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Abstract: An unbiased MACA CMIP5 ensemble that optimized calculation of the growing season
average temperature (GST) viticulture climate classification index throughout Northern California’s
Fort Ross-Seaview (FRS), Los Carneros (LC), Petaluma Gap (PG), and Russian River Valley (RRV)
American Viticultural Areas (AVAs) was applied to compute the GST index and Pinot noir specific
applications of the grapevine sugar ripeness (GSR) model on a mean decadal basis from the 1950s to
the 2090s using RCP4.5 and RCP8.5 projections of minimum and maximum daily temperature. From
the 1950s to the 2090s,a2.1/3.6,2.4/4.2,2.3/4.0,2.3/4.0, and 2.3/4.0 °C increase in the GST index
and a rate advance of 1.3/1.9,1.1/1.8,1.3/2.0, 1.2/1.9, and 1.2/1.9 days a decade was computed
for FRS, LC, PG, RRYV, and across all four AVAs while using the RCP4.5/RCP8.5 climate projections,
respectively. The GST index and GSR model calculations were highly correlated across both climate
projections and their fitted models were used to update the Pinot noir specific upper bound for
the GST index throughout each AVA using a published optimal harvest window for the northern
hemisphere. At a 220 g/L target sugar concentration, the updated upper bound was 17.6, 17.5, 17.6,
17.5, and 17.6 °C for FRS, LC, PG, RRV, and across all four AVAs. For a 240 g/L sugar concentration,
itwas 17.9,17.8,17.9, 17.8, and 17.9 °C. The results from this study together with comparable results
recently reported for the Willamette Valley AVA of Oregon using a different downscaled CMIP5
model archive suggest spatial invariance, albeit sugar concentration dependent, for the updated Pinot
noir specific upper bound for the GST climate index.

Keywords: temperature; climate change; growing season average temperature (GST); bioclimatic
index; grapevine sugar ripeness (GSR) phenology model; Northern California; Pinot noir

1. Introduction

Grapevine phenology is largely driven by air temperature [1]. Its principal stages,
including budburst, flowering, veraison, and maturity have been correlated with various
temperature indices [1-7]. Vitis vinifera L. primarily grows at locations on the globe where
growing season average temperatures (GST) range between 12 and 13 °C and 22 and
24 °C [8]. The GST viticulture climate classification index [9], defined as the mean of the
observed maximum and minimum daily surface air temperature values from the first of
April through the end of October (for the Northern Hemisphere), was correlated with
cultivar ripening potential across many wine regions. Various cultivars have their uniquely
defined optimal GST value ranges [9]. For example, for optimum suitability of Pinot noir,
GST values were originally proposed to range from 14.0 to 16.0 °C, with a high likelihood
that changes to the bounds would not exceed 0.6 °C [10,11].

Air temperature also impacts quality for a wine grape growing region [9,12,13]. The
rate of decline for total titratable acids (TA), particularly malic acid, during maturation is
related to temperature [12]. Better acid retention was observed during ripening for climates
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with cool nights that accompanied warm days, than climates with warm day and nighttime
temperatures [14]. While the primary consequence of a warmer average temperature
during ripening was to limit the herbaceous vegetal notes of wines, vintages with high
average temperatures were associated with aromas of overripe and cooked fruit [15]. The
concentration of anthocyanins in the skins of Pinot noir berries were significantly greater
for low (20 °C) relative to high (30 °C) daytime temperatures during ripening, for both
low and high light intensities [16]. While Pinot noir coloration was not visually affected
by high daytime temperatures (35 °C) for the same nighttime temperature, anthocyanin
levels were reduced by 12 to 75 percent relative to Pinot noir fruit ripened at a low daytime
temperature (15 °C) [17]. Optimal climate suitability occurs where cultivars ripen at the
end of the growing season [12,18]. Several studies have suggested that optimal terroir
expression is coincident with a harvest window between 10 September and 10 October (for
the Northern Hemisphere) [13,19-21].

