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Abstract. Extended periods without precipitation, observede&xample in Central Europe including Germany myithe
seasons from 2018 to 2020, can lead to water teficl yield and quality losses for grape and wiradpction.Hewever,
irrigation infrastructure is largely non—existent. Regional climate
models project changes of precipitation amountspatigrns, indicating an increase in frequencycobiorence of comparable
situations in the future. In order to assess ptssitpacts of climate change on the water budggtajfevines, a water balance
model was developed, which accounts for the laggerbgeneity of vineyards with respect to theil waiter storage capacity,
evapotranspiration as a function of slope and daspad viticultural management practices. The megs fed with data from
soil maps (soil type and plant available water cipg a digital elevation model, the European Unf&U) vineyard-register,
observed weather data and future weatherptataded by regional climate models and a stochastic
weather generator. This allowed conducting a risleasment of the drought stress occurrence fovittee-producing regions
Rheingau and Hessische BergstralBe in Germany osctle of individual vineyard plots. The simulasoshowed that the
risk for drought stress varies substantially betweimeyard sites but might increase for steep—steg@ns in the future.
Possible adaptation measures depend highly on ¢tmealitions and are needed to make targeted ue agsource water,
while an intense interplay of different wine-indysstakeholders, research, knowledge transfer)@oad authorities will be

required.

1 Introduction

Global mean temperature has increased with thexgtst observed changes per decade since the 19808,2020).
Wwarming during the growing season (Apr—Oct, Northdemisphere, Oct—-Apr, Southern Hemisphere) has
alsobeen observed in all studied wine regions on s¢wemtinents over the past 50-60 years (Schuli2p2Jones et al.,
2005a; Webb et al., 2007, 2011; Santos et al., R@lzanges in temperature have a pronounced effetite geographical
distribution of where grapevines can be grown (Kesamd Harrison, 1992; Jones et al., 2005b; SclunkizJones, 2010; Santos
et al., 2012), since this crop is highly respondiveenvironmental conditions (Sadras et al., 201®24}hin the existing
production areas) water shortage is probably the most
dominant environmental constraint (Williams and tfatvs, 1990)and-everi in moderate temperate climates, grapevines
often face some degree of drought stress duringtheing season (Morlat et al., 1992; Van Leeuwed Seguin, 1994;
Gaudillere et al., 2002; Gruber and Schultz, 20B&jber, 2012). Soil moisture has decreased acrasspE since the
beginning of the 20 century (Hanel et al., 2018) and in the most redecade, the severity of drought events increased
southwestern Germany (Erfurt et al., 2020). This wa part a consequence of observed recent indaspotential

evapotranspiration (Bormann, 2011; Hartmann ef8ll 3; Schultz, 2017) and the natural variabilityecipitation.
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Despite some newly emerging wine regions at extréamtieudes to the north (Jones and Schultz, 20G&ymany’s
winegrowing regions are still at the northern fengf economically important grape cultivation inr&oe. Historically,
viticulture is practiced only in climatically favable regions, mostly located along river valleysstopes or lowlands in the
southwest of Germany. In many of these areas \titi@iis the main socio—economic factor, deterngrfre cultural landscape
with steep slope regions additionally forming biasity hotspots (Jager and Porten, 2018; Peterratah, 2012). Mean
annual precipitation is generally low in these ptslpe regions (500-770 mm; 1971-2000; Ahr, Mitieh, Mosel, Nahe,
Rheingau; DWD (Deutscher Wetterdienst), 2020) awdilable water capacityAWC) of soils is very heterogeneous

—with-the percentage of vineyards with I&W/C isbeingrelatively high (example Rheingau regiéd/C < 125
mm for nearly 50 % of steep slope areas; Lohnertal.e 2004) anc—tr—additien, the evaporative demarzhn-variesy
substantially within a growing region, because iffedent slopes and aspects of the vineyard pldtsfrhann and Schultz,
2015). Therefore, risk assessment of climate drolemges in soil and plant water budget needs tmltzefine scale in order
to identify possible adaptation measures withinwgng regions. These measures may span change® isetbction of
grapevine varieties and rootstocks, soil, covep aocanopy management as well as the implementafiorigation systems.
High spatial resolution predictions are a challeimgelimate impact studies and mainly limited b #ize of one grid box of
regional climate models (RCMs). Although climatenditions within a grid box may change from beingable for vineyards
to areas unsuitable for the cultivation of grapesirclimate change impact studies for Europeaculitire were often forced
to be performed based on the spatial resolutiath@funderlying gridded climate model data. Santad.g2012) analyzed
observed shifts of bioclimatic indices (mainly teergture related) by means of the E-OBS griddeds#dtand the connection
with large scale atmospheric forcing. Projectioh®ioclimatic indices based on RCMs were analyzgdMalheiro et al.
(2010) and Fraga et al. (2013), with the lattedgtaiso including possible changes in interannaakbility. In terms of water
supply, both studies projected a strong decreasaif availability for the Mediterranean basin théir projections differed
for Central Europe ranging from a slight decred3ada et al., 2013) to an increase (Malheiro et2810). More specific
regional aspects were analyzed by Santos et d3§Z0r the future of wine production in the Douralley (Portugal), and
Moriondo et al. (2010) for expected changes inpifmium wine quality area of Tuscany at a fine igpagsolution (1 km x
1 km, based on downscaling climate projectiongdtian scale using spatial interpolation). Onlew fstudies used data from
soil maps that include8AWC as input datal.¢. Fraga et al., 2013; Moriondo et al., 2013), butofat a spatial resolution still
too coarse to represent the heterogeneity withomviong regions. Recently, fine scale variability it growing regions has
been assessed and modelled within the ADVICLIMgubput focusing only on temperature (Quénol eR8l14; Le Roux et
al., 2017).
lrrespectiveof weather conditions, the water balance of grapevalso depends on vineyard geometry (row
spacing, canopy height etc.), the training systeam@py shape), soil management practices and ylartic site—specific
factors such aBWC, slope and aspect (Hofmann and Schultz, 2015)sd Fectors describe the interaction of vineyard sit
microclimate with water supply and atmospheric dethéHoppmann et al., 2017; Sturman et al., 20AWC, slope and
aspect are particularly heterogeneous in regioroiplex terrain resulting in variability in thepply of and demand for
water. Increasing water scarcity can put economésgure on established growing regions, becauseselvought stress
causes losses of grape quality and yield. Adaptatieasures such as the implementation of irrigatj@tems are expensive
and access to water in many places is restrictddldficult.

water withdrawal rights may also need to be adajftedter is taken from groundwater or surface whtadies.
Since precipitation patterns are highly variablespace and time, it is problematic for growers atakeholders to assess
future developments and to make decisions for ltergr-mitigation and adaptation measures. Againstithckground, the
identification of those vineyard plots or siteshirt growing regions likely exposed to an increasisg for drought stress in

the future can support the decision making process.
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Therefore, the main objective of the study is tarify the likelihood of risk of future water deition the spatial scale of
individual vineyard plots within two German grapewing regions, Rheingau and Hessische Bergstrafie.scientific

process included (i) statistical downscaling ofemsemble of climate modged to the scale of station data, (ii)
combining information from land registers, high-alesion soil maps and digital elevation models der to characterize
vineyard landscapes and their microclimate, (igyfprming vineyard water balance simulations drivgnobserved and

simulated weather data for all vineyard plots.

