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Abstract

Forest-climate interactions have been investighdedHungary in the 21st century, applying
the regional climate model REMO. The projected &y of temperature and precipitation
means and the probability and severity of drouglatgee been analysed for summer, based on
the results of IPCC-SRE®mission scenario simulations (B1, A1B, A2). Aue ssessment
of the biogeophysical feedbacks of forest covengkaon the regional climate, REMO was
driven by three different land cover change scesarit the end of the 21st century (2071-
2100), effects of maximal afforestation (forestemwall vegetated area) and deforestation
(forests replaced by grasslands) have been inatstigfor Hungary. For 2021-2025, the
climatic influence of the potential afforestatiamgy has been studied.

Based on the simulation results, under enhancethtdi change (2051-2100), the probability
and severity of droughts can be significantly higtte consecutive dry periods may last
longer than in the second half of the 20th centlihe simulated increase of the probability of
extreme dry summers is largest in the southwestob&tungary.

For the 21st century, maximal afforestation weakitvesprojected climate change signal by
increasing evapotranspiration and precipitation dedreasing surface temperature over the
whole country, for the whole summer period. Thisnelte change weakening effect differs
among regions. It is simulated to be the largesthe)r northeastern area (here, 50% of the
projected precipitation decrease can be reliewatigreas the smallest in the southwestern
part of the country. The potential afforestatiors lzavery slight feedback on the regional
climate compared to the maximal afforestation sgena

How experiences from local-scale measurements amtbling of interception can contribute
to a more detailed representation of forest-reldtgdrological processes in the regional
climate model needs further investigations.

Kivonat

A disszertacio aszalyos nyarak valosizégének es székegesseégének varhaté alakulasat,
valamint az erétertilet-valtozas lehetséges klimamaodosité hatdsdize a REMO regionalis
klimamodell segitségével. A 21. szazadi éghajlszonyok becsléséhez kiuléno#PCC-
SRES kibocsatéasi forgatékonyveken (B1, A1B, A2) alapumhddellfuttatasok eredményeit
hasonlitja dssze. A magyarorszagi &rklimatikus értéekét harom felszinboritas-valtozasi
forgatékonyvre szamszesiti. A 2071-2100-as itibzakra vizsgalja, hogy a feltételezett
maximalis erdtelepitéssel (minden ndévényzettel boritott felsemds), valamint a hazai
erdbterliletek gyeppel torténhelyettesitésével milyen irdnyban és mértékbealyisolhatdk
az ebrevetitett lbmérséklet- és csapadéktendenciak. A 2021-2025-édédpsra a rossz
adottsdgu és gyenge migedi szantok helyére tervezett ékdregionalis Iépték éghajlati
hatasait elemzi.

A modellszimulaciék eredményei alapjan 21. szazadadik felében mindharom kibocsatasi
forgatokonyv esetén szignifikhnsan mélget a szaraz nyarak gyakorisaga, sw#gessége,
akar minden masodik nyar aszalyos lehet. Az Osggéfiszaraz periédusok hosszabba
valhatnak, mint a 20. szazad masodik felében. Aegesb-szarazodd tendencia az orszag
délnyugati részén a legnagyobb.

! Intergovernmental Panel on Climate Change - SpBeiport on Emissions Scenarios



Az erdbtertlet valtozas, amennyiben nagy kiterjdgéssszefligg tertleteket érint, hatassal
van a regiondlis klimara. A 21. szazad végén maismérditelepitéssel az ételjes
szarazodd tendencia az orszag egeész terUleténtégdean enyhithét Az erddteriletek
ndvekedésével a nyari hbnapban az evapotranspiéaca csapadékmennyiség noévekszik, a
felszinfbmérséklet csokken, melynek nagysaga régionkénréeli®@ REMO regionalis
klimamodell eredményei alapjan a legnagyobb hatasrszag északkeleti részén varhato,
ahol maximalis erételepitéssel a klimavaltozassal jar0 csapadekmségnasokkenés fele
kiegyenlitheb. A délnyugati orszagrészben a legkisebb aéstés csapadékndvehatisa. A
gazdasagtalan szanték helyén potencidlisan megtredts orszagos atlagban 7%-os
erdtertilet névekedésnek nincs jelénhatasa a regionalis éghajlati viszonyokra.

Az intercepcio lokalis szilit mérése és modellezése soran szerzett tapasztalatok
alkalmazhatosaganak lelisége a regiondlis klimamodell hidrologiai folyaniadi
pontosabb leirdsaban tovabbi vizsgalatokat igényel.



1. Introduction

1.1 Background and objectives

Natural vegetation is a dynamic component of tiraatie system. Not only the distribution of
vegetation is determined and limited by temperatand precipitation conditions, but also
vegetation has an effect on the biogeophysical gatgs of the land surface, which plays a
key role in determination of weather and climate.

Changes of the land cover due to climatic cond#iand human influence feed back to the
atmosphere, lead to the enhancement or reductiotheoforiginal climate change signal.
Forests, due to their larger leaf area and roughiewgth, lower albedo and deeper roots
compared to other vegetated surfaces, affect tbhagxje of water, energy and momentum
with the atmosphere. These processes are very egmapld their variability is large both in
time and space. Several papers have addressedath@ng effect of boreal forests and the
cooling and moistening effect of tropical foresk$ost uncertain is the climatic effect of
temperate forests, they can cool or warm the sarf@c temperature depending on the
characteristic of the studied region. On local esc#he forest-related socio-economic and
ecosystem services are well known. But recent stutiave shown that the regional scale
effects can differ from both the local and globzdle tendencies.

Hungary has a special ecologic position on the érozdne of closed forests and forest steppe
(lower forest limit), which is especially vulnerablThe increase of drought frequency can
lead to decrease of the forest cover across tigi®me This phenomenon is not typical in
humid areas of the world.
In the last century, afforestation is started wwéase and it is planned to continue also in the
near future. Climatic effects of the possible rdatucor the proposed increase of forest cover
in Hungary for longer future time periods are stiitknown. Information about the forest-
climate interaction is essential not only for thistainment of the ecological services of forest
and for the assessment of their climate protecgfigcts, but also for the development of
adaptation strategies in the next decades.
Therefore this study investigates the biogeophy$sambacks of forest cover change

* on the regional climate,

* in the temperate zone, in a relative small regidmngary),

» for the future (21st century).

To study forest-climate interactions for long tiperiods and to get information about climate
change and tendency of climatic extremes, regiolraate modelling is essential due to the
relatively coarse resolution of recent generalutatton models. For the simulation of the
climatic feedbacks of forest cover change, forekited processes of the investigated region
have to be represented realistically in the climatedel. This study is focusing on
interception. To understand the processes of igpti@n in a forest ecosystem more in detalil,
local scale measurements and modelling are eskenltia aim is to point out the basic
meteorological and stand characteristics connetcteaterception, which should be included
also in a regional climate model for more detaded appropriate representation of the effect
of forests on the water and energy balance onhiomzontal resolution.



To analyse future climatic conditions and forestelte interactions during summer month
(May, June, July, August) in Hungary, research tijoles of the dissertation are ordered into
four groups:

* Climate change and drought trends

* Feedback of forest cover change on the regionalaté

» Climate change altering effect of afforestation

* Measuring and modelling of interception on locallsc

1.2 Structure of the dissertation

The dissertation is organised as follows:

After the introduction Chapter 3, an overview on the recent climate change studigsven

in Chapter 2 with special focus on Europe and Hungary. Thigptér also addresses the
effects of droughts on the forest ecosystems amdbdisic properties of forests, through which
they affect climate, with special attention on tbke of interception in the hydrologic cycle. It
is followed by an overview on the climatic feedbadkland-use change for different scales
and regions and the theoretical background of regiolimate modelling. Afterwards, based
on the recent researches introduce@lapter 2 the relevance of this work is explained.

The research questions are describe@Ghapter 3 Regarding the aim of the present study, a
more detailed introduction is given for the modelata and methods applie@Hapter 3. In
Chapter 5results of the regional and local scale simulatiare presented and summarised.
Results are discussed, conclusions are drawn anplo$sibilities for the practical application
are stressed i@hapter 6 Finally, suggestions are given for the improvetrathe methods
and further research needs are pointed ©bapter §. In Chapter 8 theses of the dissertation
are presented.



2. Climate change and forest-climate interactions

2.1 Climate change in Europe and in Hungary

Global climate simulations show the increase of tjlebal average air temperature,
widespread changes of precipitation, the meltinglatiers and ice caps and the rise of the
mean sea level for the 21st century (IPCC 2007 €lmate projections are results of
climate model simulations driven by predefined gremise gas emission scenarios (IPCC
2001), which are introduced in detail Annexl. The difference between the simulated
climatic conditions for the future and for the mrestime period is thelimate change signal
The climate change signal on regional scale isihfit from the global means. Numerous
international research projects and scientific papedress climate change and its impacts on
different spatial and temporal scales and secfest. 2.1.1gives an overview of the future
tendencies of temperature and precipitation meadseatremes for Europe, whifect 2.1.2
focuses on the expected changes in Hungary. In ketttions, temporal and spatial
distributions and differences are also discussed.

2.1.1 Regional scale climate tendencies for Europe

Temperature and precipitation mean3here are several recent EU-projéatarried out in
the last decade, to predict climate change anighipgcts in Europe for the 21st century. For
the period 2021-2050 all regional climate modelsdprt a quite robust (i.e. above the noise
generated by the internal model variability and ststent across multiple climate models)
surface warming in Central and Eastern Europe.afimeial precipitation shows an increase in
the Northeast and decrease in the Southwest reghmsind a neutral zone (Hungary,
Rumania) precipitation changes are quite small.

At the end of the 21st century, a warming is expe&ch all seasons over Europe, which is
stronger than in the first half of the 21st centukll models agree that the largest warming
for summer is projected to occur in the Meditereaneegion, Southern France and over the
Iberian Peninsula. Less warming is projected ovean8inavia. For winter the maximum
warming occurs in Eastern Eurofgi¢rgi et al. 2004Christensen and Christens007).

For precipitation, the largest increase is prediare winter, whereas the decrease is the
strongest in summer. Changes in the intermediadsoss (spring and autumn) are less
pronouncedResults of the regional model simulations show @hasouth gradient of annual
precipitation changes over Europe, with positivargdes in the north (especially in winter)
and negative changes in the south (especially theeMediterranean area in summer). The
line of zero change moves with the seasons. Tarssition zone can be characterised by the
largest spread between modélhi(istensen and Christens@007).

Spatial distribution of the projected temperaturd precipitation changes in summer refers to
a marked shift towards a warmer and drier climateSouthern and Central Europédale et

al. 2007).

2 http://ensembles-eu.metoffice.com/, http://prudedmi.dk/, http://www.clavier-eu.org, http://wwwaika-
eu.org
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Temperature and precipitation extreme®n the example of the temperatures the three basic
cases of the changes of climatic means and extrdoee$o climate change are the following
(IPCC 2001):

Increase in mean Increase in variance
@ [
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[ @ H
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Figure 1. Schematic illustration of the effect on extrenmageratures when (a) the mean temperature
increases, (b) the variance increases, and (c) wwh the mean and variance increase for a normal
distribution of temperature (IPCC 2001, WG |. F&y32)

a) Increase in the mean temperatiigufe 13: warming occurs without changes in the
temperature variability. The range between thedsbtind coldest temperatures i.e. the
shape of the probability density function remains same, which refer to more hot
and less cold extremes.

b) Increase in the variance of temperatdigu(e 10: the mean temperature remains the
same but its variability increases, which leadsitwe cold and more hot extremes.

c) Increase in the mean and variance of temperffigtee 19: warming occurs together
with increased probability of hot extremes and rséang or decreased probability of
cold extremes. The distribution function is widerdaflatter and is shifted in the
direction of higher temperatures.

Recent results from enhanced greenhouse-gas seemaer Europe suggest that during the
summer season the third cafigure 19 might be valid. It means that not only the cliroat
means are changing, but there is also an increaeinter-annual variabilityof the future
temperature and precipitation values, whiehds to higher probability of extremes compared
to the present-day conditionSdhéret al 2004 Giorgi et al. 2004 Seneviratnest al. 2006,
Kjellstrom et al. 2007Vidale et al. 2007. In the frame of the STARDEX projécnumerous
indices were defined to analyse the tendency opé&sature and precipitation extremes for
Europe. The STARDEX scenarios indicate increases#dses in the frequency and intensity
of hot/cold extremes, together with more spatiahd seasonally variable changes in the
occurrence of rainfall extremes. The increase mraar temperature variability projected for
Central and Eastern Europe is influenced by bathsthil-moisture—temperature feedback and
theatmospheric circulatio(Geneviratnest al. 2006).

3 http://www.cru.uea.ac.uk/projects/stardex/repofs8SDEX_FINAL_REPORT.pdf
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The considerable enhancement of inter-annual viityabf the European summer climate as
well as the changes of the hydrologicgtle are often associated with higher risks of heat
waves and extension of the length of dry spdfist 2071-2100 frequency, intensity and
duration of heat waves are expected to increase Bwmpe. Especially the Mediterranean
region might be affected by earlier and longer dras Benistonet al. 2007). In contrast, for
parts of Scandinavia a reduction in length of summdeoughts is projectedThe
intensification of the regional hydrological cyatan lead to shorter return times of heavy
precipitation events (e.gchristensen and Christens&903, Pal et al. 2004, Semmler and
Jacob 2004). For summerthe number of days with intense precipitation isyvikely to
increasein the north-easteruropean regions, which can result in severe fleptsodes
despite of the reduction the summer mean predpitath the main part of the continent
(Christensen andChristensen2003, Benistonet al. 2007).The Central-Mediterranean and
Central-Western Europe seem to be especially vaiherto increases in both summer
drought and floodKal et al. 2004).

2.1.2 Projected climate change for Hungary

Temperature and precipitation mean®ased on the results of the CLAVIER profedhe
projected increase of annual mean temperature ngély can be approximately 1.4°C for the
period of 2021-2050 relative to 1961-19%8¥¢épsz6 and Horan2D08). For the precipitation,
the country is situated around a neutral zone saded by increasing precipitation in the
Northeast and decreasing precipitation in the Seesh So the predicted changes of the
annual precipitation are quite weak in this regi®he spatial distribution of precipitation
change shows that the reduction of the summergitaton sum is the largest in the southern
part of the country§zépszé and Horang2008).

For the end of the 21st century, all participatiagional climate models of the PRUDENCE
project show a quite robust surface warmirgh(istensen2005, Mika 2007).The largest
temperature increase is expected in summer (4%:5flgure 2), whereas the smallest
warming is predicted for spring, compared to 19694l Bartholy et al. 2007). Climate
change signal for temperature is largest in théhgwo and eastern areas. On daily time scale,
both maximum and minimum temperatures can be highesummer the projected increase
of daily maximum temperatures is larger than themuag of the daily minimums, which
refers to larger daily temperature amplitudgar¢holy et al. 2007).

= AP [
] _. T
20 : ! : ! : ! ! - 0 +40 +80

Figure 2. Changes of the summer temperature mean (T; left)pagcipitation sum (P; right)
2071-2100 vs. 1961-1990, A2 IPCC-SRES emissiomscdgAnnex |; Bartholy et al. 2007)

* http://www.clavier-eu.org
® http://prudence.dmi.dk

12



The annual precipitation sum is not expected tonghasignificantly, whereas its distribution
is affected by climate change. Summer was the stetieason in the 20th century but it
becomes the driest in case of A2 scenafiongx ) and the driest winter tends to be the
wettest (based on the results of the CLAVIER pripjdus tendency is also typical for the
near future). In summer, the projected precimtatiecrease is 24-33% for the ARy(re 2)
and 10-20% for the B2 scenaridnhex ). In winter, the expected precipitation increas23-
37% (A2) and 20-27% (B2). A slight precipitationciease in spring and a decrease in
autumn are also expectelaftholy et al. 2007). Depending on the season, magnitudieeof
climate change signals differ among regions. Inthveest-Hungary drying of summers is the
smallest while winter precipitation increase is ldngest.

Temperature and precipitation extremes$or the 20th century several climate extreme
indices have been analysed and compared for Hurigeagd on the guidelines suggested by
the joint WMO-CCI/CLIVAR Working Group on climatehange detectionBartholy and
Pongracz2007). Similarly to the global and continental ttenKlein Tank and Kdnnen
2003), for Central/Eastern Europe, strong increptndencies have been detected in case of
the annual numbers of hot days, summer days, was, dvarm nights, and the heat wave
duration index in the second half of the 20th centEurthermore, intensity and frequency of
extreme precipitation have increased, while thaltprecipitation amount has decreased
(Bartholy and Pongrac2007).

For 2021-2050, all simulation results of the CLAYRIproject agree on increasing numbers of
tropical nights and decreasing numbers of frossd@je projected changes of the maximum
number of consecutive dry days show a relativelyaclannual cycle with decreasing
maximum lengths of dry periods for winter and irmsi@g maximum lengths of dry periods
for spring, summer, and partly also for autumn.

For 2071-2100, this tendency is projected to camtirunder enhanced greenhouse gas
concentrations. The frequencies of warm extremeslfeat waves, hot periods, hot days) are
expected to increase and the probability of coltteemes (i.e. frost days, cold days) is
projected to decrease compared to 1961-1990. Thibewuof days with precipitation could
slightly decrease in Hungary, whereas days withvygaecipitation are expected to occur
more often $z€épsz@008).

For summer, the strong warming and drying can teathe increased probability of severe
droughts Mika 1988, 2007 Bartholy et al. 2007). The larger amount of precipitation i
March and April can result in high water level imetmain rivers Radvanszky and Jacob
2009). In the frame of the EU project CLAVIER, piis ecological and economical impacts
of climate change have been evaluated more inld&te clear impacts of climate change on
water management, extreme events, natural ecosystenman health and infrastructure
underline the importance of the analyses of regisocale climate projections for the affected
regions and sectors.

13



2.2 Droughts and their effects on the forest ecoggsns in Hungary

2.2.1 Definition and characteristics of droughtsralight indices

Droughts are very complex natural disasters, mamarpeters are responsible for their
occurrence (e.g. atmospheric circulation, predipitea temperature, humidity, soil moisture).
Contrary to other extreme meteorological evento(f| tornado, hurricane, hailstorm, frost),
droughts are the most slowly developing ones, hlagdongest duration and the affected area
is the largest. Beginning, end, probability ancemsity of droughts are the least predictable
among the atmospheric hazard&lfai 1994, Bussayet al. 1999,Janké Szégt al. 2005,
Dunkel2009).

There is no general definition for droughts, it igardepending on the climate, soil and
vegetation conditions of the region. Commonly usaefinitions are meteorological,
agricultural, hydrological and socio-economWilhite and GlantZ1985,Bussayet al.1999).

All these approaches seem to agree that droughtsaaised by the precipitation deficit during
a long time periodFigure 3summarises the sequence of the most importanegses related
to droughts.

Precipitation High temperature
deficiency l
Meteerological Saturation deficit
drought
Increased
evapotranspiration

NE l ) Plant water stress
Agricultuyal Soil moisture ¥
drougit deficiency l

Reduced productivity,
mortality

¥
Hydrological™, |Depletion of surface- and
drought eroundwater reservoirs

Figure 3. Sequence of droughts (modified after NCWIC

Meteorological droughtsdevelop, if the precipitation deficiency is largelative to the long
term mean of the analysed region. Other climatitoi@ such as high temperature, high wind
and low relative humidity can significantly increaseverity. Definitions of meteorological
drought are region specific since the atmosphesitditions that result in deficiencies of
precipitation are highly variable among regions.

Agricultural droughts occurif precipitation shortage causes soil moistureaitsti Available
soil moisture can be also reduced by the increasagdotranspiration due to higher saturation
deficit of air, which is induced by the higher teengture Figure 3. The high potential
evapotranspiration rate and/or the lack of avadladbil moisture leads to water stress of
plants, reduced photosynthetic activity and cropdpction, or in extreme cases to mortality

® http://www.drought.unl.edu/
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(Szasz1988, Vig 2002, Bréda et al. 2006). For forests, available precipitatiamd soil
moisture are the most important factor in the gngvseason. In the absence of winter
precipitation, the soil does not fill up with watevhich can induce earlier and much more
severe summer droughtgig 2002).

Hydrological droughtsare associated with the effects of precipitatioficcency on surface
or subsurface water supply. They usually occurr lthan meteorological and agricultural
droughts since it takes longer for precipitatioficiencies to show up in components of the
hydrological system such as soil moisture, stremmfland ground water and reservoir
levels. Although climate is a primary contributor to hgthrgical droughts, physical soil
properties or changes in land use (e.g. deforesdatian affect their frequency and severity
via altering the infiltration and runoff rates.

Characteristics of droughts.Droughts can be characterised by frequency, durasind
severity. Frequency gives information about the bemof occurrences in the investigated
time period. The longer duration increases the otgaf droughts. Severity can be described
by the magnitude of the precipitation and soil mois deficits as well as of the
environmental impacts. The most severe droughtsldpyif large precipitation deficit occurs
together with extremely high temperatures.

Drought as abiotic stressThe increased probability and severity of climatixtremes
through climate change as well as the abrupt clsaofjhe meteorological parameters lead to
stress in vegetation. Changes of the extremesettgmlthe adaptability much more than the
slow changes of the climatic means. Therefore tlegs®mes are important limiting factors
of the vegetation distribution. Response to watkss depends on the severity and duration
of droughts as well as on the resilience, the agapind reproductive capacity of the plant
species I(ang 2002). Severe drought as abiotic stress can leddrther biotic and abiotic
damages, which will be discussedSact. 2.2.2nore in detail.

Drought indices

Severity and spatial extent of droughts can be stigated using several indices and
functions, analysing satellite images or calcutatine hydrologic water balance. Numerous
studies deal with the review, characterization akdgsification of the drought indices (e.qg.
Tuhkanerl980,Bussayet al. 1999Maracchi2000,Dunkel2009). They are classified mostly

based on their complexity or input parametethe precipitation, temperature,

evapotranspiration and soil moisture conditionsnivlaf them are suitable only in special
circumstances or for special plant species. Thezdfte application of these indices for other
regions or species as well as the spatial compad&the results are limited.

In this section an overview about indices is giweith focus on the commonly used ones in
the agricultural and forestry sectors and which el referred to in the later investigations.

Indices of precipitation anomalies provide inforraatabout the meteorological drought by
calculation of the deviation from a normal pre@gin value. These are the simplest drought
indices that need only precipitation as input patem Therelative precipitation anomaly
index, which will be also used in the present waltkws the spatial and temporal comparison
of droughts.

" http://www.drought.unl.edu/
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It can be calculated as

P-P,
—*100 1
. (1)

whereP [mm] is the precipitation sum in the investigatede period andP [mm] is the long
termclimatic mean of precipitation.

The Standardized Precipitation IndefSPI; McKeeet al. 1993) was the first index, which
could be applied to quantify the precipitation deffor multiple time scales. SPI is well
suitable for analysis of the duration and sevewoityagricultural and hydrological droughts
over EuropeBussayet al. 1999Szalai and SzineR000,LlIoyd-Hughes and Saunde2602),
since it shows a strong correlation with the disghand the groundwater level.

The other very commonly used and accepted indethasPalmer drought severity index
(PDSI Palmer 1965). It considers monthly precipitation, evapospiration, and soil
moisture conditions to measure the departure ofntbésture supply. Using the PDSI, the
comparisons of soil moisture content and seveffityroughts between months and between
regions with different climate are possiblzugkel2009).

The Palfai Drought Index:PAIl (Pélfai et al. 1999) is suitable under Hungarian climate
conditions to characterize the severity of drougtitdditionally to the precipitation and
temperature conditions, the ground water levebissidered.

Aridity indices describe the relation of the energy and water bisdJéney are used to

characterize agricultural and hydrological drougdntsl the climatic limits of the distribution

of the ecosystems. The simplest indices give infdion about the aridity (or humidity) of the
region or time period determining the ratio of firecipitation to potential evapotranspiration
(Varga-Haszonit4987).

Index based on remotely sensed parameterpractice, the normalized difference vegetation
index (NDVI) is often used as drought index sintess induced by water shortage results in
altered spectral reflectance of vegetatidfilljite and Glant2985).

The commonly used drought indices are not suffictenrepresent drought conditions for
forests, because drought sensitivity and toleramfcéhese ecosystems are different from
agricultural plants. For application in the forgstiforestry aridity indices have been
developed considering temperature and precipitatierghted for the month, in which these
climatic conditions are especially important foe throwth and production. In most of these
indices soil moisture content is also taken intooaat.

