ly — Pongracz 2007; Szépszo
Horanyi 2008; Krlizselyi et al. 2011; Pieczka et28111). Not only the climatic means but
also the extremes are affected by climate change. |&tter are more important from
ecological point of view. Probability and severdf summer droughts are expected to be
significantly higher, droughts might occur in evesgcond summer for the period 2071
2100 (Galos et al. 2007) that may have severe itnpa@griculture and forestry. Forests
are not able to adapt to rapid changes of climatinditions. Especially zonal tree species
are affected at their lower (xeric) limit of didittion (Matyas et al. 2009). Regional
impact studies show that recurrent droughts cawswty decline and mortality, e.g. in
beech forests in Southwest Hungary (Berki et al0®0Lakatos— Molnar 2009).
Ecological models of forest distribution expect tieduction of macroclimatically suitable
areas for beech for the future and the possiblapgisarance of this species from Hungary
(Matyas et al. 2010; Czucz et al. 2011).

In turn forests interact with climate through bioghysical and biogeochemical
processes. Focusing on the physical effects, theyatter the climate conditions, precipitation
and temperature variability through their influerare surface energy fluxes and water cycle
on various scales (e.g. Pielke et al. 1998; Pit2@08; Betts 2007; Seneviratne et al. 2010;
Moricz 2010). Changes of the land cover due to aficnconditions and human influence feed
back to the atmosphere, can lead to the enhancesnartuction of the projected climate
change signals (Feddema et al. 2005; Bonan 2008mWeby et al. 2010).

Climatic effects of forests are determined by vasioontrasting feedbacks (e.g. Hogg et al.
2000; Anav et al. 2010; Teuling et al. 2010). Ressof model simulations agree quite well
regarding biogeophysical effects in boreal andit@pforests (Dickinsor- Kennedy 1992;
Bonan 2008; Gottel et al. 2008). Whereas the madeiof the net climate forcing and benefit
of temperate forests and their role in the climatange mitigation is considered smaller or
uncertain (Bala et al 2007; Jackson et al 2008n@del results are conflicting.

Hungary has been selected as study area because of

» large scale land use changes,

* high sensitivity of zonal forest belts of the lowts (Méatyas — Czimber 2004;

Jump et al. 2009),

» serious consequences (i.e. forest cover lossjraaitd change at xeric limit.

In Hungary, large scale afforestations were carpad in the last 50 years, which is
planned to continue also in the near future. Resafltmesoscale model studies showed that
land use change in the 20th century already alteesther and climate (Druszler et al. 2010).
So far however, climatic effects of forest covearmge in Hungary have not been investigated
for longer future time periods on regional scalafoimation about the forest-climate
interaction is essential both for the assessmentitigating effects, and for the development
of future adaptation strategies.

Case studies have been carried to investigate

» climatic influences of maximal afforestation, defstation and potential afforestation

and its regional differences,

* magnitude of the climate change mitigating effeatsmaximal afforestation with

special focus on precipitation and drought proliighbil
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2 MODEL AND METHODS

2.1 The regional climate model REMO

The climate change driven by emission change and &ver change have been studied
applying the REgional climate MOdel, REMO (Jacol®20Jacob et al. 2001; Jacob et al.
2007). This is a regional three-dimensional nunagrimodel of the atmosphere. The
prognostic variables are calculated based on thioktatic approximation. Land cover is
described by its physical properties in REMO: leafa index and fractional vegetation cover
for the growing and dormancy season, backgrounddalbsurface roughness length of the
vegetation, forest ratio, plant-available soil walbelding capacity and volumetric wilting
point. These properties are allocated in the glottlaset of land surface parameters
(Hagemann et al. 1999; Hagemann 2002) for eachdawelr type.

In the current model version biogeochemical proegssd vegetation dynamics are not
considered. Vegetation phenology is representetthdynean climatology of the annual cycle
of leaf area index, vegetation ratio and backgraaibedo (Rechid and Jacob 2006; Rechid et
al. 2008a,b). The values of these vegetation chematics are varying monthly throughout
the year, the other land surface parameters recagistant in time.