2 Material and Methods
2.1 Study area, soil and climate conditions

The risk analysis was conducted for two out ofttiiteen German winegrowing regions, the Rheingad the Hessische
Bergstral3e, both located in the federal state aEEl€Fig. 1). In the Rheingau, grapevines areveiéid on an area of 3191
ha (Destatis, 2018). The Rheingau is physiografiffidavided into the regions of upper and lower Rigau (Lohnertz et al.,
2004). The upper Rheingau includes an area of appately 25 km length and 3-6 km width between Waken and
Rudesheim, bounded by the Rhine river to the sanththe ridge of the Taunus mountain range in ththnpas well as the
vineyards near Hochheim on the Main river. Grapeviare cultivated between approximately 80—280Ctitudé on a gently
rolling hillscape. For most of the region, the saleveloped from loess or sandy loess as pareetialaf hey are fertile and
have a balanced water budget. Soil erosion, iffieddby agriculture over thousands of years, filtedls and in conjunction
with soil formation by a variety of basement ro¢éand, clay, marl, limestone), led to the furthiéiedentiation of soils, where
the loess layers were thin. The soils of the loRkeingau to the west of Ridesheim are very difterEime direction of the
Rhine changes towards north here into the UppedMi®hine Valley with its steep slopes. The pareaterial of the soil
formation consists mainly of shallow glacial saliftion layers containing a lot of basement rockdstone, quartzite, slate).
These soils are nutrient—poor, stony and shallogvganerally have a lo®WC (Lohnertz et al., 2004; Béhm et al., 2007).
The second winegrowing region of Hesse, the Hassig&ergstralle, has a cultivated area of 462 hatdiies2018). The
vineyards are located on the western slopes dtenwald mountain range, and at the eastern edpe tfpper Rhine Plain.
Soils developed from loess are also dominating.eut 60 % of the soils are deep and rich withASWC exceeding 200
mm, while about 20 % of the soils haveANC below 125 mm, particularly at sites where the irgptepth is limited to 60—
100 cm (Lohnertz et al., 2004).

The longest running weather station at Geisenhasinté 1884 in close proximity to the University asefviced by the
Deutscher Wetterdienst, DWD, German MeteorologBaivice) had an average growing season temper@®@8T; Apr—
Oct) for the reference period 1961-1990 of 14.5af@ 548 mm annual precipitation. Spatial variatdbriemperature or
precipitation withinbotitheregiors is relatively small. For a more recent period @2018) andi an array
of weather stations (station specific temperataia dor earlier or longer periods were only avdddor a limited number),
AGST data ranged from 15.9 °C (station Frauenstein, elevatishm) to 16.9 °C (stations Ehrenfels, 101 m,
and Erbach, 86 m) compared to 16.3 °C for GeisemtiBheingau)and 17.0 °C at the station Heppenheim (119 mhén t
Hessische BergstralRe (see stations in Fig. 1). @dlnprecipitation (based on data available from 19888 for various
stations) varied from 545 mm (Geisenheim) to 636 mrthe Rheingau and from 750 mm to 824 mm in tlesdische
Bergstrafl3e and is almost evenly distributed ovetdar. Further details about precipitation charistics are shown in Table
1.

2.2 Observed and synthetic weather series

In order to run the water balance model, transiily data for temperature, global radiation, ig&thumidity, wind speed

and precipitation are required. Air temperaturaded to model the development of grapevines andraoops over annual
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cycles, and, together with global radiation, wipeged and relative humidity, to calculate refereexapotranspirationHTo)

according to Allen et al. (2005). We worked withufdime series, two observed and two synthetic

125 2.2.1 Observed weather data

The first observed series included daily weathéa l@m 1959-1988 (the recording ended in 198®miesof the stations) of
10 weather stations distributed across the regions (Fig. 1, Table 1) an
were provided by the DWD (2018
relative-humidity-(also-used-for the other statiahthe Hessische Bergstralte}

130 Jrdthe station

e-and

Geisenheini provided data for all five weather variables. Mprecisely, sunshine hours (SH) were measured here
over the complete period providing a proxy for glbbadiation (GR). A parallel measurement periodG#t and SH at
Geisenheim between 1981 and 1990 was used toisktabtrelation coefficients between these pararsdidofmann et al.,
2014) based on the Angstroem—Prescott equatiorGahevas calculated accordingly.

135

i ofis/ind speed and GR

a alfal haesiade olpbre N ala' alaTariy
atHAY v > CHt

wereset equal to the data measured at Geisenheim. Ta¢savere used as model inputs for an assessrhdre drought
140 stress occurrence in the past as well as to ctdilthe weather generator
(see details below).
The second series included daily data from 20148201d came from newly established weather stafipigs 1) by the

University. These data were used for an assessshebserved drought stress in the recent past.

2.2.2 Synthetic data produced by a weather generato

145 Input weather series representing the baselinefatinde climate conditions were produced by the petaic stochastic
weather generator (WG) M&Rfi, which is an improvietlow—up version of Met&Roll generator (Dubrovsky al., 2000;
Dubrovsky et al., 2004). Met&Roll was based on\igks’s (1992) version (adopted for use in futulienate conditions) of
the classical parametric generator developed byhaRitson (1981). M&Rfi is a single—site multi—vaeiadaily weather
generator, in which the precipitation time seresidelled by a first—order Markov chain (occureen€ wet/dry days) and

150 Gamma distribution (precipitation amount on wet sjayThe non—precipitation variables are simulatgdabfirst—order
autoregressive model whose parameters depend dirywstiatus of a given day. The M&Rfi generator hasn used in many
climate change impact experiments (e.g. Roéttet.e2@11; Hlavinka et al., 2015; Garofalo et aD12). This generator also
participated in a complex validation experimenthef so—called VALUE project aiming at comparisowvafious downscaling
approaches (Maraun et al., 2019; Gutiérrez ep@l 9 ¥ Two types of synthetic time series were produced

155 by M&Rfi .arhg first time series representing the preseaéline) climate
was used to validate the generator by compariregrte weather statistics derived from synthetich&erved weather series.
The second one representing the future climateusad to assess changes of the drought stress ecceifior future climate
change scenarios. In producing the first time seW¥G parameters representing the statistical tstreicof the weather
variability between 1959-1988 were derived fromdheerved station data (baseline climate), and ahet2—year synthetic

160 series (1989-2100) representing the baseline dirtia. assuming no climate change) was producethdyVWG. For the
climate change scenarios (second series), we raddtie WG parameters based on climate change szedarived from 10
future climate simulations made within the frametef ENSEMBLES project (van der Linden and Mitch2009; Table 2).

4
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Here, RCMs were used, which were driven by varBlabal Climate Models (GCMs) (Table 2) and runtfee A1B emission
scenario and approximately 25 km grid resoluticor. €ach station and climate simulation, the dath@four nearesRCM
grid boxes enclosing the weather stations were tgsddrive changes in WG parameters represente\g@M—based climate
change scenario for 2058-2087. In order to constransient time series consisting of observed data 1961-1988
followed by synthetic weather data until 2100 (assy a smooth increase in climate change sigrad) WG parameters
representing a given yearwere defined by modifying the WG parameters of ltaseline climate with a climate change

scenario, which was obtained by scaling the RCMethasenario with a factéfY, ES), defined as

T (Y;REPS.5-1S)—T;(1973;REPES5 [5) (1)
T¢(2073; A1B)-T(1975; A1B) !

k(Y ES) =

whereTg is the annual global mean temperature simulateMAGICC(v.6) (Meinshausen et al., 2014)d ES denotes a
chosen emission scenars(1973;REP85-9), Te(2073; A1B) andls(1975; A1B) refer to the centre years of the obsérv
baseline (1959-1988), the RCM—future (2058—208d)R@M—baseline (1961-1990) time slices, respestiveded to derive

the WG parametergVe chose the high baseline emission scenario RGI?8l. fhe medium stabilization scenario RCP4.5 (van

Vuuren et al., 2011) to calculakéY, ES) (Fig. S2 in the Supplement). Therefore, the syitleeries representing the future
climate were produced for RCP8.5 and RCP4.5. ResnltRCP4.5 are shown in the Supplem®&AGICC is a reduced
complexity climate model, which can simulate eviolniof the annual global mean temperature for @eh@mission scenario

and climate sensitivity?