The Ellenberg-indeXEQ; Ellenberg1988) is commonly applied to model the distributain
zonal tree species (e.g. beeflagus sylvatical.; hornbeamCarpinus betulud..; sessile
oak, Quercus petraed..) over Europe $tandovar and Kereke2003, Jensenet al. 2004,
Franke and Kdstne007,Czlczet al. 2010). It can be calculated based on thaan
precipitation sumHF,,n[mm]) and the temperature mean in July,([°C]) as

EQ=14+1000 )

ann

To describe the drought tolerance limit of beechlimgary, @eech tolerance indg¥’lg) has
been developedBerki et al. 2007). Considering the weighted precipitatisum and
temperature mean for summer, the index corresptantige special climatic needs of this tree
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species. Under a critical threshold value, droughtls to mortality of beechllg can be
determined as

0’2* PIII. + 0’5* PIV. + PV. + I:)VI. + Pvn. + 0’8* PVIII.
(TVI. +TVII. +TVIII.)/3

Tl, = (3)

where P [mm] is the precipitation sum and T [°Clthe temperature mean for the certain
months. Tlg is also suitable to investigate the changes otlbeadistribution due to the
increased drought probability projected for thaufat

Contrary to theTlg, the forestry drought indeXFAI; Fuhrer and Jar6(2000) is primary
designed to simulate the effect of drought on tte@pction. It can be applied also for other
zonal tree species. TIkAl be calculated as

FAl = TVII VI * 100 (4)

R/—vu. + VIV,

where P [mm] is the precipitation sum and T [°C]tle temperature mean for the
corresponding months. Physiological water strestiast-hydrology models is commonly
described by theatio of the actual and potential transpirati¢tederer et al. 2003 Zierl
2007).

2.2.2 Drought vulnerability of the xeric forest lirh

The xeric limit concept

For all zonal tree species the lower limits of lsttion are ecologically very important. This
limit is called xeric forest limit, which may be fiteed as “low altitude and low latitude limits
of species distribution areas along a moisturerica@laradient” atyaset al. 2009 Matyas
2010). It extends along the forest steppe and vemadlecotones of the Mediterranean,
Southeast Europe, South Siberia and North America.

Whereas the upper forest limit is determined bytdraperature conditions (called thermal
limit), on the lower margin, presence of forestsprgmary limited by the climatic aridity
(Matyas 2009). Here, extent of the climatically suitablea of the certain tree species is
determined by the frequency, severity and duratibdroughts rather than by the climatic
means. Small increase of the frequency of extrarapdead to drastic effects (growth decline
or mortality of forests) in these regiord4tyaset al. 2008). Therefore the study of long-term
tendencies of droughts at the xeric limit becomesnemore important with the projected
climate change.

Hungary has special climatic conditions regardioige$t vegetation zonation. Here, many of
the zonal tree species have their lower limit gtrdbution, which are especially sensitive and
vulnerable to the consecutive and severe dry pgriod

Drought trends in Hungary in the 20th century atsddgffects on the xeric limit

Droughts are a recurrent feature in Hungary’'s dem@&zinellet al. 1998). Due to the high
annual variability of precipitation the relativetiry and warm weather events have a very
high probability in this country.
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Similar to global and continental trends, annuahmeemperatures became higher during the
second half of the 20th century, in particular, mwems were warmer in the last 15 years
(1990-2004) compared to the climate period 1961018§ure 4). Precipitation decreased in
the last century, the strongest negative trend appein spring $zalaiet al. 2005). The
number of days with precipitation of more than lrdetreased, whereas the intensity of
precipitation events increased, leading to sevesaghts and floodsBartholy and Pongracz
2007).

At the end of the 20th century a significant ine@& drought frequency has been observed.
Between 1983 and 1994, a continuous, extraordinahily period with severe droughts
occurred in the Carpathian Basifig(ire 4. Based on the Palfai Drought IndeRA() the
Great Plane was the most affected regiBalf@i 1994). ThePDSI values showed also a
decrease, which refers to dryer conditions esdgarathe East Hungarian regionSzinellet

al. 1998,Bussayet al. 1999). The higher temperatures and therdoaraount of precipitation
led to decrease of the soil moisture contdanko Széet al. 2009Vlakra et al. 2002). This
tendency seemed to continue in the first yearb@Ptlst century. Impacts of droughts depend
also on the sensitivity and vulnerability of théeated systenBella et al. (2005) developed a
method to define the drought vulnerability on regib scale, which consider the
meteorological, hydrological, relief and soil propes of a certain area. Due to the
unfavourable soil conditions over the Great Plaoeind water and drought occur often in the
same year.

T [°C]
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Figure 4. Average temperature (dT; top) and precipitatidi®;( bottom) anomalies
for summer 1900-2000 relative to the mean of 1980 after Szalai et al. 2005)

Observed impacts of droughts on forests

Several studies are dealing with the drought-rdlédeest damages and mortality throughout
the world (e.gBredaet al. 2006 McDowel et al. 2009 Allen 2009). Droughts have been
showed to have a major influence on the health ibond of zonal tree species in Hungary.
Recurrent droughts at the end of the 20th centesylted in loss of vitalityMatyaset al.
2007,Berkiet al. 2009), and triggered the severe insect eaks and the appearance of pests
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and pathogens in the beech and oak stands atrést/&teppe limitG@soka2007,Molnar and
Lakatos2007). Also the drought damages of forests redolte the National State Forest
Service are very high in this time peridaj@re 5.
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Figure 5. Reported drought damages in hectares 1961-200&¢8oNational State Forest Service)

In the southwestern regions of Hungary, after tkieeene dry periods 1992-1994 and 2000-
2004, an increasing decline of beech forests has bbservedBerki et al. 2007)Figure 6
visualises that decrease of the climatically faable area for beech is the largest in this area
relative to the beginning of the 20th century. dincbe related to the decreasing trend of
summer precipitation during the last century, whishstronger, than in other part of the
country Szalaiet al. 2005).

— 1901 - 1930
1975 - 2004

Figure 6. Change of climatically favourable area for beéprepared by Rasztovits and Mdricz)

Projected impacts of droughts on forests for thart

Climatic sensibility and shift of the lower fordsnit in Hungary has been investigated and
modelled first by Matyas and Czimber(2004) assuming different temperature and
precipitation scenarios. If the probability and esgty of climatic extremes increase in the
future, zonal beech may almost disappear from Hyn@erki et al. 2007Cz0czet al. 2010).
Effects are predicted to occur first at the xeinaits of the distribution causing health decline
and mortality of the tree species. Here, open warmath could potentially replace a significant
part of present-day closed foreskéatyaset al. 2008). Shifts triggered by current and ffatu
climatic changes are too fast compared to sponteneatural processebldtyaset al. 2009)
that underline the urgent need of adaptation andation strategies to help the maintenance
of these ecosystems.
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2.3 Feedback of forests on climate

2.3.1 Climatic role of forest ecosystems

Terrestrial ecosystems interact with the atmosphe@igh exchanges of energy, moisture,
momentum, mineral aerosols, carbon-dioxide andhrendtace gases. Effects of land surface
on climate, which are referred teedbacksn this work, can be divided into two categories:
biogeophysical and biogeochemical. Vegetation tdfdbe physical characteristide.g.
colour, roughness, water conductivity) of the lawdface Biogeophysical effecjs which
control the partitioning of available energy at sugface between sensible and latent heat, and
the partitioning of available water between evagudpiration, soil water and runoff. Through
biogeochemical effectsecosystems alter the biogeochemical cycles, ltigeshange the
chemical composition of the atmospheBetts2001,Bonan2002,Pitman2003,Bonan2004,
Feddemeet al. 2005). These land-atmosphere interactiansechance or weaken the climate
change signal.

This chapter is focusing on the role of land swefguarticularly forests, in the
e surface energy balance,
« surface hydrologic cycle,
e vertical turbulent exchanges.

Surface energy balance

The energy balance at the land surface can beswiais
R =@-a)*Si+(L{-L1)=H+AE+G+F 5)

R, [W m?] is the net solar radiation absorbed by the grosadace after accounting for
reflection of solar radiation and emission of r@td-wave radiation. An amount of energy
(S| [W m3]) reaches the Earth’s surface and some is reflectepending on the albedo
Long-wave radiation is also receiveld| (W m™]) and emitted I(} [W m™]) by the Earth’s
surface, depending on the temperature and emigsiwitthe land and atmospherg, is
balanced by sensible he&at W m™]), latent heatAE [W m™]), heat storageQ [W m™]) and
the chemical energyF([W m?]) stored during photosynthesis and released by etipir
(Pitman2003,Bonan2004,Bonan2008b).

Albedo(«) is defined as the fraction of incoming solar aaidin that is reflected by a surface
(Bonan 2004). The surface albedo influences the shortewadiation budget, hence the
energy availability at Earth’s surfacBgtts 2001, Bonan 2002). It strongly depends on the
wavelength of the solar radiation and on the serfaoperties. Surface albedo varies not only
spatially but also temporally with the solar anglegetation phenology and with snow and
ice cover. Albedos generally range from 0.05 tdb(dr coniferous, 0.15-0.2 for deciduous
forests and 0.16-0.26 for grasslanB&rfan2004). In the regions, where forests have lower
surface albedo (are darker) than grasslands, gwyve more incoming solar radiation, which
leads to the increase of net radiation and higheperatures of the vegetation surface. This
process, which is calledlbedo-effect is one of the basic biogeophysical feedbacks of
vegetation on climate and is typical in boreal oagi Bonan et al. 1992 Brovkin 2002,
Kleidonet al. 2007).
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Vegetation also influences the absorption of endrgythe surface via modification of the
surface albedo, thus alteration of energy partiigitetween sensible and latent heat.
Sensible heat fluxin the atmosphere is a flux of energy, which hehes surface without
evaporating a liquid from it_atent heatis the energy required to evaporate water from the
evaporating surface. When water evaporates, eng@ysorbed from the evaporating surface
without a rise in temperature, which is the latbaat of vaporisationBonan2008b). The
latent heat flux cools the surface because ofalgelamount of energy required to evaporate
water.

The sensible heat flux is directly proportional ttee temperature difference between the
surface and air, whereas the latent heat flux risctly proportional to the vapour pressure
difference between the surface and &or{fan2004). Both are dependent from the surface
roughness length and the wind speed.

The processes related to the surface energy aret batince are basically determined by the
ratio of sensible heat fluxH([W m™]) to latent heat flux AE [W m?]), which is called
Bowen-ratio(BR).

H
BR=— 6
E (6)

When the magnitude &@Ris less than one, a greater proportion of the ablElenergy at the
surface is passed to the atmosphere as latentthaat as sensible heat. In this case,
evapotranspiration is not limited by the soil watke boundary layer is cooler and moister,
which should increase instability and should leadnbre convective cloudKlgidon 2004).
The converse is true for valuesiBR greater than one.

Surface hydrologic cycle

Land-atmosphere interactions related to the enengy water cycle are linked by the
processes aévapotranspiration Evapotranspiration is a collective term for &k fprocesses,
by which water in the liquid or solid phase at @anthe earth’s land surfaces becomes
atmospheric water vapoubingman2002). It is the sum of transpiration, interceptibare
soil evaporation and evaporation from open watersaow.

Transpiration is the vaporization of water from the saturateérior surfaces of leaves to the
surrounding air via microscopic pores called st@m@tungate and Koct2003). Stomata
open and close in response to environmental factoh as light, temperature, €O
concentration and soil watetnterception and its hydrological role is introduced and
discussed more in detail iBect. 2.3.2Bare soil evaporationis the vaporization of water
directly from the mineral soil surface. It is ordysmall amount under forests because of the
litter on the groundHewlett1982).

Vegetation is basically influencing the water budtigough interception and transpiration,
which are affected by the leaf area and the roademgh of the plants.

Leaf area index(LAl) is defined as a one sided green leaf area pemgumind areaBonan
2008b). It affects the radiative transfer proceghiwthe canopy and evapotranspiration from
the plant surfacel Al varies temporally with age and phenology. Its eatliffers strongly
among plant communities. Measurementslago (1959) showed the large variability bAl
(from 2.5 to 8.4) in different Hungarian forest &gdepending on age and site conditions.
Forests have larger leaf area compared to othestategl surfaces. Larg&Al warms the
surface due to lower albedo. But larggéyl also results in larger roughness length thus ighe
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evapotranspiration rate in foresBeftset al. 1997), which influences the exchange ohbot
latent and sensible heat fluxd$e increase of the latent heat flux through traasipn is the
major contributor to the cooling of the surface.eTprocess is calledvaporative cooling
effect which is the other basic biogeophysical feedbaickorests on climate. It dominates
primarily on the tropical regions leading to cooderd moister atmospheric boundary layer
that may feed back to increased precipitation Iigcéihg the larger-scale circulatioBrovkin
2002 ,Kleidonet al. 2007).

Vertical profile of leaf area in the forest canogfyects the distribution of radiation in the
canopy. Larger leaf area increase the canopy shadinich leads to cooler air temperatures
in the stem area, decrease of net radiation atstile surface, therefore less bare soll
evaporation in summeP{tman2003,Chang2006).

Due to the higher evaporation rate, forests mayease the amount of precipitatid®hang
(2006) summarizes the arguments and counterargsmentthe possible precipitation-
increasing role of forests. It is often assumed thi@ests enhance the precipitation formation
increasing the effective height of mountains, whiehds to an increase of the orographic
precipitation. The higher transpiration rate ofefstis can lead to the increased vapour content
of the air, which promotes the condensation andipitation formation in the forested area.
The basic counterargument is that the horizontatridution of precipitation is mainly
affected by the general circulation and topographiaracteristics rather than by forests. For
the precipitation formation water vapour contenas enough@hang2006).

The amount of precipitation, which reaches the gdosurface infiltrates into the soil.
Rooting depth and the soil texture determine thewarhof water that can be stored in the
soil, which is potentially available to the vegaiatfor transpiration Kleidon and Heimann
1998). Available water holding capacity can be i as the difference between field
capacity (the amount of water after gravitationaimage) and wilting point (the amount of
water in the soil when evapotranspiration ceaBesian2004). Rooting depths have a large
variability depending on plant species soil textame soil water conditions.

Deep roots increase the water uptake and the anwfutrnspiration. It is an important
characteristic in dry spells when moisture of adivecorigin diminishes. If there is enough
moisture in the soil to continue evapotranspirgtitotal evapotranspiration can be an
important contributor to precipitation. This is ohefd as precipitation recyclin@isselink and
Dolman2009), which is a land-atmosphere feedback protesslocal evapotranspiration to
local precipitation that acts as a mechanism irtraEEurope to keep precipitation at stable
level.

Vertical turbulent exchanges

Surface roughnessffects the turbulence activity close to the gebsarface. The intensity of
the mixing is determined by the roughness of théasa and the strength of surface winds.
Taller vegetation like forests are rougher and Hawer aerodynamic resistance than shorter
vegetation. It creates more turbulence increasiegriansfer of sensible and latent heat away
from the surfaceBonan2004,Betts2007), enhance evapotranspiration, which promibtes
cloud- and precipitation formation.

Vegetation heightdetermines the thickness of the layer above themgtsurface, in which

the microclimatic effect of vegetation is sensilfs local scale it is an important parameter,
especially for forests, which can be characterisetheir own microclimate in the crown and
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stem area. The energy and matter exchange betlWweeatrhosphere and the upper crown is
often completely different than those between theel crown and the trunk space and the
soil (Foken2008). So in forests, characteristic profiles temperature, humidity and wind
can develop, which influence the atmospheric boun@ger climate. In atmospheric models,
vegetation has mostly no height but the sensitioftyhe simulation results of this value on
both global and regional scale is unknown.

2.3.2 Interception and its hydrologic role

Forests can greatly affect the hydrologic budgethat surface through the interception of
precipitation Brutsaert2005). Forest catchments generally evaporate matervhan those
covered with shorter vegetatioBqsch and Hewlett982), mainly due to the greater rainfall
interception loss from forest. The process of meption and the most important
measurement methods and interception models argiewed inMoricz et al. (2009).

Basic definitions

In the literature there are several definitions ifaerception (e.gHewlett 1982, Dingman
2002, Brutsaert 2005, Chang 2006), which are often inconsistent with each otltere,
definitions related to the process of interceptaya introduced, which are applied in this
work. Interception occurs from rain and from snol. this chapter only the rainfall
interception is introduced.

In forests, only a fraction of the precipitationackes the soil surface. The other part
evaporates from the vegetation during and after ghecipitation event, which is the
interception lossIn a forest stand interception loss is the surthefcrown interception loss
and the litter interception losBingman2002;figure 7).

Gross

precipitation Precipitation
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interception
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Canopy
interception
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Y, Throughfall
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45° F— Litter inter-
ception loss

Figure 7. Precipitation in forests (modified after Hewlett8X
In the process of interception are not only losbes also wins by condensation and

sublimation processes as vapour, dew, rime and(Badazs and Fihrel990-91,Fihrer
1994,Brutsaert2005).
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Interception loss will be referred asterceptionin this work. It can be determined as the
difference of the precipitation in the open airgalagross precipitatioh and thestand
precipitationin forest, which is the sum of throughfall, drigepipitation and stemflow.
Throughfall is the precipitation that falls directly to the ford&ior without touching the
canopy figure 7). From the vegetation, precipitation drips to giteund ¢Irip precipitation),

or flows down along stems and major branches, wisithestemflow(figure 7).

Canopy storage capacitg the amount of water left on the canopy at theé ehthe storm,
under conditions of zero evaporation. The maxin@alage capacity is reached when surface
elements are fully saturateBr(tsaert2005). It is the one of the most crucial parametieas
basically determines the potential amount of watenjch is available for evaporation.
Storage capacity ranges from 0.5 to 4 mm in neeallevergreen forests and up to 2.6 mm in
broadleaf deciduous forestdd@rmannet al. 1996). In modelling studies it is also edlkin
reservoir contentIn the simulations, precipitation falls to thdlsurface only after the skin
reservoir is filled (when the amount of precipiatiis larger than the maximal storage
capacity).

Process of interception and the determining meteogieal conditions and canopy factors

In nature, during and after the rainfall event firecesses related to interception can be
divided into the following phase#&$ton1979):

+ Wetting phaseAt the beginning of the rainfall event canopy atge starts to fill and
due to the intense evaporation the vapour confahiecair strongly increases. Nearing
to the reach of the saturation of the air, increafsthe evaporation becomes slower
and wetting of the canopy intensifies.

« Saturation phaseThe crown is fully saturated, the maximal storageacity of the
canopy is reached.

« Drying phaseAfter precipitation has ceased the canopy surfgts dry. Evaporation
is continuing depending on the meteorological ctols.

Amount of interception is influenced by the actuakather conditions and canopy
characteristics.
Meteorological conditions are
» Duration, intensity and frequency of the precipdateventIn case of a brief, intense
storm, the canopy wets once and interception istdomprimarily by the canopy
storage capacity. For a low intensity storm withder duration, the canopy stays wet
and the interception loss (limited primarily by taetual weather conditions) can be
larger Horton 1919,Zenget al. 2000). Evaporation is the largest at thgirbeng in
the wetting phase so higher frequency of the rHiefeents (higher wetting frequency)
leads to the larger amount of the stored and iaptecl precipitation. These emphasise
the role of the small precipitations with low ing#y in the total interception amount
(Kucsara 1996). Consequently, changes of the frequency iabehsity of the
precipitation events under future climate condgiomay affect the interception.
* Energy balancgradiation energy, air temperature). Warmer temfpee results in
more intense evaporation thus larger interceptitew(ett1982).
* Vapour content of the aiHigher water vapour content in the air leads ®odbcrease
of the saturation deficit therefore weakens evajpmra
* Wind. Higher wind velocity enhances evaporation, whiesuits in larger interception
rate. On the other side precipitation is shakeanfithe canopy by wind and the
amount of the drip precipitation increase®{mannet al. 1996).
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Canopy characteristics are

» Leaf area index (LAl)Larger leaf area enables larger amount of pretipi stored
on the canopy surface, which is available for evaion.

* Type of vegetationConiferous forests have larger leaf area index sk foliage
year-round, therefore intercept more precipitateomually than deciduous forests.
The difference between them can be 5-10%d 1980,Fihrer 1984,Kucsaral996).
Amount of interception also varies among tree gsecannual mean of interception
amount is 37% for spruce, 28% for beech and 25%sdgsile oak under Hungarian
conditions Euhrer 1994). The smaller interception of beech can bdagxgd by its
smaller storage capacity and larger stemflow coetb&r spruce.

» Canopy density and closuréhe denser the foliage the greater amount of waterbe
stored.

» Age and vitality of the canop¥he older canopies have larger leaf area butlatger
crown closure, which leads to smaller throughfalles Balazs and Fiihrerl990-
1991)

» Bark characteristicsSmooth barks have greater stemflow than rough W#idwee 8.
For Hungary, beeches can be characterised by testastemflow rate (> 8%) turkey
oak and poplars have 4-8%, whereas spruces hav& <Fdhrer 1984; Kucsara
1996).

e Stem area index (SAl)n the case of smooth trunks, larger stem arearerds the
amount of stemflow. But for rough trunks, the largeorage capacity enables larger
amount of evaporation.

Figure 8. The smooth trunk of beech (left) and the roughkrof alder (right)

* Branching patterns.Upright branches support stemflow compared to Zooitial
branches.

» Leaf shape and orientatioriLeaves which are concave and elevated horizgntall
above the pare are able to contribute to stemfloseckford-Richardsor2000).

In Hungary, interception measurements in foressgstems have been carried out since the
1970th EFlhrer 1984, Jaré 198Q Koloszar1981, Kucsara 1996, Simonffy1978-79; Sitkey
1996). The same methods are also applied in thay Eect. 5.4

Interception amount varies from 10 to 40% of grpsscipitation depending on numerous
parameters like tree species, forest density, gasbpcture, vegetation physiology and site

25



conditions. The variability of interception withithe tree species (depending on age or
location) can be larger than its variability betwebe tree species. Sufficient measurements
for the canopy properties are seldom availableretbee in the models these properties are
mainly adopted based on local experiences.

Since interception is site-specific and its spat&iability is large, the spatial extrapolation of
results of interception functions for other sitesl dhe comparison between different forest
ecosystems is quite difficult. It can be only aekei@ if not only the effects of the climatic and
precipitation conditions but also the morphologipedperties of the investigated canopy are
known (Fuhrer 1984). For adequate description of interceptiolaige areas it is necessary to
include both the effects of spatial variabilityaanopy storage and rainfall.

Modelling of interception

In climate- and forest hydrology models the proce$sinterception is described quite
simplified because of the large spatial and tempeaaiability of the process. There are
functions and models developed for interceptionyomthich will be overviewed in this
section, but it is impossible to include all of skeparameters and processes in models
designed for simulation of complex atmospheric psses over larger areas.

Modelling via regression analysisEarly studies assumed a linear function between th
amount of precipitation and interception loss. doéption loss was described as a function of
the storage capacity of the plant surface, thetauraf the precipitation and the evaporation
rate during the precipitatiotdprton 1919). But this approach does not give any comesailt

for small precipitations and in the early wettirttppe.

Amount of available water for evaporation from tregetation surface strongly depends on
canopy storage capacity, which cannot be measurectlgt. Fihrer (1984) applied saturation
functions to determine this variable. Based onassumption, interception is the function of
precipitation and storage capacity, if evaporatituming the rainfall is neglected. For this
approach, weakly measurement of stand precipitatidine forest is sufficient.

According toKucsara(1996) stand precipitation should be measurediredception should
be calculated for each precipitation event rathantaveraged over longer time period. After
classification of precipitation events by their ambit was concluded that the role of small-
precipitations in the total interception amountaggite important. He determined canopy
storage capacities for different forest ecosysteapplying exponential precipitation-
interception functions (allowing evaporation duritige whole process), which describe the
process and amount of interception more realigtidhie investigated canopieKucsara
1996). In the development of these functions wasrgrortant criteria that they should based
on data, which are available from measurements.

Physically-baseanodels requires the measurement of gross- and ptaggpitation on larger
temporal resolution (mostly in hourly time stepheTlfirst conceptual, physically-based model
for interception was developed Rutteret al. (1971). Evaporation is calculated based on a
potential evapotranspiration rate for wet canoppgishe Penman-Monteith equation with a
canopy resistance zero. If actual canopy storageesls the storage capacity, evaporation
takes place at the potential rate, else evaporagioerduced in proportion to actual canopy
storage and the storage capacity. This approasimiglified byGash and Mortor{1978) and
modified by Valente(1997) for the application to sparse canopy. In ldter the area of
interest is partitioned into the fraction covergdabforest canopy and the open fraction. The
canopy storage is filled by rainfall and emptieddsginage and evaporation. Drainage from
the canopy occurs when the canopy storage capa@iceeded.
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For studying interception on local scale in thisrkvthe hydrologic model BROOK90 has
been selected, which uses a simplified versioh®Rutter-model.

