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ABSTRACT: We estimated changes in viticulture conditions over the 21st century in Baden-
Wiirttemberg, southwest Germany, using scenario runs of 3 regional climate models for 1961-
1990, 2021-2050 and 2071-2100. The scenario runs were compared and validated with local obser-
vational data. By applying the Huglin Index, possible expansions of areas suitable for viticulture,
as well as suitable grape varieties for the region, were determined. Optimal grape varieties are
changing to those more suitable to a warmer climate. This development was found in all examined

simulation runs.
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1. INTRODUCTION

Baden and Wirttemberg—Ilocated in the Federal
State of Baden-Wurttemberg—are 2 of the major
areas for viticulture in Germany (Fig. 1). Although the
cultivation area used for viticulture comprises only
1.7% of all agricultural areas in Baden-Wiirttemberg
(SLBW 2010), it contributes significantly to the earn-
ings from the agricultural sector. In 2005 and 2006, the
earnings per hectare were 10 times higher than broad-
acre crops (BMELV 2007) in this region, which high-
lights the importance of viticulture in the agricultural
sector of Baden-Wurttemberg.

Under changing climate conditions, visible alter-
ations with effects on viticulture have already been
observed in some regions of the world (e.g. Jones &
Davis 2000, Duchéne & Schneider 2005, Jones 2005,
Laget et al. 2008), for example a lengthening of the
growing season, or a tendency toward earlier pheno-
logical events such as budbreak and flowering time.
Such changes may have already affected viticulture in
Baden-Wiirttemberg.

Future changes in the quantity and quality of re-
gional grapevine products are possible, and to be ex-
pected (e.g. Jones et al. 2005, Maracchi et al. 2005, Pet-
gen 2007, Mariani et al. 2009) as are further effects on
phenological events, such as of their timing (e.g.
Schultz et al. 2005, Webb et al. 2007, Duchéne et al.
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2010). A possible further climate-related negative ef-
fect is an increased occurrence of grapevine diseases
and pests (Petgen 2007). Positive aspects are also pos-
sible, such as benefits from an increase in atmospheric
CO, (Schultz 2000, Bindi et al. 2001, Moutinho-Pereira
et al. 2009), or from possible expansions of suitable ar-
eas for viticulture (Maracchi et al. 2005, Stock 2005,
Petgen 2007). A survey by Battaglini et al. (2009)
shows that winegrape growers are becoming more and
more aware of these changes and their potential im-
pacts. Winegrape growers in Germany and France
tend to be more concerned about pests, whereas in
Italy they tend to be more concerned about the adverse
effects caused by increasing drought stress.

According to a report from the IPCC (IPCC 2007), cli-
matic zones will shift toward the North and South Pole.
Therefore it is possible, for example that climate, dis-
ease and pest conditions in the Italian regions may
become typical for South Germany in the future.
Changes in the location and extent of areas suitable for
viticulture are anticipated for the 21st century (White
et al. 2006, Hall & Jones 2009). Hall & Jones (2009), for
example, expect that Australia will experience a
decrease of areas suitable for high quality wines, since
viticulture is close to reaching its southern limit on this
continent, and there is no land to allow it to migrate
further south. In Baden-Wirttemberg, a possible ex-
pansion of suitable areas for viticulture was observed
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Fig. 1. Most important cultivation areas for viticulture in
Baden-Wirttemberg (Statistisches Bundesamt 2008). Grey:
Baden; black: Wirttemberg

by Stock (2005) using primarily a statistical regional
climate model (SRCM) STAR. The scenarios used
cover the time period up to 2055, and the main method
applied was the Huglin Index (HI, Huglin 1978). The
HI is a commonly used heat summation index to iden-
tify suitable areas for different grape varieties, and has
been applied in studies of Tonietto & Carbonneau
(2004) as well as Petgen (2007).

In the present study, we examined the possible ex-
pansion of suitable areas for different grape varieties,
using the HI, for 3 different periods, 1961-1990, 2021—
2050 and 2071-2100. Simulation runs of 2 dynamical re-
gional climate models (DRCMs) were used, the re-
gional model REMO, developed by the Max-Planck-
Institute for Meteorology (Jacob & Podzun 1997, Jacob
et al. 2007), and the Consortium for Small-scale Model-
ing (COSMO) model in climate limited-area Modelling
(CLM) mode (COSMO-CLM or CCLM) (Steppeler et al.
2003, Will et al. 2006). The Special Report on Emissions
Scenarios (SRES) A1B and B1 were used for the simula-
tion runs (IPCC 2007). Both emission scenarios are
based on the assumption of an integrated world with
rapid economic growth. B1 includes reductions in mate-
rial intensity and the introduction of clean and resource-
efficient technologies, together with a change to a more
service and information orientated economy. A1B com-
prises the rapid introduction of new and more efficient
technologies together with a balanced use of all energy
sources, but is less focused on environmental sustain-
ability than B1. For 2 different climate stations, the
model output is validated and compared with simula-

