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Abstract

Climate change has the potential to greatly impaetly every form of agriculture.
History has shown that the narrow climatic zonegfowing grapes for high quality wines are
especially prone to variations in climate and leegn climate change. This analysis has
detailed climate changes from 1950 to 1999 for albgputhe world’s highest quality wine-
producing regions showing that the majority of tegions experienced warming trends during
their respective growing seasons at the same tiatevintage ratings increased significantly
while year-to-year variation declined. The resfitid that climate is a more important factor in
vintage ratings in Europe, while many New Worldioeg have seen significant advances in
production technology or recognition in their vigearatings that mask climatic variations. For
some regions, an optimum temperature-vintage ratesgmodeled indicating that many regions
are at or near their ideal climate. While the obsémwarming of the last fifty years appears to
have mostly benefited the quality of wine grown ldaiide, the average predicted regional
warming of 2°C in the next 50 years (2000-2049) mawerous potential impacts including —
changes in grapevine phenological timing, disruptibbalanced composition in grapes and
wine, alterations in varieties grown, alteratiomgegional wine styles, and spatial changes in
viable grape growing regions.
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Introduction

The grapevine is one of the oldest cultivated fgléimat, along with the process of
making wine, have resulted in a rich geographiodl eultural history of development (Unwin,
1991, Penning-Roswell, 1989; Johnson, 1985). Tadaiicultural regions for quality wine
production are located in narrow climatic nicheg@ife 1) that put them at particular risk from
both short-term climate variability and long-terfimate change. In general, the overall wine
style that a region produces is a result of thelbas climate, while climate variability
determines vintage quality differences. Climatiamtpes therefore have the potential to bring
about changes in wine styles. Our understandimgaté change and the potential impacts on
viticulture (the science of the cultivation of gemines) and viniculture (the science of the
making of wineshas become increasingly important as changingdeMajreenhouse gases and
alterations in earth surface characteristics baipgut changes in the Earth’s radiation budget,
atmospheric circulation, and hydrologic cycle (Hbton et al., 2001). Observed warming trends
over the last hundred years have been found teyraraetric with respect to seasonal and
diurnal cycles with greatest warming occurring dgrihe winter and spring and at night (Karl et
al., 1993). The observed trends in temperatures haen related to agricultural production
viability by impacting winter hardening potentifipst occurrence, and growing season lengths
(Menzel and Fabian, 1999; Carter et al., 1991 dtksg) et al., 2000; Nemani et al., 2001,
Moonen et al., 2002; Jones, 2004).

History has shown that winegrape growing regiongetiged when the climate was
most conducive (Le Roy Ladurie, 1971; Pfister, 198Bdstones, 1992). Records of dates of
harvest and yield for European viticulture haverbleept for nearly a thousand years (Penning-
Roswell, 1989; Le Roy Ladurie, 1971) revealing pési with more beneficial growing season
temperatures and greater productivity. During tieelieval “Little Optimum” period (roughly
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900-1300 AD) the data indicate that temperaturagwp to 1°C warmer with vineyards planted
as far north as the coastal zones of the BalticaBdasouthern England (Gladstones, 1992).
During the High Middle Ages (2and 1% centuries) harvesting occurred in early Septeraber
compared to early to mid October today and thaivgrg season temperatures must have been
1.7°C warmer than today (Pfister, 1988; Gladstoh882). Conversely, temperature declines
during the 14 century were dramatic leading to the “Little Icge& (extending into the late 19
century) resulting in northern vineyards dying antl growing seasons so short that harvesting
grapes in southern Europe was difficult.

Recent analyses of the impacts climate changetmulure have suggested that
growing seasons in Europe should lengthen andatimat quality in Champagne and Bordeaux
should increase (Lough et al., 1983). Spatial modeksearch has also indicated potential
shifts and/or expansions in the geography of Jitice regions with parts of southern Europe
predicted to become too hot to produce high qualitbes and northern regions becoming viable
once again (Butterfield et al., 2000; Kenny andridan, 1992). Examining specific varieties
(Sangiovese and Cabernet Sauvignon), Bindi e1&896) find that climate change in Italy will
lead to shorter growth intervals but increasesefdyvariability. A focused study for Napa and
Sonoma California, found that higher yields andligpiaver the last 50 years were influenced
by asymmetric warming (at night and in the spriwggre a reduction in frost occurrence,
advanced initiation of growth in the spring, andder growing seasons were the most
influential (Nemani et al., 2001). Other studieshs impacts of climate change on grape
growing and wine production reveal the importantehanges in geographical distribution of
viable grape growing areas due to changes in teatyrerand precipitation, greater pest and
disease pressure due to milder winters, changssaimevel potentially altering the coastal zone
influences on viticultural climates, and the effdéwt increases in GOnight have on grape
quality and the texture of oak wood which is usedmhaking wine barrels (Tate, 2001; Renner,
1989; Schultz, 2000; MclInnes et al., 2003).