Limitation of these models is that they are undbleepresent the spatial variability of the
hydrologic processes and parameters. Furthermbeze tis a general lack of data to
parameterise these models and the relative larggakyariability in those data that are
available.

Interception has a crucial role in the water budgdbrest ecosystems. This amount of water
does not reach the ground surface, is not avaifableanspiration. But it can evaporate in the
potential rate enhancing the vapour content ofdiheand the evaporative cooling effect of
forests. In forests evaporation of intercepted wateurs at rates several times greater than
for transpiration under identical conditions. Thatercepted water disappears quickly and
interception loss replaces transpiration only faors time periodsingman2002).

2.3.3 Climatic effects of land cover change

Climate change and anthropogenic land use arewheartain driving factors of land cover-
and land use change. At regional to global scalesnges in the land cover affect the water-
and energy balance, thus have an influence on daheal climate variability Grassl 2003,
Pitman 2003). Recent research projects (e.g. iLEARSM the understanding of processes
and feedbacks in the land-atmosphere interface evare frequent. So far, much of our
understanding of how forests affect global or ragloclimate comes from atmospheric
models and their numerical parameterisations ofhEsatand surfaceBonan2008b). In the
last two decades several studies investigated eéhsits/ity of these models to change of a
single land surface parameter as well as the dcm@aipacts of land cover change (mostly
afforestation and deforestation) for the past (@angratzet al. 2009) and for the future (e.g.
Sancheet al. 2007).

One of the most cited global scale sensitivity ssidor land cover change was prepared by
Kleidon et al. (2000). The maximum effect of vegetatioarades on the global climate has
been investigated by assuming complete afforestatigreen planet’) on the Earth and
compared this to the complete deforestation (‘deserld’) experiment. In the presence of
the ‘green planet’, land surface evapotranspiratioore than tripled, land precipitation
doubled and near surface temperatures was lowas byuch as 8 K.

Based on the global model studies the effect oétagn is not the same around the globe. In
this chapter, studies are selected and introduedui;h represent the differences of the
climatic feedbacks of forest cover change amongnsgand research methods.

Researches on climate-vegetation interaction arstlynooncentrated on regions, where the
interaction is the most pronounced: the mid- anghhiatitude forests in the northern
hemisphere (boreal forests), subtropical desedssamideserts in North Africa (Sahara/Sahel
region), tropical rainforest in South America (AroaZorest) and the Mediterranean area.

Boreal forestshave the greatest biogeophysical effect of all lEemn annual mean global

temperature, which is larger than their effectlom ¢arbon cycle. They warm both winter and
spring air temperatures compared to tundra vegetati bare ground due to the albedo-effect.
The darker coniferous forest masks the snow coesulting in lower surface albedo when
snow is present. This leads to an earlier springtivarming, which accelerates snowmelt and

® Integrated Land Ecosystem-Atmosphere Processey;3ttip://www.ileaps.org
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extends the growing season, which is in turn fa&blgr for the presence of foresBofanet

al. 1992 Brovkin 2002 Kleidonet al. 2007Bonan2008a).

The northwards shift of the upper tree line dugltdal warming is a positive feedback to the
climate change, especially in winter and spring. &iberiaa possible change of vegetation
from tundra to boreal foresieads to awarming of up to 1°C(Goéttel et al. 2008).
Consequently, the biogeophysical feedback of defat®n in the boreal region leads to
higher surface albedo thus cooler temperatuBesvkin et al. 1999), which may offset the
forcing from carbon emissio®6nan2008a).

Tropical forestsmaintain high rates of evapotranspiration alsonduthe dry season. In this
region, surface warming arising from the low albenfoforests is offset by the strong
evaporative cooling. Additionally to the relativéra;ig carbon sequestration of these
ecosystems, it is a positive effect that reducebajlwarming Bonan2008a).

Numerous climate model studies confirm that larcgdes conversion of Amazon forest to
pasture creates a warmer, drier climate. The bilggsical consequences of the deforestation
are the increase of surface albedo, reduction bfawation, decrease of the rooting depth,
roughness length and leaf area index, which aler water-, energy-, and momentum
exchange between the surface and the atmospRexieg et al. 1998,Chaseet al. 2000).
These changes lead to the change of the moistuaglalnity, the decrease of
evapotranspiration and smaller evaporative coddiifigct of forests.

Based on the results of global climate model sitg, replacement of these forests to
degraded pastures would cause the decrease ofagaie amnual evapotranspiration by 30%,
the decrease of the mean annual precipitation B 2md increase of mean surface
temperature by 1-2.5°C (e ghuklaet al. 1990Stichet al. 2003).

Temperate forests.Whereas results of model simulations agree quitl wn the
biogeophysical effects of boreal and tropical ftsgthe net climate forcing and benefit of
temperate forests is highly uncertaBofan2008a,Jacksonet al. 2008). Reforestation and
afforestation may sequester carbon, but the all@edb evaporative forcings are moderate
compared with other forests and the evaporativieiente is unclear, they can enhance or
dampen the climate change sigriaban2008a).

A number of climate model studies suggest thatampy forests with agriculture or
grasslands in temperate regions cools the surfatenaperatures (e.@@onan 1997,Bounoua

et al. 2002,0lesonet al. 2004). Consequently, trees warm surfacegeeature relative to
crops due to their lower albedo. For North Americimate,Olesonet al. (2004) found that
natural needleleaf evergreen and broadleaf dec&gdumgetation maintained a warmer
summer climate compared to the present-day cropg;hwcan be characterised by larger
evaporative cooling in the growing season thansfistel his study agrees with the conclusions
of Bonan(1997) for the same region. Crops as the pressgetation cover caused not only
the cooling of daily mean temperature but alsodaicgon in the diurnal temperature range. In
these studies the albedo of the land surface seenmday the determining role in the
simulated climate. Results refer to the climatiodibons above the canopy rather than to the
microclimatic effects within the forest stand, wini@re not considered in the simulations.

Other studies show the opposite, that temperagst®icool the air compared with grasslands
and croplandsCopelandet al. (1996) investigated the climatic effectsh land use change

also in the USA. Converting of forests to croplaegulted in the increase of the Bowen ratio
and increase of temperatures by up to 0.22°C. ike spp the albedo increase, changes in the
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partitioning of that between latent and sensiblat lileix determined the feedback of the land
use change on the temperature.

For the Canadian woodland-prairie borétagg et al. (2000) also found that the presence of
deciduous forests affect the energy and water balamesulting in cooler temperatures and
higher precipitation rate in the forested area. [Ea¢ phenology has a strong control over the
land-atmosphere interaction influencing on seaspatiérns of temperature and precipitation.
Consequently, the effect reaches a maximum dunegummer season.

For Western Australia, reforestation (i.e. fromsgtand or crops to forest) reduces warming
caused by the enhanced greenhouse gas concertratitve middle and at the end of the 21st
century Pitman and Narisma005). The cooling effect was the result primaiiy the
increase in leaf area index and the enhancemehedirbulent exchange of energy that led
to a corresponding increase in the latent heat flux

This study also points out that significant chanfelimatic variables occurred in areas where
land cover was changed, with the exception of pration. Precipitation has more complex
spatial behaviour, changes can occur also remat® fhe location of the land surface
modifications due to the long-distance transpontnofsture Zhaoet al. 2001Brovkin 2002,
Pitman and Narism2005,Sancheet al. 2007).

Quite few studies investigate vegetation-atmosphnegactions in Europe. The most of them
concentrate on thilediterranean regioywhich has been extensively deforested over the past
2000 years. Based on global climate model simuiatidimenil Gates and LieR1999)
concluded that complete deforestation in the Mediteean region leads to a cooling at the
surface due to the albedo-effect. Historical lasd change seemed to contribute the dryness
of the current climate through the reduced preafjgih amount during the summer.

Detailed analyses of the spring and summer morttbsvesd opposite resultdHéck et al.
2001). Using regional climate model simulationgmeltic conditions under the natural,
potential vegetation cover (i.e. without humanuefice) have been compared to the present-
day conditions. For potential vegetation cover (ryaforests), in the period from April until
mid-July evapotranspiration increased causing caabel moister conditions. In mid-July, a
soil moisture value dropped below the critical walnd transpiration was almost completely
inhibited (for August, evapotranspiration was 258eér with forests than with present-day
vegetation), which resulted in dryer and warmer m@m In northern Europe, moistening
effect of forests dominated over the whole timeqakrbut had smaller amplitude.

Sanchezet al. (2007) investigated the sensitivity of ttlenate as well as climate change
signal (2070-2100 vs. 1960-1990) to different vatjeh descriptions over Europe,
concentrating on the Mediterranean area. The megullicate a high sensitivity of summer
precipitation processes to vegetation changes. tdege types dominated by trees led to
larger amount of evapotranspiration and precigitatompared to the grass dominated types
both for the past and the future time periods. Buthe Mediterranean region climate change
signals are robust and not critically sensitivéhi proposed vegetation descriptions (different
vegetation descriptions resulted in different fatsummer climates for Europe but produce
similar climate change impacts).

For eastern HungarWlika et al. (2006) showed the effects of the documetdad cover
change on the radiation balance of the surfacesgiheye system, but in this study the
corresponding changes of temperature and precdguitain regional scale still remained an
open question. Based on mesoscale simulationshirCarpathian BasinD(Uszler et al.
2009), land use change during the 20th centurye(aalty urbanisation) resulted in increase
of temperature and decrease of relative humidity. gfecipitation conditions no significant
changes occurred.
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2.4 Models as research tools for studying climatehange

A modelis an abstraction of reality, represents compiestesns in a simplified way. Models
have been constructed for various purposes onréiffescales, to investigate and understand
the spatial and temporal processes and impactanipin the environmental sciences.

2.4.1 General aspects of climate modelling

The past and future evolution of the climate system be described by numerical models.
The climate system can be characterized by a loghptexity of exchange processes (mass,
energy, impulse) and interactions. In climate medelfictive grid is determined over the
Earth surface, and the atmosphere (and oceanjidediinto discrete layers. Within each grid
box of these three dimensional grid the new clinvaigables are computed integrating a set
of prediction equations for each time step.

Climate models are essential research tools fowigirg valuable insight into the
atmospheric processes. They can be used for siomlaf the present and future climate
tendencies.

Figure 9. Horizontal resolutions applied in the simulatidios the first (FAR), second (SAR), third
(TAR) and fourth (AR4) IPCC assessment reports

General Circulation Models (GCMs) are applied fonidation of the entire climate system
over the Earth, the general evolution of the catioh due to changes in the chemical
composition of the atmosphere. They are able toresgmt fairly realistically and
comprehensively many aspects of the global cirmrabver long time periods (i.e. several
hundred years). The horizontal grid spacing varetsveen 110 and 500 kriigure 9.

GCMs can be run either for the atmosphere onlgsa coupled atmosphere-ocean model.
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2.4.2 Regional climate modelling

Regional climate models differ in complexity andardrcter from the general circulation
models. The horizontal resolution of GCMs is natefienough to resolve small-scale
atmospheric circulations, which are affected bygoaphy or details of the land surface. To
produce detailed climate simulations for a selecégibn, a limited-area model can be nested
within a global GCM figure 10. The technique is like zooming on the area adrext, which
has finer horizontal resolution within the globabael. Such nested models are the regional
climate models (RCMsMcGregor1997).

Nesting methodsthe dynamical downscaling of GCMs is usually egrout in one-way
mode, which means large-scale meteorological fiédldsn GCM runs provide initial and
time-dependent lateral boundary conditions for high-resolution simulations, and there is
no feedback from the RCM to the large scales. Rgeaaiso two-way nesting methods have
been developed and applied (d.grenz and JacoB0O05). Here, the circulations produced by
the nested regional model feed back to the glolaleh

Figure 10.lllustration of the concept of nested models witkrfresolution

Advantages and applications of RCMs

Many responses to climate change will be regioea. change of the water availability, land
use change) and local. Society is interested ironad) consequences of global changes, since
they have to decide for the best adaptation anidaibn strategies.

Regional climate models (e.Ghristenseret al. 1996Giorgi and Mearnsl999,Jacobet al.
2001, Lenderinket al. 2003 Vidale et al. 2003), are useful tools for the analysisegfional
energy and water cycles as well as for the longrtprediction of climatic changes on
regional scaleJacobet al., 2001, 200Hlagemanret al. 2004Déquéet al., 2005). The fine
horizontal resolution allows more detailed desaiptof the land surface and small-scale
atmospheric circulations, which are affected bygoaphy and land cover. RCM in climate
mode has the advantage that mesoscale phenomenh,as not present in the driving fields
due to the coarse horizontal resolution and whighimitiated through a more detailed land
surface representation in the regional model, caveldp within the simulation domain
(Jacob2001). Studies comparing simulation results of GGWd RCMs Déequéet al., 2005,
Hagemannet al. 2008) concluded that the RCMs are produdatgpiled distributions of
precipitation and temperature, which are also iteb@greement with observations.
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Regional modelling with high horizontal resolutimessential and their advantages can be
utilised

» for regions, where regional climate tendenciesedsfffrom the global ones, or are
especially affected by climate change (e.g. coastiaés),

« for regions, which modify the global climate charsggnal (e.g. Arctic),

« for analysing extreme events (e.g. hurricanes,dparoughts, storms) on country
scale, which cannot be resolved by the GCMs,

« for regional and local impact assessment, espgciail regions with complex
topography and high elevation (e.g. Alpine reggince mountain ranges can strongly
influence the spatial patterns of precipitation rd@ through the orographic
precipitation shadowing effect) as well as on aneitis heterogeneous land cover (e.g.
agriculture, forestry mosaics).

» for the projection of future changes in the induatl components of the water and
energy cycles through climate- and land cover chang

Numerical weather prediction is basically differérdm climate modelling. In a numerical
weather forecast weather events should be examthcdsted for short time periods (i.e. 3-5
days). Whereas for long-term climate simulationgahnot be expected that every single
weather event is calculated realistically in tinrel apace. Only the climate, the long-term
tendencies (e.g. climatic means, probability ofexies) will be representedacob2001). It

is also valid for the simulation of the land sudaelated processes: due to the large
variability of the surface—atmosphere interactidnsannot be expected that all site-specific
processes are described in full complexity. But R@&Ms are well suitable to simulate the
order of magnitude and the direction of the feedtbdar longer time periods.

General characteristics of regional climate models

In this section the most important characterist€EERCMs are introduced, which will be
referred to irSect. 4.1y describing the applied model and the experialesgt-up.

The climatology of a regional atmospheric modealasermined by the dynamical equilibrium
between two factors: the information provided bg literal boundary conditionsand the
internal model physics and dynami€adrgi and MearnsL999).

RCMs are initialised and driven at the lateral kames using data from (re)-analysis
products or global model output. Re-analyses degrezl to as ‘perfect boundary conditions’
(Jacob2001). They describe the state of the atmospHese ¢o reality, since they are based
on the observed state of the atmosphere. Re-asaéygeeriments (e.g. reanalysis product
provided by ECMWF (European Center for Medium-Ralgeather Forecastingjppala et

al. 2005) are also used to validate the RCM sinurlat

The smaller thenodel domain the closer is the selected region to the latevaihdaries and
the larger is the influence of the lateral bounelmrmon the simulation results. Choice of a
domain, in which the area of interest is far assgads from the lateral buffer zone allows the
full development of the model's internal circulatiand minimizes the effect of the coarse
resolution lateral forcing@iorgi and Mearns1999). Horizontal resolution is primarily
determined by the scientific question of the resear the available datasets.

During theinitialisation process, special interpolation methods are usedyvoid possible
discontinuities of some variables (such as surfaeperature, subsoil temperature and
moisture) at topographic interfaces (e.g. boundaoiedifferent vegetation typedcGregor
1997).
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Simulation length The advantages of continuous long-term simulatiare Giorgi and
Mearns 1999) that the model can reach an internal dyranbalance, the own internal
circulations of the model can develop, and a bettgrilibrium can develop between the
model climate and the surface hydrologic cycle.

The memory of the initial conditions in the modelsiowly lost over time as the atmosphere
and land come into equilibrium. Tispin-up time of model is the adjustment process, during
which the model approaches its equilibrium solut{Bonan2008b). In long time climate
simulations model results are affected by theahitalues of the atmosphere only in the first
2-3 weeks. But for the soil variables longer spintime (1 year) is neededsiorgi and
Mearns1999).

A broad spectrum of sub-grid scale processes actlre surface and in the boundary layer,
which have an important effect in long-term climatadies. Physical processes that are too
small to be explicitly calculated by the model, parameterised(e.g. exchanges of heat,
moisture and motion between the surface and lowaosphere, cloud radiation processes,
turbulent transports, soil and vegetation typeb;surface processes).

Investigation of the dependence of model resultdateral boundaries, simulation domain
size, horizontal resolution, initial conditions, daphysical parameterisatior{acob and
Podzun1997) underlines, that regional climate modellingessentially a boundary value
problem. Considering long-tersimulations, the role of the initial conditions ahdrizontal
resolution become less important compared to tieedlbboundary conditions.

Uncertainties in the climate model simulations

The quality of the regional climate simulationsviery sensitive to the lateral boundary
forcing, i.e. by the quality of the global modemsilations and reanalyses products as it has
been shown in the PRUDENCE projedthe basic types of uncertainties (e.g. unceiesf

the emission scenarios, internal model variabiliti)he global climate model simulations are
listed in the recent IPCC report (2007).

Limitations can also be caused by the uncertairdfethe surface station data (e.g. station
distribution and density, length, quality and infaganity of the time series). Uncertainties
can be reduced by analyses of long time serieseflsaw spatial and temporal averages or
applying ensembles of simulations (e.g. ENSEMBLESqz')

Summer drying problem (SDH} related to the investigated region of this wdrke too dry
and too warm simulation of climate over Central &as$tern Europe during the summer is a
special model feature that is typical for many oegi climate models, and to a less extent is
visible in some general circulation moddisdachenhaueet al. 1998Hagemanret al. 2001).

It is known from previous modelling studies in fheme of MERCURE' (Hagemanret al.
2004) and PRUDENCE project€lfristensen and Christens@®07,Hagemann and Jacob
2007,Jacobet al. 2007). It is related to the model paramsddion, but it is too complex, it
cannot be solved from only one research directinthe EU-project CLAVIER? the possible
reasons for this phenomenon have been investighted many aspects (e.g. model
dynamics, weather patterns, energy balance, meistamsport through the lateral boundaries,

® http://prudence.dmi.dk

19 http://ensembles-eu.metoffice.com

Y http://www.pa.op.dir.de/climate/mercure.html
12 http://www.clavier-eu.org
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soil moisture capacity). The SDP is still an opssue and is a substantial part of ongoing
model development.

2.4.3 Land surface models

In order to project future climates, the way thae tEarth’s surface interacts with the
atmosphere and the ways that this interaction adsag a result of both human activity and
natural processes, must be represented in thetelimadels Pitman 2003). An appropriate
land surface scheme in climate models is impottanhderstand

» the role of the land surface in simulating climated climate variability in climate

models,
» the impact of changes in the land surface processeimate,
» the role of the land surface in climate changedmadate sensitivity.

Sect. 2.3.lintroduced the climatic role of forest ecosystethgjr influence on the surface
energy and water balance. This chapter summarises the basic processes and the
characteristics of vegetation are included in ted| surface models in different stages of
development. It must be emphasized that the rageol by the land surface within climate
and climate models is different from the role plhyy the land surface in microclimatology,
mesoscale meteorology, and weatheand surface models are not meant to be detailed
models of forest meteorology but rather simplifiedatments of surface heat fluxes that
reproduce at minimal computational costs the emderieatures of land-atmosphere
interactions important for climate simulatiddohan2008a)

Pitman (2003) provided an overview from simple first-geatern models to complex third-
generation schemesirst generation modelsised simple prescription of albedo, surface
roughness and soil water without explicitly repres®) vegetation or the hydrologic cycle.
Water storage in the soil is represented usinghalsi bucket modelManabeet al. 1965).

In the second generation mode(g.g. Biosphere-Atmosphere Transfer Scheme: BATS,
Dickinsonet al. 1986; Simple Biosphere Model: S#&llerset al. 1986)he vegetation-soil
system interacts with the atmosphere, rather tlmglbpassive. Vegetation, which is treated
as a single layer ‘big leafDeardorf 1978) and the underlying soil are characterizethiey
own surface energy fluxes and hydrologic cyclesco8d generation models have been
applied to study the impact of tropical deforestation the climate ickinson and
Henderson-Seller$988).

In contrast to the second generation moditisd generation modelsse a photosynthesis-
stomatal conductance moddBonan 1995, Sellers et al. 1996). Through modelling of
photosynthesis, simulation of atmospheric,@®Oclimate models is possiblBgnan1995).

Dynamic global vegetation models (e.g. DGVRhptter and Kloosted999; LPJStichet al.
2003) simulate the effects of future climate chaogenatural vegetation and its carbon and
water cycles. Ecosystems are represented as nsxairelant functional types, which are
defined by key physiological and life history chamistics that determines vegetation
dynamics. The linkage among climate, biogeophyskmegeochemistry, phenology and
vegetation dynamics allows spatial distribution vafgetation as well as the species and
structure of plant community change as climate ghar{igure 11). Using these models it is
possible to study the interaction between bioldgacal physical processes at the land surface
and their feedback on climate. However, the contbtabon cycle and biogeophysical effect
of vegetation, their status as carbon sinks, iotemas of fires, aerosols, and reactive gases
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with climate, and the effects of small scale destatton on clouds and precipitation are key
unknowns in the current generation of mod8isrn(an2008b).
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Figure 11.DGVM architecture (simplified after Bonan et ab(3)

Representation of spatial variability of land covem the model's grid.Land surface in
climate models is described by various land coypes. Associated with each type, a set of
specified properties (e.g. roughness length, legd andex, albedo) is allocated. In early land
surface models, each grid box is characterisedhbydominant vegetation type, which is
assumed to be uniformly distributed over the gril.cSurface heterogeneity can be
represented by themosaic approachBased on this concept each model grid cell isddiv
into a number of smaller patches of homogenousta#dge or soil Avissar and Pielkd989).
Each patch is individually modelled and has its aurface climate. The grid cell average is
the weighted average of these patches.

So far, land surface models have been coupledaimagklimate modelsHoley et al. 1998,
Leviset al. 2004). There are only a few, mostly off-le@upling experiments with regional
climate models (e.gGottel et al. 2008). Dynamic representation of vegetatiomegional
climate models is an ongoing research questionclwhs essential for studying land-
atmosphere interactions and feedbacks on finee dcal for the assessment of the climatic
impact of land use change as well as for the ckntiitange adaptation strategies). On finer
resolution, description of the vegetation relatedcpsses gets more complex due to the
heterogeneous land cover. Applying the few pree@efirglobal vegetation types, this
heterogeneity, the region specific characterisifadhie land surface and its feedbacks get lost.
Therefore not only downscaling of global procesbas also the upscaling of fine scale
datasets (observations, flux tower measuremerttd)igamonitoring of vegetation) would be
important.
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2.5 Discussion and research needs

In this section, results of the recent studieohiced inChapter 2are discussed and research
needs are pointed out, which can explain the relexyaf the dissertation.

In case of Europe, it is likely that the increaseaonual mean temperature will exceed the
global warming rate in the 21st century. For preatpn, there are huge spatial differences in
the climate change signals among the Europeannggikhe projected increase of the inter-
annual variability of temperature and precipitatiime more intense hydrological cycle can
lead to the increase of the probability of climagidremes (e.g. heat waves, droughts, heavy
precipitations and floods). The change of the spatd temporal distribution of precipitation
can have severe ecological, economical and sauiphéts and consequences in the natural
ecosystems.

Forest/steppe limits are especially sensitive amderable to increase of the frequency of
extremes, therefore effects of climate change @sdtregions can be much more severe than
in other areas. So far, research activities andigailtons are concentrating on the shift of the
upper limit of forest distribution (at high latited and altitudes) due climate change (e.g.
Bonan1992,Vygodskayeaet al. 2007), where increase of temperature pgsidhe growing
season, improves the growth, reproduction and galtvKeric limits are seldom addressed in
the literature (e.gJump et al. 2009,Matyas 2010), although their shift is an important
indicator of climate change. This emphasises tleel rod regional scale information about the
future tendencies of probability, severity and dora of droughts and their spatial
distribution, which are essential for projectinge teffect of climate change on forests and
preparing for the adaptation in the forestry pacti

Vegetation feedbacks have much more weaker infeiemie atmospheric circulation in
comparison with the greenhouse-gas forciBgt{s2007,Gottel et al. 2008 However there
are regions, where regional climate changes amfis@gntly affected and altered by land-
atmosphere feedbacks thus land use and land cbaages. The direction of regional change
differs, which has been also shownRiymanet al. (2009).