tions of the statistical based regional climate model
WETTREG of the Max-Planck-Institute for Meteorol-
ogy (Enke et al. 2006, Spekat et al. 2007). The present
study assesses potential changes and examines the pos-
sible expansion of those areas suitable for viticulture
over a long time scale (up to 2100) according to the 2
DRCMs. In addition, we discuss possible limits of the
models used and of the HI.

2. DATA AND METHODS

Data from 3 models, 2 dynamical and one statistical,
were used to validate the results and were coupled with
observation data for verification purposes. To deter-
mine values for a particular point, an inverse distance
weighted interpolation was applied using the surround-
ing dynamical model grid points. Areas suitable for viti-
culture, as well as recommendable grape varieties,
were determined using the HI.

2.1. Model data

The scenario runs of 3 regional climate models
(RCMs) are initialized and forced by the global cou-
pled atmospheric-ocean model ECHAMS/MPI-OM
(Marsland et al. 2003, Hagemann et al. 2005, Roeckner
et al. 2006):

(1) The 3-dimensional hydrostatic RCM, REMO
(Jacob & Podzun 1997, Jacob et al. 2007), is an atmos-
pheric circulation model that calculates the relevant
physical processes dynamically. The model simulation
runs used were part of a study of the Federal Environ-
mental Agency (UMPIM 2006), for developing regional
climate projections, and they cover most of Germany
and the Alps at a resolution of 10 x 10 km. Two model
simulation runs covering the period 2000-2100 (based
on SRES A1B and B1) and another covering the period
1961-2000 were available. The parameter ‘air temper-
ature 2 m above ground' is available at a temporal
interval of 1 h. For the present study, the area of
Baden-Wirttemberg was examined over the periods
1961-1990, 2021-2050 and 2071-2100; Fig. 2 shows
the research area.

(2) The model simulation runs of the CCLM were
used in the same way as the simulations of the REMO
model. The CCLM (Steppeler et al. 2003, Will et al.
2006) is a non-hydrostatic regional model, which also
calculates the relevant physical processes dynamically.
The simulation runs used are at a 0.165° Latitude x
Longitude spatial resolution which covers most of
Europe. Two model simulation runs for 2000-2100, one
based on SRES A1B, one based on SRES B1, and an-
other model simulation run for 1961-2000 were avail-
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able. All simulation runs available for the study were
calculated by the Max-Planck-Institute for Meteorol-
ogy. The parameter ‘air temperature 2 m above
ground’' is available at a resolution of 3 h. In order to
compare the output of the models, the same methods
used for the REMO model data were applied.

(3) WETTREG is an SRCM developed by Meteo-
Research and Climate and Environment Consulting
Potsdam GmbH (Enke et al. 2006, Spekat et al. 2007).
A combination of a statistical weather generator and
the global climate model ECHAMS is used to create a
time series for climate stations. For each decade a typ-
ical year is calculated 200 times. The data are available
through the Federal Environmental Agency (Umwelt-
bundesamt 2007). For the study, the records from 2 cli-
mate stations, Freiburg and Feldberg, were used (see
Fig. 2). The periods are identical to that of DRCM:
1961-1990, 2021-2050 and 2071-2100. The scenarios
used for the simulation runs were A1B and B1.

2.2. Climate data

To verify the model data, we used observation data
with a complete daily time series from 1961-1990 of 2
climate stations, Freiburg and Feldberg, operated by
the German Weather Service (DWD). The Freiburg
station (station ID 13667), is located in the upper Rhine
area (48°N, 7.83°E), 269 m above sea level (a.s.l.). The
Feldberg station (station ID 1346), is located in the
Black Forest (47.87°N, 8°E), 1486 m a.s.l. The 2 sta-
tions were chosen to show the contrast between the
southern part of the upper Rhine area and the moun-
tainous region of the Black Forest.