Given the importance of climate to viticultural biity and its potential to impact wine
styles and quality, Jones et al. (2005) has exahshmates in 27 of the world’s highest quality
wine regions. The research examines the obsenastels seen in growing season temperatures,
variation and trends in vintage quality, the relaship between observed climate and vintage
ratings; and the projected growing season temperatanges from a general circulation
climate model. This analysis represents an overaietlie Jones et al. (2005) results and
provides an additional examination of the potertbgbredict the optimum growing season
climates for the world’'s best wine producing regon

Data and Methods

In their analysis, Jones et al. (2005) examinediivoate data sets to determine the
observed trends in climate and to project potestiaihges for the future. The research used a
0.5° x 0.5° gridded climatology of monthly mean teimperature to examine the effects on wine
quality (Willmott and Matsuura, 2000). The griddedhperature data archive was produced
from the Global Historical Climatology Network (GHGrersion 2) and Legates and Willmott's
(Legates and Willmott, 1990) station records of thgnand annual mean air temperature. Data
from 1950-1999 and grids for the respective wirggaies (Figure 1 and Table 1) were extracted
and averaged over the growing season (Apr-OctdarNibrthern Hemisphere and Oct-Apr in the
Southern Hemisphere) to create 27 time seriesx@mime the potential temperature changes in
the wine regions, the authors used a 100-yearl@50-2049) of the HadCM3 coupled
atmosphere-ocean general circulation model (AOG@deloped at the Hadley Centre
(Gordon et al., 2000; Pope et al., 2000) whichlde®n used by numerous others in climate
change studies (e.g., Butterfield et al., 2000; ki¢inet al., 2002; Fischer et al., 2002; Forest et
al., 2002; Palutikof et al., 2002 and others). AGGCM was developed with a stable control
climatology, does not use a flux adjustment, hagetfical levels, and has a 2.5° x 3.75°
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horizontal resolution (comparable to a spectrabitggon of T42). Similar to the 1950-1999
gridded climatology, grids where extracted, avedageer the growing seasons, thereby creating
25 time series for trend analysis (there are twe fgids as four wine regions share two grids at
the AOGCM resolution).

To examine wine quality Jones et al. (2005) usedibst recent published Sotheby’s
vintage ratings (Stevenson, 2001). Vintage ratargsa common benchmark by which years are
compared and have long been a determinant of th@sheconomic success of a wine region (de
Blij, 1983). While numerous rating systems, congideer various time periods and by various
sources (e.g., Penning-Roswell, 1989; Broadbe®);1Parker, 1985; Stevenson, 2001, and
others), exist, correlations between the variouscas are generally strong (r > 0.9) indicating
that this subjective measure of quality is a goodmgjtative representation of a vintage (Jones,
1997). The Sotheby’s ratings are scaled from OdltiDare for 18 of arguably the best wine
producing regions in the world (Table 2) and cadk&categories of wine (some regions are
divided into sub-regions with separate ratings athers are simply divided into ratings for red
and white wines). The ratings are scaled theodbtitam 0-100 (although a score of zero
would probably never be given) with general categgoof 0-39 Disastrous, 40-59 Very bad, 60-
69 Disappointing, 70-79 Average to good, 80-89 Gimodery good, 90-100 Excellent to
superb. Lacking a vintage rating for both Southi@gsfrand Chile, two very important and
growing wine regions, the Sotheby’s data are supetged with a similar scale of ratings from
the Wine Enthusiast, a separate and widely respectathly publication on wine (Mazur,
2002). Overall, 30 categories of wine are represkrtovering 10-38 years during the 1967-
2000 vintage year period (in some regions, PortagdlChampagne, vintages are often
“undeclared” resulting in a discontinuous time egYi

There are several analyses examining the relatipt&tween climatic variables and
wine prices (Ashenfelter et al., 1993; Byron anthé&selter, 1995; Jones and Storchmann,
2001) with the underlying hypotheses that bendfimatic conditions will improve the wine’s
quality and, therefore, lead to higher prices mshort-run. Thus the authors modeled wine
prices as dependent on seasonal temperaturesegidifation. However, Ashenfelter and Jones
(2000) find that vintage ratings are not necesgafficient predictors of the prices of Bordeaux
wines, but that vintage ratings do “reflect quaiMaly the same weather factors that have been
documented to be determinants of wine quality.”réfare, this paper’s purpose is to analyze
the relationship between wine ratings and climi@eontrast to Ashenfelter et al., (1993),

Byron and Ashenfelter (1995), and Jones and Staaahni2001) we draw only on growing
season temperatures as these are better representest regions (data availability) and much
more easily modeled in future climates than is ipitation.