For Hungary, REMO has been validated against ohsens for temperature, precipitation
(Jacob et al. 2008; Szépszbloranyi 2008) as well as for the occurrence andritg of droughts
(Galos et al 2007). It has been also applied tatk change projections (Szépszbloranyi
2008; Szépszo6 2008; Jacob et al. 2008; Galos 20@r.; Radvanszky Jacob 2008; Radvanszky
—Jacob 2009) and land use change studies (Gab26tL1) for the Carpathian basin.

2.2 Experimental setup

The simulation domain covers Central Euroffégure 1) with 0.176° horizontal grid
resolution. The model has been initialized andairiey REMO 0.44° simulations, applying a
double nesting procedure.
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Figure 1. Simulation domain

The following model simulations have been perforraad analyze@Table 1):
» Reference simulatiofor the past (1961-1990) with present forest cdased on the
CORINE Land Cover vector databaser Hungary.

! http://dataservice.eea.eu.int/
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» Climate change simulatiorfsr the future (2021-2025, 2071-2100) with presend
cover applying the A1B IPCC-SRE®mission scenario (IPCC 2007) serving as
reference simulations for the land cover changeexents.

» Forest cover change simulatiorfer the future, under enhanced greenhouse gas
conditions (A1B IPCC-SRES emission scenario):

a) Maximal afforestation simulationgor 2021-2025 and 2071-2100 with the
assumption that the whole vegetated area of Hungglrpe forest(Figure 2)and
the new afforestations will be carried out with ideous species;

b) Deforestation simulatiorfor 2071-2100 replacing the whole forested area in
Hungary with grasslan(Figure 2)

c) Potential forest covesimulationfor 2021-202%ased on a survey of ecological
potential for afforestation in Hunga(i#tihrer2005). For the 50 forest regions, this
afforestation plan suggests to increase forestrcomemarginal agricultural land
(Figure 3). This means a 7% increase (6.5% deciduous and O6dsfiterous) of
the present 20% share of forests until the 2030& @xact location of the
additional forest area within the region is notedligtined. Considering the spatial
distribution of the agricultural land, the potehtiacrease of deciduous and
coniferous forests has been allocated to all mgdéboxeg(Figure 3).

Table 1. Experiment characteristics and time pesiod

Experiment Reference Deforestation MaX|ma_I Potential
afforestation forest cover

Characteristics Present Grassland over all Forests covering  Some agricultural
forest cover forested area all vegetated area areas replaced by
unchanged forest

Time period 1961-1990 2071-2100 2021-2025 2021-2025
2021-2025 2071-2100
2071-2100

|
£

A

i
1 e

Figure 2. Change of the forest cover for deforéstefleft) and maximal afforestation (right)
compared to the reference. The region in Southdasgary with the largest increase of
forest cover is marked

2 Al: very rapid economic growth, global populatiosags in mid-century and declines thereafter, apitira
introduction of new and more efficient technologigdse Al scenario family develops into three grothes
describe alternative directions of technologicahrade in the energy system; A1B means a balancessaitb
sources.
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Figure 3. Potential increase of forest cover foe &0 forest regions (left; Fuhrer 2005) and
its appearance on the model grid (right). The regiowith the largest increase of deciduous
forests is marked

Within the simulation domain, land cover has bekanged only in Hungary. For each
forest cover change scenario a new land surfacanmder set has been calculated.
Afforestation leads to the increase of the leakharelex and roughness length and to the
decrease of the surface albedo, whereas defomesthtis opposite effects (not shown in
detail). The changes of these parameters correliaegrly to the magnitude of the forest
cover change in the grid boxes.

2.3 The main steps of the analyses

Because of the special focus of the study on sunmdrmrghts, simulation results for May,
June, July and August have been selected for awlgad consideredsummer In these
months water availability is especially importamtHungary for forest growth (e.g. Czlcz et
al. 2011). The leaf area index reaches its maxinwimch has a strong influence on the land-
atmosphere interactions.

First, climate change driven by maximal afforestatiand deforestatiorhave been
assessed comparing simulated evapotranspiratioiaceutemperature and precipitation with
and without forest cover change for the time pe20@1-2100. The theoretical options of
maximal afforestation and deforestation provideoinfation about the maximal climatic
effects of forest cover change in the model. Selgpridedback of the potential afforestation
on transpiration and precipitation has been ingagtidfor the near future (2021-2025).

