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a b s t r a c t
The sensitivity of agricultural crops to climate change is a major area for climate impact studies. The
relationship between climate and three key phenolic compounds in grape skins important to premium
wine quality (anthocyanins, tannins, and total phenolics) has not been well-studied. Here we conducted a
three-year ﬁeld study to collect and analyze berry samples from Pinot noir vineyards in the Carneros and
Sonoma Valley American Viticultural Areas of California’s North Coast wine country, and correlate phenolic measurements with climate statistics derived from hourly temperature measures at each vineyard
site. We used several statistical approaches to identify key phenologically-based periods inﬂuencing phenolic concentration at maturity, including classiﬁcation and regression trees, factor screening, principal
component analysis, and pairwise correlations.
The results from these statistical models showed that cool conditions following harvest the year before
maturity, warm temperatures from budburst to bloom, and cool temperatures from bloom to veraison
(the onset of ripening) were positively correlated with concentrations of all three classes of phenolics,
although not all trends were statistically signiﬁcant. Anthocyanins were positively and signiﬁcantly correlated with temperatures between 16 and 22 ◦ C from veraison to harvest. Tannins were signiﬁcantly
increased by warm nights preceding budburst and warm days from budburst to bloom. We measured
relatively high levels of light interception (35% of incident photosynthetically active radiation), and we
found that increased light interception was signiﬁcantly correlated with lower levels of all three classes
of phenolic compounds in this study.
For the Pinot noir sites in this study, warm temperatures from budburst to bloom appear to increase
phenolic concentrations, which is likely beneﬁcial for wine quality. However, warmer periods during the
preceding fall and summer during ripening appear to offset these effects. Given projections for greater
summer warming in California with climate change, the overall impact of climate change on winegrowing
is likely to be negative.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The price of premium winegrapes in California varies more than
15-fold and is closely tied to the geographic source of those grapes
(California Agricultural Statistics Service, 2007). Implicit in that
close relationship is a widely accepted dependence of winegrape
composition on the local mesoclimate (climate at the scale of a vineyard block). Temperature affects the rate of development or loss of
various biochemical compounds in grapes, including the accumulation of sugar, the loss of acids through respiration, and the synthesis
and maintenance of color and ﬂavor compounds.
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The amount and proportion of these compounds are essential
to winegrape quality. Organic acids are important in wine ﬂavor
(Coombe, 1987; Kliewer, 1973). Phenolic compounds, including
anthocyanins and tannins, contribute to wine color, bitterness,
astringency, and anti-oxidant capacity (Downey et al., 2006;
Harbertson and Spayd, 2006). Tannin causes an astringent sensation of drying in the mouth (Green, 1993; Smith et al., 1996;
Thomas, 1995), and is perceived as having a bitter taste (Arnold
et al., 1980; Peleg et al., 1999). Recent work in Australia has found
that higher tannin levels in fruit were strongly positively correlated
with commercial quality grading, and that consumers preferred
wines with tannin in a speciﬁc range from 1.3 to 1.9 g/L (Smith et al.,
2008). Tannins also bind with the pigment anthocyanin, which produces color in red wines, to create larger, more stable molecules
that give long-term color in aged red wines (Harbertson et al., 2003;
Hayasaka and Kennedy, 2003). Webb (2006) demonstrated a strong
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positive correlation between winegrape anthocyanin concentration and price.
There is clear evidence of changing climate worldwide
(Intergovernmental Panel on Climate Change, 2007) and in California winegrape production areas (Cayan et al., 2008; Nemani
et al., 2001). Warmer temperatures accompanying climate change
may shift the timing of the growing season, with decreased quality
from earlier harvests at higher temperatures (Webb et al., 2006).
In warmer climates, such as in much of California, higher temperatures may result in negative changes in fruit composition.
For example, research from vines grown in controlled environments found signiﬁcantly lower anthocyanin concentrations at
maturity in potted grapevines exposed to 30 ◦ C rather than 20 ◦ C
temperature treatments (Yamane et al., 2006). Another greenhouse
experiment found that high temperatures (35 ◦ C) both inhibit
anthocyanin production, and degrade the anthocyanins that are
produced (Mori et al., 2007).
Long-standing tradition, and more recently, several classiﬁcation schemes based on growing degree-days, classify winegrapes
as suitable from cool to warm climates. For example, Pinot noir,
from the cool and often damp Burgundy region in France, is
widely seen as a cool-climate variety. The pioneering study of
Amerine and Winkler (1944), which grouped grapes grown all
over California from cool to hot regions, classiﬁed Pinot noir
as most suitable for the coolest areas (Winkler Region I, up
to 1388 growing degree-days (◦ C units) from April 1 through
October 31), as compared with varieties more suited to warmer
climates (such as Merlot, classiﬁed as a Region II variety, suitable
for less than 1667 degree-days). Gladstones (1992) used slightly
different criteria for degree-day accumulation, but similarly classiﬁed Pinot in his Maturity Group 3, requiring 1150 degree-days
(◦ C), with Merlot in Group 5 (1250 degree-days). Varieties that
thrive in cool climates may be particularly sensitive to climate
warming.
To the extent that fruit quality and price are determined by
mesoclimate, a clear and quantitative understanding of the effects
of weather on fruit composition is needed. However, not enough
is known about the effect of vineyard-scale climate on fruit composition in ﬁeld conditions. Most studies that report differences in
fruit from different mesoclimates do not explicitly measure temperature in the vineyard; rather, they rely on public weather station
data which may be tens of kilometers or more away from their sites
(Jones and Davis, 2000). Several previous studies on the impact of
climate on winegrapes or wine (Hayhoe et al., 2004; Jones et al.,
2005; White et al., 2006) use simple assumptions about temperature thresholds for grape production applied at a broad regional
scale to estimate an effect of future climate on winegrape “quality,” which is often loosely deﬁned, or not deﬁned at all. A better
estimate of the temperature sensitivity of speciﬁc varieties of winegrapes is needed to support such projections.
Additionally, an analysis of light intensity should be included,
as berry temperature increases linearly with exposure to incident light (Bergqvist et al., 2001; Smart and Sinclair, 1974) and
the interaction between light and temperature effects on winegrape chemistry is actively being investigated. Increased light has
traditionally been thought to contribute to increased phenolic concentrations, particularly anthocyanins (Downey et al., 2006), and
light is an absolute requirement for coloration in some grape varieties (Weaver and McCune, 1960), but increased temperatures from
over-exposure may lead to reduced berry color, particularly in
already warm regions (Winkler et al., 1974). Tannins have also been
shown to be affected by fruit shading (Cortell and Kennedy, 2006;
Downey et al., 2004). It is still unclear whether these variations
are due to light, temperature, or other variables (Kennedy et al.,
2007), though Downey et al. (2006) conclude that temperature has
a greater effect than light on anthocyanin biosynthesis.