Climate models of the ENSEMBLES project were usestisiad of the successor project EURO-CORDEX (Jatab, 2014)

for reasons of data availability at the time thedgtwas started. Since Kotlarski et al. (2014) resmbcomparable biases for
both projects and since it can be deduced fromrk&ioh et al. (2013) that the benefit from the higbmatial resolution of
EURO-CORDEX is small in the area of the study ragiwe concluded that the ENSEMBLES data were slaitab

The chosen RCMs were evaluated in several studiedel errors and statistics of precipitation andperature were analysed
by Frei et al. (2003), Kjellstrom et al. (2010) #wklitsch et al. (2011). Maule et al. (2013) eaédd the RCMs using drought

statistics. The models showed reasonable skillsorecting weather characteristics relevant forsiudy.
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Figure 1: Map showing the winegrowing regions Rheigau and Hessische Bergstrafe and the locations oéather stations (Source
of the base map (modified): Esri, 2012).



Table 1: Description and parameters for precipitation (P) of the weather stations used to calibrate the wéger generator with data
from 1959-1988 and to analyse the drought stressaerence of the past. Weather data were extracteddm the database of the
DWD (2018) and are available online at https://opestata.dwd.de.

Station Stati  Region Ele- Latitude Longitude  Annual Rainy days P—intensity  Min. Max. Max.
on- va- meanP  (days yeat) (mm rainy monthlyP  monthlyP  daily
ID tion 1959— day?) (month; (month; P
(m) 1988 mm) mm) 1959-
(mm) 1988
(mm)
Bensheim 355 Hess. Bergstr. 117  49.6961 8.6267 824 172 4.8 Feb; 49 Jun; 90 91
Heppenheim 2138 Hess. Bergstr. 101 49.6500 8.6333 06 8 170 4.8 Feb; 50 Jun; 88 70
Seeheim 4646  Hess. Bergstr. 132 49.7500 8.6333 770 149 5.2 Feb; 42 Jul; 86 65
GroB-Umstadt 1815 Hess. Bergstr. 168  49.8667 8.9333 750 157 4.8 Feb; 44 Jun; 82 95
Lorch 3062 Rheingau 90 50.0508 7.8064 604 164 3.7 Feb, 36 May; 65 76
Geisenheim 1580 Rheingau 118  49.9864 7.9542 545 168 3.2 Feb; 33 Jul; 58 55
Johannisberg 1581 Rheingau 177  50.0033 7.9836 602 59 1 3.9 Feb, 36 Jul; 64 61
Steinberg 1213  Rheingau 197 50.0333 8.0500 636 169 3.8 Feb, 39 Jul; 64 53
Eltville 1212 Rheingau 96 50.0286 8.1358 606 163 3.7 Feb, 35 Jul; 65 67
Hochheim 2242  Rheingau 115 50.0083 8.3738 586 171 4 3 Feb, 34 Aug; 63 77
195 Table 2: Ensemble of climate models (van der Linden ahMitchell, 2009).

Institute Climate—Simulation

(RCM-GCM)
cal RCA3-HadCM3Q16
DMI HIRHAMS5-ARPEGE
DMI HIRHAM5—-ECHAMS
DMI HIRHAMS5-BCM

ETHZ CLM-HadCM3QO0
KMNI RACMO2-ECHAM5
MPI-M REMO-ECHAMS5

SMHI RCA-BCM
SMHI RCA-ECHAMS
SMHI RCA-HadCM3Q3

2.3 The water balance model

We used the vineyard water balance model of Hofrmetred. (2014) which was developed and validatetth ¢ie general
growing and cultivation conditions of the studyamesented here. This model accounts for diffeseiftcultivation (bare
soil, use of cover crops, or alternating use ohpand the impact of slope and aspect of the areplots on received global
200 radiation ancETy. It includes a radiation partitioning model to asgieETy between grapevines and the soil based on Lebon
et al. (2003) and accounts for different vineyaedmetries. The development of the foliage of tlapgvines and the cover
crops is modelled based on temperature summatiakeqit possible to run the model for multi—-yeppbcations. As heavy
precipitation events are rare in the area of sttity,original model did not account for surfaceaffinTo include possible
changes of precipitation intensity in the futube widely used curve number (CN) method (Cronshey.£1986; Woodward
205 et al., 2003) was added to the original model. Fncedure was developed for small watersheds dakito account that
rainfall data are often only available in the fasfdaily values and was tested in a vineyard satkwdynamics study (Gaudin
et al., 2010). The curve numbers are availablaerfarm of tabled values and depend on the sod,tidiltration capacity of
the soil and on the type of land use. We used for bare soil and CN = 58 for plant coveredss@ronshey et al., 1986).
Adjustments of the CN values depending on the adi@at moisture conditions before the wetting evesre conducted as

210 described in Maniak (2010). The impact of degresl@be on runoff was neglected, because sevetabeuteported no clear
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findings (Emde, 1992, based on experiments on wirgsyin the Rheingau area) or a small increasarioff (Huang et al.,

2006; Ebrahimian et al., 2012) within the rangé¢hef measurement accuracy of precipitation.

Since the individual geometry of each vineyard pidthin the two regions was unknown, the calculasiof radiation

interception were performed for a uniform geome#presenting a standard vertical shoot positiosiyggem in Germany
(Hoppmann et al., 2017). We used 2 m row spacifigijiage width of 0.4 m, a maximum row height of@.m and minimum

height of the lower end of the canopy of 0.8 m abthe soil surface as base data. This is typicah®current and mid-term
future situation, because more than 80 % of the plawted vineyards from 2002—-2013 (> 30 % of tigian®) have a row
spacing of 180—200 cm (data from the EU vineyagister; RPDA, 2012).

it was assumed that in the Rheingau, soil culibratind cover crops alternate in every second rog,ia the Hessische

Bergstralie, the soil is completely covered by \atgairegetatedexcept for a strip of 0.4 m under the vindd)is is currently

typical for both regions.

2.4 Soil data-and spatial resolutionand linking of vinevard plots to climate data

The studywasis based on the high spatial resolution of individplalts (Fig. S3 in the Supplement shows a flow diagram)

The underlying data were provided in digital formspatial polygons from the local authority in deof the official EU
vineyard register (RPDA, 2012). This resolution &enconsidered as high, with a total plot numbeplafted vineyards of
24858, with a mean area of 0.15 ha per plot. Ript® 0.5 ha take up 79 % of total planted areh withaximum plot size of
4.2 ha. Each plot was linked with a digital elewatmodel at 1 m resolution to calculate the meapeskand aspect of the
plots. The water balance model needs values foathdable water capacity up to 2 m dep¥WC:n) as the reservoir for
grapevines, and 1 m deptBWCim) as the reservoir for cover crops, and a valudtfertotal evaporable watefEW) of the
soil surface layer, in order to calculate bare sedporation according to Allen (2011). THeW is defined as the difference
between the water content at field capacity anfildfahe water content at the permanent wiltinghpéar the upper soil layer
of 10-15 cm. Th&AWC,m, AWC1, were directly and th€@EW indirectly obtained from a soil database of thigcil state map
series BFD5W (HLNUG, 2008).he data of the BED5W are based on soil samplésiiiz taken down to a maximum depth

of 2 m at intervals of 20 m and 25 m (B6hm et 2007). In general, the data include the main raoizibn of established

vineyards (Smart et al., 2006) and take into accthalower root horizon anfWC on shallower soils. Rooting systems of

younq vineyard (especially in the first three y¢an® not fully established. Those vineyards takeuw area of 6-10 % and

are much more vulnerable to drought stress (Fign$de Supplement). They are a special case angl mad investigated in

this study.To calculate th&EW, the BFD5W provides data on water, gravel and ctaytent for the plough horizon. We then
used the methods described in Vorderbriigge e2@06) to estimate the water content at field capacid the wilting point.
The TEW was determined for the upper 10 cm soil layehis study.