Results of the introduced studies show that climégedbacks of temperate forests differ
strongly among regions, they can cool or warm #gganal climate. A possible reason for it
can be the large spatial variability of the climadnd soil conditions as well as the physical
characteristics of vegetation, which let to domeneither the albedo-effect or the evaporative
cooling. Different feedbacks for the same regioms de the result of the different
experimental set-up (i.e. model domain, resolutione period) as well as of different land
surface parameterisations in the climate models.

Quite few studies have addressed vegetation-atreosphteractions for Europe, there is a
lack of information about the climatic impacts @nd cover and land use for smaller
European regiondzor Hungary, results of mesoscale model studies showed thdtdaver
change in the 20th century alter weather and cénfatiszleret al. 2009). Buso far, the
climatic effect of forestdor longer, consecutive, future time periods, ongienal scale has
not been investigated.

To study the feedback of land cover change onehenal climate, regional climate model
simulations are essential. So far, there isn’t @gyonal climate model running coupled to a
dynamical vegetation model for longer climate pasioOnly test simulations have been done
to study climate-vegetation interactions in fingibontal resolutions (e.@s06ttel et al. 2008),
the fully coupling is one of the ongoing reseammpids in regional climate modelling.
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The study byRechidet al. (2006) emphasizes the importance of thistieadescription of
land surface characteristics and processes in malgidimate simulations especially over
Eastern Europe and the Hungarian lowland. Thes@megcharacterised by continental
climate, are shown to be much more sensitive toatte¥ed vegetation description than the
western European areas close to the sea.

One of the most important forest-related processebe interception. Its hydrologic role
increases if there are frequent low intensity @@inévents. The temporal distribution of
precipitation is projected to change under futulienate conditions, which can alter the
interception rate, thus the evaporative coolingedffof forests. Therefore its appropriate
representation in the hydrologic and climate moaeéssential.
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3. Objectives and research questions

In order to achieve the four main scientific goafighe analysis of forest-climate interactions
(Chapter )}, the following research questions are raised:

Climate change and drought trends

How accurately can the regional climate model RE8i@ulate past dry events?
What are the projected tendencies of temperatussmsand precipitation sums in the
21st century?

Will climate change have an effect on probabilitydaseverity of droughts in the
future?

Which region can be characterised by the largesketecy of warming and drying?

Feedback of forest cover change on the regional wiate

What is the climatic effect of forest cover in Hamng on regional scale?

How big are the climatic feedbacks of maximal af&ation in the region
characterised by the largest possible increaseresf cover?

How does the interaction of the main climatic fogs of afforestation change during
the summer months?

Has the potential afforestation survey an effecth@enregional climate?

Climate change altering effect of afforestation(investigated by synthesising the previous
results of the dissertation)

Are there any spatial differences in the foresnalie interactions in Hungary?

How big is the effect of maximal afforestation dr tsummer precipitation compared
to the climate change signal?

Can probability and severity of droughts be redumgdaximal afforestation?

Can projected climate change be influenced by xtene¢ of the present forest cover?
Are the feedbacks of maximal afforestation différeander moderate and enhanced
climate change?

Are there any regions, in which deforestation ecbkarclimate change?

Measuring and modelling of interception on local sale

How accurately can the one dimensional hydrologadeh BROOK90 simulate the
amount of interception in the Hidegviz-Valley?
Has the intensity of precipitation an effect on $iraulated interception?
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4. Data and methods

To answer the research questions related to clisteiege and the forest-climate interactions
(Sect. 3, the regional climate model REMQacob2001,Jacobet al.2001) has been used. In
the dissertation the model was a research tookithevas not the further development of the
model parameterisation.
« Climate change and drought trends have been igatst partly by analysing existing
model results, partly by carrying out simulatioBg¢t. 4.1.2
« To study the feedback of forest cover change orclingate, three different land use
change scenarios have been prepared, which haveused as land cover input for
the climate simulationsSect. 4.1.8
The process of interception has been investigatelb@al scale through field measurements
and with the hydrologic model BROOK9Bddereret al. 2003).
This chapter introduce the two models and the foresearch site with respect to the
objectives of the present study, furthermore tha dad methods applied by the analyses.

4.1 Simulation of climate change and forest-climaténteractions applying the regional
climate model REMO in Hungary

4.1.1 The regional climate model REMO

General characteristics

REMO @acob and Podzynl997,Jacob 2001, Jacob et al. 2001, Jacobet al. 2007) is a
regional three-dimensional numeric atmospheric haddis based on the ‘Europamodell’, the
former numerical weather prediction model of ther@an Weather Service, DWDIgjewski
1991).

Figure 12. lllustration of the hybrid vertical coordinates

Dynamical scheme.The lateral boundary conditions as input variatdes provided by
analysis/reanalyses products or GCM outp@ec{. 2.4.2 The prognostic variables of
REMO are surface pressure, temperature, horizental components, specific humidity and
cloud liquid water. Their calculations are basedlmnhydrostatic approximation. The model
equations are formulated in a rotated spheric doate system. The equator of the rotated
system crosses the middle of the model domain,wikito maintain a regular grid spacing in
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the model area. The vertical levels in REMO areesgnted in a hybrid coordinate system
(Simmons and Burridgd 981). Hybrid coordinates are following the sagarography in the
lower levels and become independent from surfaography in higher atmospheric model
levels figure 12.

REMO can be integrated in forecast as well asimate mode. In climate mode the model
runs continuously for long time periods with updatd the lateral boundaries every 6 h
(Jacob2001).

Modified ECHAMA4-physics.For the same dynamical scheme REMO has two differen
physical parameterisation schemes. The original calked DWD*-physics. Additionally,
physical parameterisations from the global climaiedel ECHAM4 Roeckneret al 1996)
were implemented at the Max Planck Institute fortéddeology in Hamburg. In the present
study simulations will be carried out using REMOttwECHAM4-physics (DKRZ 1993,
Roeckneet al 1996) including recent modifications of the origisaheme.

In the original ECHAM4 parameterization a modeldghox consisted of only one single
surface type. Thdractional surface coverconceptwas implemented bgemmler(2002)
including subgrid fractions for each of the thressib types (land, water, sea ice). These
fractions are not assumed to be located in a spew#a of a grid box but do simply cover a
certain percentage of the total grid box area, sungrap to a total of 100% (tile approach,
figure 13. The land fraction is further divided into a padvered by vegetation and a bare
soil fraction. Kotlarski (2007) extended the tile approach and introducdduah surface
fraction (glacier ice) in the grid box.

Fractions in a gridbox

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

O Seaice
m Water
B Land

Figure 13.lllustration of the tile approach
(example for a gridbox covered by 55% land, 30%ewand 15% sea ice)

During the model integration, each surface fract®oharacterised by its own land surface
parameters. In order to aggregate them over theeingrid box in the given horizontal
resolution, vegetation parameters can be lineatyamed, weighted by the fractional areas of
the component land cover classeeddeset al. 1998). The only exception is the roughness
length due to vegetation, which has to be logarithity averaged at a so-called blending
height Mason1988;Annex ).

Based on these characteristics, the turbulent saiffaxes and the surface radiation flux are
calculated separately for each fraction and aresesyently averaged within the lowest
atmospheric level using the respective areas aghigei

13 Deutscher Wetterdienst
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Land surface parameterization

Land surface processes in REMO are controlled bsiphl vegetation properties like leaf
area index, fractional vegetation cover, backgroal@do, surface roughness length due to
vegetation, forest ratio and soil water holding amty. For each land cover type these
parameter values are allocated in the global datateland surface parameters LSP
(Hagemanret al. 1999) and in its improved version LSPafemanr2002).

These datasets include the major ecosystem typesdatg to the classification list @lson
(1994a,b). Their global distribution were derivedni AVHRR* data at 1 km resolution
supplied by the International Geosphere-Biosphesgi@m Eidenshink and Faundedi®94)
and constructed by the U.S. Geological Surid®p7, 2002figure 14. The LSPII dataset has
been validated and used for the application inomrgi Hagemannet al. 2001 Rechid and
Jacob2006,Rechidet al. 2008a) as well as in global climate moddBsgemanret al. 2000).

AVHRR data Olson Global distributior
(1 km) classification of ecosystem types

'

Land Surface Parameter Aggregation to th
for eachtype model gridcell

\

Figure 14. Steps of derivation of land surface parameterthéngridboxes

In the current model version the vegetation phampis represented by the monthly varying
values of the leaf area index and vegetation rdt@ mean climatology of the annual cycle
of background albedo is also implement&e¢hid and Jacol2006, Rechidet al. 2008a,
2008b). The other land surface parameters remaistant throughout the year.

Leaf area index (LAl) in the model influences evapotranspiration thfousfomatal
conductance and defines also the canopy storageitafthe size of the skin reservoir). In
REMO vegetation has no height, therefore vegetatemsity (e.g. canopy layers in forests) is
represented blyAl and fractional vegetation cover.

The fractional vegetation coveKc,) determines the fraction of grid area where vdgeia
properties take effect on surface exchange prosesse

In the LSP databasélégemanret al. 1999) maximum and minimum valued. i andc, are
allocated to get growing- and dormancy seasongntsely. For representation of the annual
vegetation cycle, monthly varying fields lbAl andc, have been providedHagemanr2002)
based on the maximum and minimum values of thesevamiables lagemannret al. 1999),
and a monthly growth factdr. In low and mid-latitudes water availability isethimiting
factor of growth. In these regions the monthly eslwof FPAR® (Knorr 1998) is used to
define the global field of;, which represents the local climate and determthesgrowth
characteristics of the vegetation at 0.5° resotutim high latitudes, the growth of the
vegetation is mainly limited by temperature. Hdrés determined according to the monthly
2m-temperature climatology.¢gates and Wilmoit990).

1 Advanced Very High Resolution Radiometer
'3 Fraction of Photosynthetically Absorbed Radiation
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Using fi, the monthly variation oEAl (LAl;) between minimum and maximum values (and
analogoug, j) can be estimated as

LAI, =LAl + f, * (LAl - LAI_,) 7)

In REMO the backgroundlbedo,a is the albedo of a snow-free surfab®&luencing the net
radiation budget, the surface albedo has an impathe simulated vertical energy exchange
at the earth’s surface and modifies the surfacefheas and temperatures.

By Rechidet al. (2008a) an advanced parameterisation o$rlog-free land surface albedo
for climate modelling has been developed, whiclcdess the temporal variation of surface
albedo as a function of vegetation phenology onaathly time scale. Based on remotely
sensed MODI® products of the white-sky albedo for total shoawe broadband and
absorbed photosynthetically active radiation, vaget canopy albedo has been separated
from the underlying soil albedo, applying a lineagression method. The separated soil and
vegetation albedo are applied to compute the amswé&hce albedo cycle from the monthly
varying leaf area index.

The total background albeda)(results from the vegetation albedafopy, Where vegetation

is present, and the albedo of the s@ili), where the underlying surface is visible.

The total background albedo can be described bsv®(Rechidet al. 2008a):

a=q. . *e%W Ly * (1_ e—O.S*LAI) (8)

soil canopy
Processes in the surface boundary layer are syramigienced by the roughness length of the
surface. In the models, the turbulent exchange @hentum, energy and moisture between
the surface and the atmosphere is calculated asciidn ofroughness length(zo [m]). The
roughness length consists two parts: a roughnesghledue to orographyzyder, [M]) and a

roughness length due to vegetation and therewitti lese £ veq[m]). According toTibaldi
and Geleyr(1981)z, is computed as

20 =\ Zooo + Zoyeg C)

Forest ratio(¢) is the fractional cover of trees, regardless whetthey are photosynthetically
active or not. In REMQz is used to account for the different behaviousiwbw albedo in
forested and non-forested areas.

Soil water holding capacityWeap) influences the soil water content. The plant e water
holding capacity\(\,ys) is the maximum amount of water that plants mayaex from the soil
before they start to wilt. The difference\df., andWaya is called the permanent wilting point,
which can also be expressed as volumetric wiltioigtp(f,w) defined byEq 10

_ Wcap _Wava
fpwp - W— (10)
cap
W,va IS climatologically important because it defindge tmaximum soil moisture that is
potentially available to the atmosphere due totthespiration of plant3i\c,, iS necessary in

establishing the mass conservation of the hydroddgcycle, thereby in determining the

'8 MOderate-Resolution Imaging Spectroradiometer
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turnover of precipitation into evaporation, andcwntrolling runoff and drainage processes
(Hagemann and Gate&x03).

Allocation of soil water holding capacity for ealgnd cover type may not be very realistic,
since the soil water capacities depend also oriekieire of the soil, which is not as highly
correlated with a land cover type as a pure veigetgiarameteMV,,, is primarily influenced

by root depth, which depends largely on the land type Dunne and Wilmottl996).
Therefore in the LSP datas#Y,,, has been assigned to each ecosystem classes. The
construction is based on the optimized rooting lgleidon and Heimanri998) and,w,

was derived from data &fatterson(1990).

Evapotranspiration in REMO

In REMO total evapotranspiration over land is thensof four fractions: transpiration,
evaporation from the water stored on the canopfaser(interception), from bare soil and
from snow.
Rainwater and melting snow that reach the vegetatigface goes into the skin reservoir.
The maximum skin reservoir contendix [m]) is the function of theLAl, the fractional
vegetation coverg() and the maximum amount of wat&¥ax[m]) that can be held on one
layer of leaf or bare groundMmax is taken to be 2*1H m, but simulation results are not
sensitive to this valudHagemanrex verb.) Wimx[m] can be calculated as

W, =W

Imx I max

*(A-c,) +¢,* LAI) (11)

Based oM« and the prognostic variable for the skin resergoimtent M [m]), the wet skin
fraction C) can be determined as

C = min(l ﬂj (12)

Imx

Over the fraction of the grid box, which is complgtwet (the skin reservoir or snow),
evaporation takes place at its potential r&ig (L3

E| :,0* Ch*\vh\*(qv _qs) (13)

whereE, [mm] is the potential evaporatior is the air density [kg i, Cn is the transfer
coefficient for heat and, [m s?] the horizontal velocityq, [kg kg'] is the specific near-
surface humidity ands [kg kg?] is the saturation specific humidity at surfaceperature
and surface pressure.

From dry surfaces in the grid box (no water in sk&servoir), moisture can reach the
atmosphere via bare soil evaporation or transpinati

Evaporation from bare sdi; [mm] is calculated as a function of the relativeridity (h) at
the surface, which is assumed to be related tavétter content of the soiEf. 19.

Ed :p*Ch*‘Vh‘*(qv_h*qs) (14)
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For transpirationE, [mm] (i.e. evaporation from dry vegetated area$le potential
evapotranspiration is reduced proportional to thegeration efficiency as

E, =e* p*C,*|v,[* (q, - q,) (15)
Based onSellerset al. (1986), the evaporation efficiency is esgexl as a function of the
stomatal resistance of the canogynfex IlI). The stomatal resistance is depending on the

LAI, the photosynthetically active radiation and thegewr stress factor. Water stress factor is
an empirical function of the available water in thet zone Roeckneet al. 1996).

Application of REMO

REMO is used for simulating climate processes ty@® mean climate and extreme weather
events for the past and future time periddsrénz1999,Semmler and Jacob004,Jacobet

al. 2007 Gaertneret al. 2007Bulow 2009, Tomassinet al. 2009) as well as for studying land
cover change Gottel et al. 2008,Frenger 2008, Paeth et al. 2009) and air pollution
(Teichmanr2009). Horizontal grid spacings between 0.088° @dd° are currently used for
simulations corresponding to horizontal resolutiohs10 km and ~50 km, respectively.

Many studies are dealing with the validation of thedel, especially of its hydrologic cycle
(Jacobet al. 2001Hagemanret al. 2004Hagemanrand Jacok2007). Sensitivity of REMO
to domain size, horizontal resolution, initial cdrahs and lateral boundaries have been
investigated bylacob and Podzu(L997).

REMO has been successfully tested and validateuaimy regions: Europe, Arctic, Antarctic,
Siberia, Indonesia, India, Brazil, Peru, Africa,rttoAmerica, Baltic Sea, North Sea, North
Atlantic, Pacific. For Hungary, REMO has been addptvalidated $zépsz6 and Horanyi
2008) and used for future climate projectio8zépsz6 and Horang008,Jacobet al. 2008,
Galoset al. 2007Radvanszky and Jac@008, 2009).

The atmospheric model REMO is coupled to threeetbffit hydrology models and three
ocean/sea-ice models. The coupling to a dynamegétation model is in progresd/ilhelm

ex verb.).
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4.1.2 Simulation of climate change and drought tr@sin Hungary

Climate change experiments have been carried ong tise regional climate model REMO
over two domains with different horizontal resatuts. The first simulation domain covered
Europe figure 15. The horizontal grid resolution was 0.44° (copasding to 50 km) with
109 x 121 grid boxes, the grid specification hasnbadopted from the RCM set-up used in
the EU-project ENSEMBLES.

Drography ENSEMBLES 0.44° [108x121)
P

TR 12500 - 3000
F aiieeeid L et : [ 2000 - 2500
. Gienh R e T I 1500 - 2000
o N e o e e e [ 1000 - 1500

' g g I 500-1000

i i Tt e = 600 - 800
i : et = 500-600
iz L [ ]400-500
L

300 - 400

e, — I 0-1 [m]

-1
a

Figure 15. Simulation domains (0.44° horizontal resolutioft &nd 0.176° right)

The following three types of REMO simulations haween studied on 0.44° horizontal
resolution (able 1):

» Validation simulation for the pagii961-2000): lateral boundaries provided by ERA-
40 re-analysesUppala et al. 2005) have been used to drive REMO. Intiatj and
forcing the model with reanalysis data ensuresttiamodel results represent the real
observed climate in the best possible way.

* Reference (control) simulation for the p#%851-2000): lateral boundary conditions
of REMO are taken from the coupled atmosphere-oce@vi ECHAM5/MPI-OM
(Roeckneret al. 2006,Jungclauset al. 2006). This is the reference simulationtfa
scenario simulations.

e Emission scenario simulations for the fut2901-2100): lateral boundaries to drive
REMO are taken again from ECHAM5/MPI-OM GCM. Threeenario simulations
were available for the analyses, which are basedhoee different IPCC-SRES
emission scenarios: B1, A1B and A2 (IPCC 208dnex ).

Applying a double nesting procedure, these REM@Odimulations were used to initialize
and drive the REMO simulations with 0.176° (~20 Kmoyizontal resolution. The simulation
domain covered Middle-Europédure 15 with 121 x 65 grid boxes and 27 vertical levéls.
reference simulation for the past (1961-1990) aval émission scenario simulations for the
future (2021-2050 and 2071-2100) were performeedasn the A1B IPCC-SRES emission
scenariofable 1, Annex)l

The main steps of the data analyses

» Validation of the model for temperature, precipdatand droughts
» Investigation of the climate change signal for tenapure and precipitation means
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* Analysis of the probability and severity of drought
* Investigation of the spatial differences in theudylot trends

Monthly precipitation sums and 2m-temperature meaerse studied for Hungary, using
simulation results and observed datble 1. In this dissertation the months May, June, July
and August have been selected for the analysesaletl 'summet, because in this part of
the year water availability is especially importéotthe vegetation growth.

Table 1.Analysed data and time periods

Time Horizontal

. Model and data . Lateral boundaries
period resolution
data from OMSZ-VITUKf station data -
1961-2000 | CRU datd 0.5° -
REMO’ validation simulation 0.44° ERA-40e-analyses
1951-2000 . . 0.44° ECHAM5/MPI-OM
REMO reference simulation
1961-1990 0.176° REMO 0.44°
2001-2100 EZEMO scenario simulations B1, A1B, 0.44° ECHAMS/MPI-OM
2021-2050 . .
REMO scenario simulation A1B 0.176° REMO 0.44°
2071-2100
4 Data of 87 precipitation and 31 temperature statfoom the Hungarian Weather Service (OMSZ) anthfro
the Hungarian Environmental Protection and Watendggment Research Institute (VITUKI)
® Gridded station dataviitchell et al. 2004; CRU: Climatic Research Unit)
¢ REgional climate MOdelXacob2001,Jacobet al. 2001)
YECMWF (European Centre for Medium-Range Weathee&astsye-analysis productUppalaet al.2005)
® General circulation modeRpeckneet al. 2006,Jungclauset al. 2006)

Validation. To get information about the accuracy of the modesults of the validation
simulation have been compared against observatwnhe past. Here, gridded station data
(CRUY 0.5° horizontal resolutiorMitchell et al. 2004) and observed data of 87 precipitation
and 31 temperature stations in Hungary (OMSYITUKI*®) have been used for validation
(table J).

Using REMO in climate mode it is possible to simelsstatistical characteristics of
meteorological quantities, but it cannot be expkdieat every single weather event is
calculated realistically in time and space: indinatlyears, which are dry in observations, can
be different from those in the simulation.

Emission scenariosFigure 16 visualises the simulations and time periods (ifowed
squares) selected for investigation of climate gearThe arrows marked with capital letters
show the compared experiments. Climate change Idigneemperature and precipitation has
been determined both for the middfeggre 16; A and the endfigure 16; B of the 21st
century, calculating the difference between thelte®f the scenario simulations (2021-2050
and 2071-2100, respectively) and reference expetirfi61-1990). These 30-year periods
have been selected to be comparable with the sestihternational projects.

7 Climatic Research Unit
'8 Hungarian Weather Service
' Hungarian Environmental Protection and Water Managnt Research Institute
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To study the dependence of the projected climadmgh signal on the resolution, simulation
results of 0.44° and 0.176° horizontal resolutibage been compared to each other.

B
[~
Reference Scenario Scenario
1961 - 1990 2021 - 2050 2071 - 2100

Figure 16. Simulations and time periods selected for anatysiimate change

Droughts. For the three emission scenarios in 0.44° horgdamsolution, simulation results
were available for the whole 21st centutgble J). Including longer time periods and more
dry events in the analyses, the drought trendsnayee representative. Therefore the 21st
century was divided into two parts: each 50 yeang [(2001-2050; 2051-2100) and a 50-year
reference period (1951-2000) were determined irR€ik century, too. Simulated frequency
and severity of droughts have been validated fd@112000, because reliable, continuous
observations for the 87 precipitation and 31 temjpee stations were available for this
period.

The dissertation aims to analyse the long-term deogl and the spatial distribution of
droughts from meteorological point of view, withaansidering its effect on the health status
and distribution of vegetation. Therefore insteithe application one of the existing drought
indices, a new definition and classification of dayents has been developed according to
monthly precipitation and temperature values frowdet results and observatiorG4]os et

al. 2007). This has been used to analyse the tereteaf drought probability and severity for
Hungary in the 21st century.

In the new approach a summer is called dry if it ba characterised with low precipitation
conditions with relative to a reference period. ¢jeelative precipitation anomaliesR) and
temperature anomaliedT) for summer have been calculated from the timeoget961-1990
(Eq. 16, 17, which is the most commonly used reference pdridtis kind of analyses.

P-> P/30
dP{%] =——*——*100 (16)
> P/30
k
dT[°C]=T,->.T /30 (17)
k

whereP [mm] is the summer (from May to August) precigibatsum,T [°C] is the summer
temperature meanyaries from 1951-210% = 1961,n = 1990.
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The following categorisation was developed and iagplconsidering relative precipitation
anomalies, two main groups have been determined:

o extreme dry summers (EDSJP < -25%

e moderate dry summers (MDS): -25%IP < -15%
According todT further categories have been created within theseps:

e for EDSs:T > 1°C ordT <1°C

e for MDSs: dT > 0.5°C ordT <0.5°C

The thresholds are based on tii#s anddTs of extreme/moderate dry summers in Hungary
for the past and characterise the Hungarian cirtamses quite well.

The number of events in each category has beemdatdl in REMO and in the observations
too. (Simulated droughts have been identified ndato the simulated reference period,
droughts from the observed data have been detedmeiative to the reference period from
the observations). The total number of dry sumnere sum of EDSs and MDSs. For
analysing the severity of droughti?’s anddTs of all dry summers have been averaged, and
the results for simulated and observed dry peri@& been compared. Finally, the results of
the three emission scenario simulations (B1, A1B) Bave been studied for the 21st century,
and for country means, the tendencies of frequeaay severity of droughts have been
analysed.

Spatial differences in drought trendsUsing simulations results with finer horizontal

resolution (0.176°), spatial distribution of théure climate conditions have been investigated
in Hungary. The region has been determined, in kvbiath positive temperature anomalies
and negative relative precipitation anomalies argdst in the period 2071-2100 relative to
1961-1990. Here, the drought trends have beenestudore in detail.

An investigation of the uncertainties of this aséydue to internal model variability would
require an ensemble of simulations. Neverthelesly, ane realisation for the control run and
each of the three emission scenario simulationg weailable.