The impacts of climate change to viticulture have been evaluated using bioclimatic
indices and downscaled future climate projections, more recently, for regions in Ar-
gentina [22], Bosnia and Herzegovina [23], Europe [24], Greece [3], Italy [25,26], Portu-
gal [27,28], Romania [29], Slovenia [30], and Spain [30,31]. Skahill et al. [32] used localized
constructed analogs (LOCA) downscaled Coupled Model Intercomparison Project Phase
5 (CMIP5) daily historic, RCP4.5, and RCP8.5 future datasets [33,34] of minimum and
maximum daily surface temperature to spatially compute on a mean decadal basis from
the 1950s to the 2090s for Oregon’s Willamette Valley (WV) American Viticultural Area
(AVA) the GST index and Pinot noir specific applications of the grapevine sugar ripeness
(GSR) model at a 220 g/L target sugar concentration. The grapevine sugar ripeness (GSR)
model predicts the day of year to reach fixed target sugar concentrations across sixty-five
cultivars [35]. Its development was based on a sequential calibration, sensitivity, and
validation exercise using a comprehensive database of target sugar concentrations. It is
the linear sum of daily mean temperatures above zero, from the 91st day of the year in
the Northern Hemisphere, to an optimized cultivar specific thermal time that is associated
with a predetermined sugar concentration level [35].

Using continuous data decomposed into two distinct historical periods (1971-1999;
2000-2012), Van Leeuwen et al. [36] showed that the upper limits of the GST index were
underestimated, at least for the Rheingau (Germany, Pinot gris), Burgundy (France, Pinot
noir), and Rhone Valley (France, Syrah). Skahill et al. [32] observed a highly correlated
one-to-one relationship between the GST index and GSR model calculations throughout
the WV AVA using the LOCA CMIP5 datasets and an independent gridded historical
meteorological dataset developed for northwestern North America [37]. They used the
identified invertible relationship to update the GST bounds for Pinot noir for the WV
AVA. The updated bounds corresponded with 10 September and 10 October and were
approximately 17.6 and 14.8 °C, respectively. The updated GST bounds indicated that
optimal ripening potential for Pinot noir is not only for cool climate, but also intermediate,
and slightly warm, climate sub-areas within the WV AVA [38,39]. In cool to intermediate
climate regions, high quality vintages were linked to warmer than normal growing seasons
for the cultivar Pinot noir [40].

The aim of this study was to apply the methods that were originally used by Skahill
et al. [32] for Oregon’s WV AVA to Northern California’s Fort Ross-Seaview, Los Carneros,
Petaluma Gap, and Russian River Valley AVAs. This study used the entire twenty-
member Multivariate Adaptive Constructed Analogs (MACA) CMIP5 downscaled model
archive [41,42] rather than the thirty-two member LOCA CMIP5 model archive that Skahill
et al. [32] applied for the WV AVA. The LOCA CMIP5 archive used by Skahill et al. [32]
was trained using the Livneh observational dataset [43]. While generally appropriate
for most inland areas, the Livneh dataset poorly simulates temperature values in areas
of complex terrain such as coastal Northern California due to its application of a fixed
lapse rate [43,44]. The MACA CMIP5 model archive used in this study was trained using
the Metdata gridded meteorological dataset [45]. The Metdata dataset applies a variable
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lapse rate and its development closely relied on the Parameter-Elevation Relationships on
Independent Slopes Model (PRISM) gridded historical dataset [46] which accounts for the
onshore penetration of the marine layer in the coastal zone and cold-air pooling in complex
terrain [44]. MACA CMIP5 ensemble selection considered the complete twenty-member
MACA CMIP5 archive and was directed to a parsimonious regularized solution [47] that
does not overfit the data, which is optimal for computing predictions using future climate
projections [48-50].