Third, the magnitude of the effect of maximal adfstation on precipitation as well as on the
probability and severity of droughts has been aealyrelative to the magnitude of the climate
change signal for the end of the 21st century. Bions without any land cover changes for
2071-2100 vs. 1961-1990 served as refereiomate change driven by emission change and
maximal afforestatiotas been determined comparing the results of thenmahafforestation
experiment (2071-2100) to the reference studyeptst (1961-1990F0r the detailed analysis
of the regional differences, sub-areas (the regith the largest increase of forest cover, the
region most affected by warming and drying, theanewhich the precipitation increasing effect
of maximal afforestation is simulated to be thgdst) have been selected.

Meteorological droughts have been defined and ifledhased on Galost al (2007):
for each investigated year the relative preciptatinomaly has been calculated taking mean
summer precipitation sum in the period 1961-1990efsrence. Weather conditions were
considered as drought if the relative precipitataecrease was larger than 15% of the
reference. For more severe precipitation anomaliegher severity classes have been
determined. A Mann-Whitney U-Test (Mann — Whitn&4T) has been applied to investigate the
significance of the climatic effects of forest coebange. This ranking test does not assume a
normal distribution.
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3 RESULTS

3.1 Climate change driven by maximal afforestatiorand deforestation

The spatial correlation between the magnitude mdibcover change and its climatic effects
has been investigated including all Hungarian dgvakes. In the case of theaximal
afforestation simulationthe higher leaf area index and roughness lengjtifigrests support
the enhanced ability of evapotranspiration. Fortilme period 2071-2100 the 30-year mean
of the summer evapotranspiration rate may be upO8 higher than with the unchanged
forest covel(Figure 4). The changes are statistically significant at 95#fidence level. Due
to the cooling effect of the enhanced evapotrantipim, surface temperature might be
reduced by up to 0.7 °C. The 30-year mean of thenser precipitation sum may increase by
15% relative to the referen€Eigure 4).Based on the results of the Man-Whitney-U-test, th
change is significant at 85% confidence level ingaild boxes where precipitation increase
due to maximal afforestation exceeds 10%. Thisidente level indicates high interannual
variability of precipitation within the investigat¢ime period.
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Figure 4. Correlation between the change of focester and the change of evapotranspiration
(dET; top left), surface temperature (dTS; bottoamyg precipitation (dP; top right) for all
grid boxes in Hungary in the period 2071-2100

The opposite climate feedbacks can be observetieindéforestation sensitivity study,
although the effects are less spectacular thaméxdimal afforestation. This is explained by
the spatial distribution of the forested area imgary, which is mostly in small fragments
rather than in larger contiguous forest blocks. fraetion of forests in the gridboxes, which
could be replaced by grasslands was consequentbil. sEvapotranspiration rate may
decrease by up to 10% and surface temperaturemegase by up to 0.5 °C in the grid boxes
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where larger forest cover decrease has taken (fégere 4. Whereas maximal afforestation
resulted in wetter conditions for almost all Hungar gridboxes, for deforestation the
opposite signal is not so cleféfrigure 4) Climate change signal of deforestation shows
weaker statistical significance than the one ofimakafforestation.

The larger the increase/decrease of the forested iar the gridbox, the stronger the
feedbacks on evapotranspiration and thereby omacitemperaturé={gure 4. Changes of
these two variables are determined primary by Igrakcesses. Precipitation formation is
influenced also by large-scale circulation therefdarcannot be directly correlated with the
local forest cover change.

3.2 Climatic effects of potential afforestation

For the time period 2021-2025 the climatic influeraf the proposed afforestation program
has been analyzed for Hungary, comparing the esdithe emission scenario simulations
with and without forest cover change.

Regarding to the proposed afforestation programréfegively small increase of forest
cover (7%) led to significantly smaller changes & land surface parameters than the
maximal afforestation scenario (not shown). In tmwestigated time period, these
modifications of the physical properties of thedasurface have no clear effects on the
average summer climate.