4.1.3 Simulation of feedback of forest cover changethe regional climate and the climate
change altering effect of afforestation in Hungary

Application of the regional climate model REMO img study has the advantage that the
feedback of forest cover change on the climatebmmvestigated for long continuous time
periods. To obtain this aim, three different laisé ehange scenarios have been prepared:

« Maximal afforestation scenaridhe whole vegetated surface of Hungary is assumed
to be forest. Additional forested areas are alldiemus.

» Deforestation scenariadhe whole forested area in Hungary is replacedrbgsland.

» Potential forest coverbased on a survey of ecological potentials forrafftation in
Hungary(Fuhrer 2005), marginal agricultural croplands were reptiabg deciduous
and coniferous forests.

These land use change scenarios have been usaddasoler input for the regional climate
model REMO to estimate the effect of forest coviearge on the regional climate under
future climate conditions.
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Land cover data

To determine the present distribution of land cowgres in Hungary the CORINE Land
Cover (CLC2000) vector databdSevas used at scale 1:100000. The database has been
produced by computer assisted visual interpretatbrortho-rectified Landsat Thematic
Mapper satellite images. CLC2000 defines 44 clag3asthe map objects larger than 25 ha
and wider than 100 m are represefted

The advantage of this vector database is the egpoesentation of the area and location of
the polygons and it has more region-specific lasd types than the climate models. The
limitation of its application for climate modelling, that in models land cover is described by
physical parameters (e.g. albedo, leaf area imdeghness length), which are not allocated to
the CORINE categories.

In the frame of this study a method has been wodtgdo represent the CLC2000 database
on the model grid and to build it in into REMO antiag to the following steps:
e« The model grid and the CLC2000 database have beegewch using ArcViewHESRI
1996) and DigiTerrafigiTerra Map2004) softversfigure 17).

- 100

Figure 17.Forests based on the CORINE Land Cover (CLC200@)dee (left)
and merged with the REMO grid (right)

« Each CLC2000 type has been related to a globalystams type defined b@lson
(1994a, 1994bAnnex IVY. Reason: for all of the Olson-classes a land aserf
parameter set is specifiedHdgemannet al. 1999,Hagemann2002), which are
required as input parameters for REN€ect. 4.1l For each Olson-land cover type
existing in Hungary, the parameter values applrethe simulations can be found in
Annex IV.

e In all grid boxes the fractional area of the Olsmosystem types has been determined.

« Land surface parameters have been aggregated lowegridboxes in the applied
resolution: they were linearly averaged (exceptimmughness length due to
vegetation), weighted by the fractional area of ¢teenponent land cover types, as
described irBect. 4.1.1

This parameter-set represents the present land ¢ovélungary, which has been used as
reference in the model simulations.

2 http://dataservice.eea.eu.int/
2L hitp://www.fomi.hu/corine/clc2000_hun.html
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Figure 18.Changes of the forest cover for the deforestafief), maximal afforestation (middle) and

potential afforestation (right) experiments comghre® the reference.
Regions, which are analysed more in detail, arekadmwith squares.
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Figure 19.Changes of the roughness length for the deforiestéieft), maximal afforestation
(middle) and potential afforestation (right) expaents compared to the reference.

I T [ T 1
-90-80-70-60-50-40-30-20-70 -1 1 10 20 30 40 50 60 70 80 90 %

Figure 20.Changes of the leaf area index for the deforemtatieft), maximal afforestation (middle)
and potential afforestation (right) experiments gamed to the reference.
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Figure 21.Changes of the albedo for the deforestation (lefgximal afforestation (middle) and
potential afforestation (right) experiments comphte the reference.
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Land cover change in REMO can be implemented byificatdon of the characteristic
parameters. For the sensitivity studies in all drakes the new distribution of land cover
categories has been determined, and for each exgara new surface parameter set has been
calculated. It has been found that for land usengbastudies with REMO, the prescribed
vegetation- and soil albedo mapechid et al. 2007) have to be replaced based on the
modified values (an appropriate method is undeelbpmentRechidex verb.).

For the maximal afforestatioand deforestation sensitivity studies, forest coverngeand

the corresponding changes in the land surface pessnare shown digures 18-21

The increase of the forest ratio in Hungafigure 18 caused a significant increase of
roughness lengthfigure 19 and LAl (figure 20. Forests are darker, have smaller albedo
(figure 27 than other vegetated surfaces. For the deforestatenario, decrease loAl, and
roughness length and increase of albedo can bevelos@ he bigger changes are localised in
the regions with larger loss of forested area.

Future afforestation survey in Hungary

In the potential future afforestation survey of igary, forest cover is suggested to increase in
areas, which are less suitable for arable cropghidnrer 2005). For the 50 forest regions
(Danszky1963) the fraction of the less agriculturally flertareas has been determined that
could be potential afforested. This means 7% irsere# forest cover (6.3% deciduous and
0.7% coniferous) for Hungary until the near futfigure 22. The exact location of the
additional forest area within the region is notedetined.

Figure 22.Potential increase of forest cover for the 50 foregions
(the map is prepared based on the data from FUROE5)

Steps for building in this survey into REMO:

* The forest regions the REMO grid and the CLC200@skt have been merged.

» The gridboxes in the 50 forest regions have beentifiled and the area of crops in
each box was determined.

e It is assumed that in all gridboxes, which belon@tselected forest region and have
crops, the fraction of crops should be reduced rascpbed for that region in the
potential afforestation survey. This is equivalemtthe forest cover increase in that
region.

» Adding the increase to the CLC2000 reference faregeér, the potential forested area
has been allocated for all gridboxé&gljre 18.

* Finally the new parameters were calculated as dhestm the previous section.
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This scenario can be characterised by only a smakase of Al (figure 20 and almost no
changes in albeddigure 21) and roughness lengtfigure 19. The reason for it is that a
relative small fraction of crops has been replaogdorests and the differences between the
parameters of forests and crops are also compalasmall Annex 1V).

Model simulations, experimental set-up

The following sensitivity experiments have beerf@ened (able 2:

« Emission scenario simulatiorfer the future (2021-2050, 2071-2100) with present
land cover applying A1B IPCC-SRES emission scenghionex ). These are the
references to the sensitivity studies.

« Maximal afforestation experimeniisr 2021-2050 and 2071-2100

+ Deforestation experimeror 2071-2100

+ Potential forest coveior 2021-2025

Table 2.Analyzed data and time periods

. Reference Maximal . Potential forest

Experiment . . . Deforestation
simulation afforestation cover

Characteristics Present Forest over all | Grassland over all i?g;; ?Sr:ggggrsl
forest cover vegetated area forested area forcgst Y
1961-1990

Time period 2021-2050 oo 2071-2100 2021-2025
2071-2100

GHG? forcing IPCC-SRE8emission scenario ATB

Horlzor_1tal 0.176°

resolution

Lateral REMO" 0.44°

boundaries

%GHG: Greenhouse gas

PIPCC-SRES: Intergovernmental Panel on Climate Caangpecial Report on Emission Scenarios
“description can be found Annex |

4 REgional climate MOdelJacob2001,Jacobet al. 2001)

The simulation domain covered Central-Eurdijgu¢e 19, the horizontal grid resolution was
0.176°, with 121x65 grid boxes and 27 vertical lsythe same as used for the climate change
simulation studies irBect 4.1.2 For all simulations a double nesting procedurs been
applied Gect. 2.4.2 From the selected domain, forest cover has l@mged only in
Hungary.

The main steps of the data analyses

The analyses are concentrated on the Carpathiam-Bad on the summer months (May,
June, July and August), because the largest affdarests on the climate is expected in this
part of the vegetation period. After skipping tlmstfyear for model spin up, 5- and 30-year
time periods (2021-2025, 2021-2050 and 2071-2180¢ lbeen determined and investigated.
The simulation results of the maximal afforestatj@eforestation-, and potential forest cover
experimentsfigure 23in squares) have been compared to the referemadagions from the
corresponding time period as shown by the arrowkedawith capital letters ofigure 23
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For 2071-2100 the effects of maximal afforestatiamd deforestation on
evapotranspiration, surface temperature, 2m-tentyrerand precipitation have been
investigatedf{gure 23; D, B.

The region, characterised by the largest climdftiece of maximal afforestation has
been determined.

The region with the largest possible increase oddbcover is selectefiqure 18, in
which the feedback of maximal afforestation on heaapotranspiration, temperature
and precipitation conditions have been analysecnmodetail.

In the selected region, interaction of the maimelic forcings of afforestation has
been studied during the summer months.

For 2021-2025 the climatic effects of maximal adeptial afforestation is compared
to each otherfigure 23; F, Q for the area characterised by the larger incredse
forest cover in the potential afforestation scemérgure 18.

— » Reference Reference «—

—P> 4—|

2021 - 2050 2071 - 2100
D
F

Maximal afforestation Maximal afforestation J

—> 2021 - 2050 2071 - 2100
G E
Potential afforestation Deforestation
> 2021 - 2025 2071 - 2100 <

Figure 23.Analysed simulations and time periods

Climate change altering effect of maximal afforéeta have been analysed based on the
following steps:

Spatial differences in the forest-climate interacs have been investigated. Based on
the results of the previous sections, three regmave been selected: the most drought
affected one, the area with the largest amount fifrestation and the region
characterised by the largest precipitation-incregasind temperature-decreasing effect
of maximal afforestation. Each of them cover 18lgoixes (~ 300 kA.

For precipitation, magnitude of the climate chasmgmal and the climatic feedback of
maximal afforestation is compared to each othetticge selected regiongure 24;

B, D).

Effects of maximal afforestation on the probabikiyd severity of droughts have been
investigated for the period 2071-2100.

Climate change signal for precipitation has beemist for 2071-2100 relative to
2021-2050 with and without forest cover increafigufe 24; C, H in order to get
information about the influence of the extent aekied area on the projected climate
change.

Dependence of the afforestation feedback on thenmate of climate change has
been analysed: for the middle and the end of thet 2é&ntury, effects of maximal
afforestation on precipitation have been compavezhth otherfigure 24; D,F).
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Regions were determined, where deforestation emisatite climate change signal

(figure 24; B.
B
| =1 I
Reference Reference Reference
1961- 199( ‘_’ 2021- 2050 2071- 210(
F Maximal afforestation Maximal afforestation
|—> 2021- 205( 2071- 210C
Deforestation
2071- 210C
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Figure 24.Analysed simulation results and time periods




4.2 Measuring and modelling interception on localeale

On local scale, hydrological processes in foresehzeen investigated in the Hidegviz-Valley
forest hydrological research area. For the beetd thie hydrologic model BROOK90

(Federeret al. 2003) has been adapted and applied faithelation of interception. Results

have been validated with field measurements.

4.2.1 The Hidegviz-Valley forest hydrological resela area

The research siteis situated in the Sopron Mountains, west of Sopfidangary) in the
watershed of the Rak-streaffig(re 25. The beech forest sub-compartment is 510 m above
sea level. The bedrock is schist covered by sedsndime genetic soil type is acidic non-
podzolised brown forest soil, the physical typdo@m. The site can be characterised by 8-
8.5°C annual mean temperature and 917 mm annueipftagion sum Kalicz 2006). In the
investigated forest sub-compartment the domina# $pecies is beechggus sylvaticd..)
admixed with only single individuals of hornbea@afpinus betulud..) and sessile oak
(Quercus petraeéMattuschka) Liebl).

The general research aim in the area is to stuglywiter- and energy balance of the beech
forest stand\(ig 2004, 2007), and to explore and model the wateleoyf the forest covered
catchment@Gribovszkiet al. 2006, 200&alicz et al. 2007).

In the dissertation, regarding to the availablenplete, reliable dataset, which was needed for
the analyses, the year 1997 was selected for thestigations. In this year the stand was 39
years old, 15 m high, the diameter at breast heigist 0.14 m and the canopy closure 100%
(Vig 2002).

HIDEGVIZ VALLEY
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NAGY ZUHAYAG. ) %
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Figure 25.Location of the beech site (marked with red squaréhe Hidegviz-Valley forest
hydrological research area (adapted from Kalicz 800
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4.2.2 The hydrologic model BROOK90

General characteristics

BROOKO90 federer et al. 2003) is a deterministic, process-orientethped parameter
hydrologic model that can be used to simulate rneosd surfaces at a daily time step year-
round. It is a parameter-rich model designed prima&o study evapotranspiration and soil
water movement for a single location or for a smaliform watershed.

Input variables. Meteorological input variables areaximum and minimum temperatures,
solar radiation, vapour pressure and wind speedailly scale angrecipitation at daily or
shorter intervals. These parameters can be measithed above the canopy of interest or in a
weather station nearby. Further input parametersiaeded about location (latitude, aspect),
infiltration and drainage, soil (e.g. thickness,t@vacontent and water potential at field
capacity for each layer), and canopy (e.g. maxinteah area index and leaf conductance,
stem area index, albedo, relative root densityghoess of the ground surface below the
canopy). Canopy is assumed to have one layer.

Output for the surface and subsurface hydrologprakcesses are provided on daily time
scales or for precipitation intervals.

Basic processedVater is stored in the model as intercepted rateycepted snow, snow on
the ground, soil water in from one to many layarg] groundwater.

Validation. The model can be validated with interception o eoisture measurements.

Evapotranspiration in BROOK90

In BROOKO90 evapotranspiration is the sum of fivenponents: evaporation of intercepted
rain and snow, snow and soil evaporation, and pigaitson. Potential evaporation rates are
obtained using th&huttleworth and Wallacél985) modification of the Penman-Monteith
approachAnnex V.

Shuttleworth and Wallacél985) applied the Penman-Monteith equation ségigréor the
canopy and for the soil surface to give separdimates of transpiration and soil evaporation
(Annex Y. This method provides a potential transpiratistineate based primarily on
maximum leaf conductance reduced for humidity, terafure, and light penetration.
Aerodynamic resistances are modified frBhuttleworth and Gurnefl 990). They depend on
leaf area indexL(Al), which can vary seasonally, and on the canopghteivhich determines
stem area indexSAl). Soil evaporation resistance depends on soil madtential in the top
soil layer. Actual transpiration is reduced belostgmtial when water supply to the plant is
limited by plant resistance, rhizosphere resistarar@d minimum (critical) leaf water
potential.

Interception

Potential interception rate is defined as the exatpmn that would occur from any given land
surface in given weather conditions if all surfaeese externally wetted as by rain. It is
calculated from the Shuttleworth-Wallance equatwith a canopy resistance of zeAnfex

V) and aerodynamic resistances based on canopytheayipled with a canopy capacity and
an average storm duration. Potential interceptaa is determined separately for daytime and
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for nighttime and the results are weighted by thg &kngth. Its amount is considered to be
constant throughout the daily time step.

In the model there are two ways to simulate aghiatception (the same symbols are applied
as in the model):

Precipitation input is more than once a daynnex VI).The model calculates the rate of
precipitation, which is catched by the canopy, teémaining part is throughfall. Until the
maximum storage capacity is reached, the maximuohgate CATCH[mm]) is assumed to
be a constant fraction of rainfall and is lineandtion of LAl andSAl.It can be determined as

CATCH=(FRINTL* LAI + FRINTS* SAl) * RFAL (18)

whereRFAL [mm] is the rainfall rateFRINTL andFRINTSare intercepted fractions per unit
LAl and SA| respectively. The maximum amount of water that ba hold on the canopy
(maximum storage capacityNTRMX [mm]) increases linearly witiLAl and SAL It is
calculated as

INTRMX = CINTRL* LAI + CINTS* SAI (19)

where parameter€INTRL [mm] and CINTRS[mm] are the maximum interception storages
of rain per unitLAlI and SA|, respectively (similarly to the four interceptiparameters for
rain, there are also four parameters allocatesgtiow). AfterCATCHreaches the maximum
storage capacity, no more water can be stored enc#nopy, which is available for
evaporation.

In BROOK®9O0 it is assumed, that at the beginnintheftime-step the storage of the canopy is
INTR[mm]. Its value differs from zero, if in the prewus time-step the amount of evaporated
water was smaller than the amount of the storeewiitit is raining during the time-step,
water catched on the canopy evaporates in the fateate PINT [mm]). At the end of the
precipitation interval time-ste{TP) the new storageNEWINT[mm]) is determined as

NEWINT=INTR+(CATCH-PINT) * DTP (20)

For each precipitation time-step the net catch @&I&T [mm]) and the evaporation rate of
intercepted waterlRVP [mm]; called interception in this work) are deten@d in the three
cases:
* The canopy wets during the time-step, interceptiocurs in the potential rate. If the
canopy capacity is reached and the new storageedsdbe maximal capacitiRINT
can be calculated as

RINT=PINT + (INTRMX - INTR)/ DTP (21)

» If the canopy wets but does not reach the maxiraphcity, the net catch rate has its
maximal value RINT equals taCATCH and increases linearl¥£(. 18).

» If the canopy dries during the time-step, or stays RINT equals tacCATCHand the
interception, which is smaller than the potentseéris determined as

IRVP=(INTR/DTP) + CATCH (22)

Interception from daily precipitation input{Annex VI).Amount of interception is strongly
depending on the intensity of precipitation, whigltalculated from the duration of the storm.
There is an input parameter that specifies theamehourly duration of precipitation for each

57



month of the year. The amount of interception itkedrined based on the duration and the
average potential interception rate for the day.

Limitations related to interception processes are:
* There is no allowance for non-green leaves, whigh intercept precipitation and
radiation but do not transpire.
« Reduction of leaf area index after prolonged watesss is neglected.
« The canopy is considered to be either completelgedeor completely dry. Partial
canopy wetting and drying is not treated.

General application of the modeBROOKO90 is a fairly complex water budget modeliaga
which simpler models can be tested. It can be @dgal for predicting climate change effects.
The model can be applied as a water budget modéamol managers, as a research tool to
study the water budget and water movement on spiats and as a teaching tool for
evaporation and soil water processes (enpery2004,Schwérzekt al. 2006).
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4.2.3 Application of BROOK9O for interception in ¢hHidegviz-Valley

For adaptation of the model to the beech stanédqitires measured data for estimation of the
fix parameters dalibration) as well as for testing the acceptance of the uwuyariables
(validation).

Meteorological data.Since 1995 micrometeorological measurements haugglrarried out

in the beech stand byig using an AANDERA 2700 AVS automatic meteorologistdtion
(Vig 2002;figure 29. Net radiation budget, temperature, relative dityiand wind velocity
are determined in 19 m (above the canopy surfdee)n (effective height), 10 m (crown -
stem area boundary) and 2 m (stem area) above dyrsurfiace. These datasets have been
used as meteorological input for the BROOK90 madediaily and hourly time steps. (In
2005 a new meteorological station was located hadrteasurement heights were adjusted to
the actual height of the stand/ig ex verb.)

Figure 26.Microclimate tower (left) and interception gardeight) in the beech stand

The further input parameters related to site caomust (e.g. soil and flow parameters) as well
as to canopy characteristics (e.g. maximum leah amdex and leaf conductance, albedo,
relative root density, canopy height and densitgyeh been allocated based on literature
values and local experienc@4d, Kovacsex verb.).

Measuring of interception.Interception cannot be measured directly, it canchlculated
from the amount of gross precipitation in the oped stand precipitation in the forest. Data
for interception have being collected for 20 yeaostinuously in different forest stands in the
Hidegviz-Valley figure 26, in which | also participated to during my PhDrkio

Gross precipitationis measured in the highest (500 m above sea Iavidj-Hermes using
Hellmann-ombrograph) and in lowest (370 m aboveees) part of the watershed as well as
in the beech stand 20 m above ground surface.

Throughfall precipitation is collected in 8 throughfall gagastematically located below the
canopy figure 27, each of them has 0.Zrarea.

For measuringtemflow beech trees in the 400 mesearch site were classified based on their
diameter at breast height. Representative numbieees$ per classes has been determined, on
which stemflow measurements are carried out usingular cuffs secured on the bark
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(method: Kucsara 1996). The collected stemflow from these is thed fo containers for
volume measurementBdure 27).

X S AR - T 3

Figure 27.Throughfall (left) and stemflow measurement (rightthe beech stand

Stand precipitation is measured in the vegetatenogd, as far as possible after each rainfall
event. From the measured precipitation data inpdi@e is calculated based on the following
steps Kucsaral996):
* From the 8 gaged(wi[l]) an averaged throughfall amout [l]) is calculated and
determined for 1 farea as

2P
P =_1 23
TH n* A\g ( )

wheren is the number andy [m?] is the area of the gages.

» Stemflow Ps[l]) is calculated by the weighted sum of the averstgenflow of the
sample trees[1]) in the 6 diameter classes and determined fof &nea as

k
2Py
=1

A

Ps (24)

wheree is the weighting parameter, which equals the nunabehe trees in the individual
classesk is the number of the diameter classes, Arith?] is the area of the beech research
site.

* Interception [) is the difference between the measured grosspiiaon (Ps[I]) and
stand precipitation for 1 fnarea. The later is the sum of the throughfBiiyf and
stemflow Ps) for 1 nf area.

I[1/m°] = Py = (P +Py) (25)

P _(PTH + Ps)

G

1[%] = *100 (26)
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The main steps of the local scale research

» Calibration of the model.

» Validation of the simulation results with measurerse

* Investigation of the sensitivity of the interceptiooutput to the change of
meteorological and canopy parameters.

In this work BROOK90 has been used only for estiomatof interception, the other
hydrological processes have not been analysed.efidrer calibration and validation were
done for the interception-related meteorological aanopy parameters (e.g. soil and flow
parameters have no effect on the simulated amduntesception, so their accuracy have not
been tested, the predefined values have been adcapt used). Calibration and sensitivity
studies were carried out for 1997, because forythias complete meteorological input dataset
was available and the stand was young-aged witBel€0sure and no forestry interventions.
To simulate interception in the beech site, BROOK®s been applied with hourly
precipitation inputs using the INTER subroutige¢t. 4.2.2; Annex VI

Calibration of the model.The best fit of the model has been achieved bipreadion of the
maximal storage capacityC(NTRLD and the intercepted fractions of rain per undf larea
(FRINTL) to the measured interception data for the petigte-September 1997.

For validation of the interception outputs, measured data froensdime time period has been
selected, which have not been used for the calibratThe simulated and measured
interception have been compared to each otherrenthbdel bias has been determined. If no
interception measurement was available for theipitaton event, simulated as well as
measured precipitations and the corresponding captions have been summarised over
longer time periods.

Sensitivity studies for precipitation intensityt has been tested weather the more accurate
determination of the duration of the rainfall evdrdve an influence on the simulated
interception. Two sensitivity studies have beerpgared:
* HourlyP: interception has been simulated using hourlyipr&tion measurements as
input (INTER subroutineSect. 4.2.2
» DailyP: the model run with daily precipitation input aad average hourly duration of
rainfall for each month (INTER24 subroutirfeect. 4.2.2 The monthly mean hourly
rainfall duration has been calculated from the hopirecipitation measurements.
For both cases the simulated interception has beepared to the measurements.
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5. Results

5.1 Climate change and drought frequency

For precipitation and temperature, the term ‘clenahange signal’ refers to the difference
between the simulated future and present conditidetailed description on of the applied
emission scenarios can be foundAinnex I.In Sect. 5.1temperatureT) means the 2m-air
temperature.

5.1.1 Validation of the regional climate model REM{or temperature, precipitation and
droughts

For the climate period 1961-1990 simulated redudige been compared against observations
(OMSZ-VITUKI) and gridded station data (CRU).

T[°C]
30
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151

0O 1 2 3 4 5 6 7 8 9 10 11 12 13
| —— OMSZVITUKI ——CRU  ——REMO | Month

Figure 28. Validation for the monthly temperature (T) meadar{garian mean, 1961-1990).
Bars represent the spread of values within the &@r-period.

P [mm]
160

140
120
100
80
60
40
20
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13
| ——OMSZVITUKI ——CRU  ——REMO | Month

Figure 29.Validation for the monthly precipitation sums (Hanign mean, 1961-1990)
Bars represent the spread of values within the &@r-period.
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The 30-year temperature means for winter and spnagth are simulated by REMO almost
perfect with respect to the CRU and OMSZ-VITUKI akdt in Hungaryfigure 28, but from
July to September simulation results show a stnwagn bias. REMO simulates not only
higher temperatures in the summer months but &lso/ariability of the modelled values is
larger than observed. The increased variabilitysamer temperatures in the validation
simulation was also discussed ®gharet al. (2004) an&eneviratnet al. (2006).

For precipitation, the difference between modelitesand observations are rather small from
October to April. In summer, precipitation amousniunderestimated by REMO, especially in
August and Septembdigure 29.

Results of the validation show that the summerrdyyroblem (i.e. the too warm and too dry
simulation of climate in the Central European coestduring the summer; introduced in
Sect. 2.4.2is present also in these simulations. To elingrthis kind of uncertainty, ‘delta
change approach’ has been used, which means, chahgématic variables were analysed
rather than absolute values calculated by the maddhés approach is based on the assumption
that model biases do not change under climate ehemgditions Jacobet al. 2008).