Another aim of this study was to further explore the relationship between calcula-
tions of the GST climate index and GSR phenology model, for four Pinot noir producing
Northern CA coastal AVAs. To our knowledge, this is the first study to compute projec-
tions of the spatiotemporal distribution of the GST index and GSR model for the Fort
Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Valley AVAs. The GST
climate index is simple to compute and more accessible for the generalist to apply than
the GSR phenology model. The results from this study provide growers and producers
with a better understanding of projections for Pinot noir ripening potential in their AVAs.
Related, it provides them with the opportunity to pre-emptively begin to evaluate alternate
cultivars or plan for shifts regarding winemaking, wine profile, and branding within their
AVAs. In addition, by focusing on Pinot noir, results from this study can be compared with
those from Skahill et al. [32] regarding projected GST increases, rate advances for ripening,
climate suitability for optimal ripening, and updated Pinot noir upper bounds for the GST
index. A fundamental question explored in this study was to examine if the one-to-one
GSR-GST relationship that was revealed by Skahill et al. [32] for Pinot noir in the WV
AVA also exists for the Fort Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River
Valley AVAs, and if so, whether the associated updated Pinot noir upper bounds for the
GST index are the same or differ by location.

2. Materials and Methods
2.1. Study Area

The study area consisted of the Fort Ross-Seaview, Los Carneros, Petaluma Gap,
and Russian River Valley AVAs (Figure 1). The boundaries for each of the AVAs and
the cities of Napa, Petaluma, Santa Rosa, and Sonoma are shown in Figure 1, including
their locations relative to the coastline, Bodega Bay, and San Pablo Bay. The AVA and city
boundaries in Figure 1 are overlaid on a digital elevation model for a box region whose
extent contains the four AVAs and cities. The four AVAs are nested within California’s
North Coast AVA (Figure S1). The Russian River Valley AVA is also nested within the
Northern Sonoma AVA (Figure S2). The Fort Ross-Seaview, most of the Russian River
Valley, and the sections of the Los Carneros and Petaluma Gap within Sonoma County are
all nested within California’s Sonoma Coast AVA (Figures 1 and S3). The land area of the
Los Carneros AVA in Napa/Sonoma County is nested within the Napa/Sonoma Valley
AVA (Figures 1 and 54).

The final rule by the U.S. Treasury for the establishment of the Fort Ross-Seaview
AVA was effective on 13 January 2012 [51]. The AVA has several distinguishing features,
including elevation, distance to the coast, and well-drained low fertility soils. Most vine-
yards within the AVA are planted above the marine fog layer (at elevations between 920
and 1800 feet (=280-549 m)) and receive longer periods of sunlight and are warmer than
the surrounding land area below [51]. Both the fog layer and the nearby ocean moderate
temperatures. Approximately 555 acres of grapevine, mostly Pinot noir and Chardonnay;,
are currently grown in the Fort Ross-Seaview AVA. Plantable acreage within the AVA is
limited due to its remote steep mountainous terrain [51]. A median Pinot noir harvest date
and wine alcohol content of 23 September and 14.1% was computed from a limited record
of Fort Ross-Seaview AVA producer technical data. Pinot noir wine alcohol contents ranged
from 13.5% to 14.7% with a mean and standard deviation of 14.05% and 0.4%. The mean
harvest date for Pinot noir was 20 September. Its standard deviation was approximately
12 days.
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Figure 1. Boundaries for the Fort Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Val-

ley American Viticultural Areas (AVAs) (black) and the Northern California cities of Napa, Petaluma,
Santa Rosa, and Sonoma (grey) overlaid on a digital elevation model for a box region containing the
four AVAs and cities. The Petaluma Gap AVA is subdivided into a Northern (in Sonoma County) and
Southern (in Marin County) section. The Los Carneros AVA is subdivided into a Western (in Sonoma
County) and Eastern (in Napa County) section. The horizontal axis is in degrees longitude and the
vertical axis is in degrees latitude.