The largest potential forest cover increase (13%@roposed for the northeastern region
of Hungary(Figure 3). This region has been selected and studied modetail. Due to the
higher leaf area index and roughness length ofddecis stands relative to agricultural crops,
local increase of transpiration rate (2.5%) hasltecteqFigure 5). Summer precipitation
does not change significantly due to the propodtmtestation, whereas its amount would
increase by 5% in the analysed region assumingmaafforestatiorfFigure 5) In the latter
case transpiration would be 12% higher than wiéhuhchanged forest cover.
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Figure 5. Effect of potential and maximal afforesta on transpiration (dTr; left) and
precipitation (dP; right) for the period 2021-2025

Summing it up, the proposed afforestation, disgkesgoss the country would not alter
the climate on a regional scale, although its ¢ffea the local climate might be favourable.
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3.3 Climate change driven by emission change and mienal afforestation

First, climate change without any land cover chahge been analyzed for temperature and
precipitation in the 30-year period at the endhaf 21st century (2071-2100) with reference
to the 30-year climate period in the 20th centi§6(1-1990). The simulation results indicate
that the southwestern part of Hungary is affectedtnby warming and drying (Galos et al.
2011). Here, the projected increase of the temperahay be larger than 3.5 °C (not shown)
and the decrease of the summer precipitation suynexeeed 25%Figure 6).

Second, the region has been determined, where rabxfforestation has the largest
effect on precipitation in the period 2071-2160gure 6 shows that the increase of the
summer precipitation sum due to maximal afforestats the largest in the northeastern part
of the country, which does not correspond to tlea avith the largest amount of afforestation.
Possible reasons for it can be the more humidar mountains and the easier precipitation
formation due to the orographic uplift as well &g ttharacteristic large scale circulation
patterns in summer.
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Figure 6. Change of summer precipitation (dP) duelimate change
(2071-2100 vs. 1961-1990; left) and modulated byime afforestation (2071-2100; right).
The two regions selected for detailed analysestf8@st and Northeast Hungary) are marked

These results were the motivation to study theiapdifferences of the possible climate
change mitigating effects of forest cover for theumtry mean (Hungary) and for the
following three regions:

* Southwest Hungary (SWH): the region most affected/éwrming and dryingHigure 6),

» Southeast Hungary (SEH): the region with the ldangpesease of forest coveFigure 2,

* Northeast Hungary (NEH): the area in which the jméstion increasing effect of

maximal afforestation is simulated to be the largemgure 6).

Figure 7 clearly shows that in all three regions and foroleghHungary the projected
decrease of precipitation caused by emission chaagée reduced by the increase of forest
cover. The magnitude of the feedback of maximadratation on precipitation differs among
regions. In the area most affected by climate chaf@WVH), precipitation increase due to
maximal afforestation is relatively small. In Soedist Hungary, the significant decrease of
summer precipitation can be weakened through ttre&se of the forested area. In the partly
mountainous region of Northeast Hungary, the ptegdendency of drying is the mildest,
where the simulated increase of the summer pratipit sum due to maximal afforestation is
the largest (9%). Here, more than half of the mtey@ climate change signal for precipitation
could be relieved with enhanced forest caegure 7).

Acta Silv. Lign. Hung. 7, 2011



Effects of simulated forest cover change on prepkctimate change 57

dP %)
30

Humgay | | SwH | | SEH | | NEH

20
o}
10 - 6

Lo'8 ]

0] T

-10

1

el -18 e
By e : =

-30 A ereck =1

& Clumate change driven by emission change 2071-2100 vs. 1961-1990
B Clhimate change driven by maximal afforestation 2071-2100

Climate change driven by emission change + maximal afforestation 2071-2100 vs, 1961-1990

Figure 7. Change of the summer precipitation sum)(driven by emission change
(2071-2100 vs. 1961-1990), by maximal afforest§#i06r1-2100) and by emission change
+ maximal afforestation in whole Hungary and in tiveee investigated regions
(SWH: Southwest Hungary, SEH: Southeast Hungiiti: Northeast Hungary)
Adapted from Galos et al. 2011