From Jones et al., (2005) it is found that vinteggergs have moderate covariance with
growing season temperature; therefore this anatgsigoponent assumes the following model:

(1) Ri,t =ao +altemp,t + ﬁltrendi + ‘Si,t

where R; and temp represent the wine rating in points and the avegagwing season
temperature in °C for vintage t in region i. In erdo account for quality improvements that are
independent of climatic changes we introducedradtrariable trend for each region i. The trend
variable begins with the value one in 1950 andiooes in one-unit—steps (i.e., taking on the
value 51 in 2000). A positive value fBf would indicate better ratings over time, which &an
explained by improvements in production technolsgidowever, a positive value ff can
also represents a time correlated bias of winesyite., “score inflation”. The final term in the
equation represents the stochastic egiror

Equation (1) assumes a linear relationship betwgeewing season temperatures and
wine quality. Ashenfelter et al., (1993) and Joaed Storchmann (2001) drew on the same
linear relationship and found a positive correlati@tween temperature and prices for Bordeaux
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wines. However, many wines are produced in muchmearreas where a further increase in
temperature might produce unbalanced wines with biggar content, resulting in high alcohol,
lower acidity, too high of pH, and compromised fayrofiles. The hypothesis “warmer is
better” may not be correct for these wine regidmgact, the correlation of rating and
temperature may be negative or non-linear. Ouryaisatakes this into account and estimates, in
addition to equation (1), a quadratic relationdtgpyeen wine rating and growing season
temperatures. Equation (2) below assumes thatasurg temperatures improve the grape and
therefore the wine, but at a decreasing rate. @Ay, if temperature is higher than a certain
optimum, grape quality declines:

(2) Ri,t :ao +a1temp,t +a2temp,t2 + ﬁltrendi + gi,’(

Taking the partial derivative and setting it equatero allows us to calculate the temperature
optimum for each wine growing region:

0R -a
=q,+2a.temp=0 = temp =—21

3)

Equation (1) and (2) are estimated by the orditeagt square method for each category of wine
separately.

Results and Discussion

The multi-region analysis of the impacts of climakange on wine quality by Jones et
al. (2005) analyzed growing season temperatur2g of arguably the best wine producing
regions in the world (Figure 1). The authors usestage growing season temperatures as these
values typically define the climate-maturity ripegipotential for varieties grown in cool,
intermediate, warm, and hot climates (Figure 2;l@4b. For example, Pinot Noir is grown in
regions that span from cool to lower intermediditaates with growing seasons that range from
roughly 14-16°C (e.g., Champagne, Northern OreBangundy). Results from the analysis
during 1950-1999 revealed that all regions warmathd their respective growing seasons with
17 of the 27 wine regions experiencing statistycsignificant trends (P<0.01). Figure 3
provides examples of the warming for the Burguri8lggujolais), Rhine Valley, Barolo, and
Bordeaux regions with 1950-1999 warming trends irepérom 0.7-1.8°C. Also note that some
regions have lower year-to-year variability thahess (e.g., Burgundy and Bordeaux) due to the
proximity to the coast. In addition, note the iration of a shift in climate that occurred in the
mid-1970s with substantial warming since then. Aamination of these potential shifts in
mean growing season temperatures during 1950-19¥4275-1999 reveals for the Burgundy
(Beaujolais), Rhine Valley, Barolo, and Bordeauyioas mean changes of 0.3-0.9°C. Overall,
Jones et al. (2005) found that a large majoritthefU.S. and European wine regions saw
significant increases while the majority of the 8@un Hemisphere locations changes were not
as significant. Averaged across all wine regiorth wignificant trends, the warming trend was
1.26°C. The most dramatic of these changes, coaditoy another observation-based
climatology (Moisselin et al., 2002), occurred lre thorthern Rhone Valley of France where the
growing season warmed by 4.07°C.

Jones et al. (2005) then examined temporal changastage ratings as given by
Sotheby’s and the Wine Enthusiast (Stevenson, 2d@2ur, 2002). For 25 of the 30 wine
regions or categories of wine, vintage ratings hehavn trends of increasing overall quality
with less vintage-to-vintage variation. Figure $idés the vintage ratings for the red wines from
the Beaujolais wines of Burgundy, the white winéthe Rhine Valley, the red wines of the
Barolo, and the red wines from the Médoc and Grasg®n of Bordeaux showing a general
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trend over time to better quality with less varigyi Also note the potential heteroscedasticity
with early vintages having wider swings in quahiyd less variation in more recent vintages.
This research then analyzed the relationships leet\agerage growing season temperatures and
vintage ratings using a multiple regression apgroac

Table 3a and 3b give the results of the multiptgessions of equation (1) and equation
(2), respectively. Since both specifications akelli to suffer from heteroscedasticity the
equations were estimated with White’s heteroscetigstonsistent standard errors. Thus
heteroscedasticity consistent t-values are givgramenthesis. The results of the linear
specification (Table 3a) reveal great differencesveen wine regions. While some (northern)
European wine regions, such as the Mosel and Rhalleys, show a goodness to fit of about
0.6, other wine regions show af & close to zero. In most of the estimates, theperature
variable is significant and has positive sign iadiieg a positive relationship between growing
season temperatures and wine ratings. The margfiegks are given directly by the parameter.
Thus, a temperature increase by 1°C will improwertiting of Rhine Valley wines by 21.5
points. Similarly, Mosel Valley wines will improugy 20.8, red Burgundies by 12.7, and Saint
Emilion and Pomerol wines by 10.4 points. In costiranost wine regions of the New World
(e.g., the U.S. and Australia) show no relationgtipven a slight (however insignificant)
negative relationship between temperature and vaitiegs. The role of factors other than
growing season temperatures, especially in SouticaAfind Australia, is also underpinned by
the existence of serial correlation indicated gy Brurbin Watson statistic. Therefore, the results
hint that the European vintners at the northerntfeo of professional viticulture are likely to
benefit more from rising temperatures. The trendbebde shows the reverse pattern; it is
insignificant for most Old World wine regions bugsificant and positive for almost all New
World wine regions. Especially emerging wine regiosuch as Australia, Chile, and South
Africa appear to have experienced an improvemewime ratings which is not climate driven
(e.g., wine originating from the Barossa Valley &hargaret River regions have experienced
score increase of more than one point per yeaver@ihe comparatively long estimation period
from for the rating/climate analysis, it is assuntiegt substantial technological advances and
accumulating experience of these regions are céustile positive trend.