The goal of this study was to collect detailed temperature measurements at the vineyard scale, and light at the vine scale, to
analyze the effects of light and temperature on Pinot noir skin
phenolic composition.
2. Materials and methods
2.1. Site selection and description
The study took place in private, commercial vineyards in the
Sonoma Valley and Los Carneros American Viticultural Areas
(AVAs). There were seven vineyards studied in 2005, eight in 2006,
and six in 2007. Pinot noir was selected for study because of its
reported climate sensitivity (Haeger and Storchmann, 2006; Webb,
2006). We selected sites with vines that were at least ﬁve years
old, planted between 1998 and 2001 (so that vines would be at
full canopy cover and maturity), with similar clones (Dijon 115 and
Pommard 5; one ranch each had UCD 4 and UCD 13) and rootstocks
(including 101-14, 3309C, and 110R) to minimize biological variation that could affect phenolic composition between sites(Guidoni
et al., 2002; Sampaio et al., 2006).
Row orientations were generally northwest–southeast. Site
locations were chosen based on reported temperatures to span as
wide a range as possible within the region, and ability to obtain
research access to private vineyards. We selected three sites in the
Los Carneros AVA: one from the western Sonoma edge, one near
the Sonoma/Napa county line, and one at the eastern Napa edge,
and ﬁve sites in the Sonoma Valley AVA, spanning a north/south
transect from the southern edge of the AVA to mid-valley near
Eldridge, and from the Sonoma Mountain foothills in the west to
the eastern border of the AVA with Napa County. All sites spanned
an east-west range of 16 km and a north-south range of 12 km. Controlling for factors such as water deﬁcit and soil structure, which
have been shown to affect phenolics (Kennedy et al., 2002), and
variables affecting vine transpiration and photosynthesis but not
well-studied for their effect on phenolics, such as wind (CampbellClause, 1998) and humidity (Schultz and Stoll, 2010), was beyond
the scope of this study.
2.2. Berry collection protocol
To ensure a representative sampling to draw valid conclusions
over the scale of a vineyard, berry samples were collected in the
following stratiﬁed manner, following the recommendations of
Zoecklein (2001) to sample a minimum number of berries from
a maximum number of vines and to collect approximately 500
berries per vineyard for an accurate sample. Each vineyard was
divided into ﬁve blocks covering the full vineyard. Within each
block, six randomly selected indicator vines were chosen, from
which ﬁve berries per cluster were sampled from three clusters
along the length of the cordon, for a total N of 450 (15 berries per
vine for 30 vines per vineyard). For bilateral cordon-trained vines
(the majority of the study vineyards) or cane-pruned vines, the left
or right side of the vine was chosen randomly. To ensure a random, unbiased sample was collected, clusters were chosen without
looking at the clusters (to avoid being drawn to larger or more fully
developed clusters), the canopy depth and exposure position of the
cluster (east/west or north/south) was varied randomly. Once clusters were selected, they were ﬂagged, and the same clusters were
sampled during each growing season; here we report results from
samples taken at full maturity (immediately prior to commercial
harvest), as well as samples taken midway between veraison and
harvest. Berries were sampled from different positions (shoulder,
middle, and tip) and depths (superﬁcial or inner berries) within
a cluster. Collecting the required number of berry samples using
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this protocol necessitated multiple workers to perform the collection; all were trained in the sampling protocol and there was no
evidence of sampler bias. Berry samples were kept chilled in coolers for transport to the lab, where they were frozen at −20 ◦ C until
analysis after all fruit samples had been collected for each season.
Freezing fruit up to 3 months at −18 ◦ C has been shown not to signiﬁcantly affect total anthocyanins, soluble solids (sugar), or total
phenolics (Cynkar et al., 2004).
2.3. Berry processing protocol
When ready for analysis, berries were removed from frozen storage, dissected using a razor blade, and mesocarp was scraped from
skins. Skins were weighed, liquid nitrogen was added to break open
cell walls and ensure full phenolic extraction, and then extracted
overnight in 50% ethanol (v/v). The mesocarp was crushed in a hand
crusher through cheesecloth to extract juice, which was measured
for Brix (total soluble solids) using a digitial refractometer. Seeds
were removed from the solid material left behind after crushing,
then counted and weighed.
2.4. Phenolic analysis
Skin extracts were analyzed using the Harbertson–Adams phenolic assay (Harbertson et al., 2002). The aromatic ring in phenolic
compounds allows absorption in the ultraviolet region, which
can be measured using a spectrophotometer and used to calculate the concentration of phenolic compounds present based on
absorbance compared to a known concentration from a standard
curve. This assay measures anthocyanin at low pH so all pigmented
molecules are in their colored (ﬂavylium) form (Cabrita et al.,
2000), and is reported in malvidin-3-glucoside equivalents. The
Harbertson–Adams assay measures tannin and total iron-reactive
phenolic concentrations from absorbance changes based on their
reaction with ferric chloride; tannin measurements additionally
use a protein precipitation step to isolate the fraction of total phenolics comprised of four or more subunits, which are those that
precipitate with salivary proteins, causing perceived astringency
(Harbertson et al., 2002). Kennedy et al. (2006) found that protein
precipitation methods, and in particular the Harbertson–Adams
assay, had the highest correlation with perceived astringency
among the common methods tested, so it provides a good link
between the laboratory and the consumer experience of the ﬁnal
product. Samples were run in duplicate and re-run if the difference
between duplicates was greater than 10% to minimize laboratory
error.
2.5. Climate data collection and analysis
One datalogger (Hobo H8 Loggers, Onset Corporation) per vineyard was installed inside solar shields at 1.5 m height (Snyder
et al., 2003), which was within the vineyard canopy of each study
vineyard. This within-vineyard measurement represents a signiﬁcant advantage in capturing mesoclimate variability versus using
sometimes distant public weather stations. Measurements of temperature and humidity were logged once every 10 min. These
10-min readings were averaged to obtain hourly and daily measurements of minimum, maximum, and mean temperature. These
original data were used to calculate ten climate metrics for analysis over phenological periods, as discussed below: minimum,
mean, and maximum temperatures; temperature range (difference
between maximum and minimum); growing degree-days (base
10 ◦ C); days below 0 ◦ C; days above 30 ◦ C; days above 35 ◦ C; hours
above 22 ◦ C; and hours between 16 and 22 ◦ C.
Several different methods of calculating growing degree-days
are reported in the literature that use different thresholds to
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begin counting heat accumulation and to not count or to penalize heat over certain temperatures (Amerine and Winkler, 1944;
Gladstones, 1992; Happ, 1999b; McIntyre et al., 1987). We compared our growing degree-day calculations for all days above 10 ◦ C
with no upper threshold (Amerine and Winkler, 1944) and for days
between 10 and 19 ◦ C (Gladstones, 1992), using both the traditional
formulation of (max + min)/2 to get the day’s average temperature
(Amerine and Winkler, 1944) and the true mean temperature (averaged over all 10-min increment readings over a 24-h period). We
found all these methods to be very highly correlated with each other
(R2 > 0.99), and thus selected the most widely reported index, that
of Amerine and Winkler (1944), which was used to develop the
Regions I–V climate classiﬁcation for California still in use today.
A more sensitive measure of heat accumulation was proposed
by Happ, who suggested that hours below 16 ◦ C were beneﬁcial
to ﬂavor conservation, hours between 16 and 22 ◦ C were favorable to enzyme activity promoting ﬂavor production, and hours
above 22 ◦ C were detrimental to ﬂavor retention (Happ, 1999a). We
accounted for the effects of high heat through other indices and use
the degree-days as a general measure of heat accumulation.
Developing phenologically-based models for grapevine growth
allows physiological interpretations of the inﬂuence of climate on
plant development (Due et al., 1993), and is more useful for future
projections than calendar-based approaches when plant development may shift earlier in response to climate change. We made
observations of bloom and veraison at each of the 30 study vines per
vineyard, using a visual estimate of both the percent of all clusters
on each vine having achieved bloom or veraison, and the percent
of berries on three randomly selected clusters having achieved the
stage. We used these observations for each vineyard to calculate
climate statistics for ﬁve phenological periods:
1. Previous fall (PF): from harvest of the last year’s crop
(∼September) to the end of the previous calendar year.
2. Winter (W): from January 1 to budburst of the present year
(∼late March).
3. Budburst to bloom (BB): budburst to bloom (∼late May)
4. Bloom to veraison (BV): bloom to veraison (∼late July)
5. Veraison to harvest (VH): veraison to harvest (∼September).
Bloom and veraison were estimated when 50% of observed vines
had achieved capfall and color change, respectively, and harvest
dates were recorded. Budburst dates were not observed, so budburst was modeled in two different ways: ﬁrst, as 177 days before
harvest, which was the mean interval between budburst and harvest for a study of 20 Pinot noir vineyards in Carneros from 1993
to 2002 (F. Dewyer, personal communication), and second, as the
spring date when mean daily temperatures exceeded 10 ◦ C for ﬁve
consecutive days (Amerine et al., 1980; Mullins et al., 1992). These
two approaches agreed with each other within a few days. The dates
for each phenological event across sites were compared between
years using ANOVA as reported in Section 3.1 below.
2.6. Climate interpolation and analysis
Because new sites were added during the course of the study,
and because some dataloggers were not functioning properly when
initially installed in the ﬁeld due to a software malfunction, temperature measurements started at different dates in different sites for
2005 and 2006. (The 2007 climate record was complete in all sites.)
We took two approaches to develop climate statistics to compare
between sites. The ﬁrst was to calculate calibrated climate statistics,
starting at the ﬁrst date where all sites within a year were logging
temperatures. The second approach was to estimate the climate at
a site for a time period that was not measured by calculating the
difference between the climate of the missing site and the climate
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of a nearby site with an intact climate record, using leave-one-out
cross-validation (See Appendix A).