2.3. Methods

The HI is one of the most commonly applied indica-
tors to ascertain suitable winegrape variety for Europe
(Huglin 1978). The HI is a heat summation method that
is combined with a day length factor. Table 1 shows the

Table 1. Classes for the Huglin Index (HI), each with one
example for a typical grape variety (Huglin 1978)
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Fig. 2. Overview of the research area with the locations of the
2 research sites, Freiburg and Feldberg

HI formulation and grape variety suitability according
to Huglin (1978). The equation to calculate the HI is:

30.09
Hi= Y, e 7100+ (o =100 (1)
01.04 2

where T .., is the daily mean air temperature and T,
is the daily maximum air temperature, d is a length of
day coefficient (Table 2). The HI is calculated for the
growing period from April 1 to September 30 each
year.

The model data of both DRCM were interpolated to
positions of DWD climate stations for validation and
comparison with the WETTREG data and the observa-
tion data of the DWD. In the horizontal direction, an
inverse distance weighted interpolation using the 4
nearest grid points was applied. In the vertical direc-
tion, the air temperature was approximated from the
inverse distance weighted interpolated model height
to the height of the DWD climate stations by using the
saturated adiabatic lapse rate.

Table 2. Coefficient d for the length of day by latitude for the
Huglin Index (Huglin 1978)

HI Variety

<1500
21500 < 1700
=>1700 < 1900
>1900 < 2100
=>2100 < 2400
>2400

Too cold for grape cultivation
Miiller-Thurgau, Pinot blanc
Riesling, Lemberger
Cabernet-Sauvignon, Merlot
Grenache, Aramon
Warm enough for all winegrapes

Latitude d

<40°00’ 1.00
40°01' —42° 1.02
42°01' —44° 1.03
44°01' - 46° 1.04
46°01' — 48° 1.05
48°01' - 50° 1.06
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3. RESULTS

To better assess the results, we first conducted a val-
idation of the DRCM and SRCM data. Following the
validation, we calculated the HI from the DRCM sce-
nario runs for the examination area, as well as the dif-
ferences over time. Finally we compared all 3 RCMs to
each other at the 2 observation sites.

3.1. Validation

To verify the scenario model simulation runs, interpo-
lated data of the DRCM as well as scenario data of the
WETTREG model were compared with observed data
at the 2 climate stations. Freiburg represents the upper-
Rhine-area, and Feldberg the mountainous region in
the Black Forest (Fig. 2). For validation, annual aver-
aged values of daily mean and maximum air tempera-
ture data, of the time segment April 1 to September 30
from 1961-1990, were compared. The allocation of the
observation data and all 3 models are shown in Fig. 3
while Table 3 shows the bias of the model median to the
observed data median. The results show an underesti-
mate of the air temperature in the scenario runs of both
REMO and CCLM. REMO produced good results at the
Freiburg location unlike those at the mountainous loca-
tion of Feldberg, while CCLM produced better results
at Feldberg than at Freiburg. The difference between
the biases of mean and maximum air temperature is
greater at the Feldberg location for both CCLM and
REMO. The WETTREG model performed best at both
sites and there were no differences in the bias values
between mean and maximum air temperature.
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Fig. 3. Annual averaged values of the daily mean (Tpcqn) and

maximum air temperature (Ty,.x) of the models REMO, CCLM

and WETTREG as well as of the DWD observation data of the

time segment April 1 to September 30, over the period

1961-1990. Central line: median; bottom and top of box: 25th
and 75th percentiles; whiskers: data range

Table 3. Bias of the model mean air temperature (Teqn) and

maximum air temperature (T,,,,) with the observed data, from

April 1 to September 30 annually, averaged for 1961-1990 at
the Freiburg and Feldberg climate station sites

Model Freiburg Feldberg
Tmean Tmax Tmean Tmax
REMO -0.3 -0.4 -1.5 0.6
CCLM -1.9 -2.2 -1.3 -0.6
WETTREG 0.2 0.2 0.1 0.1

3.2. Huglin Index for Baden-Wiirttemberg

The results of the HI values calculated from the sce-
nario data of the 2 DRCM are as follows:

REMO scenario. The HI values calculated with data
of the REMO scenario runs with SRES A1B for the 3
time periods are shown in Fig. 4a. The areas suitable
for viticulture are expanding, and in 2071-2100 nearly
the entire area of Baden-Wirttemberg will be suitable
for winegrape production. Clearly visible is the upper-
Rhine-area with suitable conditions in all 3 time peri-
ods, the suitable winegrape variety for this region
however does change. In Fig. 4b, the HI values for
SRES B1 are lower than those for SRES A1B. The spa-
tial pattern is quite the same as for SRES A1B. The HI
values do change over the time periods. These changes
are shown in Fig. 5a for SRES A1B as well as SRES B1.
For the SRES A1B, the increase in HI values reaches
100 to 300 in 2021-2050 and 600 to 800 in 2071-2100.
For the SRES B1, the increases are near 0 to 200 in
2021-2050 and mainly 400 to 500 in 2071-2100. All in
all, the increase is very similar in the entire area of
Baden-Wiirttemberg. The main distinctions are visible
between the north and the south with differences of
around 100.