The Los Carneros, or Carneros, AVA was established on September 19, 1983. Soil
and climate distinguish the AVA from its surrounding areas [52]. The soils of the AVA are
unique relative to the remaining area of the Napa and Sonoma Valley AVAs (Figures 1 and
54). They are cooler, shallower, higher in clay content with lower usable field capacity, less
well-drained, and require summertime irrigation [52]. Its proximity to the San Pablo Bay
results in cooler temperatures throughout the AVA relative to the rest of the Napa and
Sonoma Valley AVAs [52]. Currently, the AVA has approximately 10,040 planted acres. The
predominant red and white wine grape cultivars grown in the Carneros AVA are currently
Pinot noir and Chardonnay, respectively. A median Pinot noir harvest date and wine
alcohol content of 10 September and 14.5% was computed from a limited record of Los
Carneros AVA producer technical data. Pinot noir wine alcohol contents ranged from 13.8%
to 15.4% with a mean and standard deviation of 14.5% and 0.4%. The mean harvest date
for Pinot noir was 6 September. Its standard deviation was approximately 16 days.

The Petaluma Gap AVA was established on 8 January 2018 [53]. While it shares the
marine-influenced climate and coastal fog of the Sonoma Coast AVA, its distinct features
are its topography and wind speeds [53]. Its topography supports a transport corridor for
cool marine air from the Pacific Ocean to the San Pablo Bay that moderates temperatures
throughout the AVA, particularly during the mid-to-late afternoon [53]. This corridor is
the largest and most unrestricted access point for marine air along the Sonoma and Marin
coast [53]. The frequency of afternoon wind speeds greater than or equal to eight miles per
hour and their effect in reducing grapevine photosynthesis is the primary distinguishing
feature of the Petaluma Gap AVA [53]. Currently, approximately 75% of the more than
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4000 acres of grapevines planted in the AVA are Pinot noir. A mean and standard deviation
of 14.0% and 0.52%, and a range from 13.3% to 14.9%, were computed from a limited set of
alcohol data compiled for Pinot noir wines produced from the AVA. For the Petaluma Gap
AVA, harvest dates are reported to be 10 to 14 days later than for its surrounding warmer
AVAs [54]. Pinot noir harvest dates collected from a limited set of producers within the
AVA yielded a mean harvest date of 20 September with a standard deviation of 8 days.
The Russian River Valley AVA was first established on 21 November 1983 [55]. Since
its initial ruling there have been three amendments to expand the AVA [56-58]. The initial
petition for the AVA emphasized the distinctive “coastal cool” growing climate of the
proposed area relative to its warmer neighbors in Alexander Valley, Dry Creek Valley, and
Sonoma Valley [55] (Figure 1). The cool climate was attributed to early morning coastal
fog intrusions up the Russian River and its tributaries. The most recent petition to expand
the AVA, ruled effective December 16, 2011, further mentioned the fog intrusions up the
Russian River, but also emphasized the Petaluma Gap as another corridor for the transport
of a cooling marine fog layer into the Russian River Valley [58]. Chardonnay and Pinot noir
are currently the two most planted cultivars in the AVA. A mean and standard deviation
of 14.3% and 0.3%, and a range from 13.8% to 14.8%, were computed from a limited set of
technical data compiled for Pinot noir wines produced from the AVA. The mean harvest
date for Pinot noir was 12 September. Its standard deviation was approximately 8 days.

2.2. Data
2.2.1. MACA CMIP5

The entire archive of daily Multivariate Adaptive Constructed Analogs (MACA) Cou-
pled Model Intercomparison Project phase 5 (CMIP5) multi-model historic (1950-2005),
RCP4.5, and RCP8.5 future (2006-2100) scenario datasets of minimum and maximum
surface air temperature was collected from the MACA data portal for the region defined
by (37.75° N, 38.75° N) x (—123.5° E, —122° E) (https:/ /climate.northwestknowledge.net/
MACA /data_portal.php (accessed on 3 November 2022)). The 20 models and modelling
groups that provided the global climate model data for MACA downscaling are listed in Ta-
ble S1. This study used the second version of the MACA downscaled CMIP5 model archive
that was trained with the observation-based 1/24° (or approximately 4 km) gridded surface
meteorological dataset Metdata [45]. The CMIP5 RCP4.5 future scenario dataset is a radia-
tive forcing stabilization scenario that contains most of the scenarios that were assessed in
the Intergovernmental Panel on Climate Change’s Fourth Assessment Report [59]. RCP8.5
is CMIP5’s very high baseline scenario that does not include any specific climate mitigation
target (RCP8.5) [60]. These two scenarios were used in this study rather than CMIP5’s low
forcing level peak and decline mitigation scenario that assumes full participation of all
countries to achieve an emission pathway that limits radiative forcing at 2.6 W/m? by 2100
(RCP2.6) [61]. These data were used to compute on a gridded basis the GST index and
Pinot noir specific applications of the GSR phenology model for the Fort Ross-Seaview, Los
Carneros, Petaluma Gap, and Russian River Valley AVAs from 1950 through the end of the
twenty-first century.