For the end of the 21st century the significantrelese of the mean summer precipitation
sums result in more frequent dry summers compaveithe second half of the 20th century
(Table 2).The influence of maximal afforestation on the @ase of the probability and severity
of droughts has been studied for the selectednegithe spatial differences in the effect of the
maximal afforestation are observable also for dntgiglable 3. For country mean and for
Southwest Hungary, the enlarged forest area hasstlno effect on the increase of drought
probability (Table 3. In Southeast Hungary the total number of dryreens would be reduced
by the increase of the forest cover. The largdstisf of maximal afforestation would be expected
in Northeast Hungary. Here, the increase of the taimber of droughts would be reduced by 4
(Table 3 that corresponds to the number of the moderatagtits. The probability of the severe
droughts above 40% precipitation decrease wouldaatiminished in this region. Thus, the
simulations indicate that afforestation may infloermoderate droughts but cannot eliminate
severe droughts.

Table 2. Number of droughts in Hungary, Southwestgdry (SWH) Southeast Hungary (SEH)
and Northeast Hungary (NEH) in the period 1961-1866 projected changes due
to climate change and maximal afforestation. dRatiee precipitation decrease

Number of dr Change of the number of dry summers
. y 2071-2100 vs. 1961-1990
Region summers —— —
due to emission  due to emission change
1961-1990 : .
change + maximal afforestation
Hungary 12 +6 +5
SWH Totilrglljjgrr;]tgser of 13 +8 +7
SEH 0 11 +11 +8
—— (15% < dP) 3 +10 6
NEH 15% < dP< 25% 3 +2 +2
25% < dP< 40% 4 +5 +1
40% < dP 1 +3 +3
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4 CONCLUSIONS

A case study has been carried out for Hungary westigate the chances for mitigating
climate change effects through afforestation. Apthe regional climate model REMO, the
theoretical option of maximal afforestation resdlten an increase of evapotranspiration
(10-15%) and precipitation (up to 10-15%) as weliraa decrease of surface temperature
(up to 1 °C). The cooler and moister conditionsldauitigate the projected climate change
for the entire summer period. The mitigating effdifters among regions. It is simulated to
be the largest in the Northeast (where 50% of thgepted precipitation decrease could be set
off), whereas it is the smallest in the southwesteigion. In Northeast Hungary, projected
increase of the total number of summer droughtddvbe significantly reduced (from 10 to 6).
Climatic effects of deforestation are weaker, l&igwificant and have the opposite sign than
those of maximal afforestation.

The results have to be interpreted in the contéxhe initial conditions of the studied
region, situated in a drought-threatened, ecoldlgivalnerable part of the closed forest zone
at the xeric limits. Projected forest cover andcefrcomposition shifts triggered by climate
change, i.e. the expected reduction of the foreated and mass mortality in the drought
threatened areas (Berki et al. 2009; Matyas 2(dl0; Czucz et al. 2011) and changes from
coniferous to deciduous species, have not been fake account in the simulations, so far.

The climatic benefits of the investigated potentdiiorestation dispersed across the
country (7% increase in country mean) are surggigimegligible. The survey shows that
climatic conditions cannot be influenced meaningflly potential afforestation on regional
scale. Although even practically unrealistic inaesa of forest cover could not offset the
projected climate change, the ecologic significamicimdicated effects of land cover changes
should not be underestimated. Certain servicesl@cal scale benefits of forest cover are
highly valued even though their mitigating effestpresently not represented in atmospheric
regional climate models.

For Hungary, results of these analyses representif$t regional scale assessment of
the climatic role of forests for long future timeerppds and their role in adapting to
climate change. Analyses of the spatial differengeghe climate change mitigating
effects of afforestations can help to identify #reas, where forest cover increase is the
most beneficial and should be primarily supportedréduce the projected tendency of
drying. Based on the deforestation scenario, aertegions can be identified, where
decrease of forested area enhances the climateggehsignal. Here, the existing forests
should be maintained to avoid the additional wagnamd drying of the region. Results
concerning the climatic feedbacks of forest coveange and its spatial distribution for
the 21st century should be an important basis @fukture forest policy. Study results may
also improve the public awareness of ecologicalises of forest cover and its role in
adapting to climate change.
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