CCLM scenario. The calculated HI values of the
CCLM scenario runs for SRES A1B are shown in
Fig. 6a. According to these values, viticulture in 1961—
1990 was only favorable in the central upper-Rhine-
area. Similar to the REMO simulations, the spatial
pattern of suitable areas is expanding over the time
periods but at lower values. However, the suitable
winegrape varieties for the upper-Rhine-area are still
changing over the 3 time periods. The increase in HI
values for the SRES B1 is less broad, but similar as for
the SRES A1B (Fig. 6b). The differences during 1961—
1990 and the 2 future time periods are displayed in
Fig. 5b. For the SRES A1B, the increase in HI values
ranges from 200 to 300 in 2021-2050 and 700 to 900 in
2071-2100. For the SRES B1, the increase is near 0 to
200 in 2021-2050 and mainly 500 to 600 in 2071-2100.
The increase in calculated HI values of CCLM scenario
runs is very similar in the entire area of Baden-
Wirttemberg. The main distinction is a difference be-
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Fig. 5. Differences in Huglin Index (HI) values between 1961-1990 and 2021-2050 (left) and between 1961-1990 and 2071-2100
(right) for SRES A1B and B1. Calculated using (a) REMO and (b) CCLM simulations
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Fig. 6. Huglin Index (HI) calculated from CCLM simulations with (a) SRES A1B and (b) SRES B1, for the 3 different periods

tween the north and the south of Baden-Wirttemberg.
For the scenario run with SRES Bl in the period of
2071-2100, values in the southern part of the upper-
Rhine-area are slightly higher.

3.3. Comparison

A comparison was conducted for the calculated HI
values of the station-based WETTREG model and inter-
polated values of the REMO and CCLM models at the
2 stations Freiburg and Feldberg. The results are
shown in Fig. 7. The HI values for the SRES B1 are
lower than those for the SRES A1B, but the spatial
pattern for both scenarios are quite similar, with a
smaller increase between the periods 1961-1990 and
2021-2050 than between the periods 2021-2050 and
2071-2100. This increasing pattern is identifiable in all
models, independent of the SRES and the locations. In
2071-2100, the REMO model simulates the highest
overall values. In Freiburg, the CCLM model shows

the lowest values, while in Feldberg, the CCLM values
are higher in 2071-2100 than those of the WETTREG
model. Overall, the increase in HI values for WET-
TREG is the smallest of the 3 models at both locations.

4. DISCUSSION AND CONCLUSIONS

The validation shows that the WETTREG model per-
formed best out of all 3 models at both locations in the
upper-Rhine-area and the mountainous Black Forest.
This result is not surprising since both DRCMs under-
went a validation step unlike the WETTREG model.
The CCLM results that are constantly lower than the
observations. That the CCLM is ‘too cold’ is a known
problem also observed by Bohm et al. (2006) and Jacob
et al. (2007). In a direct comparison of REMO and
CCLM by Endler & Matzarakis (2010), the CCLM was
colder than the REMO model. For the REMO model, the
results for Freiburg are only slightly too cold. According
to Jacob et al. (2007), the REMO model tended to be too
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Fig. 7. Annual HI values for (a) Freiburg and (b) Feldberg,

calculated from model simulations of the REMO, CCLM and

WETTREG model with SRES A1B and B1. Each standard box

plot shows the distribution of HI values for 3 time periods. P1:

1961-1990, P2: 2021-2050, P3: 2071-2100. Central line:

median; bottom and top of box: 25th and 75th percentiles;
whiskers: data range; crosses: outliers

warm rather than too cold. The difference could be are-
sult of the different GCMs driving the REMO model,
but Jacob et al. (2007) is stating that the influence of the
GCM is stronger in the winter than in the summer,
which would be more representative for the time period
validated by the present study. Also the ECHAMS/MPI-
OM showed good results especially for the northern

hemisphere in a study by van Ulden & van Oldenborgh
(2005), who compared different GCMs. The main rea-
son is probably the interpolation, especially the approx-
imation of the air temperature using the saturated adia-
batic lapse rate, such that the cooling may be too strong.
This estimation would be favored by the more negative
mean air temperature bias of the REMO model at Feld-
berg, where the height difference was greater between
the interpolated model orography and the height of the
observation site. Larger differences in the bias values
between mean and maximum air temperature are
found at Feldberg. As the differences at the Freiburg
location are relatively small, they are likely a result of
the orographic influence, and possibly also a result of
the interpolation step.