For each vineyard plot, the climate data of the@saveather station were used to calculate thentrtiance. For almost all

vineyards (> 99 %) the distance to the next statias less than 8 km with a mean distance of 2.3Kkgure S5 in the

Supplement shows differences in observed and gamlemnual precipitation of the stations.

2.5 Assessment of drought stress

As an indicator of drought stress, we calculatedyéarly sum of drought stress days during thetatiga period (1 May—30
September). A day was classified as a droughtssttay, if the remaining soil water content was $endahan 15 YAWC;,
This approach is based on the assumption, thaA\W@&,, of the soil maps corresponds to the total traadpér soil water
(TTSW) used in earlier water balance studies (Leboh ,€@03; Hofmann et al., 2014). The chosen thriestalue ofAWC;n,
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corresponds to the common plant physiological tiwkkvalue for severe stress of -0.6 MPa vine predaaf water potential
(wpd) as described in Hofmann et al. (2014).

2.6 Spectral Analysis

The R-package multitaper (Karim et al., 2014) wssduto compare power spectra of observed and giymtimee series (see

the following section 3.1). This package provides® & harmonid-test to assess the significance of harmonic commisn

found in a time series.

3 Results

3.1 Validation of the weather generator

Downscaling data of climate models to station dataot trivial and all of the possible methods haves and cons, which

have to be considered in order to mterpret the datl results (Maraun et al., 2010} erefore~wetested-thecapabilibrof the
ki b aver-the—annpeloyele for the nasi
£1959-1988)In order to assess specific features of the useahsicaling approach, we compared 30 consecutives yd#dhe

first synthetic time series (representing the basallimate, see section 2.2.2) produced by thef@d e station Geisenheim

with observational weather recorded at Geisenhem 1959-1988. We compared the characteristics of the weatHr@ables

precipitation, global radiation and the deriveth because of their impact on the water budget. Té@os Geisenheim was

selected, because all required weather variables measured continuously here. We used power spgritompare the

features of both time series regarding cyclic pagd€Fig. 2a-c), kernel density estimates to comp@aguency distributions

of daily data (Fig. 2d-f), monthly means to compsgasonality (Fig. 2g-i) and annual means to coenipéerannual variability

(Fig. 2j-I). The power spectra (Fig. 2a-c) show tmntributions of frequencies in the range of 1lyEart to 12 yeat

(corresponding to cycles with periods of 15 year& tnonth). Based on thetest (Karim et al., 2014) the annual cycle (at a

frequency of 1 yedh) was identified foEET, and global radiation as a significant period fottthe observed and the synthetic

times series. The peak at a frequency of 2 veéralf year period) of th&T, power spectra (Fig. 2b) is likely a high-order

harmonic of the annual cycle. Significant cycleghwgeriods different from the annual cycle could loe identified. No clear

periods were found for precipitation (Fig. 2a). R™yathetic series show lower spectral contributifmngperiods longer than

one vear (frequency < 1 yelarand for periods in the range of 2 months to 1 tmowhich is related to the natural variability

of the climate (like the ENSO signal or the persise of weather patterns) which is not explicitlgdalled by the WG.

Frequency distributions (Fig. 2d-f) and seasondkiyg. 2g-i) of the weather variables were wellraguced. Since the WG

does not model long-term variations, interannuaibglity is underestimated (Fig. 2j-I).

Further comprehensive statistical validation stsidvere already performed in the framework of thd\\JK project (Maraun

etal., 2015), where the M&Rfi WG was a member lafrge ensemble of statistical downscaling methBdsfly summarized,

the WG showed small biases for most of the clinshracteristics studied, but underestimates wemrted for precipitation

variability (Gutiérrez et al., 2019), interannuariability (temperature and precipitation; Maratiiale, 2019) and long wet or

dry spells (Hertig et al., 2019).

To perform an indirect validation of the WG, we gmared the annual sum of drought stress days dthrengegetation period

(section 2.5), calculated with the water balancel@ehdor both the observed and the synthetic timesef three weather

stations: Geisenheim, Hochheim (in the west antiaddbe Rheingau) and Bensheim (Hessische Befdgsirdn order to get

a valid drought stress response to the weather, tletawater balance model was parameterized foineyard with a

comparable loWAWC,, of 100 mm. Figure 2m-o0 shows histograms of the lmemoef drought stress days of the 30-year time

series for the three stations. For all stations,ftequency of years with a medium amount of drowtiiess days was well




reproduced, but years with no drought were overegéd and years with many drought stress days waterestimated by

290
the WG. This higher frequency of dry years in thearved data is related to long-term variatiorth@fclimate system, which,

as described above, are not modelled by the WCGedan these results we concluded that it is passibmodel long-term
trends regarding the development of drought stuesyy the climate change scenarios generated bwthdsecond series,

see section 2.2.2). However, it should be notetftequencies of dry and wet years are underestinat
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Figure 2: Comparison of 30 years of observational eather data (1959-1988, station Geisenheim, Rheingdermany) and 30 years

of synthetic weather data produced by the weatherenerator calibrated with the observational weathedata. Top row (a-c): Power

spectra of daily data of precipitation, reference eapotranspiration and global radiation. Second row(d-f): Probability density

functions of daily data computed with kernel densi estimates. Third row (g-i): Monthly means. Fourthrow (j-1): Box-and-whisker

plots of annual values. The central box shows thetgrquartile range, the bold line the median; the wiskers extend to the extremes.

Bottom row (m-0): Histograms of the number of droudnt stress days per year (n = 30 years) calculatedtv a water balance model
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3.2 Water balance trends and drought stress occurnee based on observed weather data
3.2.1 Water balance

Figure 3 illustrates the trend and interannualalility of the water availability expressed as @i water balance and
calculated with data of the weather station GeisanhThe climatic water balance represents thediffce between the sum
325 of precipitations and the sum of reference evapsp@mation over a hydrological year (1 Nov—-31 O@f)e presentation of
Fig. 3 does not directly allow conclusions on thteat of drought stress of a certain year, whictlitawhally depends on site
factors and the plant response to limit water d/ertheless, the climatic water balance has deedehy about 90 mm, if
the two 30—year periods from 1959-1988 and 19898204 compared. Additionally, the frequency of geaith a climatic

water balance lower than -200 mm has more thanlddwyer this period, from 8 to 18 years out of 30.

11



330

335

340

345

350

100
T
!

-200  -100
T T

Climatic water balance (mm year')
-300
1

-400
T

1950 1960 1970 1980 1990 2000 2010 2020
Hydrological year

Figure 3: Climatic water balance, expressed as thdifference between the sum of precipitations and #h sum of reference
evapotranspiration for a hydrological year (1 Nov—3 Oct) for the station Geisenheim (Rheingau), Germgy. The solid line shows
11-year running mean values. The decreasing trend significant (p < 0.05, Mann—-Kendall trend test; alculated with the R—package
Kendall; McLeod, 2011).

3.2.2 Drought stress simulations

Period 1959-1988Water balance calculations for both growing regiasitt the data of the observation period from 1959—
1988, showed that the five driest years were 19964, 1973, 1974 and 1976. In 1959 and 1976, thsnelated to hot and
dry summers with many sunshine hours and high eatipe demand and in 1964, 1973 and 1974, becdusgreme dry
winters despite only average summers. On averagaghtt stress days were calculated in the ran§e-4f days per year and
individual plot for the Rheingau and in the rand€-e23 days for the Hessische Bergstrale. The ggpaiea affected by
drought stress (the area with more than 10 cakedldrought stress days per year on average) aetbémt 6 % of the
Rheingau (181 ha) and for only 1.2 % (5 ha) ofHlessische Bergstralie.