It is also supposed that the frequency of obsedrgdsummers relatively to the observed
mean (1961-1990) should be the same as the fregudrssmulated dry summers relatively
to the simulated mean, despite of the dryer anan@abias of the model.

Validation for droughts.Dry summers defined in Sect. 4.1.2 have been tikedsiand for
each category the number of events has been detmnfable 3. Table 3 shows that for
1961-2000 the frequency of simulated and observedemate (MDS) and extreme (EDS) dry
summers agree rather well almost in all categaaies in total (EDS+MDS) too. Only the
number of droughts characterised by larger than BBgative relative precipitation anomaly
(dP) and 1°C temperature anomatyT} is overestimated by REMO. Dry summers occurred
in more than one third of the analysed 40-yearogefiom these every second summer was
extremely dry. More than half of the extreme drem¢ can be characterised with high
positive temperature anomalies.

Table 3.Number of dry summers in the period 1961-2000

Extreme dry summers (EDS) Moderate dry summers (MDS) EDS+MDS
dP<-25% -25% <dP<-15%
. Total . Total Total
dT>1°C dT<1°C: dT>0.5°C dT<0.5°C!
OMSZ-VITUKI 4 3 ; 7 5 3 5 8 15
CRU 4 3 i 7 4 3 i 7 14
REMO 9 3 12 3 3 6 18

Figure 30represents thdP anddT values of the individual summers (1961-2000) reddy

to the climatic mean (1961-90). Correspondingable 3 the amount of extreme dry and
warm events, therefore the severity of droughtstia model is higher compared to
observations. REMO simulates not only more extrenyeand warm summers, but also more
extreme wet and cold onefsgre 30Q. This means that in the summer months the vaditiabi
of the simulation results is larger than obsenfeat.dTs the difference between the highest
and lowest model result is 5°C, in the observations less than 3.5°C. REMO simulates 6
summers witldT above 2°C, whereas there are none in the obsengathlso fordPs there is

a larger variability in the model than in the obsdions, but this difference is not so large as
for temperature.Higure 29 does not show this because it represents absoptatepitation
values for each individual month.)
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Figure 30. Temperature (dT; left) and precipitation (dP; rijlleviations
in all summers for 1961-2000

Based on the validation results REMO is well suéalfor projecting temperature,
precipitation and drought tendencies for the 2éstury in the selected region.

5.1.2 Projected temperature and precipitation tendees for the 21st century

Climate change signal for 2021-2050 and 2071-2X30k®een studied based on the results of
three emission scenario simulations (B1, A1B, Adatively to the reference period 1961-
1990. In the near future (2021-2050) for A1B scendre summer months (May, June, July,
August) can be 0.5-1.5°C warmer in average thaheaend of the 20th centurfigure 31J).
Results of the three investigated scenario simaratiare very similarAnnex VI). The
increase of temperature is the largest in West-ldongdPrecipitation is projected to be 5-10%
lower on the western part of the country and 5-108ber on the eastern pafiglre 3. For
the A2 scenario, 5-15% precipitation increase gjguted for the whole countnAfnex Vi),
maybe due to the high aerosol concentration irathevhich can lead to the easier cloud- and
precipitation formation.

For the second half of the 21st century, warming @ying of summers are more significant
in the whole country. Based on the A1B scenariojraer temperatures may increase 3-4°C
compared to the mean of the period 1961-19&fure 37). At the end of the 21st century
decrease of the 30-year mean of summer precipitation can reach the 30-35% relative to
reference period in the past in all investigateenacios figure 31, Annex V]| especially
South-Hungary is affected by drying. Between 20Q2%2 and 2071-2100 the largest
precipitation difference can be detected in thelsem part of the Hungarian lowland: in the
first part of the 21st century this area can berattarised with the largest increase of
precipitation and this seems to be one of the dreggions at the end of the century. These
results underlines also that in the Carpathiannbd® warming and drying of summers is
much more stronger than the global trends. Thew#iniys are in good agreement with the
analyses of different regional climate model sirtiates carried out in the EU-projects
ENSEMBLES, PRUDENCE, CLAVIER and CECILA

%2 hitp://lensembles-eu.metoffice.com/, http://prudedmi.dk/, http://clavier-eu.orghttp://www.cecilia-eu.org
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Figure 31.Climate change signal for summer temperatures {d)} and precipitations (dP; bottom) — emissioarsrio
A1B. For 0.44° horizontal resolution, 2021-20501861-1990 (left) and 2071-2100 vs. 1961-1990 (fajdd
For 0.176° horizontal resolution 2071-2100 vs. 19®D0 (right).
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For A1B scenario dependency of climate change kignahorizontal resolution has been
investigated.Figure 31 visualises that projected changes of temperatoce mecipitation
(2071-2100 vs. 1961-1990) are almost the same @h 19.44° and 0.176° resolution,
although the finer scale provides more spatialitdeta

Probability distribution of the country mean sumnemperature for the periods 1961-1990
and 2071-2100 shows that not only the climatic radaut also the extremes are affected by
climate changefigure 32.
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Figure 32. Probability distribution of the country mean sum@mperature (T) for the reference
simulation (a), and for the emission scenario satiohs ScenB1 (b), ScenAl1B (c) and ScenA2 (d).
Grey lines represent the temperature values inntderidual summers.
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Distribution of temperature represented by the Gawsves are shifted in the warmer
direction (similarly tofigure 1¢ IPCC 2001 andSchéar et al. 2004). Based on the AlB
scenario summer temperatures will be 3.6°C highéneaend of the 21st century than in the
reference period. From the analysed scenarios Bltlma lowest future greenhouse gas
emission rates, so that the smallest changes sogsdjected for the investigated period.

The flatter and wider probability density functiomgan that also the temperature variability,
the probability and severity of extreme warm sunsmaay increase under enhanced climate
change.
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Figure 33. Relative precipitation anomalies (dP) of summésScenB1, ScenAl1B, ScenA2 emission
scenarios. The 40% negative relative precipitagmomaly is marked with red line.

The country means of the relative precipitationraalies also refer to the strong decrease of
the summer precipitation for 2071-210@@re 33. At the end of the 20th century there were
only one summer with larger than 40% precipitatimomaly, whereas at the end of the 21st
century the probability of these events becomebkdrigSimilarly to the temperature, change
of the 30-year mean of the summer precipitation ssisnthe largest for the A1B and the
smallest for the B1 scenario. A2 scenario showslahgest variability for both temperature
and relative precipitation anomalies. Tendencié®duced in this section can result in higher
frequency and severity of droughts in the future.
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5.1.3 Probability and severity of droughts in thés2 century

Probability of droughts.The country mean of the probability of dry evemés been analysed
considering the results of the three scenario sitraris (B1, A1B and A2). The total number
of droughts in the control simulation is the sammecalculated with the CRU gridded station
datasetf{gure 39, which shows the excellent quality of the consiohulation with respect to
the analysed topidigure 34demonstrates that until 2050 the probability @ ttccurrence of
dry summers can be lower in the A2 scenario. Télatively low frequency of droughts is
probably caused by the stronger increase and highier of SQ emission in this scenario
compared to the other ones (IPCC 2007). It indloeser radiation and therefore lower
temperature than for B1 and A1B scenarios. Alsohilgaer aerosol concentration can play a
role in the process that is favourable for the dloand precipitation formatiorAgnex VI),
which can lead to the relative low frequency drdagh
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Figure 34. Total number of dry summers in Hungary
for ScenB1, ScenAlB, ScenA2 emission scenarios. @ided station data.

For 2051-2100, the number of droughts increasesfsigntly in all scenarios. In A1B, 26
droughts can occur, 11 more than in the period 288I0. This means that in the second half
of the 21st century every second summer may bg art. The huge increase in the number
of dry events may relate to the strong continuagseiase of C@emission and decrease of
SO, emission during the second half of the 21st cgnflinese lead to a higher radiation rate
and the strong increase in temperature for alhefibvestigated scenariog(re 31, Annex
II). The decrease of the aerosol concentration cao slipport the high probability of
droughts.
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Figure 35.Consecutive dry periods in the 21st centirgch symbol represents a summer drought.
ScenBl1, ScenAl1B, ScenA2: emission scenarios .
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Consecutive dry perioddNot only the probability of dry summers, but akh@ length of
consecutive dry periods is projected to increasalliscenarios after the middle of the 21st
century tigure 35. Here, five or six droughts in sequence may occunpared to the two or
three in the period 2001-2050. In the last 10 yeathe 21st century almost all summers can

be classified as dry.
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Figure 36. Severity of all dry summers for 2001-2050 (top) 2051-2100 (bottom) for Hungary.
The small symbols represent the individual dry &ahe big ones the averages of the clusters. The
ellipses describe the place of the different chsstath a 95% confidence level.
dT: temperature anomaly, dP: relative precipitatimmomaly for 2001-2050 vs. 1961-1990 and 2051-
2100 vs. 1961-1990, respectively. ScenB1, ScerBcHBA2: emission scenarios.
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Severity of droughtsChanges of the drought severity in the future Hzeen analysed based
on the temperature- and relative precipitation aalogs of the dry summerédure 36.

In the period 2001-2050 the averagelB$ is almost the same in the three scenarios dein t
control simulation, whereas their number in A2 scenis significantly lower. The clusters
visualised by the ellipses shift mainly to the diren of higher temperaturedT is increased
by about 1°C in A2 scenario relative to the refeeesimulation.

For 2051-2100 the clusters are moving to dryer wadner conditionsfigure 39, which
means that the severity of droughts increasesfgignily in all scenarios. For A1B scenario
in the second half of the 21st century the aversgmtivedPs of dry summers will be almost
10% higher, the averagds 3.2°C higher than in the control period. Fromrésults of A1B
and A2 scenarios it is clearly visible that summeith extreme low precipitation can be
characterised in most cases with extreme high testyoes. The very dry and extreme warm
summers become more frequent, as it was discusseikcdt. 5.1.2 From the analysed
scenarios B1 shows the smallest changes relatitbetaeference period. In this scenario
precipitation anomalies do not change significantlythe 21st century. The average of
temperature anomalies of dry summers is 1.8°C invidlereas 3—-3.5°C in the A1B and A2
scenarios.

5.1.4 Spatial differences in the drought trends

After the investigation of the drought trends fourtdgarian mean, spatial distribution of the
projected temperatured{) and relative precipitation anomaliedP{ has been analysed
(2071-2100 vs. 1961-199@igure 37. That area is assumed to be the most climategehan
affected, in which both positive temperature anaesaand negative precipitation anomalies
are largest in the period 2071-2100 relative t0119890. Thresholds applied to prepare the
map are 20%-, and 25% negative relative precipitanomalies and 3.0°C and 3.5°C
temperature anomalies, respectively. In the sowtteme part of Hungary is the projected
tendency of warming and drying is the largdisfjure 37. This area is characterised by 3.7°C
higher summer temperature mean and almost 30% lpkeerpitation amount for 2071-2100
than in the period 1961-1990. The least affectedtze northeastern areas.

S

dP<-25% and 3.5°C < dT
dP<-25% and 3.0°C < d¥ 3.5°C
dP<-20%

Figure 37.The spatial distribution of the climate changensilgfor precipitation (dP)
and temperature (dT) in summer (2071-2100 vs. 198D).
The most drought affected region is marked witips!.
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As discussed irSect. 5.1.3for country means, number of droughts (MDS+EDShast
doubles by the end of the 21st century comparddetsecond half of the 20th century. In this
chapter the spatial differences of the increaseérofight probability are studied, focusing on
the change of the number of summers with larger 4226 precipitation decrease (2071-2100
vs. 1961-1990). The largest increase in their nuniderojected along the southern and
western border of the countrygure 38.

1-15

Figure 38.Change of the number of summers with negativéivelarecipitation anomaly 40%,
2071-2100 vs. 1961-1990 (unit: number of summers)

In the southwestern regiofigure 39, the number of moderate dry summers does notgehan
in the 21st century, whereas there is a huge iserea the probability of extreme dry
summers fgure 39. Especially the number of summers characterisethiger than 40%
negative relative precipitation anomaly increagesm 3 in the period 1961-1990 to 13 in
2071-2100, which is almost the half of the investiagl period.
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Figure 39.Frequency of dry summers on the most climate ahaffgcted southwest part of Hungary.
dP: relative precipitation anomaly, ScenB1, Scd®/3cenA2: emission scenarios.
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5.1.5 Summary
Regarding to the research questions the majomigsdof the analyses are as follows:

How accurately can the regional climate model REMf®nulate past dry events?

 In summer a warm bias for temperature and a drg foa precipitation has been
detected compared to the observed data, which edated to the summer drying
problem of the regional climate models.

e The statistical characteristics of dry summers banrepresented realistically with
REMO in comparison with observations. Simulated abderved data agree well in
the frequency of droughts. Only the proportion aederity of extreme dry summers
are overestimated by the model.

* Based on the validation results, REMO is well daléafor projecting the long-term
tendencies of temperature and precipitation as agelbhe occurrence and severity of
droughts for the 21st century in the selected regio

What are the projected tendencies of temperatureangeand precipitation sums in the 21st
century?

* In the near future the climate change is modenmagylts of the three investigated
scenario simulations for temperature are very simil

* For the second half of the 21st century warming @nythg of summers are significant
in the whole country. At the end of the 21st ceptdecrease of the 30-year mean of
summer precipitation sum can reach the 30-35%iveldb reference period in the
past. Changes of the climatic means are the laigestlB scenario, whereas A2
shows the largest variability for both temperatanel precipitation values. From the
analysed scenarios B1 has the lowest future gremsehgas emission rates, so that the
smallest changes are also projected for the iryedstil period.

* Projected tendencies of temperature and precipitatire the same for 0.44° and
0.176° horizontal resolution, which means that tieggnitude of the climate change
signal is independent from resolution. The finerizuntal resolution provides more
regional details.

Will climate change have an effect on probabilitha severity of droughts in the future?

* For all scenarios, probability of droughts is nagher in the first half of the 21st
century, their severity increases only throughhlgher temperature compared to the
period 1951-2000.

* Under enhanced climate change (2051-2100), the aeuofldry events is significantly
higher than for 1961-1990; in the A1B and A2 sc@asadroughts may occur in every
second summer. The consecutive dry periods willltasyer compared to the first half
of the 21st century. The severity of droughts iases significantly in all scenarios
compared to the reference period.

Which region can be characterised by the largestdency of warming and drying?

* The southwest part of Hungary is the most affetigavarming and drying. It can be
characterised by almost 30% precipitation decraadge3.7°C temperature increase for
summer (2071-2100 vs. 1961-1990). The expecteceaser of the probability of
extreme dry summers is largest also in this area.
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5.2 Feedback of forest cover change on the regiondimate

5.2.1 Climatic effects of maximal afforestation antkforestation

For the time period 2071-2100 spatial distributtdrevapotranspiration, surface temperature,
2m-temperature and precipitation have been analgsegbaring the simulation results of the
maximal afforestation as well as deforestation isgrtg experiments to the reference
simulation. In the model, vegetation has no heititeérefore surface temperature corresponds
to the temperature of the vegetation surface ard2th-temperature is the temperature 2m
above the canopy.

Maximal afforestation. For the maximal afforestation scenario, the 30-ye@an of the
summer evapotranspiration rate is 10-15% highar thathe present forest covéiglre 40.

In smaller areas this increase can reach the 2(8é. difference of evapotranspiration
between the maximal afforestation and referenceulsition is larger in regions, which are
characterised by larger increasd.&fl and roughness length valudgre 19-2Q. Due to the
cooling effect of the enhanced evapotranspirataig, rsurface temperature is reduced by up
to 1°C on the eastern part of the country, 0.3@.6h the western part of the Hungarian
lowland and in Southwest-Hungary, respectively, &rt40.3°C over the mountainous areas
(figure 40. A slight decrease of 2-m temperature (0.1-0.22&) be detected only in North-
Hungary {igure 40.
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Figure 40.Changes oévapotranspiration (top left), precipitation (tojght), surface temperature
(bottom left) and 2m-temperature (bottom right);xin@al afforestation vs. reference (2071-2100)

Changes of both evapotranspiration and surface dehype are localised in Hungary
(corresponding to the changes of the land surfacanpeters), they are determined primary by
local processes. On the contrary, precipitationrhase complex behaviour, it is influenced
also by large-scale atmospheric circulation, i@nges are spread out over larger arBgsré
40). The 30-year mean of summer precipitation sumeagmed by up to 15% for the maximal
afforestation simulation compared to the referdfigeire 40. The moistened air seems to be
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transported northwards, producing more precipitatidso over the Carpathian Mountains.
There are almost no changes on the southern anterwegsart of the country. Over the
mountainous areas 5-10% more precipitation is stedl with enhanced forest cover,
although the afforestation rate was the smalletitese regions. Possible reasons for it can be
the more humid air over mountains and the easiecipitation formation due to the
orographic uplift as well as the characteristigéascale circulation patterns and southwest
wind in summer.

Similarly to the most climate change affected a(8act. 5.1.% the region has been
determined, where both precipitation-increasinl) (and temperature-decreasindT2m)
effect of maximal afforestation is the largest camgal to the reference forest cover in the
period 2071-2100figure 47).

dP>10% and dT2mx -0.1°C
dP>10% and dT2nmx 0°C
dP>10%

dP>5% and dT2mx -0.1°C
dP> 5%

IR

ENENEEN
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Figure 41. Spatial distribution of the effect of maximal adfstation on precipitation (dP) and 2m-
temperature (dT2m) in summer (2071-2100). The regiowhich the climatic effect of maximal
afforestation is the largest, is marked with yellsguare.

Thresholds applied to prepare the map are 10%-5&mdelative precipitation anomalies as
well as -0.1 and 0°C temperature anomalies, resjedetFigure 41shows that in the north-
eastern part of Hungary is the climatic effectlod tnaximal afforestation the largest, which
does not correspond to the area with the largesuatof afforestation. In the southern and
western areas is the effect of maximal afforestatio precipitation and 2m-temperature quite
small.

Deforestation.The opposite effect can be observed in the defies sensitivity study. The
magnitude of the climatic feedbacks of forest coebange in this scenario is smaller.
Evapotranspiration rate decreases 5-10% and sutéaggerature increases 0.3-0.5°C in the
regions where larger forest cover decrease has fglkee Annex VII). There are no changes
in the 2m-temperature and only a slight decreageregipitation Annex VII). The weaker
signal in this sensitivity study compared to theximel afforestation scenario can be
explained by the relative small fraction of forestshe gridboxes, which were replaced by
grasslands. The forested area is 20% in Hungarichwdpppears mostly in small fragments
rather than in larger continuous forest blocks.SEhiorest-steppe mosaics are typical feature
at the lower forest limit.

The spatial correlation between the magnitude mdibcover change and its effects has been

investigated including all Hungarian gridboxdsgure 42 visualises that the larger the
increase/decrease of the forested area in the ayjdbhe stronger the feedbacks on
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evapotranspiration and thereby on surface temperatbor these two meteorological
quantities, effects of maximal afforestation antbdestation are systematic.

In case of precipitation, afforestation resultswatter conditions for almost all Hungarian
gridboxes, but for deforestation the opposite dignanot so clearfigure 42. Similarly to
figure 4Q this graph also shows that precipitation fornmai® influenced also by large-scale
processes, therefore changes of its amount camndiréctly correlated to the magnitude of
the forest cover change.
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Figure 42.Correlation between the change of forest coverthedchange of evapotranspiration
(dET; top left), surface temperature (dTS; botteft)] 2m-temperature (dT2m; bottom right)
and precipitation (dP; top right) for all grid bogeén Hungary;
maximal afforestation vs. reference (2071-2100)

5.2.2 Effect of maximal afforestation in the regionharacterised by the largest possible
forest cover increase

For detailed analysis of the climatic effect of nmaal afforestation and modified land cover
parameters, a region with the largest forest cova@ease was selecteiig(re 19.

Here, the 95% afforestation leads to 96% largefr &#aa, 13% lower albedo values and
almost 1m increase of roughness length for the semmonths, compared to the present land
cover (able 4. Mostly grass crops have been replaced by fqorédséschanges of the land
surface parameters in the selected region corrésgonthe difference between the
characteristic parameters of these land cover tgpdgorests (e.g. the small albedo-effect in
this study is caused by the low albedo differermtseen forest and grass crops).
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Table 4.Changes of the main land surface parameters
on the region with the largest amount of afforésta{summer means)

Maximal afforestation Roughness Leaf area index Albedo Fracyonal
vs. reference length vegetation cove
units 0.913 2.3 -0.023 -0.1
% 96 -13 -11.7

For the winter months, the very low valued @l and albedofigure 43 mean that additional
forests are deciduous, assuming no photosyntheticeavegetation for this season. In this
study the climatic feedbacks of forest cover changee been analysed for Mai, June, July
and August.
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Figure 43. Annual cycles of leaf area index (left) and albédight)
for the maximal afforestation and reference expents

Evapotranspiration.Forests have larger leaf area and they are aesadygally rough. These
properties support the more intense vertical mixtognpared to other vegetated surfaces,
which leads to enhanced ability of evapotransmratFor summer, total evapotranspiration is
the sum of transpiration, interception and bard ewaporation. Bare soil evaporation is
negligible in the summer months, because vegetai@ssumed to cover the whole region.
Furthermore, in the model bare soil evaporatioruoéom the upper 10 cm water column,
which is dry in summer.
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Figure 44.Effect of maximal afforestation dranspiration (dTr);
maximal afforestation vs. reference (2071-2100)
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For all summers in the investigated time period7(2@100), maximal afforestation leads to
18 % higher transpiration rate in 30-year mean, gamed to the reference forest coviegure
44). If water uptake is not limited, deeper rootsutesr more available water for transpiration
in the model. Stomatal resistance, dependent onopyathetically active radiation, also
influences the transpiration efficiency in the slations.

Forests also influences climate via interceptingcymitation. The rate of precipitation can be
stored on the vegetation surface increases wiftatea due to the larger skin reservoir, which
leads to higher interception rate. In the seleeted, increase of interception varies between
5% and 27% relative to the original land coverha investigated 30-year time peridy(re
45). Consequently, for the maximal afforestation scen total evapotranspiration is
strengthened in the whole time period (not shown).
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Figure 45.Effect of maximal afforestation amterception (dic);
maximal afforestation vs. reference (2071-2100)

Precipitation. Moister air, resulted by the local increase of pgteanspiration can be
favourable for cloud and precipitation formationaviconvection. For the maximal
afforestation experiment, precipitation increassyistematic, in larger part of the investigated
time period exceeding 5%idqure 46. Variability of the precipitation difference beten the
maximal afforestation and the reference experimentarge among the 30 investigated
summers (the increase due to maximal afforestatoreach the 25% in certain summers).
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Figure 46.Effect of maximal afforestation gmecipitation (dP);
maximal afforestation vs. reference (2071-2100)
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As discussed irBect 5.2.1this is not the area of the country with the latgecrease of
precipitation. It underlines that more complex @sses are taking place, than the direct
conversion of higher evapotranspiration from theéage into more precipitation.

Surface temperature-or the maximal afforestation scenario, surfagepierature is up to
0.8°C lower compared to the reference land covenjchv is the result of stronger
evapotranspirationfigure 47. The simulated cooling trend corresponds to dadityy, but in
nature for summer, the forest soil surface is aoliecause of the shading effect of trees
(interception of solar radiation) and the isolateftect of litter. In the model, vegetation has
no height, therefore surface temperature is infteerby evapotranspiration and albedo.
Forests are darker, have lower albedo, which leatiggher net solar radiation on the surface.
Through the albedo-effect, surface could be warnmehe afforestation experiment. Despite
of the 13% lower albedo in the selected region ¢beling effect of evapotranspiration
dominates, resulting in decrease of the surfaceeeature mean in summer.

2m-temperature2m-temperature difference between the maximal estation and reference
experiment varies from -0.2 to +0.3°f@y(re 47.
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Figure 47.Effect of maximal afforestation @urface temperature and 2m-temperature;
maximal afforestation vs. reference (2071-2100)
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for maximal afforestation and for reference (20710@)
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Lower surface temperature seems to have only htshfuence on the 2m-temperaure in the
maximal afforestation simulation, which can be tedfato the weak albedo-effect and the
small feedback of afforestation on the sensibld filea. But due to the evaporative cooling of
the surface, the difference between the surface-2amtemperature decreased significantly
for the maximal afforestation scenario relativehe referencefigure 48. Further reason for

it can be, that the larger roughness length ofstsrenhances the mechanical turbulence and
the vertical mixing, which also reduce the tempaeadifference between the surface and the
overlying air.

Heat fluxes. Forests are influencing not only the hydrologicley they are also important
determinant of the surface energy fluxes. The lalgaf area index and low aerodynamic
resistance (through increased roughness lengtt® aagwositive effect on evapotranspiration,
thus on latent heat flux.