2.2.2. MACA CMIP5 Training Dataset: Metdata

Daily maximum and minimum surface air temperature data were collected from the
1/24° (or approximately 4 km) resolution training dataset, Metdata [45], for version two
of the MACA CMIP5 archive from the Center for Integrated Data Analytics for the box
region (37.75° N, 38.75° N) x (—123.5° E, —122° E) (https:/ /cida.usgs.gov/thredds/catalog.
html?dataset=cida.usgs.gov/thredds/UofIMETDATA (accessed on 3 November 2022)).
The Metdata dataset period of record was 1979-2012. The observation-based Metdata
gridded surface meteorological dataset combines the subdaily temporal resolution of the
second version of the North American Land Data Assimilation System dataset with the
spatial climatologies and monthly variability of the Parameter-Elevation Relationships
on Independent Slopes Model (PRISM) gridded dataset [45,46,62]. The Metdata dataset
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supported development of the MACA CMIP5 multi-model ensemble subset that was used
to calculate the GST index and Pinot noir specific applications of the GSR model throughout
the four AVAs.

2.2.3. Topography Weather Dataset

Daily maximum and minimum surface air temperature data were collected from the
30-arc resolution (or approximately 800 m) observation-based gridded topography weather
(TopoWx) dataset for 1950-2005 [63]. As with the Metdata dataset, TopoWx applies a
variable lapse rate. It applies a variable lapse rate by leveraging remotely sensed land
skin temperature data [63]. The TopoWx data were used as an independent source for
comparison with the MACA CMIP5 ensemble subset predictions of the GST index and
Pinot noir specific applications of the GSR model throughout the four AVAs for the CMIP5
defined historical period (1950-2005).

2.3. GST Climate Index

The growing season average temperature climate index, GST [9], is defined in Equation (1).

1 —Oct 31
GST = n ZA;r 1 (Tmax + Tmin)/zz 1

where n = 214, is the number of days for the northern hemisphere growing season, and
Tinax and T, are the maximum and minimum daily surface air temperature data values
in °C, respectively. Its associated viticulture climate classifications are listed in Table 1 [39].

Table 1. Viticulture climate classifications with corresponding values of the growing season average
temperature (GST) index [39].

GST
Class(OI gerval Class of Viticulture Climate
<13 Too cool
13-15 Cool
15-17 Intermediate
17-19 Warm
19-21 Hot
21-24 Very hot
>24 Too hot

2.4. GSR Phenology Model

Application of the temperature-based GSR phenology model [35] involves solving the
following equation for ts (Equation (2)):

ts

o1 Xt = F', ()

wherein the daily summation starts on April 1 (t, = 91), x; denote daily mean temperature
values greater than zero, and ¢, is the day of the year from 1 January which satisfies the
inequality for a predetermined thermal summation value, F*, that is associated with a
cultivar specific fixed sugar concentration level. The Pinot noir specific GSR model sugar
concentration and thermal summation values reported by Parker et al. [35] are listed in
Table 2, including associated estimates for % potential alcohol [64].

Fit and Extrapolation of Pinot Noir Specific GSR Sugar Concentration and Thermal
Summation Values

A global optimization method was applied to fit the Pinot noir specific sugar con-
centration and thermal summation values listed in Table 2 to an exponential sigmoid
function [35,65]. The fitted model was subsequently used to extrapolate thermal summa-
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tion values for sugar concentrations greater than 220 g/L, the highest sugar concentration
value considered by Parker et al. [35].