2.7. Light data collection and analysis
Photosynthetically active radiation (PAR) was measured at each
vine within 1 week of commercial harvest in 2006 and 2007 using
a handheld Decagon LP-80 ceptometer. All measurements were
taken within 90 min of solar noon on clear, sunny days. Fruiting
zone PAR measurements were taken by placing the PAR sensors
adjacent to the clusters on the more sun-exposed side of the vine
(south or west-facing, depending on row orientation). PAR exposure was calculated as a percentage of full PAR interception, relative
to an open-sky reading taken adjacent to the vine immediately after
the fruiting zone reading.

2.8. Statistical analysis
Programming for climate data analysis and data visualization
was performed in R (R Development Core Team, Vienna, Austria).
Statistics were analyzed in JMP 7.0 (SAS Institute, Cary, NC). Because
summary statistics for climate could be calculated in an almost inﬁnite variety of ways, there is the danger of overﬁtting a model
correlating climate and grape composition because of the large
number of potential predictors. To deal with this, we conducted
two forms of exploratory data analysis (classiﬁcation and regression trees (CART) and factor screening) in JMP to systematically
identify potentially signiﬁcant predictors of grape composition for
the two years (2006 and 2007) for which we had complete climate
records. These analyses were run using climate calculations for the
ﬁve phenological periods for the ten metrics described above in
Section 2.5 (N = 50 metrics per year per site). Predictor variables
that were found to be highly and signiﬁcantly correlated (Pearson’s correlation, p < 0.05) with grape composition measures were
selected for use in regression models. Residuals from these models
were evaluated to make sure they met the required assumptions.
These predictor variables were also correlated with other candidate climate measures to identify any sources of multicollinearity
that might confound interpretation. For 2005, since climate data
were collected starting during the summer and we could not use
this record to calculate phenologically-based summaries, we used
the calibrated data for comparisons.

Fig. 1. Calibrated site growing-degree-days. GDD are counted for each year starting
on the ﬁrst day that all stations were recording for that year, so that sites with
different record lengths may be compared. For 2005, calculations started on August
25. For 2006, calculations started on July 7. For 2007, calculations began on January
1 (all 2007 records were complete). Lines connect the points representing the same
site in different year, showing that the pattern of degree-day accumulation at a site
is consistent between years.