The linear specification is significantly refiney the results of the quadratic
specification as given in Table 3b. First, for magte regions the estimates of equation (2) lead
to substantially higher Ralues than does the linear specification. Famimse, the goodness to
fit for the Rhine Valley improves from 0.56 to 0;&hd for Saint-Emilion and Pomerol the
increase is from 0.39 to 0.54. Therefore, the gdmrate of thumb “the warmer the better” does
not even apply for cool climate wine regions. Fegbrshows examples of predicted optimum
growing season average temperatures for the Rraileyy the Loire Valley (sweet white
wines), Bordeaux, and Barolo as derived from T&bleFor the four regions depicted, the
predicted optimum growing season temperatures iioe wuality, according to equation (3),
range from 15.6°C for the Rhine Valley, 16.7°Ctfa Loire Valley, 17.3°C for Bordeaux, to
18.6°C for Barolo (explained variances range frof8@.72). The importance of these
predictions becomes obvious when compared to tiggterm (1950-1999) mean growing
season temperatures for the regions (Table 4)r&diens range from being at their optimum
(Barossa Valley white wines) to being 1.4°C fromittoptimum (Loire Valley red wines) with
an average across all twelve regions of 0.8°C tlepredicted optimum. However, Table 4
shows that the average from 1950-1999 is well beteraverage of 1990-1999, when growing
season temperatures in almost all wine regions imaveased dramatically. If one compares the
average growing season temperature of 1990-19%6theétoptimum it can be seen that many
wine regions are even closer to their optimum.d&tew regions the 1990s were even too warm
(e.g., Alsace, Médoc and Graves).

To examine future climate change, Jones et al.5Ra@0alyzed output from the HadCM3
general circulation model from 1950-2049 for 25grells encompassing the same wine regions
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(Table 1). A comparison of the two periods, 195@94.8nd 2000-2049, suggests that mean
growing season temperatures will warm by an aveita2#°C over the wine regions studied and
for Burgundy (Beaujolais), Rhine Valley, BarolodaBordeaux the differences range from 0.9-
1.4°C (Figure 6). The magnitude of these mean grgweason changes indicate potential shifts
in climate maturity types for many regions at oama given threshold of ripening potential for
varieties currently grown in that region (Tableriddigure 2). The projected changes are
greater for the Northern Hemisphere (1.31°C) thaSouthern Hemisphere (0.93°C).
Examining the rate of change projected for 200092@4¥eals significant changes in each wine
region with trends ranging from 0.18°C to 0.58°C gexade. Overall trends during the 2000-
2049 period average over 2°C across all regiorts tvé smallest warming in South Africa
(0.88°C/50 years) and greatest warming in Port(&y86°C/50 years). For the Burgundy
(Beaujolais), Rhine Valley, Barolo, and Bordeauyioes, decadal trends are modeled at 0.3-
0.5°C while the overall trends are predicted td. 1%2.4°C (Figure 6). In addition, Table 4
shows that many of the wine regions/categoriesiné\are at or near their optimum growing
season temperature and further increases, as fg@dig changes between the 1950-1999 and
2000-2049 means, will place some regions outsidie theoretical optimum growing season
climate.