The spatial depiction of the HI values using the
DRCM over the Baden-Wiirttemberg region shows an
expansion of areas suitable for viticulture for each time
period. The result corresponds with the results of Stock
(2005) using an SRCM. Therefore an expansion of the
suitable area for viticulture in Baden-Wiirttemberg is
now simulated by at least 3 RCMs, both dynamical
models as well as a statistical model. The WETTREG
results at both locations also show the same pattern. At
both locations, all 3 models used in the study show dif-
ferent values for the HI, but there is always an increase,
with a particularly high increase between 2021-2050
and 2071-2100.

The development of the HI values indicates that the
suitable winegrape varieties will change for the upper-
Rhine-area, which is an important area for viticulture
today. Considering that the observed increase in air
temperature will be higher in the future, the pressure
on winegrape growers to adapt to the changing cli-
matic situation will also increase. The HI value in-
crease is similarly strong for the whole state of Baden-
Wiirttemberg, with a small north-south gradient that
has higher values in the south. This increase appears to
be little affected by the orographical structure of
Baden-Wirttemberg. The only exception was simu-
lated by the CCLM model, giving a slightly stronger
increase in the southern upper Rhine area than in
other areas of the same latitude. This may be because
the DRCM orography is less mountainous, but the
increase of the HI values by the WETTREG model was
also very similar at both locations.

The increase of the HI values over the 3 time periods
is lower for the WETTREG model than for the DRCM.
As a result of this, the CCLM model simulated even
higher values than the WETTREG model in 2071-2100
at Feldberg. This occurrence is quite surprising consid-
ering that the validation of the CCLM model showed
values that were too cold for both locations. The
increase in temperature in the scenario model simula-
tion runs of the CCLM model must be higher com-
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pared to those of the WETTREG model, at least in the
summer months, during which the HI is calculated. Of
the 3 models, the WETTREG results change the least.

The expansion of suitable areas may be a positive
result for viticulture, but HI values >1500 do not neces-
sarily mean that the new area is completely appro-
priate for winegrapes. The HI only considers air tem-
perature and latitude; other parameters such as the
type of soil, different hillside orientations and shadow-
ing effects are not included. The HI also does not
include many meteorological or hydrological parame-
ters such as radiation or precipitation. Furthermore,
the common method of using annual sums makes
it impossible to consider individual weather events,
which can heighten the stress of the plants. For exam-
ple, the HI would be of little use for a study like White
et al. (2006) where a future decrease in the production
of high quality wines was estimated, caused by an
increase in the number of extreme hot days during the
growing season in the USA.

The emission scenarios used for this work are also
noteworthy. It is possible that the scenarios B1 and even
A1B are too moderate to describe the development of
future emissions, especially since the recent Climate
Conference in Copenhagen did not result in any signif-
icant agreements on CO, emission reductions (UN Cli-
mate Change Conference 2009). The expected rise in
atmospheric CO, may be an advantage for viticulture.
The studies of Bindi et al. (2001) and Moutinho-Pereira
et al. (2009) show that an increased CO, supply stimu-
lated grapevine photosynthesis and yield. And the stud-
ies of Bindi et al. (2001) and Goncgalves et al. (2009) do
not show negative effects on grape quality from an in-
creased CO, supply.

As a single climate index, the HI may not be the best
method to conduct research about future changes in
viticulture. However, in order to cover all the important
parameters, like the occurrence of diseases and pests,
a single index would become very complex and diffi-
cult to apply. The HI is well known, easy to apply and
to compare. For the present study, the HI was a suit-
able method to investigate the future of viticulture
especially for the area of Baden-Wirttemberg using
RCM data. The HI may not be the best choice for
research of a similar type outside of Europe because it
was designed for Europe and may not be suitable for
other regions. For this research, we choose 1961-1990
as the reference time period for the present time. By
using a standard reference period, the results can be
compared with other studies. By choosing a more
recent time period, it is also possible to get a more
accurate picture of the present climatic state. Overall
we suggest combining the HI with other indices for
future research in Europe, which was also suggested
by Tonietto & Carbonneau (2004).
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