Difference of the latent heat flux between the meatiafforestation and reference simulations
varies between 7 and 29%g(re 49. Corresponding to the increase of latent heatsibée
heat flux decreased, but this signal is weaker. démease of the sensible heat flux can be
observed in half of the investigated time peribgufe 49. It is caused by the cooler surface
temperature, leading to smaller difference betwserface- and 2m-temperature. This
temperature difference is directly proportionathe sensible heat flux.
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Figure 49.Effect of maximal afforestation datent- and sensible heat flux;
maximal afforestation vs. reference (2071-2100)

The feedback of maximal afforestation on sensilelat flux is weak in this study. Its decrease
could be partly compensated by the opposite etfaetto the lower albedo of forests, which
leads to increased absorption of shortwave radiaticcreased amount of net radiation and
therefore higher sensible heat flux.

As theoretical basis, processes related to thatfomver increase in the model for summer are
shown onfigure 50 The simulated effects of maximal afforestation sumface water- and
energy balance introduced in this section are sumethonfigure 51 The columns visualise
to the May-June-July-August means, the bars reptéise variability of the results among the
30 investigated summers. The variability of therdes for all meteorological variables is
quite large, the changes are not statistical sgamt. Whereas for most variables — except of
2m-temperature and sensible heat flux — the etifeataximal afforestation is systematic for
the investigated time period.
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Figure 51.Effect of maximal afforestation on the main metbawical variables (maximal
afforestation vs. reference 2071-2100). Error baagresent the minimum and maximum values.
ET: evapotranspiration, Tr: transpiration, Ic: imeeption, LH: latent heat flux, SH: sensible heat
flux, P: precipitation, TS: surface temperaturenT.2m-temperature
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5.2.3 Interaction of the main climatic forcings afforestation during the summer months

The investigated main climatic forcings of maxinaffiorestation are the evaporative cooling
effect and the albedo-effect. They have opposddente on the surface temperatuigure
50), the dominant of them decides whether the studigtbn cools or warms.

For 30-year summer mean, maximal afforestation lteguin decrease of the surface
temperature relative to the reference land covertduthe evaporative cooling effect of the
forest cover increasdigure 59. Interaction of the two forcings has been analyse daily
scale for a region with the largest amount of a&&tation in Hungaryfigure 18.
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Figure 52.Daily evapotranspiration (ET)
for the reference and the maximal afforestationeexpent (2071-2100)

[Wim2]
120

110 .
100 TR ATLrIWANY
80 1. I YA AN \ A /'\ ,\‘/- /“f“‘ (j\,/l\ / \"\ /\
Bl YN T \/ v
70 »\j’\/\ \ ¥ xf\“
AN
50 r e
N W,
40 /’M\f&‘\/ WA
30/ s "
V L[V Y VY
20 1 v :
10 1
0 T T T T T T T T
01-May 16-May 31-May 15-Jun  30-Jun 15-Jul 30-Jul  14-Aug Ae@r

YA A
CAWAW

‘ LH reference —— LH maximal afforestation —— SH reference SH maximal afforestatio*

Figure 53.Latent- (LH) and sensible (SH) heat flux
for the reference and the maximal afforestationusitions (2071-2100)
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Until there was enough moisture in the soil, higtemperatures enhanced the intensity of
evapotranspiratiorfigure 52. In the middle of July, soil moisture contentaleed its critical
value, evapotranspiration and latent heat fluxatato decrease for both the reference and the
maximal afforestation experimenfgg(res 52-53. As sensible heat flux got larger than latent
heat flux figure 53, Bowen ratio exceeded 1 (figure 54), which cqroegls to warmer and
dryer boundary layer. (This occurs for the maximatibrestation experiment two days later
than for the reference simulation.)
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Figure 54.Bowen-ratio (SH/LH) for the reference
and the maximal afforestation experiment (2071-2100

dTS [°C]
0.2

0.0

-0.2 1

-0.4

-0.6

-0.8

-1.0
01-May 16-May 31-May 15-Jun  30-Jun  15-Jul  30-Jul  14-Aug ARGy

Figure 55.Change of daily surface temperature (dTS);
maximal afforestation vs. reference (2071-2100)

From May to August, the more intense evapotrangpiraf forests resulted in cooler surface
temperature for the maximal afforestation studytfoa the referencdigure 59. After the
evaporative cooling effect decreased due to thaddrtranspiration, the albedo effect started
to increase. This led to a smaller difference ia surface temperature between the two
experiments figure 59, corresponding to the smaller difference in evapspiration
between the two simulations.

For maximal afforestation, the cooling and moistgneffect of forests remained dominant in
the whole summer period, causing higher evapotreatgn rate and latent heat flux than for
the reference forest cover.
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5.2.4 Climatic role of the potential afforestaticgurvey

As a real practical example for the near future2(20025), it has been investigated, whether
the 7% forest cover increase, which can be pofeathieved under the Hungarian site
conditions, can influence the regional climaB&loset al. 2009).

In this scenario a relative small fraction of thearginal agricultural croplands has been
replaced by forests. Therefore only a small inaeatd Al (mainly in the area, where more
coniferous forests are proposed) and almost nogasam albedo, fractional vegetation cover
and roughness length can be obsenfagie 18 relative to the reference experiment. As
comparison, for maximal afforestation, the magresidf the modification of these land
surface parameters were quite larfgufe 18-2). Considering the results of the maximal
afforestation experiment, for the potential afféagien study, no significant feedback is
expected.

In the investigated time period, changes of theragmevapotranspiration, transpiration and
interception amount vary between -5 and 5% overcthentry, compared to the reference
simulation (not shown). Neither changes of the sempnecipitation sum show a clear signal.
For surface- and 2m-temperature almost no changesrred. For 2021-2025 effects of
potential afforestation survey are significantlyadler for all investigated variables than the
feedbacks of the maximal afforestation. A possitdason for it is that the potential
afforestation is planned to be carried out in semafragments rather than in bigger
continuous, homogenous forest blocks.
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Figure 56.Effect of potential and maximal afforestation acanigpiration (dTr; left) and precipitation
(dP; right) for the period 2021-2025. Error barsmesent the 5th and 95th percentiles.

The region with the largest increase (13%) of deois forests (and no changes of coniferous
forests) is selectedigure 18 and analysed more in detail. Thus results froenntfaximal and
potential afforestation experiments are comparablee to the higher leaf area index and
roughness length of deciduous stands relativedpsgrocal increase of transpiration rate has
been detected. Its amount is 2.5% higher for therg@l afforestation, whereas 12% higher
for maximal afforestation relative to the referesaaulation figure 56. (If grasslands would
have been replaced by forests, larger local sigoald be expected through the larger
differences in the land cover parametekanex V) For 2021-2025, summer precipitation
would not change significantly due to the propoa#drestation, whereas its amount would
increase by 5% assuming maximal afforestation énwthole country. Thus, the latter could
help to compensate the climate change signal fsrgariod in the analysed regiofigre
56).
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5.2.5 Summary
Scientific questions related to these sensitivifyegiments can be answered as follows:

What is the climatic effect of forest cover in Huagy on regional scale?

* In the period 2071-2100, maximal afforestation teslin systematic increase of the
simulated evapotranspiration and precipitation @eckease of surface temperature for
summer.

e Climatic effects of deforestation are weaker andehide opposite sign than those of
maximal afforestation.

» Changes of both evapotranspiration and surfacedeatyre are localised in Hungary
corresponding to the changes of the land surfacenpeters, whereas precipitation
changes are spread out over larger areas.

How big are the climatic feedbacks of maximal aféstation in the region characterised by
the largest possible increase of forest cover?

* For the 30-year summer means, transpiration (178trception (16%) and total
evapotranspiration (17%) increased in the maxirffatestation simulation compared
to the present land cover due to the larger leaf andex and roughness length of
forests. This corresponds to 17% increase of ldteat flux and only a slight decrease
(-2%) of sensible heat flux.

e Surface temperature decreased by —0.6°C, which sntet cooling via enhanced
transpiration was larger than the albedo-effect.

* Precipitation increased by 7% relative to the mfiee simulation.

How does the interaction of the main climatic forgys of afforestation change during the
summer months?

* Until the middle of July, biogeophysical feedbaaksmaximal afforestation were
primarily determined by the evaporative forcing.efdafter, available soil moisture
limited transpiration, the evaporative cooling effelecreased and the role of the
albedo-forcing started to increase.

* The cooling and moistening effect of forests reradidominant during the whole
summer period.

Has the potential afforestation survey an effect tre regional climate?

* As expected, the 7% increase of forest cover onblight effect on the regional
climate in Hungary (the microclimatic processeshwitthe stand are not represented
in REMO)

* For 2021-2025 effect of maximal afforestation igngicantly larger for all variables
than the feedbacks of the potential afforestationey in the investigated region.

The two extreme cases described by the completeeatation and deforestation scenarios
give information about the possible range of theleigensitivity to the forest cover change.
For practical application, results of the potenttakst cover experiment can be useful, which
represents a real future survey for afforestation.
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5.3 Climate change altering effect of afforestation

For 2071-2100, summer precipitation is projecteddézrease significantly in Hungary,
relative to 1961-1990figure 57 discussed irBect. 5.1.2 As it has been concluded 8ect.
5.2.5 maximal afforestation resulted in increase otymigation in the whole countryfiGure

57). Consequently, for summer, the effect of climatange can be reduced by the increase of
forest cover. Magnitude of both climate change aigmd feedback of maximal afforestation
on precipitation differ among regionfsgure 57-58. It was the motivation to study the spatial
differences of the possible climate change weakgmifiect of afforestation in Hungary
(Géloset al. 2010).
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Figure 57.Change of summearecipitation due to climate change (2071-21001§1-1990; left)
and due to maximal afforestation (maximal afforistavs. reference for 2071-2100; right).
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Figure 58.The most climate affected areas (left) and theiabdistribution of precipitation-
increasing (dP) and temperature-decreasing (dT2heceof maximal afforestation relative to the
reference (right). The three investigated regiores shaded: the most climate change affected area
(SWH), the region with the largest amount of afftaiton (SEH) and the area, where the effect of

maximal afforestation on precipitation is the lasyéNEH).
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Based on the results of the previous chaptersdal@ning three regions have been selected
for detailed analyses:

» Southwest Hungary, SWH:he most climate change affected region, wheré bot
positive temperature anomalies and negative ptetipn anomalies are largest in the
period 2071-2100 relative to 1961-199@re 57 selection method is introduced in
Sect. 5.1.1 For this area 62% afforestation is assumedears#nsitivity study.

e Southeast Hungary, SEHIhe area characterised by largest forest coverease
(+95%) in the maximal afforestation experimdigyre 57).

* Northeast Hungary, NEH:Region, in which both precipitation-increasing and
temperature-decreasing effect of maximal afforestais the largest in the period
2071-2100 figure 58 selection method is introduced $ect. 5.2.1 Here, forested
area is enhanced by 77%.

5.3.1 Magnitude of the feedback of maximal afforagbn on precipitation compared to the
climate change signal

For the three regionfiggure 59shows the climate change (2071-2100 vs. 1961-188@)the
effect of maximal afforestation on the summer piation (2071-2100). The columns
represent the relative anomalies of the 30-yeanméarecipitation sums.
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Figure 59.Effect of climate change (2071-2100 vs. 1961-188d)maximal afforestation (maximal
afforestation vs. reference 2071-2100) on precijmta(dP) in the three investigated regions.
Bars represent the 5th and 95th percentiles o8theummers.
The percent values are the ratios of maximal afftation feedback and climate change signal.

In the case of the feedbacks of maximal afforemtatine bars visualise the variability of the
simulation results among the 30 summers, whichuisegarge for all areas. The percent
values are the ratios of the maximal afforestateedback and climate change signal for
precipitation. These values show the spatial difiees of the climate change weakening
effect of the increased forest cover on the exampthe three selected regions. (Assumption:
the whole country is completely afforested, notydhk investigated areas.)

The region SWH can be characterised by 30% negeglative precipitation anomaly due to

climate change, which could be hardly compensatetbiest cover increasdigure 59. In
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SEH, the significant decrease of summer precipitatias been weakened by 21% through the
afforestation feedback, which is 7% in 30-year mean

In the mountainous region NEH, the projected desweaf summer precipitation was the
smallest (17%) from the three regiorigre 59. But also this is the area, in which both
precipitation increasing (9%) and temperature-desirgy effect of maximal afforestation was
the largest. Here, for precipitation, climate chamsggnal has been halved by the increased
forest cover.

Simulation results refer to large differences amtrg selected regions in the magnitude of
forest feedback relative to the climate changeadigh possible reason for it can be that in the
mountainous northeastern area, precipitation faonas easier due to orographic uplift. For
summer, the moistured air resulted from the maximtibrestation of the country is
transported to this region due to the charactergstculation patterns.

Based on the results, feedback of afforestationtten 2m-temperature was very weak,
therefore the projected tendency of warming dueclimate change could not been
diminished. In contrary to this, projected climateange signal for surface temperature has
been reduced by 0.6°C in SEH, assuming maximatedtation (not shown). It is caused by
the higher evapotranspiration rate therewith laey@porative cooling of the forests.

5.3.2 Effect of maximal afforestation on the probidity and severity of droughts
It has been hypothesised that the probability anekrity of droughts could be reduced by

maximal afforestation for the period 2071-2100,suse in the investigated regions maximal
afforestation is associated with the increase ®fimulated precipitation.
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Figure 60.Changes of thaumber and severity of summer droughts in the timeestigated regions
SWH (southwest Hungary), SHE (southeast Hungary)NEEH (northeast Hungary)
due to climate change and maximal afforestation

87



Based on the simulation results for the region SWinber of moderate dry summers (-25%
< dP < -15%) did not change, whereas probability of exedry summersdP < -25%)
doubled by the end of the 21st century, comparettig¢aeference period 1961-199@(re
60). Especially summers, characterised by larger #@®0 negative precipitation anomaly are
projected to be more frequent (discussedatt. 5.1.1 In this area the strong increase in
probability and severity of droughts could not leeluced by maximal afforestatiofiglire
60).

For 2071-2100, tendency of drought probability esywsimilar on the SEH arefigure 60.
But contrary to SWH, number of severe and modedabeights could be slightly reduced
assuming maximal afforestation.

In the NEH region, increase of the number of seweoeights is projected to be the lowest
from the investigated areas. For summers with fattggn 40% negative relative precipitation
anomaly compared to 1961-1990, the severity coudd e diminished by maximal
afforestation. But number of dry summers charasteri by 25-40% negative relative
precipitation anomaly compared to 1961-1990 has ldeereased (form 9 to 5) via enhanced
forest cover.

5.3.3 Influence of the extent of the present foresiver on the projected climate change
Climate change signal between the two maximal effiation experiments has been

compared to the climate change signal betweenwbed¢ference simulations for the period
2071-2100 relative to 2021-205kgQre 24; C, H.
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Figure 61.Climate change signal for precipitation (dP) betwéeo reference
and two maximal afforestation experiments (20710246 2021-2050)
SWH: southwest Hungary, SHE: southeast Hungary, :Niektheast Hungary

The hypothesis was that in case of larger foregeicm the present, the climate change signal
may be smaller, due to the moistening effect offtinests.

For Hungary, different extent of forested area. (aHorestation and present forest cover)
resulted in slightly different future climates uioduced similar climate change signal. For
each of the three analysed regions, the 30-yean mkprecipitation decrease was only 1%
smaller with complete afforestation than with prederest coverfigure 61).

Consequently, the magnitude of the projected cknecatange for 2071-2100 relative to 2021-
2050 is independent from the extent of the pref&east cover.
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5.3.4 Comparison of the feedbacks of maximal affst@&ion on precipitation under
moderate and enhanced climate change

Feedback of maximal afforestation on the summeciprtation has been investigated for
2021-2050 and 2071-2100igure 24; D, B. It has been hypothesised that feedback of
complete afforestation in these two periods cardifferent, because the warmer and dryer
climatic conditions may have an influence on theewaand energy exchange processes
between forest and atmosphere.

Based on the results for the SWH area, maximakesdtation of the country has almost no
effect on the 30-year mean of summer precipitatiothe middle of the 21st century. This
feedback remains low also at the end of the cen(figyre 62. In the SEH area, simulated
increase of precipitation due to maximal afforastatvas 5% for 2021-2050 and reached the
7% for the period 2071-2100. In the region NEH, negnitude of the feedback of maximal
afforestation on precipitation was the largest fritv@ three selected regions, and had almost
the same value (9%) under moderate and enhancedtelchangefigure 62.
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Figure 62.Effects of maximal afforestation on precipitatioifff
for 2021-2050 vs. 1961-1990 as well as for 20716249 1961-1990
SWH: southwest Hungary, SHE: southeast Hungary, N&Hheast Hungary

Consequently, simulation results contradicted oypolthesis. The magnitude of climate
change signal had almost no effect on the magnifidiee feedback of maximal afforestation
on precipitation (with exception of the SEH regiotf)ough the difference in the climate
change signal between the two investigated timegeris quite large (discussed 8ect.
5.1.2.
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5.3.5 Magnitude of the effects of deforestation qoaned to the climate change signal

Regions have been also determined, where defamestas a positive (enhancing) feedback
on climate change at the end of the 21st centtigure 62shows, that if the relative small
forested area on the south part of the Hungarianlaled was replaced by grassland, the
drying of the region enhanced.
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Figure 63.Changes of the summer precipitation (dP; left) andface temperature (dTS right);
deforestation vs. reference (2071-2100). The nitsstted regions are marked with circles.

The other investigated area, SWH, was defined @asnibst affected by warming as well as by
severe droughts. Here, assuming complete defowstat the country, surface temperature
increased by 0.3°C in 30-year mean additionalltheoclimate change signal. Consequently,
if forests turns to grasslands due to climate chatige process — as a positive feedback — will
induce the further warming of the area.
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5.3.6 Summary
Based on the simulation results, our scientificsgjioas can be answered as follows:

Are there any spatial differences in the forest+uolate interactions in Hungary?
* Maximal afforestation is associated with precipaiatincrease in the whole country,
which can weaken the climate change signal foetiteof the 21st century.

How big is the effect of maximal afforestation ohé summer precipitation compared to the
climate change signal?

* The climate change weakening effect of the maxiafédrestation differs among
regions. For precipitation, climate change sigraa be reduced by 51% via increased
forest cover on the NEH area and by 21% on SEHbectvely. The region SWH can
be characterised by large negative precipitatioonalies due to climate change,
which could be hardly compensated by the increésedt cover.

Can probability and severity of droughts be redudedmaximal afforestation?

« The probability of droughts characterised by lartifem 40% negative precipitation
anomaly compared to the period 1961-1990, could bwtreduced by maximal
afforestation. But in the NEH region the probabiland severity of extreme dry
summers (25-40% negative precipitation anomaly @eg to 1961-1990) was
decreased significantly via enhanced forest cover.

Can projected climate change be influenced by thxéeat of the present forest cover?
» The projected climate change signal for preciptats independent from the extent of
the present forest cover.

Are the feedbacks of maximal afforestation differemnder moderate and enhanced climate
change?
« The effect of forests on precipitation has almbst $ame magnitude under moderate
and enhanced climate change.

Are there any regions, in which deforestation enhzes climate change?
» Deforestation has a positive (enhancing) feedbac&limate change at the end of the
21st century, especially on surface temperaturegions characterised by the largest
decrease of forest cover.
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5.4 Measuring and modelling of interception on lodascale

5.4.1 Adaptation and validation of the hydrologicadel BROOK90 for interception in the
Hidegviz-Valley

From the predefined interception parameters, sitedlanterception of BROOK90 has been
calibrated with the maximal storage capacity fan eer unitLAIl (CINTRL and with the
intercepted fraction of rain per uniAl (FRINTL). Their representative values for the beech
stand as well as the basic canopy-related parasneteinterceptions are listed Annex IX

After the calibration process, the interceptionpotitof the model has been validated against
interception datasets calculated from measuredmitaon figure 64. For the validation,
interception measurements were prefered, whichespands to one single rainfall event.
Furthermore the measurement errors have beenetiltér.g. overfilled containers), which
explains the relative small number of the dotgigure 64

e e
o N b
1 1

IRVP simulated [mn
IS (o)) e}
1 1 1
*
&

N
|

0 T T T T T T

0 2 4 6 8 10 12 14
IRVP measured [mm]

Figure 64.Validation of the interception output of the mofBVP simulated) against interception
calculated from the measured stand precipitatiom® (IRVP measured)

Onfigure 65 the closer the dots to the least squares linéciwiepresents the perfect model
fit, when simulated interception equals to the mead ones), the closer are the simulated
values to the measurements. The model lalgsnm]) has been calculated as

®=3(y, -y,)* =min (27)

wherey; is the ordinate of the dots ang; is the ordinate of the corresponding dots on the

least squares line. The smaller #ethe larger is the accuracy of the simulations. the
validation,® = 6.52 mm

The perfect fit is impossible because of the singdif model approach and the local
characteristics of the process resulting in largatial and temporal variability of the
interception amount depending on the actual, lotatkeorological and canopy conditions.
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5.4.2 Sensitivity of the simulated interceptionttee precipitation intensity

It has been tested weather the more accurate datgiom of the duration of the rainfall event
have an influence on the simulated interception.

Rainfall duration is represented more realisticallying hourly precipitation input than
assuming the monthly mean duration for each rdirdaént. Duration based on hourly
precipitation measurements leads to a larger anwfunterception figure 65, because small
rainfall events can be captured with higher freqyewith hourly precipitation data. The
determining role of the small precipitations in tiogéal intercepted amount is also treated by

Kucsara(1996).
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Figure 65. Sensitivity of the simulated interception to tlheation of the rainfall event. IRVP:
interception (left). Validation of the interceptiontput of the model (IRVP simulated) against
measurements (IRVP measured) for daily and houdgipitation input (right).

Due to the more appropritate representation offalirduration results, simulation of
interception from hourly precipitation data is ietter agreement with the measurements,
whereas daily precipitation input results largerdelobias figure 65. Based onEq. 27
DPhouryp = 6.52 mm and Pyaiye = 30.51 mm.
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5.4.3 Summary

For the beech site in the Hidegvizvolgy-Valley thedel has been adapted and tested for
interception. Based on the available measurememntssinulation results the major findings
of the analyses are the following:

How accurately can the one dimensional hydrologiodel BROOK90 simulate the amount
of interception in the Hidegviz-Valley?
e The interception approach of the model is a singalifon of the reality but it is
sufficient for the simulation of process in a coexpforest hydrology model.

Has the intensity of precipitation an influence dhe simulated interception?

e Using hourly precipitation input data the duratiammd intensity of the rainfall event
can be determined more accurate and the interceptan be simulated more
realistically.

« REMO and BROOKO90 use a different approach for datowy interception. Both of
them are a simplification of the reality. Paramgtevhich could be improved in the
simulations, are mostly not available from meas@a® Therefore answering this
research question needs further investigations.
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6. Discussion and Conclusions

The obtained simulation results indicate that famgary, in the 21st century, projected
warming and drying of summers is quite strong. Nioly the climatic means but also the
extremes are affected by climate change, whichremee important from ecological point of
view. The significant tendency of drying during tlast 100 years in HungargZinellet al.
1998) seems to extend to the end of the 21st genfhe expected increase in the number of
droughts and the length of consecutive dry periadyg have severe impact on agriculture and
forestry. Forests are not able to adapt to thedrapanges of climatic conditions. Especially
zonal tree species are affected at their lowerdxémit of distribution Matyaset al. 2009),
which are determined primary by climatic aridity.

At the end of the 20th century recurrent drouglassed health decline in beech forests at
their lower limit of distribution in southwest Huaky Berki et al. 2009Molnar and Lakatos
2007). In this region was the reduction of the $vi@rea the largest for 1975-2004 compared
to 1901-1930 Rasztovits and Mdéricex verb.). Based on orographical, meteorological a
soil properties Bella et al. 2005) this area is especially sensitivaditoughts. It was the
wettest part in Hungary and based on the resulits this work, here is the projected tendency
of drying and warming the largest for the 21st ugntConsequently, the simulated increase
in probability and severity of droughts may causastic changes of zonal beech forests in
this region.

Ecological models of forest distribution driven bgsults from global climate simulations
have already shown the reduction of macroclimdiicauitable areas for beech and the
possible disappearance of this species from Hun@aryczet al. 2010). Therefore, from

practical point of view, the regional scale simigatof the distribution, occurrence, severity
and duration of droughts under future climate cbods may provide cleaner insights for the
review of adaptation and mitigation strategies #m& maintenance of forest-related socio-
economic and ecosystem services.