Conclusions

From 1950-1999 growing season average monthly teatyes have increased for many
of the world’s high quality wine producing regiomuring the same time period, vintage ratings
in the majority of these regions have increasedesthat wine quality is reflected by expert’s
ratings and mainly determined by climatic facteréinear econometric approach can be used to
explain vintage ratings for many world’s wine raggausing annual growing season
temperatures. While some of the trend in bettehtyuzan undoubtedly be attributed to better
viticultural and vinicultural practices, climatenations exert profound influences in year-to-
year variations in quality (Gladstones, 1992; Jaras Davis, 2000). However, in order to
account for potential rating improvements over timkich are not climate-driven, we
introduced a trend variable. From the linear madgthe results show that vintage ratings for
nearly all European wine regions are positivelpted with growing season average
temperatures. The trend variable was always infsognit indicating that climate is very
important in vintage ratings variations. Howevég telationship between wine ratings and
temperature in the New World is not as significdaetry few locations), whereas the trend
variable is always significantly positive indicagirmproving production technologies or
increasing recognition over time in the ratingsaditition to the linear approach we estimated a
guadratic specification, which in most cases precagtter models. Twelve wine
regions/categories of wine are predicted to hageifstant optimum growing season
temperatures, whereby warmer growing seasons fiedoliver vintage ratings. The results
suggest that the simple rule of thumb “the warrherlietter” does not necessarily hold for every
region, especially the cool climate wine regiong&ofope. Most of the wine regions with
significant quadratic models are close to theiiroptn, while some are already beyond the
predicted optimums. We speculate that other rattfeggeendent issues may be confounding the
results for many of the insignificant regions. E@ample, broad vintage rating categories (i.e.,
Pacific Northwest, California, Chile, South Afrigatc.) that reflect numerous varieties and not
one wine style, may mask the variability contaiimeeny more defined wine category. In
addition, climate may mean different things to eliént regions and varieties and a simple
measure, such as growing season average tempsrattite significant in some regions may
not have the same influence for others.

This analysis reveals that the impacts of climatnge are not likely to be uniform
across all varieties and regions, but are mordylitcebe related to a climatic threshold whereby
any continued warming would push a region outdieatbility to ripen varieties that are already
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established. For example, note that a wine regiorgverage, can be positioned within the range
of the climate maturity types based on its aveggaing season average temperature (Figure
2). If aregion has an average growing season gedemperature of 15°C and the climate
warms by 1°C, then that region is climatically mooaducive to ripening some varieties, while
potentially less for others. If the magnitude af tharming is 2°C or larger, then a region may
potentially shift into another climate maturity gyge.g., from intermediate to warm). While the
range of potential varieties that a region canmripél expand in many cases, if a region is a hot
climate maturity type and warms beyond what is mw@red viable, then grape growing becomes
challenging and maybe even impossible. The winditgyussues related to climate change and
shifts in climate maturity potential are evidenecedstly through a more rapid plant growth and
out of balance ripening profiles. If a region cuthg experiences a maturation period (véraison
to harvest) that allows sugars to accumulate, mmistacid levels, and produces the optimum
flavor profile for that variety, then balanced wénesult. In a warmer than ideal environment,
the grapevine will go through its phenological egemore rapidly resulting in earlier sugar
ripeness and, while the grower or winemaker isingifor flavors to develop, the acidity is lost
through respiration resulting in “flabby” wines ghi alcohol with little acidity retained for
freshness). In addition, harvests that occur garithe summer, in a warmer part of the
growing season (e.g., August or September inste@attober in the Northern Hemisphere), will
result in hot and potentially desiccated fruit with greater irrigation inputs.
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Table 1— Wine region average growing season temperaagresalyzed by Jones et al. (2005) sorted into thei
respective climate maturity groupings as depicteEligure 2.

Region Growing Seasof Tavg Climate Maturity
(°C) Grouping®

Mosel Valley 13.0

Alsace 131

Champagne 14.5 cooL
Rhine Valley 14.9

Northern Oregon 15.2

Loire Valley 15.3

Burgundy-Céte 15.3

Burgundy-Beaujolais 15.8

Chile 16.3

Eastern Washington 16.5 INTERMEDIATE
Bordeaux 16.5

Central Washington 16.6

Rioja 16.7

Southern Oregon 16.9

Coastal California 17.0

South Africa 17.1

Northern California 17.4

Northern Rhéne Valley 17.6

Northern Portugal 17.7 WARM
Barolo 17.8

Southern Rhoéne Valley 18.2

Margaret River 18.6

Chianti 18.8
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Hunter Valley 19.8
Barossa Valley 19.9 HOT
Southern Portugal 20.3
Southern California 20.4

Note that the growing season average temperateggstdd here are derived from a 0.5° x 0.5° gridl @ot from any one
station (see Jones et al., 2005 for details).

2 The growing season is Apr-Oct in the Northern Hgahere and Oct-Apr in the Southern Hemisphere.

® The climate maturity groupings are based uporatieeage growing season temperatures and the abilitgen a given variety
(see Figure 3 and Jones et al., 2005 for details).

Table 2— Wine regions and categories of wine as giveBdtheby’'s (Stevenson, 2001) and analyzed by Jdnes e
al. (2005). The wine regions correspond to the lonat(black dots) depicted in Figure 1.

Categories of Wines in Sotheby’s Vintage

Region Ratings
C. Washington
E. Washington US - Pacific Northwest Red
N. Oregon US - Pacific Northwest White
S. Oregon
S oo Us - Calfoa e
' e US - California White
S. California
N. Portugal Vintage Port
S. Portugal No Specific Rating Provided
Rioja Rioja Red
Barolo Barolo Red
Chianti Chianti Red
Rhine Valley Rhine Valley White
Mosel Valley Mosel-Saar-Ruwer Valley White

N. Rhéne Valley

N. Rhéne Valley Red

S. Rhéne Valley

S. Rhéne Valley Red

Loire Valley Red

Loire Valley Loire Valley Sweet White
Alsace Alsace White
Champagne Vintage Champagne

Burgundy-Céte
Burgundy-Beaujolais

Burgundy - Céte D'Or Red
Burgundy - Céte D'Or White
Burgundy - Beaujolais Red

Bordeaux

Bordeaux - Méro and Graves
Bordeaux - St. Emilion and Pomerol
Bordeaux - Sauternes and Barsac

Hunter Valley

Hunter Valley Red
Hunter Valley White

Margaret River

Margaret River Red
Margaret River White

Barossa Valley

Barossa Valley Red
Barossa Valley White

South Africa®
Chile?