3. Results
3.1. Climatic interpolations and differences between years
Generally the temperature patterns between sites were quite
consistent (see Fig. 1 for an example using the calibrated data).
Overall, 2005 had a warm, sunny spring (based on data from the
Carneros CIMIS weather station (http://www.cimis.water.ca.gov),
since this was before our instruments were installed in vineyards),
a more cloudy summer, and a cool ripening period. Average dates
for phenological stages across all vineyards were 19 March for budburst, 12 May for bloom, 27 July for veraison, and 10 September for
harvest. We used ANOVA to compare phenological dates between
years, and found that 2006 was signiﬁcantly (p < 0.05) delayed compared to 2005; 2007 was slightly, though not signiﬁcantly, earlier
(Table 1). This year produced large berries with a high ratio of skin to
total fresh weight (Table 1). The following year, 2006, had a cool and
cloudy spring with a hot summer and a cooler ripening period, with
signiﬁcantly (p < 0.05) delayed phenological dates (28 March for
budburst, 31 May for bloom, 5 August for veraison, and 19 September for harvest). The spring of 2007 was warm and sunny, with a
cooler summer and a warmer ripening period. In 2007, the aver-

Table 1
Berry structure and composition parameters averaged across all sites for each year.
Year

2005

2006

2007

N

7

8

6

0.17a
1.11a
0.084a
1.8a
0.16a

0.11b
1.05a
0.072a
2.1b
0.11b

0.093b
0.8b
0.044b
1.4c
0.12ab

***
***
***
***
*

0.57a
0.83a
0.42a

0.67ab
0.57a
0.30a

0.85b
0.77a
0.41a

**
NS
NS

81a
146a
213a
258a

90b
155b
222b
267b

74a
139a
206a
251a

0.0001
0.0001
0.0001
0.0001

Berry structure
Skin weight (g/berry)
Berry weight (g/berry)
Seed weight (g/berry)
Seed number (per berry)
Ratio skin:berry weight
Berry composition
Anthocyanina
Iron-reactive phenolicsb
Tanninb
Phenological datesc
Budburst
Bloom
Veraison
Harvest

Signiﬁcance

Means with different letters within a row are signiﬁcantly different by Tukey’s HSD test, at p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), or p ≤ 0.0001 (****). NS, not signiﬁcant.
a
mg malvidin-3-glucoside per gram berry.
b
mg catechin equivalents per gram berry.
c
Julian day.
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age date for budburst was 12 March, bloom was 15 May, veraison
was 20 July and harvest was 3 September. These dates were slightly
earlier than 2005, though the difference was not statistically signiﬁcant. Berries in 2007 were signiﬁcantly smaller than the other
years (Table 1). The total heat accumulation was similar between
all three years, although the spring of 2007 was warmer than 2006,
and 2006 had more hot days (data not shown).
We tested our interpolation approach for missing climate
data using leave-one-out cross-validation with complete climate
records, where we used comparisons between sites for two years
of data to estimate the third year using the deviation from climate
measured at a different site, and compared with the existing climate record. We found very good agreement between observed
and simulated data using this approach (R2 (adj) of 0.98 for maximum temperatures and 0.91 for minimum temperatures). We used
this approach to ﬁll in complete site climate records from August
2005 through the end of 2007, and used this dataset for analysis of
correlations between climate and grape composition as described
below.
3.2. Rootstock and clone effects on phenolic compounds
Rootstock and clone differences were tested in an ANOVA model
of the three classes of phenolic compounds. They were not signiﬁcant individually and the overall model was not signiﬁcant, so
we pooled across clones and rootstocks for the analysis of climate
effects.
3.3. Climate effect on phenolic compounds
Seven climate variables (listed in the ﬁrst row of Table 2) were
identiﬁed as potentially signiﬁcant to explain variability in grape
phenolics through exploratory data analysis using correlation and
regression trees and factor screening. These variables were used to
develop ﬁnal regression models based on three criteria: each term
in the ﬁnal model had to be signiﬁcant at p < 0.05, overall model
signiﬁcance and R2 (adj), and accounting for correlation among predictor terms. The selected models were:
Anthocyanins = 3.457 − 0.00347 (Hours > 22 ◦ C)PF
− 0.00475 (Hours 16 − 22◦ C)BV
R2 (adj) = 0.64; p = 0.0013
Total phenolics = 3.99 − 0.00412 (Hours > 22 ◦ C) PF
− 0.0059 (Hours 16 − 22 ◦ C)BV .
R2 (adj) = 0.47; p = 0.0119
Tannin = −1.04 + 0.084(Range, ◦ C)BB + 0.023(min, ◦ C)W
R2 (adj) = 0.56; p = 0.0041
The subscripts following the variables indicate the phenological
period as described above.
Because these models contained terms that were moderately
correlated with each other (pairwise correlation,  ∼ 0.50, p close
to 0.05; Table 2), we also examined two other sets of models: those
suggested by the regression tree approach and by a principal components analysis. For all three classes of phenolics, the variable
suggested by the regression tree analysis that explained the most
variation in the data was a measure of heat in the previous fall.
For anthocyanins and tannins, the threshold was an accumulation
of >490 ◦ C growing degree-days above 10 ◦ C in the previous fall;
this explained 60% of the variability in the data for anthocyanins
(p = 0.0007) and 36% of the variability in the tannin data (p = 0.013).
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Fig. 2. Mean anthocyanin concentration in fruit from cool and warm sites in 2006
and 2007. The regression tree model identiﬁed a threshold that explained the maximum variation in the data as the accumulation of >490 ◦ C growing degree-days in
the previous fall. The box plots show the median and upper and lower quartile of
the data. The two groups are signiﬁcantly different at p < 0.05.

Sites with a cool previous fall (all the 2007 sites, plus 3 sites from
2006) had signiﬁcantly higher anthocyanin concentrations (Fig. 2)
and tannins than sites with a warm previous fall. The threshold for
total phenolics was for sites with a mean maximum fall temperature >20.9 ◦ C. This model explained 45% of the variability in the
data for total phenolics (p = 0.0051). Sites with a cool previous fall
(all 2007 sites and 2 of the 2006 sites) had signiﬁcantly higher total
phenolics.
In the principal components analysis, the ﬁrst component
explained 50.8% of the variability in the climate data, and the second
component explained an additional 22.9%. The major contributors to Component 1 were measures of heat during veraison to
harvest (negative contribution to Component 1) and measures of
heat during the previous fall and from bloom to veraison (positive
contribution to Component 1). The major contributors to Component 2 were variables measuring warm spring days (positive) and
winter chill (negative) (Table 3; Fig. 3). The climate components
in the ﬁrst principal component were moderately correlated with
anthocyanin and iron-reactive phenolic concentrations, though not
at p < 0.05 (correlation = −0.53, p = 0.074, and correlation = −0.51,
p = 0.091, respectively).
Pairwise Pearson correlations between phenolics and key climate variables showed that several measures of moderate heat
from veraison to harvest were positively and signiﬁcantly related
to anthocyanin concentrations (Table 4), but not signiﬁcant for
total phenolic and tannin concentrations. Measures of heat accumulation in the previous fall and from bloom to veraison (two
variables that were highly positively correlated; Table 2) were
negatively correlated with all three classes of phenolics, and the
effect was signiﬁcant for anthocyanins and total phenolics for hours
>22 ◦ C. Tannins were signiﬁcantly (p < 0.05) increased by warm
days between budburst and bloom. Increased anthocyanins were
correlated with warm days and cool nights during that period,
though the correlation was not signiﬁcant at the selected alpha
level (p = 0.056).
For the calibrated measures from 2005, which began approximately a month before harvest, sites with higher calibrated GDD
and hot days had higher phenolic concentrations. However, the
warmer sites included for 2005 were substantially cooler than the
hottest sites, which were added for 2006 and 2007.
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0.42
0.49
−0.42
0.89***
0.82***
0.73**
−0.78***
0.77**
0.89***
0.84***
0.54*
0.80***
0.13
−0.09
−0.82***
−0.60*
−0.57*
0.56*