Period 2014-2018Figure 4 shows the strong interannual variabilitthe soil water content dynamics for a typicaleyard
(AWCom = 110 mm, south oriented, 27.5° slope) in thepsitepes of the lower Rheingau area in the weRlinfesheim (Fig.
1). In 2014 and 2017 moderate drought stress cagafter mid—June (after flowering) until the begirg (2014), respectively
the end of July (2017), followed by moderate (20tbAyet conditions during the ripening period. Mear 2018 started with

a well-refilled soil profile after winter and wasitg wet until mid—June, after which an extreme ang hot period followed,
leading to a fast reduction in soil water content aevere drought stress.

The map in Fig. 5 shows the simulated spatialibistion of the sum of drought stress days for thiére Rheingau region for
the year 2018 based on data of the weather staéitwork (Fig. 1). The year 2018 had the highest stiamnualET, (876
mm) since 1951 (first year where all weather vdeislio calculateET, were recorded at the station Geisenheim). The
simulations agreed with observations in the loweeiRgau (near 7.9°E and 49.98°N, Fig. 4, and betv@€eto 92 daysyod)

< -0.6 MPa), where for many vineyards strong reidustin yield and restricted sugar accumulationeangoserved. In that

particular vintage, the growing area with more thrcalculated drought stress days was 13 % (400 ha

12
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Figure 4: Seasonal patterns of the fraction of aviible water capacity AWC:m) for a typical steep slope vineyard in the west dhe

Rheingau area (near station Ehrenfels, see map ind= 1). Simulations were conducted with a water bahce model for the years
2014, 2017 and 2018. Parameters for the model inpwiere: AWCzm = 110 mm, south oriented, 27.5° slope, 2 m row spag, one row
bare soil, one row cover crop.
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Figure 5: Number of simulated drought stress days gr vineyard plot for the winegrowing region Rheingai, Germany, during the
2018 vegetation period (1 May—30 Sep). Calculationsere conducted with a water balance model based atata from weather
stations and a digital soil map on the assumptionf@lternating soil cultivation (one row bare soil,one row cover crop).

3.3 Water balance trends and drought stress occurree based on climate simulations
3.3.1 Projected annual trends of precipitation andhe climatic water balance to 2100

Annual precipitation projected by the ensemble lohate simulations for the station Geisenheim basedhe emission

scenario RCP8.5 showed a high variability (Fig.. @de change signal (difference of mean values éetvihe time—period

2071-2100 and the period of observed values 19@B}IfAnged from a decrease of -141 and -53 mm foaease of +73

and +170 mm for the two most extreme simulatiomgni8cant trends appeared at mid—century (Mann-dédirtrend test, p

< 0.05, Fig. 6b). After 2073, the projected trenflseven simulations were significant, with twdleém showing a decreasing

trend and five an increasing trend. Compared taianprecipitation the climatic water balance pedrdojogical year (1 Nov—

31 Oct) decreased more strongly and ranged from m@% and -182 mm to +67 mm and +169 mm (Fig. 7edabseETy

increased in all simulations in a range of +3 mm267 mm (Fig. S6 in the Supplement). Here, theukition projecting the

strongest increase in precipitation showed the $hierease it Ty, and thus an increase in the climatic water ba&larfi¢che

same amount as the increase in precipitation. Whariodels projecting a decrease in precipitatisn ahowed the strongest

decrease in the climatic water balance (Fig. 6aRgd7a), but differed in the development of indival weather variables,

especially global radiation (Fig. S7 in the Supmeth. One model projected the strongest incread€lincaused by the

strongest increase in global radiation and a stioogease in temperature, but the model with thensest decrease in
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precipitation also showed the strongest decreagéolmal radiation and thus an increasdEiny in the medium range of the

ensemble (Fig. S5-S7 in the Supplement). With oxmegion, the simulations that projected a modemteease in

precipitation also showed a moderate increadely As a result, five simulations of the ensemblevadth no trend for the

climatic water balance, two showed an increasimjthree showed a decreasing trend (Fig. 7). Loo&tngdividual weather

variables, only one model showed an increase ibhajlmdiation of 10 % by 2100, while all other slations projected a

decrease of global radiation of up to -15 % by 2(Qure S6 in the Supplement). With regardEf, the decrease in global

radiation did not lead to a reduction and was carspted by the temperature increase (2.5 °C toG.6-ifyure S7 in the

Supplement). Beside the simulation projecting angase in global radiation, the temperature inereass the only driver of

the increase i&Tp as the projected changes of wind speed and relatimnidity were only minor (Table S3 in the Supaeit).

In comparison, the ensemble results for RCP4.5 staubstantial smaller change signals for annwediitation ranging

from -63 mm to +93 mm and for the climatic watelabpae ranging from -149 mm to +95 mm (Fig. S9-Silthe Supplement).

Hence, the trends of the change signals of fewsulsitions were significant (from approximately 20W® increasing and

two decreasing for precipitation, three decreasimd) one increasing for the climatic water balance).
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Figure 7: (a) Climatic water balance of 10 climatesimulations of different models for the station Geenheim (Rheingau), Germany,
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values calculated with Mann—Kendall trend test fortime series shown in (a) starting in 1961.

415 3.3.2 Projected seasonal trends (spring, summer, tmn, winter) of precipitation and the climatic water balance to
2100

Seasonal trends of the model ensenibieRCP8.5are shown in Fig. 8. In part, the results of priatjpn change signals
(2071-2100 compared to 1961-1988, Table 3) refleptessible future seasonal shifts. The range ofghaignals of the
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transition seasons spring (March, April, May (MAM)7 to +58 mm, Fig. 8a) and autumn (Septembemliéet November
(SON); -28 to +42 mm, Fig. 8c) is quite high, whmrén both seasons some models projected no chafigescipitation in
the future up to 2100. In winter (December, JanuBepruary (DJF), Fig. 8c) all models except orie (mm) projected a
precipitation increase (+23 to +41 mm). In sumndeing, July, August (JJA), Fig. 8b), the ensembliessyp in three groups
at the end of the century, one model projects arease of precipitation (+39 mm), six models ar¢hinrange of a small
decrease to no change (-22 to +1 mm) and three Impdaect a precipitation decrease (-60 to -81 mim)general, this
indicates an increase of precipitation in wintesgibly connected with a decrease of precipitatioa future summer.
Taking into account reference evapotranspiratiorcéigulating the seasonal climatic water balanke, gicture changed
towards dryer conditions (Fig. 9, Table 3). In wintthe plus of precipitation is slightly reducagedo higheET, (-21 to +34
mm, Fig. 9d). This is relevant in water balancegktions, because (actual) evapotranspiratiomimally not reduced by
dry soils due to the better water availability dgrthese months. This also applies in parts fang{r42 to +62 mm, Fig. 9a)
and autumn (-51 to +32 mm, Fig. 9c). A clear chasigeal could be identified for summer, only oned®loprojected an
increase (+48 mm) all others a decrease in theerahgl91 to -17 mm (Fig. 9b) due to a significah&nge signal foETo in
the range of -9 to +130 mm (Table 3). Climate satiahs for other weather stations showed similaulte(not shown,)

The results for RCP4.5 showed smaller change sdanprecipitation and the climatic water balafféig. S11-S12 and Table

S4 in the Supplement). The projected increase imewiprecipitation for RCP4.5 was about half agdaas the increase for