Overall Vintage
Overall Vintage

2 Rating data for South Africa and Chile are fromiféedent source than the other locations (seeftaxtletails).

Table 3a — Linear Specification: Regression coeffiisieand test statistics for the 30 categories abwar regions.
The regressions are run with heteroscedasticityisems t-statistics as show in parenthesis belosh eaefficient.

Growing Trend
Region Constant | Season|,,_ - R?> |Adj.R?| DW
Variable
Tavg
Germany - Mosel-Saar-Ruwer -191.11%* |120.75***| 0.11
Valleys (-5.33) | (7.38) | (0.55) | %62 | 060} 2.09
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Germany - Rhine Valley 2?%%%;** 2%753%;;* (8(1)5) 0.60 0.57 2.04
Spain — Rioja ('_50%101) ?1'?785 (8282) 019| 014 | 1.66
Portugal - Vintage Port (20%%‘;; (g:% (8:23) 0.06| 007 | 2.39
ltaly — Barolo %725125* 1?;_)8;;* (:(1):;1% 0.40| 0.36 | 1.92
ltaly — Chianti (ngg) ((2): éf) 0('523_%*;; 0.32| 028 | 1.39
Alsace '(1_21%? 1(;‘::23; ((1)223) 0.35| 031 | 1.94
Bordeaux - Médoc and Graves (718370(; (821017*) (01672;) 0.39 0.35 2.02
Bordeaux - Sauternes and Barsac| 1?%%%;** 1:2’422;;* (8(2)1) 0.40 0.37 1.87
_ = mili _ *%
Codeawe-StEmonand | 20 104 Se2) [oss| oss | 2an
Loire Valley — red 2(12%3** 1?46f;* (8831) 0.32 0.28 2.12
Loire Valley - sweet white 'Zi%'_%;;** 2%4?86;;* (:8:%) 0.41| 037 | 236
Burgundy - Beaujolais (red) (7f$§; 9((2)%*g; (01%352) 0.47 0.44 2.29
Burgundy - Cote D'Or (red) '(1_‘;_7%;? 1(3_'25; ?;‘g; 0.32| 028 | 243
Burgundy - Cote D'Or (white) ('?1?'2281) ?z'.so?g) 0(2.77*2; 0.36| 032 | 243
Northern Rhone Valley (7f$§) 9(%%*;; (019;:;) 028 | 0.24 | 244
Southern Rhéne Valley ('_71?2%1‘; ?25_;;; (:8:82) 0.19| 0.15 | 248
Champagne (g:fg) (61'%";) (:(1):421% 0.17| 0.10 | 252
Australia - Hunter Valley (red) ?0044245 (éig) (%%Zi) 0.13 0.08 1.84
Australia - Hunter Valley (white) (ggi) (igg) (83(73) 0.09| 0.03| 203
Australia - Barossa Valley (red) 5038835; (823) (1220283 0.28 0.22 0.93
Australia - Barossa Valley (white) ?szsl) (:8222) (12'_11203 0.26| 020 | 083
Australia - Margaret River (red) (202.'285 (8:?)5) (12'2;) 0.45| 0.40 | 0.94
Australia - Margaret River (white) 1(:?233)3 (iig) (1(6)(2)) 0.43 0.40 0.96
South Africa (102.557(‘; (igg) 0('22*;; 0.39| 022 | 293
Chile ‘(135’27; &:gg) 0('5?_79*;; 047 | 038 | 1.92
US - Pacific Northwest (white} 10(%.‘;;;** (:8:3;) (:8222) 0.01| 0.07 | 232
US - Pacific Northwest (red} (3084%% (ggg) ((1)13) 0.06 | 0.03 | 2.97
US - California (red)” 96(5372:;* ((1)5) 0(580*;; 0.17 0.13 1.93
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US - California (white)®

100.27%
(3.62)

-1.26
(-0.76)

0.22*
(2.32)

0.12

0.07

2.26

#Rating data for South Africa and Chile are fromffedént source than the other locations (see axtiétails).
® Only the most significant model for the Pacificrithovest and California is presented here.
Heteroscedasticity consistent t-statistics in pduesis; significance level: ***>1%, ** > 2%, * >5%;,>10%.

Table 3b — Quadratic Specification: Regression @meffts and test statistics for the 30 categorfesine or
regions. The regressions are run with heteroscettgstonsistent t-statistics as show in parenthiesisw each
coefficient. The estimated optimum growing seasa@ragye temperature is calculated from the fittedipial
regression (see Figure 5 for examples).