Days <0 ◦ C
Hours 16–22 ◦ C
Hours >22 ◦ C
Max
Mean
Min
Range

Hours >22 ◦ C
Min
Range

Days >30 ◦ C
Days >35 ◦ C
GDD
Hours 16–22 ◦ C
Hours >22 ◦ C
Max
Mean
Min
Range

Days >30 ◦ C
Days >35 ◦ C
Hours 16–22 ◦ C
Hours >22 ◦ C
Min
Range

A, T

P

0.75**

0.54*

−0.09
−0.16
−0.73**
−0.75**
−0.66**
0.43

0.87***
0.92***
0.91***

0.78**
0.81***
0.81***

0.03
−0.22
−0.56*
−0.53
−0.27
0.20

0.90***
0.91***
0.84***

0.34
0.62*
−0.52

−0.21
−0.68**
−0.66*
0.25
−0.12
−0.04
0.07

0.77**
0.42

−0.29

0.79***
0.76**
0.81***

0.15
0.76**
−0.72**

−0.51
−0.74**
−0.79***
−0.20
0.34
0.42
−0.40

0.86***
0.94***
−0.05

−0.58*

W

BB

0.87***

0.29
0.37
0.02
0.48
−0.01
0.35

−0.24
−0.21
−0.17
−0.52*
−0.17
−0.10

0.18

−0.01

−0.32
−0.11
−0.22
0.23
0.12
0.55*
−0.54*

0.78***
0.67**
0.80***

−0.53
−0.45
−0.57*
0.08
−0.04
0.02

−0.06
0.95***
−0.83***

−0.76**
−0.88***
−0.89***
−0.31
0.27
0.39
−0.41

−0.84***
0.76**
0.66**
0.87***
−0.17

A, P

Min

BV

0.60*
0.75**
0.90***

0.46
−0.85***

0.84***
0.83***
0.85***
0.45
−0.44
−0.55*
0.57*

−0.82***
0.35

T

Range

−0.39
−0.52
−0.66**

−0.06
−0.04
0.21

−0.30
0.56*

−0.99

−0.85***
−0.30
−0.39
−0.80***
0.96***

0.52
−0.88***

−0.75**

T

Min

−0.35
−0.04
0.89***
0.27
0.64*
−0.88***

−0.52
−0.69**
−0.54*
−0.05
−0.89***

−0.74**
−0.59*
−0.39

−0.72**
−0.03
−0.11

−0.31
0.08
0.16
−0.38
0.24
0.23
−0.27

−0.32
−0.54*
−0.68**
−0.33
−0.52

A, P

Hours 16–22 ◦ C

BV

The phenolic compounds are listed as anthocyanins (A), tannins (T), and iron-reactive phenolics (P), for the phenological periods of Previous fall (PF), Winter (W), Budburst-bloom (BB), and Bloom-veraison (BV).
*
p ≤ 0.05;
**
p ≤ 0.01;
***
p ≤ 0.001.

Veraison-Harvest (VH)

Bloom-Veraison (BV)

Budburst-Bloom (BB)

−0.09
−0.55*
−0.61*
0.23
−0.11
−0.06
0.08

Days <0 ◦ C
GDD
Max
Mean
Range

PF
Max

6

Winter (W)

A, P
−0.16
0.87***
0.94***
0.73**
0.41

Phenolic compound

PF
GDD

PF
Hours >22 ◦ C

Phenological period

Climate variable

AGMET-4450; No. of Pages 12

Previous fall (PF)

Season

Table 2
Pairwise correlations () between climate variables (ﬁrst column) and the seven climate variables selected to be included in models to explain phenolic concentrations (top row). All possible climate variables were evaluated in
the ﬁrst column; only those that were signiﬁcant at p < 0.05 for at least one correlation are shown.
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Table 3
Eigenvectors for the ﬁrst two principal components in the analysis of climate variables. (Abbreviations given ﬁrst by the phenological period then the climate variable
as shown in Table 2). These values represent the contribution of each climate variable to the overall principal component. Factor loadings with an absolute value >0.20
are shown in bold to highlight the more important factors. The ﬁrst principal component (PC1) explained 50.8% of the variability in the climate data, and the second
principal component (PC2) explained 22.9%.
Climate variable

PC1

VH.mean
VH.min
VH.hours.over22
VH.hours.16–22
BB.range
BB.hours.16–22
PF.cold.days
BV.hours.16–22
VH.max
VH.days.over35
W.min
BB.hours.over22
PF.hours.16–22
W.min
BV.min
PF.hours.over22
PF.GDD
PF.mean
BV.days.over30
PF.max
BV.max
BV.GDD
BV.hours.over22
BV.days.over35
BV.mean

−0.230
−0.197
−0.196
−0.191
−0.163
−0.150
−0.142
−0.132
−0.105
−0.070
−0.021
0.066
0.070
0.151
0.212
0.228
0.246
0.249
0.252
0.255
0.262
0.263
0.263
0.268
0.268

PC2
0.025
−0.221
−0.017
−0.274
0.283
0.144
0.320
−0.322
0.173
0.133
−0.382
0.337
0.168
−0.322
−0.223
0.150
−0.039
−0.146
0.113
0.086
0.087
−0.070
0.004
0.044
0.010

3.4. Correlations among variables
Across all three years, correlations between anthocyanins
and tannins were not very strong (R2 = 0.41; p = 0.062). Anthocyanins were slightly more strongly correlated with total phenolics
(R2 = 0.50, p = 0.02). And of course, since tannins are part of what is
measured by the total phenolic reading, tannins and total phenolics
were signiﬁcantly correlated (R2 = 0.88, p < 0.0001).
Many of the climate variables were highly correlated with each
other, particularly different measures of climate during the same
period and adjacent periods (e.g., Fig. 3; Table 2).

Fig. 3. Principal components analysis of climate variables. There were n = 8 sites in
2006 and n = 6 sites in 2007. The data are combined into two principal components,
or combinations of observed variables along two axes, to summarize patterns of
correlations among observed variables. The further from the origin, the more that
variable contributes to a component. Points that are close to each other in Panel
A contribute similarly to the ﬁrst component (which explained 51% of the variability in the climate data), and points close to each other in Panel B contribute
similarly to the second component (which explained 23% of the variability in the
data). Abbreviations for time periods are as given in the text and Table 2.