RCP8.5 for most simulations. Summer precipitat®mlso projected to decrease less in RCP4.5 comhparBCP8.5 and

ranged from -43 mm to + 30 mm. No changes wereepteq for the climatic water balance in autumn.t&rinand spring. As

ETyis projected to increase for RCP4.5 in the rarfg8 aam to +72 mm in summer, compared to -9 to & d#n for RCP8.5,

the projected decrease of the climatic water baldocsummer was also less pronounced and ranged-ft16 mm to +38

mm.
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Figure 8: Seasonal precipitation simulated with 1@limate models for the station Geisenheim (RheingduGermany, for the emission
scenario RCP8.5 Grey lines show the range of annual values of athodels, coloured lines 11-year running means fondividual

model runs. The period from 1961-1988 represents afived data and the dashed baselines illustrate thainean values. (a) MAM,
spring, March, April, May; (b) JJA, summer, June, July, August; (¢) SON, autumn, September, October, bvember; (d) DJF, winter,
December, January, February.
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Figure 9: Seasonal climatic water balance simulatedith 10 climate models for the station GeisenheirtfRheingau), Germany,
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Table 3: Range of change signals of 10 climate sinatibns with different models for the station Geiseheim (Rheingau), Germany

SFor precipitation (P), reference evapotranspiration ETo) and climatic water balance CWB, P-
ETo) for spring (March, April, May, MAM), summer (June , July, August, JJA), autumn (September, October, Bvember, SON) and
winter (December, January, February, DJF), changeignals were calculated by the difference of the indidual model means between
the time—period 2071-2100 and the observation pedd 961-1988.

Season Ensemble change signal (2071-2100 minus 196B8)

P (mm) ETo (mm) CWB (mm)
Spring (MAM) -17 to +58 -23to +32 -42 to +62
Summer (JJA) -81 to +39 -9to +130 -191 to +48
Autumn (SON) -28 to +42 +6 to +36 -51 to +32
Winter (DJF) -14 to +41 +6 to +18 -21to +34
Year -141 to +170 +3 to +207 -260 to +166

3.3.3 Projected drought stress risk for the winegnawing regions Rheingau and Hessische Bergstralle

As most of the climate simulations showed significant annual precipitation trendshim $econd half of the century
(Fig. 6b) and indicated changes in climatic wat@iahce, we calculated the average number of drostgidés days for the
time—periods 1989-2018 and 2041-2070 for each anggylot and climate model. Based on this caloufatiwo indices were
derived. The first one is describing the overallgg—growing surface area affected by drought stdesmmed as the sum of
the area of all individual vineyard plots with omeaage per time—period ten or more days of drostyetss during the
vegetation period. The second one is the drougkssichange signal, calculated as the differentkecfverage number of
drought stress days per vineyard plot and climatelation between both time—periods. The calcufatibthe grape—growing
surface area showed that three modédisrbeoth-regiongprojected a substantial increase ofdtpotential
droughtstresarea ypossiblyaffecting10 to 30 % (Rheingau), respectively 16—20 % (Hess Bergstralie),
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of-the-growing—area-with-drought-strdes the future period 2041-2078mong these three models were the two projecting
a decrease in annual precipitation and the ladmsease in annual climatic water balance, destiibmore detail in section

3.3.1. The third model illustrates further futureather patterns, that could lead to a strong ise<a drought stress. This

470 model projected increasing precipitation in SONER#&d MAM, but a strong decrease in precipitatiodJA and additionally

a strong increase T, caused by the largest temperature increase @ndemble. (Fig. S5-S6 in the Supplement). This led

to a significant reduction of the climatic watetdrae in JJA. This indicates that presumably vingyavith lowAWC, which

may not be able to store enough of the increasiagipitation outside the summer months, are aftebiea strong increase

of drought stress due to the warmer and drier c¢mmsi. For both regions, the median of the climate messlemble of the

475 drought stress area increased slightly by 2 % efidcted projected changes in the range of no ahémg small increase of
the ensemble, while one model projected a deci&a&8+6 for the period 2041-2070 compared to 1983824Fig. 10).

Similarly, for RCP4.5, seven models projected nomy small changes in the range of -2 %—+3 % efdlought stress area

between the periods for both regions (Figure SIBarSupplement). For the three models projectmngerease of the drought
stress area for RCP8.5 and the period 2041-20&@rdught stress area for RCP4.5 is reduced, senafdbe driest simulation

480 in the Rheingau distinctly by half. It ranged fré&%—14 % (Rheingau) and 10 %-14 % (Hessische Baftgi for RCP4.5
compared to 11 %—30 %, respectively 16 %—19 % fOP&5 simulations.
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Figure 10: Potential drought stress area of two wiagrowing regions (Rheingau and Hessische Bergstraf3e Germany for two time—
periods (1989-2018 and 2041-2070), calculated wahwater balance model, soil maps and 10 climate sitations with different

|485 modelsfor the emission scenario RCP8.5A vineyard plot was allocated to the drought stres affected area, if on average 10 or more
days with drought stress during the vegetation pedd (1 May—30 Sep) were calculated. Individual modegksults are shown as points
in the boxplots.

Drought stress area in % of the growing region
15

= +oom ---——@-—— - -

The calculation of the drought stress change sigpat vineyard plot allowed the creation of mapslltistrate spatially the

| impact of the projected climate trenéisir RCP8.5,Fhe maps for the “dry” and for the “wet” simulatiahthe extremes and

490 the simulation close to the median of the ensenfbig. 10) are shown in Fig. 11 (Rheingau) and Hig.(Hessische
Bergstraf3e). In case of the dry simulation (Figa)1the vineyards where drought stress alreadyroedun the past (in the
lower Rheingau, and near Johannisberg 50.0 °N, “E98ee Fig. 1; and Martinsthal 50.05 °N, 8.12r7&, indicated on Fig.
1) would be affected in parts (lower Rheingau) tstrang increase of drought stress. But drougksstcould also increase
on plots where it is at present unknown, aroundti¥e weather stations with the lowest annual rdinfaeisenheim and

495 Hochheim (Table 1), although many of those plotgeha goodAWC (> 175 mm; Léhnertz et al.,, 2004). The moderate
simulation close to the median of the ensemble. (Fdy projected a drought stress increase up tag6 in the Rheingau but
confined to vineyard plots already affected by dfttustress in 1989-2018 (Fig. 11b). In case of“thet” simulation a
moderate (but not complete) decrease of drougkssis projected, but only on plots where it ocadiin the past (Fig. 11c).
At the Hessische Bergstralie, the dry simulationlavatfect vineyards distributed over the whole oggibut with a weaker

500 change signal compared to the Rheingau (Fig. 12aase of the simulation close to the median, arfgw plots were affected
by a drought stress increase of up to 11 days {Rig). Changes for the wet simulation were nedigibig. 12c).
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For RCP4.5 and the Rheingau (Fig. S14 in the Supgid), the “dry” and the “medium” simulation projed a much smaller

increase and the “wet” simulation a stronger desgeaf drought stress days compared to RCP8.5.Heodry simulation

drought stress would also occur on some vineyaeds Geisenheim and Hochheim with higW/C, but compared to RCP8.5

on an overall smaller area and less pronouncedalfhest negligible increase of drought stressher‘medium” simulation

would affect only sites with lowAWC. For RCP4.5 and the Hessische BergstralRe, a snmatlease of drought stress is

projected for almost the same areas compared t@BCRo changes in drought stress would occuhf@ntedium simulation

and drought stress could decrease on a few plothdd'wet” simulation.
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Figure 11: Projected change of the occurrence of dught stress days for the growing region Rheingalermany), for the emission
scenario RCP8.5 calculated with a water balance model on the assption of alternating soil cultivation (one row bare soil, one row
cover crop). The maps show the difference betweengmumber of the mean drought stress days per vegéitan period (1 May—30
Sep)and-individual-plet-for the periods 2041-2070 minus 1989-20%8the spatial scale of the individual vineyard pits. (a) Results
of the climate simulation calculating the strongesincrease, (b) the simulation close to the ensembigedian, and (c) the simulation
projecting the strongest decrease of the drought iss area of an ensemble of 10 climate models.
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Figure 12: Projected change of the occurrence of dught stress days for the growing region HessisclBergstrale (Germany), for
the emission scenario RCP8,calculated with a water balance model on the asgption of cover crop use in every row. The maps
show the difference between the number of the meatrought stress days per vegetation period (1 May—3Bep)and-individual-plot
for the periods 2041-2070 minus 1989-20%8the spatial scale of the individual vineyard pits. (a) Results of the climate simulation
calculating the strongest increase, (b) the simulen close to the ensemble median, and (c) the simtibn projecting the strongest
decrease of the drought stress area of an ensemblel0 climate models.