. _ Estimated
Region Constant V;rrie;tﬂe Gsrg;vslr;?\ Gsrg;vslré% R? AF?% DW C()Begvmv:rj]g
Tavg Tavg Season
Tavg (°C)
Germany - Rhine Valley '30((_):?;;** (00'_1842) 39;;:;;’* '12('_7;::) 0.72|0.69|2.04| 15.59
Spain - Rioja '1(?31'5)3* (8_'52) 1(725_‘;(’3* (527157; 0.27/0.21/1.79| 17.50
Portugal - Vintage Port ('_101_(')115) (g:gg) (g_'g:') (:g_'clé) 0.06/-0.16 2.39| NS
ltaly - Barolo 2(52‘;%7 . (:8:8% 2(72%%’* (7252‘: 0.48|0.43|1.74| 1857
ltaly - Chianti O('Z%*I; ?6(.3127) fg:;g) (de‘975) 0.33/0.27/1.37| NS
- p- P E—
Alsace 283?5) (("27.81') 43(7:’178) 16('_33‘?93) 0.48/0.43/1.78| 13.41
- - v R
Bordeaux - Médoc and Graves 20(9:118) (21683) 24(84711 9) 7(13 16) 0.53{0.49(1.81| 17.33
Bordeaux - Sauternes and Barsac ?2%2)5 ((()),'gg) (11120? (fjf) 0.43(0.38(1.80 NS
_ - ili _ *kk *kK  _ *kk
Loire Valley — red '2((_’;3_252)2““ (_g'ff) z(i%g)% (:I:gg)* 0.37/0.311.96| 16.71
Loire Valley - sweet white 'nggg 33)*** ('_%_2731) 32?3“_‘20;;* 9(7:2;1*3) 0.50(0.45|2.15| 16.63
Burgundy - Beaujolais (red) (6313;)1 (2?277; (8008%?; (352) 0.48|0.44|2.31 NS
Burgundy - Cote D'OF (red) 'égégf (()2'2.359;; ?3'2447) ('_é'jg) 0.32/0.25/2.44 NS
Burgundy - Céte D'Or (white) '%_%?;;)’2 ?2'?:;; 1(337'151)2 (:g_'sg) 0.37(0.31|2.43 NS
Northern Rhone Valley tgﬁ)e ('_01'_3;‘;‘)“ ('_%_2"1%()) (8';% 0.28/0.22/2.53| NS
Southern Rhéne Valley 'Z(Ti‘"?'g)‘” (_'gf% 3(2%3)5+ (:Z:%‘)* 0.27/0.20|2.33| 18.93
Champagne 1(62251%2 (:gég) 2(22%;? ('_72'.62%) 0.33/0.252.11| 14.99
Australia - Hunter Valley (red) ('_90%33 (015;27“; (%%E;? (_E)(_’('f;) 0.13/0.05/1.85| NS
Australia - Hunter Valley (white) 2(8‘%;‘)7 (8_'557) ('_%)217? (8_'3621) 0.09/0.001.99] NS
Australia - Barossa Valley (red) %%3511?2 (12%%; (102 ;29)6 (_35222) 0.28(0.19(0.95 NS
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Australia - Barossa Valley (white) (3%7780)6 (%22158; 3837427; (iii; 0.29/0.20/0.83| 19.89
Australia - Margaret River (red) '58_‘25)9 (12'.‘;‘;; (204?.24;1) (:8:2;‘) 0.45/0.37/0.91] NS
Australia - Margaret River (white) '(%ﬁ‘g;? (11_'23) %f_ig)g (_'14_'5’55) 0.46/0.38/0.88| NS
|
South Africa %‘%g; 0(% 0 1((_)8'98; ?6.152) 0.46/0.18/2.95| NS
Chile '(‘_‘8.37'2;3 ()(525) 6(%3) _(-16?:3) 0.51{0.36/1.81| NS
US - Pacific Northwest (white} -%%:«.zgé?),s ( g'fg) (133';‘)3 (_'0‘2055; 0.06/-0.062.23| NS
US - Pacific Northwest (redy '3522;3 (_'8.'862) %33;5 (_'5‘_'7222) 0.10/-0.022.69| NS
o )
US - California (red)” (700.6375) 0('22_6;5) %64.131) ((-)6(.)32) 0.17/0.09/1.94| Ns
US - California (white)® 1(517;'1?6 ?2'.2523) _(1-613.82'?1)2 (1‘:;2) 0.17/0.09/2.27| Ns

#Rating data for South Africa and Chile are fromffedént source than the other locations (see taxtiétails).

® Only the most significant model for the Pacificriovest and California is presented here.
Heteroscedasticity consistent t-statistics in pduesis; significance level: ***>1%, ** > 2%, * >5%;,>10%.

Table 4 — Actual, estimated optimal, and predictexiving season average temperatures for those wgiens and
categories of wine with significant models from T&@Bb. Note that the 1950-1999 and 2000-2049 climiate

come from different size grids (see text for dedadind are not directly comparable. The values sepited here for
2000-2049 are for the predicted change in averam®igg season temperature relative to 1950-1999.