3.5. Development over the growing season
In 2006, we collected samples approximately midway between
veraison and harvest, as well as harvest samples, at six sites. These

Table 4
Pairwise Pearson’s correlations between concentrations of phenolic compounds and individual climate variables signiﬁcant at p ≤ 0.10. Correlations signiﬁcant at the p ≤ 0.05
level are shown in bold.
Season

Climate variable

Phenolic variable
Tannin

N
Iron-reactive phenolics

Anthocyanin

Corr

p-value

Corr

p-value

Corr

p-value

Previous Fall (PF)

Days <0 ◦ C
Days >35 ◦ C
GDD
Hours >22 ◦ C
Max
Mean

0.56
−0.26
−0.34
−0.37
−0.36
−0.35

0.058
0.369
0.231
0.196
0.208
0.223

0.23
−0.39
−0.42
−0.54
−0.51
−0.35

0.466
0.165
0.134
0.044
0.061
0.224

0.27
−0.52
−0.6
−0.64
−0.63
−0.5

0.389
0.056
0.025
0.014
0.015
0.067

12
14
14
14
14
14

Winter (W)

Hours >22 ◦ C
Hours 16–22 ◦ C

0.5
0.48

0.072
0.083

0.36
0.33

0.213
0.248

0.44
0.49

0.115
0.074

14
14

Budburst-Bloom (BB)

Max
Range

0.57
0.58

0.034
0.031

0.47
0.44

0.091
0.119

0.41
0.52

0.142
0.056

14
14

Bloom-Veraison (BV)

Days >30 ◦ C
Max
Mean
Min

−0.28
−0.32
−0.4
−0.49

0.339
0.27
0.154
0.072

−0.38
−0.39
−0.41
−0.31

0.181
0.162
0.146
0.284

−0.51
−0.51
−0.54
−0.44

0.065
0.061
0.048
0.114

14
14
14
14

Veraison-Harvest (VH)

Hours >22 ◦ C
Hours 16–22 ◦ C
Mean

−0.02
−0.31
0.15

0.915
0.168
0.524

−0.05
−0.23
0.1

0.839
0.318
0.682

0.63
0.44
0.46

0.002
0.047
0.036

21
21
21
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Table 5
Mean and (standard error of the mean) for berry composition and weight from six sites in 2006. Fruit from the same vines was collected approximately 3 weeks before
harvest (“Ripening”), and immediately before commercial harvest (“Harvest”). The p-value shown is for the paired t-test comparing values at the two time points.

Berry structure
Skin weight (g/berry)
Berry weight (g/berry)
Seed weight (g/berry)
Ratio skin:berry weight
Berry composition
Anthocyanina
Iron-reactive phenolicsb
Tanninb
a
b

Ripening

Harvest

Percent change

p-value

0.13 (0.0033)
1.16 (0.016)
0.090 (0.0015)
0.115 (0.0033)

0.14 (0.0028)
1.03 (0.014)
0.077 (0.0013)
0.136 (0.0031)

3.8%
−11.1%
−14.4%
18.3%

NS
<0.001
<0.001
0.031

0.60 (0.016)
0.75 (0.025)
0.49 (0.015)

0.58 (0.015)
0.595 (0.022)
0.321 (0.012)

−2.7%
−21.1%
−34.9%

<0.0004
<0.0001
<0.001

mg malvidin-3-glucoside per gram berry.
mg catechin equivalents per gram berry.

Table 6
Parameter estimates from a regression model to explain fruit composition using
light measured at the vineyard level, accounting for variability in light at the vine
and block level. The parameter estimate represents the change in the dependent
variable of fruit composition associated with one percent change in the independent
variable of PAR in the fruit zone.
Fruit measure

R2 (Adj)

p-value for
vineyard light

Brix
Anthocyanina
Iron-reactive phenolicsb
Tanninb

0.379
0.411
0.766
0.98

0.0357
0.0027
<0.0001
0.0009

a
b

Parameter
estimate
0.0857
−0.0167
−0.0348
−0.00787

mg malvidin-3-glucoside per gram berry.
mg catechin equivalents per gram berry.

samples showed slight declines in anthocyanin concentration and
substantial decreases in iron-reactive phenolic and tannin concentrations over time (21 and 35%, respectively; both p < 0.001)
(Table 5). Although skin weight increased slightly over this time
(p > 0.05), berry weight declined by 11% (p < 0.001), which was
enough to increase the ratio of skin to total berry weight by 18%
(p = 0.031).
3.6. Effects of light on phenolics
The amount of light was found to be highly signiﬁcant (p < 0.01)
in explaining all three classes of phenolic compounds measured
at harvest, as well as Brix (Table 6). For a model that accounted
for within-vineyard variability (i.e., variability from vine to vine
and block to block, as random effects), increasing light explained
between 41% and 98% of the variability in the decrease of all three
phenolics measured, and 37% of the variability in the increase in
Brix (Table 6). For example, the model predicts that a 1% increase
in PAR would correspond with a decrease of 0.0167 mg malvidin3-glucoside per gram berry, about 2.5% of the mean anthocyanin
concentration at harvest (Table 5). We measured vine light at 561
vines over two growing seasons, and found that average light interception is quite high in these commercial vineyards (Fig. 4).

stantial heat spell (with recorded vineyard temperatures exceeding
44 ◦ C), while post-harvest temperatures in 2006 and temperatures
from bloom to veraison in 2007 were cool. More years of ﬁeld evaluations, as well as greenhouse trials to manipulate and control
temperature, are needed to evaluate the causative relationships
behind these relationships.
We found a positive correlation between anthocyanin concentration and accumulated hours from 16 to 22 ◦ C between veraison
and ripening, which has not been reported previously. However, this ﬁnding supports the use of the “heat work index” of
hour–degrees between 16 and 22 ◦ C proposed by Happ (1999a),
who claimed this temperature interval was particularly favorable
for enzymatic activity relating to ﬂavor production.
For example, Valladao et al. (1995) observed decreases in tannins and anthocyanins in Pinot noir during the process of maturity,
including a decrease of up to 35% following a week with temperatures >35 ◦ C during ripening. Pastor del Rio and Kennedy
(2006) showed that increased heat summations between fruit set
(immediately following bloom) and veraison was associated with
increased tannins in Pinot noir fruit and wines in Oregon. Spayd
et al. (2002) found that a higher accumulation of growing degreedays (GDD) between veraison and harvest decreased anthocyanin
levels observed in Merlot, and that this factor explained about half
of the variation observed.
We also found a signiﬁcant increase in the skin:berry weight
ratio during berry growth (Table 5), in contrast with past work that
found that the berry grows proportionally (Roby and Matthews,
2004) and that concentration of phenolic compounds does not
change during ripening.
Other research has found winter rainfall to be correlated with
wine price in regions that are not irrigated (Ashenfelter, 2008), but