4 Discussion
4.1 Global and regionals aspects of the uncertaintyf the projections

Climate projections and impact analyses are suljpexhumber of uncertainties. In the understandfrgimate change, these
uncertainties are in general related to the uniceftiture external forcing by greenhouse gas emnssithe impact of external
forcing factors on climate and the degree of natuaaiability of the climate system (Kjellstrém at., 2011). In impact-
analyses, methodical imperfections of the impacti@®result in further uncertainties. This studgked on a comparably
small region, thus the ability of the RCMs to regwoe spatial weather patterns is one additionaicgoof uncertainty. The
water balance model itself or previous versionsshasen validated with field observations on difféne@neyard plots of the
current study area as well as other regions ardifferent climates (Lebon et al., 2003; Pellegritoal., 2006). Yet, on a
regional scale, it requires high quality soil datdjch have a strong influence on the result ofdhleulations as a possible
source of error. The soil data go back mainly tib s@ppings conducted from 1947-1958 (Bohm et20Q7)-where-at
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then, based on land consolidation projects, antvichehl interventions in parts of the complete lacape, some attributes
might have changed in local spots, but in geneha, soil maps are still describing the currentatitn quite well as
demonstrated in a follow—up study (Zimmer, 1999).

To capture the magnitude of uncertainties relabgplossible future climate evolution for the seldatenission scenario, we
used climate projections for the period 2058-208Wkated by ten climate models of the ENSEMBLESjgcb These data
were used to derive the climate change scenari@hwiias further scaled by smoothly increasing ckaimgglobal mean
temperature (as projected by the MAGICC modelffiergelected RCP8.5 emission scenario) and usedddynthe weather
generator parameters, in order to produce transir@et series for several weather stations. The Isitiouns showed a high
rangeof thefuture precipitationchangeata-shewed-a-high-bandwidét the end of the century. This range is companatile
the results of the REKLIES-DE project (+20 % fonaal precipitation, region Germany and drainagénsasf large rivers,
2070-2099 compared to 1971-2000), calculated wiithliBnate simulations including the EURO-CORDEXal@tllibener
etal., 2017; Bilow et al., 2019). Additionallynsiar seasonal shifts (increase of winter and de@®f summer precipitations)
were reported in this study. This range could loiced if the extreme models at the upper or lowlgeavould be excluded,
but sinceto the knowledge of the authome direct-model-flawsevere shortcomingst the models have been repomete

detectedthis would exclude possible future climate restlizns. Furthermore, climate models cannot be densd as fully
independent from each other (Kreienkamp et al.2261ato et al., 2013), which rules out the conidnghat if the majority
of results from model runs point into one directidrat this would automatically mean a higher pholity for this climate

realisation. However, diverging databases bearrtainées in risk assessment and decision suppodesses. Noteworthy,

the projected range for precipitatichangesfor the mitigation scenario RCP2.6 is less tharf hakhe rangef-thesefor

RCP8.5 (Hubener et al., 2017A) similar reduction in range was found in our estor changes in precipitation (Fig. 6a, Fig.
S9a in the Supplement), the climatic water baldrae 7a, Fig. S10a in the Supplement), referenepetranspiration, global
radiation, and temperature (Fig. S6—S8 in the Samppht).

simulate-small-seale-weatherpatte@re water budget simulation driven by the climateleis predicted that drought stress
would be less problematic in the future. This woodd be expected from observations in the recestt pdere drought stress

occurrence has increased. The decrease in theticliweater balance is related to an increadeTis) because for the Rheingau

region (station Geisenheim) no seasonal trendenipitation rates is noticeable for the past. Theeoved increase &Ty is

a combined effect of an increase in global radiatind temperaturg able S2 in the SupplemenG@hanges in wind velocity,

as observed in other regions on the globe, caxdladed (Schultz, 2017). The data extracted froewmiather station clearly
show the effect of global dimming (after World Whio the 1980ies) and brightening (since then)qus (Wild, 200920172
Hofmann and Schultz, 2010) related to a periodring pollution (dimming) and cleaning of the atmlbsre (brightening)
and observed in many places on Earth. This isateftein an increase in measlarirradianeglobal radiatiorfrom 1167 Wny

2 for the period from 1951-19089 to 130 Wn¥ for the period from 198-202018 (station Geisenheimlable S1 in the

Supplemenjt The strong increase in global radiation, alscamparison with other regions of the world (Wil@12; possibly

due to a strong decrease of sulphur dioxide enmssio Germany of 95,2 % from 1990-2019; Umweltbsaaet, 2021),

probably caused a more rapid warming because theshiag dimming no longer masked the increase ofoapheric
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Furthermore ,ithe most intensive droughts for the two growiegions
in the years 2003 and 2018 were related to heaésvawith highET, values. Heat wave frequencies on a global scale ha
increased in the past (Schér et al., 2004 Yand are predicted to increase further in the hutare, irrespective
of the emission scenario (Coumou and Robinson, 2@ 8tudy of Kornhuber et al. (2019) found that theather extremes
of the early summer 2018, where heat and rainfdteenes were recorded in the mid—latitudes of ththern hemisphere,
were connected with a persistent wave patternanJéistream, which was also observed during thepgan heat waves of
2003, 2006 and 2015. In addition, the number ohsmave patterns has increased significantly duttreglast two decades.
Since wedownscaled-the grid-box-means-of climate-motlettation(point)
data-in-erderto-reduce-the-bias;-butlid shortcoming of reduced interannual variabilitis likely that frequencies of such
extreme years are underestimated (FigoR As expected, the reduced interannual variabidynpared to station data was
also found in grid box data of RCMs of the regibaecause these data represent spatial means. Fralg2€13) reported an
increase of interannual variability of the temperatbased Huglin—-Index and the precipitation/evapsiiration based
dryness—index for many parts of Europe including study region, by comparing the period from 2040with 1961—
2000, calculated with 16 climate simulations fréva ENSEMBLES project. On the other hand, the fraquef such extreme
years is the main cause for growers to think abost intensive adaptation measures like irrigatfgemntos et al., 2020). The
impact analysis for perennial crops, not only guapes, could profit enormously from climate simidat with the feature of
well-reproduced interannual variability.

Despite of the reduced interannual variability, thienate projections showed seasonal shifts. Theaohof seasonality of
precipitation on grape quality is not fully undexsd (Sadras et al., 2012b). Dry conditions durimg tipening period and
harvest are in general positive for fruit qualitydahealth, but severe drought stress can lead d¢esaation of sugar
accumulation, as observed in specific plots oftiuely area during the 2018 and 2019 vintages. 8abshifts of precipitation
could reduce the impact of dry spells on plots witfficient capacity to store available water, bijp@nced refilling in winter.
Trémel and Schénwiese (2007) reported that thedtrdar the probability for observed monthly extreprecipitation in

Germany varied substantial on a spatial scale dsal projected near future changes of extreme pitatign showed

heterogeneous spatial change patterns in summieinigen et al., 2013). The performance of many doaiirsg and bias
correction methods to represent temporal aspedtseatlimate has become only recently a topic séaech (Maraun et al.,
2019).