Table 2. Grapevine sugar ripeness model thermal summation, F*, and sugar concentration values
reported by Parker et al. [35] for Pinot noir. Estimates for potential alcohol are listed for each sugar
concentration value for three conversion factors, a lower bound (18), upper bound (16.5), and the
official European conversion ratio (16.83) [64].

Target Sugar GSR F* Value for . o
Concentration g/L Pinot Noir Potential Alcohol (%)
Lower Bound (18)  European Conversion Ratio (16.83)  Upper Bound (16.5)
170 2695 9.4 10.1 10.3
180 2734 10.0 10.7 10.9
190 2788 10.6 11.3 11.5
200 2838 11.1 11.9 12.1
210 2899 11.7 12.5 12.7
220 2933 12.2 13.1 13.3

2.5. MACA CMIP5 Ensemble Subset Selection

In this study we computed a MACA CMIP5 ensemble subset that optimized evalu-
ations of the GST index for 1979-2005 throughout the box region defined by (38.04° N,
38.71° N) x (—123.42° E, —122.21° E) that contained the Fort Ross-Seaview, Los Carneros,
Petaluma Gap, and Russian River Valley AVAs. The specified model was a general linear
model without intercept,

M=) . wiM;, ®)

where M; and w; represent the i-th MACA CMIP5 model and its assigned non-negative
weight, respectively (Equation (3)). The modelling objective was to minimize model-to-
measurement misfit using the elastic net penalty [47] configured in the same manner as it
was applied in Skahill et al. [48] and Skahill et al. [32].

3. Results and Discussion
3.1. MACA CMIP5 Ensemble Subset Selection

There were 10,476 computed GST climate index values during 1979-2005 for the
box region defined by (38.04° N, 38.71° N) x (—123.42° E, —122.21° E) for the Metdata
dataset, the observations, and each of the twenty models from the MACA CMIP5 archive.
Table S2 includes three measures that summarized the performance for each individual
model from the MACA CMIP5 archive, the MACA CMIP5 ensemble subset obtained
from application of the elastic net penalty, and the MACA CMIP5 twenty model ensemble
mean. The three measures in Table S2 included the percent bias (PBIAS), the Nash—Sutcliffe
efficiency (NSE) [66], and the Kling-Gupta efficiency (KGE) [67] between simulated and
observed values. Percent bias measures the average tendency of simulated values to be
larger or smaller than their observed counterparts. Its optimal value is zero. Nash—Sutcliffe
efficiency values range from minus infinity to one. An NSE value of one indicates a perfect
match between the model and its observations. An NSE value of zero indicates that model
predictions are as accurate as the mean of the observed data. NSE values less than zero
indicate that the mean of the observed data is a better predictor than the model. Kling—
Gupta efficiency values range from minus infinity to one. A model is more accurate when
its KGE value is closer to one.

The MACA CMIP5 ensemble subset selected from application of the elastic net penalty
did not show any bias, whereas each individual model and the ensemble mean all pos-
sessed a non-zero bias for prediction of the GST climate index. In addition, the ensemble
subset demonstrated greater predictive power relative to each individual model and the
ensemble mean as measured by the NSE and KGE values reported in Table S2. The
MACA CMIP5 ensemble subset that optimized evaluations of the GST index for 1979-2005
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throughout the box region defined by (38.04° N, 38.71° N) x (—123.42° E, —122.21° E) in-
cluded nine models: beec-csm1-1, bec-csm1-1-m, CCSM4, inmmcemd4, IPSL-CM5A-MR, MIROC-
ESM-CHEM, MIROC-ESM, MRI-CGCM3, and NorESM1-M, with weights of 0.072552423,
0.095689513, 0.076944294, 0.167587718, 0.038177063, 0.001184944, 0.009209387, 0.424841440,
and 0.103271605, respectively. These nine models were not the models with the nine great-
est NSE or KGE values reported in Table S2. One of the nine models in the ensemble subset,
MIROC-ESM, was ranked 19th as measured by either the NSE or KGE values reported
in Table S2.