4. Discussion
4.1. Climate effects on Pinot noirphenolic composition
Several different statistical approaches showed that heat accumulation in the postharvest period a year before maturity, and heat
from bloom to veraison, were negatively correlated with the concentration of anthocyanins, tannins, and iron-reactive phenolics.
These two periods were highly correlated with each other in this
study (Tables 2 and 3), as the postharvest period of 2005 was warm
and the period from bloom to veraison in 2006 coincided with a sub-

Fig. 4. Light interception in Pinot noir vineyards. Distribution of light interception
(fraction intercepted in the fruiting zone versus ambient photosynthetically active
radiation, PAR) observed at 561 Pinot noir vines in 2006 and 2007. The mean of the
distribution was 35% and the standard deviation was 19%.
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the potential for climate inﬂuences in the previous fall to have an
effect on grape phenolic composition has not been previously documented. However, due to the two-year reproductive cycle of the
grapevine, where the development of ﬂoral primordia occurs the
ﬁrst year before cluster development the second year (Srinivasan
and Mullins, 1981; Winkler and Shemsettin, 1937), conditions
during the previous year have been shown to affect fruitfulness
and yields (Buttrose, 1970). Lobell et al. (2007) found that precipitation in the fall preceding harvest increased both wine and table
grape yields in California, which they speculated may have been
related to relieving nutrient deﬁciencies and allowing continuing
photosynthesis and carbohydrate storage. Unpublished data from
a ∂14 C labeling experiment by Kliewer and Leach showed that
sugars made by the leaves post-harvest and stored as starch in the
wood and root tissues were the ﬁrst carbohydrates used by shoots
the following spring (Winkler et al., 1974). The mechanism for the
previous fall’s climate to affect fruit composition is unclear, and this
bears further study to determine if there is a causative relationship,
or an artifact of the seasonal patterns during the three years of this
study.
4.2. Light and Pinot noir phenolic composition
Vine light interception in the fruiting zone explained more variability for total phenolics and tannins than did measurements of
vineyard temperature. The mean light interception of 35% measured in this study is vastly higher than reported in previous
studies, and we found these high levels of light correlated with
reduced concentrations of anthocyanins, tannins, and total phenolics. In a previous study in a vertically-trained two-wire Cabernet
Sauvignon vineyard in California, ambient light interception in
the cluster zone largely fell below 10%, and levels as low as 0.3%
were measured in dense canopies (Dokoozlian and Kliewer, 1995a;
Dokoozlian and Kliewer, 1995b). In our study, 89% of the 561 vine
light measurements made were above 10% ambient light interception (Fig. 4). About 49% of the vines we measured fell between
the 10% and 40% ambient light interception advocated as optimal for vertically-trained vines in New Zealand (Smart, 1988);
nearly 40% were above this level (Fig. 4). Possibly the use of a
third training wire and hedging additional shoot growth in these
vertically shoot-positioned vineyards removes substantial shading that would otherwise occur from shoots draping over the
top wire.
Increased sun exposure was shown to increase levels of both
total phenolics and anthocyanins in Pinot noir fruit in the cool climates of Oregon (Valladao et al., 1995) and British Columbia (Mazza
et al., 1999). However, several studies have found a decrease in
anthocyanin levels with high light levels (Bergqvist et al., 2001;
Hunter et al., 1995; Spayd et al., 2002). For one study, anthocyanin
accumulation increased with increasing light up to 100 mmol/m2 /s
(about 5% of full sunlight), and decreased thereafter (Bergqvist et al.,
2001). Less research has focused on the effect of light on tannin
accumulation, though Downey et al. (2004) found little effect of
bunch exposure on tannin concentrations at harvest.
In experimental conditions where the temperature effects of
sunlight were controlled for, skin anthocyanin accumulation was
maximized at relatively high light intensities, but high temperatures inhibited color formation (Kliewer, 1970; Kliewer, 1977;
Kliewer and Torres, 1972). Bergqvist et al. (2001) found that exposure on the south (sunny) side of the canopy above a threshold
of 100 mmol/m2 /s decreased anthocyanin accumulation in Cabernet Sauvignon and Grenache, and high grape temperatures after
veraison were linked with lower anthocyanin levels at the same
light exposure levels. Spayd et al. (2002) showed that cooling highly
exposed fruit increased anthocyanins, while heating less exposed
fruit decreased anthocyanins.
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Fig. 5. Relationship between August temperature and California Pinot noir price.
Average maximum August county temperatures, 1980–2006, versus 2007 price per
ton of Pinot noir for the corresponding Crush District (CASS, 2007). We have included
all grape districts producing greater than 200 ton of Pinot noir (thus excluding Los
Angeles, Riverside, and Lake Counties and the Fresno and Sierra Foothills region); for
comparison, Sonoma produced over 18,000 ton of Pinot noir in 2007. This analysis
includes 99.5% of all Pinot noir produced in California (CASS, 2007). Model R2 (adj)
is 0.89. For a model comparing 2006 temperatures and 2006 prices, model R2 was
0.82. We use here regional names for familiarity; the corresponding Crush Districts
from CASS (2007) are as follows: Mendocino, District 1; Sonoma, District 3; Napa,
District 4; Solano, District 5; Santa Cruz, District 6; Monterey, District 7; Central
Coast, District 8; Sacramento Valley, the southern portion of District 9; Lodi, District
11; Merced, District 12; and Davis, District 17.