4.2. Impact Model shortcomings with respect to pragcted atmospheric CQ concentrations

The water balance model currently does not acctamthe impact of increasing Gn stomatal conductancgs( and
transpiration. Xu et al. (2016) reported that tloergtal response to elevated £2@pended greatly on environmental variables
and species and referred to studies where doulitdéeatiCQ decreaseds by 40-50 %. A general survey of the response of
stomatal aperture to an increase to 560 pmotimoCO—concentration (from 380 pmol mplAinsworth and Rogers, 2007)
across a variety of plant species showed an appedgireduction of about 20 %. Experiments of fgglolwn grapevines under
elevated C@showed no uniform results and ranged from an ekskedecrease of stomatal conductance (Everard 0417)

to no significant changes (Bindi et al., 2001; Mohb—Pereira et al., 2009) to even an increase (fatuh et al., 2018). A
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620 simple, but physically based approach to assessract of reduceds on ETy is provided by the equations of Allen et al.
(1998). In the Penman—Monteith equation, the buikese resistance for water transport is the végidbpending on stomatal
conductance/resistance (Lovelli et al., 2010). Aggpto the weather data of the year 2017 of Gemiemha reduction of
stomatal conductance of 20 % would lead to a résluaif 3 % of the annual sum &To (from 723 to 702 mm yed).
Therefore, in the assessment of drought, the pessbuction of transpiration caused by elevated Sdikely not the key

625 point but there is currently a lack of knowledgeoaibthe impact of elevated G@n the physiology of grapevines in
combination with drought stress under field comdlis. Additionally, depending on the grapevine waltj the responses to
water deficit can be quite diverse (Schultz, 194K)3; Costa et al., 2012; Bota et al., 2016).

4.3 Possible impacts on grape quality and cultivatih caused by moderate drought stress scenarios

Mest-ef Tthe models showed assmall increase of the number of drought stress
630 days in the range of 5-20 days for vineyards ofdher Rheingau and small parts of the upper Rlzinm general on plots
where drought stress occurred already in the rquastt
From these simulations, some sub-regions with areased future risk for drought stress could be
identified. For already irrigated plots, the scémautcomes mean that growers would have to ireidmtween one to three
times more per season on average. The used thilegalole, to classify a day as a drought stress(gay< -0.6 MPA)
635 represents relative severe drought stress withoagtdecrease of assimilation rate (Schultz andheB005) and cessation
of vegetative growth (Van Leeuwen and Destrac—&yvR017). The viticultural impact of drought streéepends also on the
phenological stage when it occurs and the duratfosuch events. Before flowering (beginning of Jumeid June), even
moderate drought stress (-0.6 MPAyss < -0.2 MPa) is possibly negative, because it edluice cluster size and berry numbers
(Keller, 2005). Matthews et al. (1987) reported #mxly drought stress (before fruit softening, aleout beginning of August
640 to mid-August in the Rheingau area) had a stroimgpact on yield than late drought stress. Earlyudht stress also has a
stronger impact on the final berry size (Ojedalet2®01). In the context of the majority of modpledicting a decrease in
climatic water balance in JJA (Fig. 9b) this wourdicate a likely future yield effect. Impacts omadjty components aside of
primary compounds like sugar and acids are muclerdifficult to predict, vary between white and nestieties (Sadras et
al., 2012b; Savoi et al., 2016) and depend on cexnipiteractions with many environmental factordiclilt to completely

645 assess for in climate change studies (Van Leeuwdiastrac—Irvine , 2017; Santos et al., 2020).

4.4 Adaptation measures with respect to the locahgironment

The simulations showed a widespread array of plessiianges making it difficult to generalize adéiptastrategies. Both
viticultural regions are located in areas whereatdtleaching to the groundwater is a severe enviemtal issue (Lohnertz et
al., 2004). This threat would certainly be enharicetthe future because of higher mineralizatioesataused by increasing
650 temperature (both air and soil) and rainfall in te&im(Table 3). The use of cover crops or naturgkta&tion to cover the soll
on the complete vineyard surface area during tiéewimonths is the most important measure to coactt¢his development
(Berthold et al., 2016). Similarly, these measured possibly reduced tillage are also importanttiersummer months to

protect against leaching and erosiom
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On the other hand, following the climate projec$ipimrigation should be possible against the bamkd of the projected

shifts from summer to winter precipitation amouatsl increasing annual precipitation. This genermatigrs the opportunity

to withdraw and store water from surface water esdiuring periods with high flow rates, as potémmflicts with the use

of drinking water, which is usually withdrawn frognoundwater bodies, could be avoided. Expandedfibank filtration

could also help to avoid future resource conflidike construction of such extensive infrastructon@asures requires an

interplay of all actors involved.

he-choice-of rootstoc/antheflexib 0 gation ems-might-the be hoice

[ i -Due to increased temperature combined with rellgtivachanged but
still highly variable precipitation patterns (FB), theincreasewccurrence of warm and wet conditions during tpeming
period (September, October) has increased theaistot (Schultz and Hofmann, 2015).similar climatic trend regarding

the decoupling of the relationships between tenipegadrought, and early wine grape harvests wasrted by Cook and

Wolkovich (2016) for France and Switzerland. Thagpes of non-stationarities are reflected in moreless new

environmental conditions and weather patterns, whi® a challenge for cultivation. Apart from thater balance, these

challenges in the Rheingau (like in other regigrgharily span the management of vigour, vield pgranaturity and disease

management, against a background of a high tecamlexity and natural climate variability (Neetidiet al., 2019). The

need to assess and apply adaption measures dbnaldgvel down to individual plots, is also eviddrom our study. For

future impact research studies, it could be berafio apply regional convection-permitting climat®delling (grid spacing

< 4 km), as this approach may provide the necesdimngte data for impact modelling at local levetéin et al., 2015). This

approach could also make it possible to analy$s daused by short term extremes like hail stoftash floods or erosion

together with long term changes, because thisrdififetypes of risks are finally assessed jointlglimate adaptation projects.

In this respect, the application of process-basathte model evaluations taking into account syimoweather types (Maraun

et al., 2021) should be considered in future imgaaties. On the other hand, regional or local alemmodelling could be

improved by integrating the water balance of wisgng regions as a land use type (T6lle et al. 42Martmann et al.,

2020).

5 Conclusions

Based on an ensemble of climate model simulat@mgter balance model, a digital soil map, an ¢iermanodel and a land
register, our study provides a risk assessment regpect to the future occurrence of drought strasglied to individual

vineyard plots ofwe-the winegrowing region$2heingau and Hessische Bergstralhebandwidth-of thaesults ranged from

a small decrease (one simulation) to a moderatease of drought stress (median of the ensembiegpminantly on plots
already temporarily affected by water deficit, opatdrought stress occurrence touching 20-30 %eofitowing regions. As
drought stress is already currently observed iepstope vineyards with shallow soils, these suiers were identified as
future risk areas by most of the simulations. Téwmults illustrate the large heterogeneity of théewaupply within growing
regions and between neighbouring vineyards andéled to improve high resolution modelling approaciid— and long—
term adaptation measures need to respect locailtmorsdand will necessitate individual, precisioarrhing—like application
of cultivation practices. In combination with weetlstation networks delivering real time data,ghesented framework may

also serve as a decision support tool to groweslscansultants in the future.
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Data availability. Observed weather data of the DWD can be foundtps:Wopendata.dwd.de/ and weather data of the
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