Based on the results of the land cover change empets, reduction (e.g. due to droughts) or
increase of the forested area affects the regiolvalate in Hungary through altering the
surface energy fluxes and hydrological cycle. Whettemperate forests cool or warm the
climate is determined by various contrasting vegatafeedbacks, which can diminish or
counteract each other. In contrast to the Mediber@a regionHecket al. 2001), for Hungary,
the evaporative cooling effect of maximal afforésta dominates during the whole summer,
which is reduced by the albedo-effect in Augustdamlimited soil moisture conditions.
These sensitivity studies confirm that albedo- @&awaporating forcing of forests in the
temperate zone are moderate compared to thoseedlkand tropical forest86nan2008a).
The magnitude of the effects cannot be directly mared with other studies for temperate
forests because of the differences in the appliedietls and experimental set-ups (e.g.
domain, resolution, time period, parameterisatibtihe land surface processes).

Assuming maximal afforestation in Hungary, the potgd climate change can be weakened
but cannot be fully compensated. But regardingh rtegional scale of the analyses, the
length of the investigated time period (30-yeangd #he relative small afforested part of the
simulation domain, the magnitude of the feedbacffafrestation on the precipitation is quite

large compared to the climate change signal. Itaiceregions, precipitation decrease due to
climate change can be halved by the maximal affaties of the country.

In these experiments forest cover has been modifiéyin Hungary (approx. 10000 Knon

the other parts of simulation domain (approx. 3riiion km?) no land use change has been
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implemented. Assuming afforestation over the witmmain, larger impacts can be expected,
but the aim of the present study was the investigadf the country-scale effects of the
country-scale changes.

Climatic benefit of the investigated potential aéstation is negligible. Although the effects
of forests on the local climate are favourables(thicroclimatic effects in the forest stand are
not represented in the model), nevertheless, theegshows that climatic conditions cannot
be influenced by potential afforestation on regl@tale.

Probability and severity of droughts projected floe 21st century can only be reduced by
large, continuous forest areas. For evapotrangmiraind surface temperature, the larger the
change of forest cover in the region, the stronigerfeedbacks on these variables. For
precipitation, effects of maximal afforestation apread out in space, which shows that land
cover change affects climate not only on localescal

Analyses of the spatial differences in the weakgreffects of afforestations can help to
identify the areas, where forest cover increaghasmost beneficial and should be supported
to reduce the projected tendency of drying. Aredsre forest cover increase has less or no
effect on the climate can also be delineaBaksed on the deforestation scenario, some regions
can be identified, where decrease of forested ambances the climate change signal. Here,
the existing forests should be maintained to avbeladditional warming and drying of the
region.

Though climate change cannot be relieved by thestigated potential afforestation, results
of the dissertation concerning the climatic feedilsaaf forest cover change and its spatial
distribution for the 21st century could be an impot basis of the future forest policy. They
may improve also the public awareness of ecologiealices of forest cover and its role in
adapting to climate change.

Results also provide useful information and expe@s for the better understanding of the
forest-related processes and vegetation-atmospheesactions in the climate model
simulations on regional scale. They can contribotde further model development.

In this study the regional climate model REMO hasrbapplied with the current state of land
cover parameterisation. For studying climatic iefiae of land cover change on finer scale,
subgrid variability of land cover parameters withirtlimate model grid box has to be taken
into account more in detail. Field measurementslaoal scale models can help to a better
understanding of the basic forest-related procestgess could provide datasets to the
validation and contribute to the improvement of plaeameterisation of the climate model.
Own experiences regarding to the comparison of ffextiand the available measured data
confirm, that differences of the theoretical appits between model and observations as
well as the difference of the climatic role of fst® in regional and micro-scale make
validation difficult.

e It must be taken into account, that in the climatedel, forests have no height.
Therefore the simulated 2m-temperatures should dmepared to observation 2 m
above the canopy rather than 2 m above the foamdissgrface. Unfortunately, such
measurements are mainly not available.

e It is incorrect to validate the large-scale mearth&f selected land cover type (e.g.
annual cycle of the albedo of deciduous forests$h wie land surface parameters of
one single station and one single forest ecosy$tera short time slice (e.g. annual
cycle of the albedo in a selected Hungarian beedst).
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For validation of the results of land use changedliss, reliable long-term measurements over
different land cover types, on large spatial dmttion would be required, according to the
special needs of the applied model.

For interception, approach of interception in RENM@J BROOK90 are different. Through
the different scale of the analyses, the comparigbriheir results is difficult and the
possibility of improvement of the interception apgch in the climate model based on the
one-dimensional hydrologic model needs further stigations.

Both simulation results of BROOK90 and field measoents underline that the amount of
water stored on the canopy is depending on thesitieof precipitation, which is affected by
climate change. In nature, if the precipitatioremdity increases (and the number of wet days
decreases), less water can be stored the skirvoasevhich is available for evaporation. The
more intense precipitation goes to runoff, lessewatfiltrates in the soil, which is available
for transpiration. Consequently, the amount of regption and transpiration decreases. The
other important process is that under dryer conlsj leaves are smaller and defoliation starts
earlier in the autumn. Therefore effect of affoatish on evapotranspiration can be reduced,
leading to smaller evaporative cooling under enbdndimate change. In contrast to these,
leaves also get yellow and dry due to the absehavailable water and the increase of
surface albedo supports cooling. If these process#e taken into account in REMO by
calculating interception, transpiration and surfearaperature, changes of the climatic role of
the forests due to climate change could be simlilate

Results of these analyses underline the importaicke forest-climate interactions, also
from practical point of view. They contribute tobatter understanding of land-atmosphere
feedbacks on regional scale and represent theasstssment of the possible climate change
weakening effect of forest cover increase in tlggare for long future time periods.
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7. Outlook

Based on the results of the dissertation, furtbsearch is needed in the following directions:

* Analysis climate change and drought trends basethemesults of an ensemble of
simulations to get information about the internaldal variability.

* Investigation of the heat fluxes from the surfacel dhe soil: why only surface
temperatures gets cooler due to enhanced evappitaien whereas 2m-temperature
are only slightly influenced.

* Study, how the experiences from the site-speci@asarements could be help in the
more detailed description of the energy fluxes laydfologic processes in REMO.

* Test, on which spatial scale which forest-relatestgsses have the largest influence
on the climate.

* Investigation of the sensitivity of the simulateelgional climate to the height of
vegetation. Consideration of the height of vegetatiould allow more vertical levels
in the forest (with separated energy and waternoaldrom the underlying soil), the
more realistic description of vegetation density &nactional vegetation cover as well
as the representation of temperature and wind lpsofvithin the forest stand. The
effects of these local-scale processes are mianatitally important, but the
magnitude of their feedback on the regional climatéighly uncertain, therefore it
should be further investigated.

» Extension of land use change studies to investigaii the climatic effect of further
land cover types on different spatial and tempecalles, which is also essential for
the complex analyse of the land-atmosphere interastalso from practical point of
view.

« Adaptation of the BROOK90 model for the whole hydgic cycle of the investigated
beech stand and for interception of oak and alt#erds in the Hidegviz-Valley. Thus
the dependence of the hydrologic processes fromofgbe stand as well as the
difference of the hydrologic role between the fostands can be simulated.

In smaller areas with heterogeneous land covennitwe realistic description of land surface
characteristics and processes in climate simulatimtome even more important. The higher
the resolution, the more details of land surface mfluencing factors should be taken into
account. If more region-specific land cover categgowere introduced (e.g. deciduous forest-
types were distinguished) and the characteristmahcycles of the land surface parameters
needed for climate modelling were allocated to theegional differences within the
individual forest types and their climatic effectsuld be shown.

Reliable long-term field measurements over thewviddial land cover types according to the
special needs of the models could support this dilve largest challenge remains the
upscaling of observed information from processdlete regional climate models, the
coupling between the different scales. Dependinghenabiotic and biotic environmental
conditions, spatial and temporal variability of thad surface factors are very large. Inclusion
of all these site-specific details in climate madelould limit their adaptation for different
areas. A possible solution would be to run the atenmodel with a region-depending land
surface parameter-set.

Practical importance of the understanding the ofléand surface in the climate system is

increasing with the expected land use change dwiin@ate change and human influences,
that differ among regions. These regional diffeemnin the climatic effects of forests and the
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differences of the climatic effects among land cowges are also substantial to adapt to
climate change. For long-term investigation of &elimate interactions in the future,
regional climate modelling is essential, with maketailed description of the forest cover
related processes, combining the biogeophysical liedeochemical effects. Complex
understanding of the forest-climate interactiond archange processes as well as continued
improvement of land surface representation in megjioclimate models requires more
multidisciplinary efforts and international coopgra by scientists with a wide range of
skills.
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8. Theses of the dissertation

1. Under enhanced climate change (2051-2100) fer Bi, A1B and A2 emission
scenarios, probability and severity of summer dntsigire projected to be significantly
higher, droughts may occur in every second sumiife. consecutive dry periods will
last longer than in the second half of the 20thHwgn

* The tendency of warming and drying and the expeitectase of the probability
of extreme dry summers are largest in the southpastof Hungary.

2. Based on the simulation results of the regichalate model REMO, changes of larger
continuous and homogenous forest blocks influeheedgional climate in Hungary.

* In the period 2071-2100, maximal afforestation hesli in increase of the
simulated evapotranspiration (10-15%) and predipita(up to 10-15%) and
decrease of surface temperature (up to 1°C) fonsemnin the whole country.

e During the whole summer the cooling and moisteneffect of maximal
afforestation dominates. After the available sodisture limits transpiration, the
evaporative cooling effect decreases and the rblthe albedo effect starts to
increase.

« Climatic effects of deforestation are weaker andehthe opposite sign than those
of maximal afforestation.

3. Forest cover change according to the potentiatestation survey (7% increase of the
forest cover in country mean) has a very slightdiieek on the regional climate
compared to the maximal afforestation scenario r@clonate in the forest stand is not
represented in the model).

4. For the 21st century, maximal afforestation vesekthe projected climate change signal
in Hungary.

e For summer, the simulated tendency of drying canrdmiiced in the whole
country, due to the precipitation increasing effgfatnaximal afforestation.

* The projected climate change signal for preciptatis independent from the
extent of the present forest cover.

* The effect of forests on precipitation has almdst same magnitude under
moderate and enhanced climate change.

5. The climate change weakening effect of maxinffarestation differs among regions. It
is simulated to be the largest in the northeastega (here, 50% of the projected
precipitation decrease can be relieved), whereaasrtiallest in the southwestern region.

* In the investigated northeastern area, simulatedben of extreme dry summers
can be reduced (from 9 to 5) and severity can lmedsed through maximal
afforestation.

6. Applying the one-dimensional hydrologic model ®BK90 with hourly precipitation
inputs, duration and intensity of the rainfall evean be determined more accurately
than from the daily precipitation sums. Thus, timawated interception is in better
agreement with the measurements.
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Annex

Annex |. The Emissions Scenarios of the Special Report on Esions Scenarios (SRES)
(IPCC 2001)

Al. The Al storyline and scenario family describesutaire world of very rapid economic

growth, global population that peaks in mid-centand declines thereafter, and the rapid
introduction of new and more efficient technologidglajor underlying themes are

convergence among regions, capacity building aoceased cultural and social interactions,
with a substantial reduction in regional differemde per capita income. The Al scenario
family develops into three groups that describeratitive directions of technological change
in the energy system. The three Al groups arendisished by their technological emphasis:
fossil intensive (A1lFl), non-fossil energy sourg@elT), or a balance across all sources
(A1B) (where balanced is defined as not relying toovig@n one particular energy source,

on the assumption that similar improvement ratgdyafo all energy supply and end use
technologies).

A2. The A2 storyline and scenario family describes eayvheterogeneous world. The
underlying theme is self-reliance and preservatiblocal identities. Fertility patterns across
regions converge very slowly, which results in amnbusly increasing population. Economic
development is primarily regionally oriented andr peapita economic growth and
technological change more fragmented and slower dkfzer storylines.

B1. The B1 storyline and scenario family describe®m@vergent world with the same global
population, that peaks in mid-century and declitneseafter, as in the Al storyline, but with
rapid change in economic structures toward a seraod information economy, with
reductions in material intensity and the introdostiof clean and resource-efficient
technologies. The emphasis is on global solutiangdonomic, social and environmental
sustainability, including improved equity, but wetlit additional climate initiatives.

B2. The B2 storyline and scenario family describesoadvin which the emphasis is on local
solutions to economic, social and environmentalasnability. It is a world with continuously
increasing global population, at a rate lower ths2y intermediate levels of economic
development, and less rapid and more diverse téatjical change than in the B1 and Al
storylines. While the scenario is also orientedams environmental protection and social
equity, it focuses on local and regional levels.

An illustrative scenario was chosen for each ofdixescenario groups A1B, A1FI, A1T, A2,
B1 and B2. All should be considered equally sound.
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Annex Il. Logarithmic aggregation of roughness lenth z, .,
Instead of roughness values,.,, drag coefficients
Cd = (K/ ln(zb / ZO,veg))2 (1)

are averaged, whei® are taken at the so-called blending height
This leads to

1 f

——=2 | @
Inz(zbj Inz[Zb j
ZO,veg ZO,veg,j

f, - proportion of a gridbox covered with land cotgre |
Z,.eqj - FOughness length allocated to the land cover type
according tcClausseret al. (1994)z,= 100 m.
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Annex lll. Evapotranspiration efficiency in REMO

Based orSellerset al. (1986), the evaporation efficieneyis expressed as a function of the
stomatal resistance of the candpy

e= L+, *[*R)™ (1)

with
= RO 2
FW,) @

whereG; is the transfer coefficient for heat and[m s%] the horizontal velocityR, [s mY is

the minimum value oR [s m] dependent on the photosynthetically active réalia¢PAF)
and the water stress factofV, , Which is an empirical function of the availablater in the
root zone Roeckneet al. 1996):

1 1 b d*e“" +1 d+e ™t
—= * *In -Inf ——— (3)
R, k*c |d*PAR d+1 d+1

The photosynthetically active radiatioRPAF) is taken as 55% of the net surface short wave
radiation and the standard parameter valueskared.9, a =5000 J rit, b = 10 W m?, ¢ =

100 s mt, g = &*P*¢
' c*PAF
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Annex V. Classification of the CLC2000 types intahe global ecosystem type defined by Olson (1994E994b), and the corresponding
land surface parameters Hagemannet al. 1999 Hagemann2002) for the representative categories in Hungary

CORINE2000 categories CLC Code [Olson-types Olson Code alhedo zlheg o g cv d LAIL LAL d cf Wava fpwp Weap

Continuous urbar fabric 111

Dizcontitiuous urhan fabric 112

Industrial or conunercial uits ) 121

Road and rail networks and associated land 122

Fort areas 123 Urban 1 0z 25 a ] ] ] ] a0 042 000

Adrports 124

IMiteral extraction sites 131

Damp sites 132

Constnaction sites 133

Apott and leisure facilities 142

F ot B emapassches 2 0.19 0.1 091 032 23 11 0 240 047 | 45283

Matural grasslands 321

Sparsely vegetated areas 333

Coniferous forest 312 Coniferous Forest 3 013 1 0.9 095 0.2 9 09 130 0.41 220.34

Broad-leaved forest 311 Deciduous Broadleaf Forests 3 016 1 0z i] 51 01 0g 300 053 A3E 30

oS L Neand Water 14 007 00002 0 0 0 0 0 0 0 0.00

Wilater hodies 12

Transitional woodland-shrub 324 Shrub Deciduous 17 0.1é 026 053 01 46 05 026 350 032 51471

Ilixed forest 313 Ilixed Forest 24 0.1é 068 097 03 7 1 03 220 051 A48 O

Peat hogs 412 Mite, Bog, Fen 44 01z [ERIK] 067 0 286 01 0 160 0:9 26230

Inland marshes 411 Iarsh Wetland 45 01z [IRIK] 025 0 31 01 0 300 0353 ladlaliy)

Rice fields 213 Rice Paddy and Field 36 n0is 006 095 019 46 026 0 350 049 B85 27

Greenurban areas 141 Forest and Field 56 014 0.25 08 0.21 59 2.5 0.45 310 0.5 620.00

Jieyards e T 52 017 0175 095 012 5 2 03 240 042 | 41379

Fruit trees and berry plantations 222

Won-ittigated arable land 211 Crrass Crops o3 0185 0.1 091 02 i 1.1 0z 240 0.47 45483

Complex cultivation patterns 242

Land principally oceupied by agriculture, 24 Crops, Urass, Shrubs 24 019 0.1 085 03z 7 04 0 530 0.4 08148
with significant areas of natural vegetation

albedo: surface albedo, zOveg: surface roughnesgtiiedue to vegetation, cv_g: fractional vegetawoner (growing season), cv_d: fractional
vegetation cover (dormancy season), LAl _g: leahanelex (growing season), LAI_d: leaf area indexr(dancy season), cf: forest ratio, Wava:
plant available water holding capacity, fpwp: voletmc wilting point, Wcap: soil water holding capsc
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Annex V. Calculation of potential evapotranspiration in BROOK90

The Penman-Monteith equation is (the symbols aes#ime as applied in the model)

_AR,-9§)+c,poD,/r,
T Dy )

L.o,E (1)

whereE [mm] is the evaporation rate, [W m™] is the latent heat of vaporization for water,
pw [Kg m~] is the density of water, [kPa K] is the rate of change of vapor pressure with
temperatureR, [W m™] is the net radiation above the surfa8dW m?] is the subsurface
heat flux,c, is the heat capacity of ajs,[kg m”] is the density of airD, [kPa] is the vapor
pressure deficit in the airc [s m?] is the canopy resistance, [s m'] is the aerodynamic
resistance between the canopy and a referencettaigtichD, is measuredy [Pa K] is

the psychrometer constant.

Transpiration E; [mm]) using theShuttleworth and Wallacenodification of the Penman-
Monteith equation is

L, = MAZA) + 0D, Iy
" A+y+ (/1)

)

whereDy, [kPa] is the vapor pressure deficit at the effecource heighh [W m?]is R, - S
or the available energy above the candyfwW m™] is the available energy at the groung,
is the canopy surface resistancg, restricts vapor movement from the leaf surfaceth&o
effective source height for water vapor in the gano

Soil evaporationEs[mm/d]) using thesShuttleworth and Wallaceodification of the Penman-
Monteith equation is

A*A +c oD, /r
LV,OWES — As plo 0 as
A+y+y(rglr,)

®3)

whererss[s mi'] is the resistance to movement of water vapor fieside the soil to the soil
surface andas [s m'] is the resistance to vapor movement from the sailace to the source
height.

Potential interception ratgPINT [mm]) is calculated fronfeq. 2with a canopy resistance of
zero.
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Annex VI. Subroutines for calculation of interception in BROOK90

Attribute VB_Name = "EVP"
Option Explicit
DefSng A-Z

* * * * * * * *

Sub INTER(RFAL, PINT, LAI, SAI, FRINTL, FRINTS, CIN
IRVP)
'rain interception, used when NPINT% > 1
'same routine is used for snow interception, with d
'input
' RFAL rainfall rate, mm/d
' PINT  potential interception rate, mm/d
' LAl projected leaf area index, m2/m2
' SAl projected stem area index, m2/m2
' FRINTL intercepted fraction of RFAL per unit
' FRINTS intercepted fraction of RFAL per unit
CINTRL maximum interception storage of rain
' CINTRS maximum interception storage of rain
' DTP precipitation interval time step, d
" INTR intercepted rain, mm
‘output
" RINT rain catch rate, mm/d
" IRVP  evaporation rate of intercepted rain,
'local
Dim INTRMX 'maximum canopy storage for rain, mm
Dim CATCH ‘'maximum RINT, mm/d
Dim NEWINT ‘first approximation to new canopy sto
CATCH = (FRINTL * LAl + FRINTS * SAl) * RFAL
INTRMX = CINTRL * LAl + CINTRS * SAI
NEWINT = INTR + (CATCH - PINT) * DTP
If (NEWINT > 0!) Then
' canopy is wet throughout DTP
IRVP = PINT
If (NEWINT > INTRMX) Then

canopy capacity is reached

RINT = PINT + (INTRMX - INTR) / DTP
' RINT can be negative if INTR exists and LAl o

Else

canopy capacity is not reached
RINT = CATCH

End If
Else
' canopy dries during interval or stays dry

RINT = CATCH

IRVP = (INTR / DTP) + CATCH
" IRVP is < PINT
End If
End Sub

* * * * * * * *

Sub INTER24(RFAL, PINT, LAI, SAl, FRINTL, FRINTS, C
RINT, IRVP)

'rain interception with duration in hours, used whe
'same routine is used for snow interception, with d
'input

' RFAL  24-hour average rainfall rate, mm/d

' PINT  potential interception rate, mm/d

' LAl projected leaf area index, m2/m2

' SAl projected stem area index, m2/m2

' FRINTL intercepted fraction of RFAL per unit

' FRINTS intercepted fraction of RFAL per unit
' CINTRL maximum interception storage of rain
' CINTRS maximum interception storage of rain
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*

TRL, CINTRS, DTP, INTR, RINT,

ifferent calling variables

LAl
SAI
per unit LAI, mm
per unit SAl, mm

mm/d

rage (INTR)

r SAl is decreasing over time

*

INTRL, CINTRS, DURATN, INTR,

n NPINT% =1
ifferent calling variables

LAl
SAI
per unit LAI, mm
per unit SAl, mm



DURATN average storm duration, hr
' INTR intercepted rain storage, mm,
‘output
" RINT rain catch rate, mm/d
" IRVP  evaporation rate of intercepted rain,
'local
Dim INTRMX 'maximum canopy storage for rain, mm
Dim INTRNU 'canopy storage at end of hour, mm
Dim NEWINT ‘first approximation to INTRNU, mm
Dim RINTHR 'rain catch rate for hour, mm/hr
Dim CATCH 'maximum RINTHR, mm/hr
Dim IRVPHR ‘evaporation rate for hour, mm/hr
Dim SMINT  'daily accumulated actual catch, mm
Dim SMVP  'daily accumulated actual evaporation
Dim IHD%  ‘'half DURATN in truncated integer hou
Dim 1% 'hour, 0 to 23
Dim DTH 'time step, =1 hr
'intrinsic
' CSNG, INT
IHD% = Int((DURATN + 0.1) / 2)
INTRMX = CINTRL * LAl + CINTRS * SAIl
INTRNU = INTR
SMINT = 0!
SMVP = 0!
DTH = 1!
For1% =0 To 23
If (1% < (12 - IHD%) Or 1% >= (12 + IHD%)) Then
' before or after rain
CATCH =0!
Else
during rain, mm/hr is rate in mm/d divided by
CATCH = (FRINTL * LAl + FRINTS * SAIl) * RFAL
End If
NEWINT = INTRNU + (CATCH - PINT / 24!) * DTH
If (NEWINT > 0.0001) Then
canopy is wet throughout hour, evap rate is P
IRVPHR = PINT / 24!
If (NEWINT > INTRMX) Then
' canopy capacity is reached
RINTHR = IRVPHR + (INTRMX - INTRNU) / DTH
' INTRMX - INTRNU can be negative if LAl or
Else
' canopy capacity is not reached
RINTHR = CATCH
End If
Else
canopy dries during hour or stays dry
RINTHR = CATCH
IRVPHR = INTRNU / DTH + CATCH
' IRVPHR for hour is < PI/24
End If
INTRNU = INTRNU + (RINTHR - IRVPHR) * DTH
SMVP = SMVP + IRVPHR * DTH
SMINT = SMINT + RINTHR * DTH
Next 1%
IRVP = SMVP
' /1d
RINT = SMINT
' /1d
End Sub
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Annex VII. Climate change signals for summer tempeaatures and precipitations

dT [°Cl

|
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Figure 1. Climate change signal for summer temperaturesAOhérizontal resolution): for emission
scenario B1, 2021-2050 vs. 1961-1990 (top left) 20iti1-2100 vs. 1961-1990 (top right),
for emission scenario A2, 2021-2050 vs. 1961-1B6@om left)
and 2071-2100 vs. 1961-1990 (bottom right)
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Figure 2. The same as figure 1 but for precipitation
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Annex VIII. Climatic effects of deforestation
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Figure 1. Changes oévapotranspiration (top left), precipitation (toht), surface temperature
(bottom left) and 2m-temperature (bottom right)fadestation vs. reference (2071-2100)
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Annex IX. Most important canopy-related parameters for interception used

simulations in BROOK90

Abbreviation in

rain per unit SAI

Canopy-related parameters BROOKO0 Value
Maximum canopy height MAXHT 14 m
Canopy density DENSEF 1
Maximum projected LAl MAXLAI 7
Intercepted fractions per unit LAI FRINTL 0.08
Intercepted fractions per unit SAI FRINTS 0.06
M§X|mum interception storages of CINTRL 03
rain per unit LAI

Maximum interception storages o‘f CINTRS 015
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