Estimated | Difference | Modeled
Average Growing Optimum between | Change in
Season Temperature | Growing | Optimum Growing
Region and Category of Wine (°C) Season | and Tavg Season
Tavg (°C) (°C) Tavg (°C)
o | Sy | 193> | Modeled | 1990-1999| 2000-202
Alsace — white wines 13.1 12.9 13.8 134 -0.4 0.94
Mosel Valley — white wines 13.0 12.9 134 13.9 0.5 0.93
Champagne 14.5 14.3 15.0 15.0 0.0 0.87
Rhine Valley — white wines 14.9 14.7 155 15.6 0.1 0.93
Loire Valley — sweet white wines 15.3 152 15,8 16.6 0.8 1.01
Loire Valley — red wines 15.3 15.2 15.8 16.7 0.9 11.0
Bordeaux: Médoc & Graves — red wines 16.5 16.2 1.5 17.3 -0.2 1.20
Bordeaux: St. Emilion & Pomerol —red wings 165 216. 17.5 17.5 0.0 1.20
Rioja — red wines 16.7 16.3 18.1 17.5 -0.6 1.33
Barolo — red wines 17.8 17.% 18.8 18.6 0.2 1.41
Southern Rhéne Valley — red wines 18|12 18.1 18.8 .918 0.1 1.24
Barossa Valley — white wines 19.9 20/0 19.6 19.9 3 0. 0.95

@ Note that the 1950-1999 and 2000-2049 climate ciaee from different size grids (see text for dejand are not directly
comparable. The values represented here are f@rélicted 2000-2049 change in average growingose@snperature relative

to 1950-1999.
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World Viticulture Zones
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Figure 1 —General geographical extent of the world’s vitioudt regions (adapted from De Blij, 1983). Contours
represent the mean annual 10°C and 20°C isothesragpeoxy for the latitudinal limits of the majgrivf the
world’s grape growing areas. The solid dots represenwine regions studied by Jones et al. (2005).

Grapevine Climate/Maturity Groupings

< Cool » <« Intermediate » < Warm > < Hot >

Average Growing Season Temperature (NH Apr-Oct; SH Oct-Apr)
13- 15°C 15-17°C 17 - 19°C 19 - 24°C
[ Gewurztraminer |

[ Chardonay |

[ Sauvignon Blanc |
Riesling |

[ Semillon ]

[ Cabernet Franc |

[ Tempranillo |
[ Merlot |
[ Malbec |
[ Syrah |
[ Table grapes
[ Cabernet Sauvignon ]
[ Grenache |

[ Raisins

I:l Length of retangle indicates the estimated span of ripening for that varietal

Figure 2 —Climate maturity groupings based on average groweagson temperatures and the estimated span of
varietal ripening potential that occurs within awoss the groups. Note that the climate datagtbel in Table 1
and is derived from grids, not station data thexefbe values given may deviate slightly from ang station in a
given region (Jones et al., 2005).
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Figure 3 Observed growing season average temperature aiesrfal a) the Beaujolais region of Burgundy, 8 th
Rhine Valley, c) Barolo, and d) Bordeaux as analyzg (Jones et al., 2005). The temperature datenanghly
values extracted from a 0.5° x 0.5° grid centenest ¢he wine producing regions for 1950-1999. Tavthe
average growing season temperature (Apr-Oct ilNttréhern Hemisphere and Oct-Apr in the Southern
Hemisphere), Tstd is the standard deviation of mgnémperatures during the growing season, and téed is
over the 50-year period.
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Figure 4 —Vintage ratings for a) red wines from the Beaupmlagion of Burgundy, b) white wines from the Rhine
Valley, c) red wines from Barolo, and red winesifrthe Médoc and Graves in Bordeaux as analyzeddneé et
al., 2005). The ratings are from Sotheby’s (Steven2601) and are based on a 0-100 scale. A LOWE®RSi§l
applied to indicate the underlying pattern in tagngs.
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b) Loire Valley - Sweet White Wines
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. c) Bordeaux
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Figure 5 —Predicted vintage ratings from the multiple regi@ssnodels for a) the Rhine Valley white wines, b)
the Loire Valley sweet white wines, c) the red wifresn the Médoc and Graves of Bordeaux, and dyd¢devines
of Barolo. The quadratic specification predicts wpim growing season temperatures for each regigivas in

the key.
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Figure 6 — Modeled growing season average temperature diesmiar a) the Beaujolais region of Burgundy, b)
the Rhine Valley, c) Barolo, and d) Bordeaux adyaeal by (Jones et al., 2005). The modeled temperaiata are
from the HadCM3 climate model on a monthly timels@xtracted from a 2.5° x 3.75° grid centered dkierwine
producing regions for 2000-2049. The anomalies efierenced to the 1950-1999 base period from theCNEd
model. Note that the difference in the growing seasverage temperature in Figure 4 and those eéepietre are
due to the size of the grid square. Trend valuegigen as an average decadal change and the hatadje over the

50-year period.