4.3. Implications for warming and winegrape price in California
Although the sites studied spanned a reasonably wide temperature range within the local region, they represent a small fraction of
the full range of climates within which winegrapes, and particularly
Pinot noir, are grown. While most of the relationships between climate and grape composition that we describe were linear, it is likely
that thresholds may exist, causing the full relationship to be polynomial (e.g., warmer spring temperatures may increase tannins
only up to a certain point, beyond which they decline). State-level
data on fruit composition is only available for Brix (CASS, 2007), as
phenolic compounds are not systematically measured or reported.
While Brix has been used as a measure of quality in cool climates,
where fruit does not ripen adequately in cool years, we believe price
is a more appropriate measure of quality in warmer climates like
California.
Price has been used as an indicator of grape quality in Australia
(Webb et al., 2006; Wood and Anderson, 2006), France (Jones and
Storchmann, 2001), and California (Lima, 2006). Other analyses
use price as an independent variable and expert quality ratings as
the dependent variable measuring quality (Horowitz and Lockshin,
2002). However, this approach does not explain as much variability
in the data as does the hedonic approach, where price is taken as
the dependent variable in a multivariate analysis. Work by Haeger
and Storchmann (2006) showed that, while climate did not explain
as much variation in wine price for American Pinot noir as for
Bordeaux wines (with an R2 of about 0.52 versus 0.8), climate factors still explained nearly twice as much variation in wine price
as did the combination of all non-climate factors studied (including variables for winemaker and brand, vineyard and appellation
designation, amount of production, and critical ratings).
To examine the relationship between temperature and winegrape value at the state rather than the local scale, we present
available data comparing climate and Pinot noir pricein California (Fig. 5). The price data are available at the Crush District level,
of which there are 17 in the state (California Agricultural Statistics
Service, 2007). To obtain matching climatology, we used the mean
August temperature from 1980 to 2006, derived from 382 weather
stations across the state and averaged at the county level (data from
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Lobell et al., 2007), then further aggregated where needed to match
the scale of the Crush District data. For example, Napa and Mendocino counties each represent their own crush district, while the
Central Coast District comprises Santa Barbara, San Luis Obispo,
and Ventura counties. We chose August temperatures because
they occur during a critical period of grape ripening, and because
regional temperature differences are maximized in this month
(data not shown). We found great consistency between years in
temperature rankings (i.e., the same areas were consistently warm
or cool), while price data were more variable, so we chose not to
average those data because it obscured regional differences.
Fig. 5 shows that the cool Central Coast region command the
highest price in the state for Pinot noir fruit ($2932 per ton);
Sonoma is the second-highest at $2831 per ton, and prices in
warmer Napa are about 15% lower. Napa and Sonoma, with about
a third of the state Pinot noir tonnage, are on the side of the curve
where further warming is likely to reduce prices, whereas cooler
coastal areas may see a slight price increase from warming. The
warmer Central Valley regions earn much less (from $1127 per ton
for Solano County to $400 per ton in Kings County). This supports
the observation that Pinot noir is usually grown in the cooler winegrowing regions of the world, and is particularly sensitive to climate
warming.
Warmer winter and spring temperatures have been observed in
California in recent decades (Cayan et al., 2008; Nemani et al., 2001).
However, future estimates for statewide temperatures project substantially more warming in summer than in winter in seven out of
eight realizations (Cayan et al., 2008; Hayhoe et al., 2004). These
projections use three climate models with varying climate sensitivities (PCM, HadCM3, and GFDL) driven by three IPCC emissions
scenarios – low (B1), medium–high (A2), and high (A1ﬁ) (see Cayan
et al. (2008) and Hayhoe et al. (2004); not all models were run for
all emissions scenarios). While the lowest emission scenario with
the least sensitive model projects about equal warming in summer
and winter, the remaining combinations project summer warming of 3.3–6.4 ◦ C for Northern California, compared with winter
warming of 2.3–3.4 ◦ C (Cayan et al., 2008). Warming of this scale
would be likely to have a substantial, negative impact on winegrape
prices in California. Approximately 4 ◦ C currently separates mean
August temperatures in the coolest Pinot noir regions in California
(Santa Cruz and Monterey) and the temperature associated with
maximum grape prices (Fig. 5). The same amount separates Napa
and Sonoma today from the low-price regions in the Central Valley
(Fig. 5).

Winkler’s (1944) ambitious assessment of winegrowing in California would be tremendously helpful to account for all the changes
in varieties, technology, and management, as well as climate, since
that pioneering study.
In terms of management implications, desirable phenolic compounds in this study were decreased by the quite high exposure
to light and by higher temperatures during critical periods in the
postharvest period the previous year, and from bloom to veraison.
Given this ﬁnding, viticultural practices developed to increase light
exposure and cluster temperature in the Old World, where often
cool, wet weather was an impediment to ripening, must be critically examined for their applicability to New World winegrowing.
Canopy management to increase shading might increase color and
phenolic concentrations in these highly light-exposed Pinot noir
vineyards. Viticulturists may want to examine changing trellising
styles, irrigation practices, and other techniques to promote shadier
and cooler conditions in Pinot noir vineyards in Napa and Sonoma,
while they prepare for the warmer conditions ahead.
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Appendix A. Algorithm for multiple imputation of climate
data
Describing the approach
To calculate the temperature for missing days, the following
approach was taken.

5. Conclusion
This study represents a ﬁrst step in the analyses needed to make
more informative, region- and variety-speciﬁc projections of the
effects of climate, and the potential effects of climate change, on
the wine industry. Future work should pursue questions at both
the vineyard and the regional scale. At the vineyard scale, environmental measurements at individual vines for variables such as
canopy or cluster temperature and light, and plant and soil water
status, would help to explain the tremendous variability observed
within vineyards and elucidate the role of climate and particularly
temperature on fruit composition. Further, improved observations
and models of grapevine development and the drivers of grapevine
phenology are important for accurate projections of climate change
impacts.
On the regional and larger scale, a robust examination of climate
effects on viticulture would require a large-N study over many sites
and years to detect trends. This approach would be well-suited
to partnerships with private vineyard owners to share historical
climate and grape data. New studies on the scale of Amerine and

1. Take daily temperature data (min, max, mean, range) for all sites
for each year.
2. Examine correlations between existing data to determine which
site is most highly correlated with others to serve as a baseline
station (Sonoma Valley 1). This station is at the southwestern
edge of the Sonoma Valley AVA, within 16 km of all other stations.
3. Calculate daily absolute difference (degrees) between baseline
site (Sonoma Valley 1) and site to interpolate (for example,
Carneros 2) for all dates with available data for both sites.
4. Calculate monthly mean of daily differences for all years with
available data. For example, daily August maximum is 1.2 ◦ C
cooler for Carneros 2 than the baseline Sonoma Valley 1 site,
based on observations at both Carneros 2 and Sonoma Valley 1
in August 2006 and August 2007.
5. Apply monthly mean difference for each site to the baseline data
from Sonoma Valley 1 site to impute missing data. For example,
for all missing values for August 2005 at Carneros 2, subtract
1.2 ◦ C from the measured daily max at Sonoma Valley 1.
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Validating the approach
Use leave-one-out cross-validation to generate a modeled climatology for a site with existing data. For example:
1. Carneros 3 has observed data available for 2005, 2006, and 2007.
2. Delete the 2005 data from the dataset.
3. Calculate differences between Carneros 3 and the baseline site,
Sonoma Valley 1, based on the average of 2006 and 2007 data.
4. Use these calculations to estimate a climatology for Site 3 for
2005, based on imputations from the baseline Sonoma Valley 1
in 2005.
5. Compare modeled record for 2005 for Carneros 3 site with
observed 2005 data.
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