3.2. GST Climate Index

The results reported in this section were all obtained from GST climate index values
that were computed using the nine member MACA CMIP5 ensemble subset identified
from application of the elastic net penalty. Climate classifications were assigned according
to the GST value ranges and associated labels specified in Table 1.

Spatiotemporal Distribution

The spatiotemporal distribution of the GST climate index values, classified according
to Table 1, across the four AVAs on a mean decadal basis from the 1950s through the 2090s
for the RCP4.5 and RCP8.5 future projections are shown in Figures 2 and 3, respectively.
A southward moving front of warmer temperatures from the Dry Creek and Alexander
valleys into the Russian River Valley AVA and the Sonoma and Napa valleys into the Los
Carneros AVA combined with a westward moving front of warmer GST values from inland
towards the coast is observed in both Figures 2 and 3. The noted pattern is more rapid and
intense for the RCP8.5 future projection results shown in Figure 3.

The percent distribution of the GST climate index values, classified according to Table 1,
within the Fort Ross-Seaview AVA, Los Carneros AVA, Petaluma Gap AVA, Russian River
Valley AVA, and across all four AVAs, computed by decade from the 1950s through the
2090s for the RCP4.5/RCP8.5 future scenarios are shown in Figures S5/56, 57/S8, S9/510,
S11/512, and 513/514, respectively. These figures portray a progressive warming trend for
each AVA and across all four AVAs for each emission scenario. It is more pronounced for
the RCP8.5 scenario projections. For Fort Ross-Seaview, greater than 95% of the AVA would
be classified as warm climate by the 2050s/2030s with the RCP4.5/RCP8.5 scenario. For Los
Carneros, greater than 95% of the AVA would be classified as hot climate by the 2050s /2040s
with the RCP4.5/RCP8.5 scenario. The Petaluma Gap was the only AVA among the four
with land area classified as cool climate. However, any land area classified as cool climate
was projected to account for less than one percent of the AVA by the 2020s/2010s with the
RCP4.5/RCP8.5 scenario. Greater than 85% of the Petaluma Gap AVA would be classified
as a warm or hot climate by the 2040s/2030s with the RCP4.5/RCP8.5 scenario. Greater
than 99% of the Russian River Valley AVA was classified as a warm or hot climate by the
2000s with the RCP4.5 or RCP8.5 scenario. Greater than 50% of the AVA would be classified
as hot climate by the 2070s/2050s with the RCP4.5/RCP8.5 scenario. Across all four AVAs
combined, greater than 95% of the total AVA land area would be classified as a warm or
hot climate by the 2050s/2040s with the RCP4.5/RCP8.5 scenario.

Tables 3 and 4 list summary statistics, including minima, maxima, and first, second,
and third quartiles of the decadal means from the 1950s through the 2090s for the GST
climate index [9] values computed for each AVA using the RCP4.5 and RCP8.5 climate
projections, respectively. As measured by their reported median values for both emission
scenarios, Fort Ross-Seaview was clearly and consistently the coolest AVA while Los
Carneros was, in the same manner, the warmest AVA. For both the RCP4.5 and RCP8.5
scenarios, the reported median values for the Petaluma Gap and Russian River Valley each
fell approximately in the middle between Fort Ross-Seaview and Los Carneros. Petaluma
Gap’s median GST values were consistently slightly lower valued than those calculated
for the Russian River Valley. For both emission scenarios, the reported median GST values
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computed across all four AVAs consistently fell between the median values reported for
the Petaluma Gap and the Russian River Valley.

Across all fifteen decades, for both RCP4.5 and RCP8.5, the average difference between
the median GST values for the Los Carneros AVA and the Fort Ross-Seaview AVA was
1.6 °C. For the Los Carneros AVA and the Russian River Valley AVA it was 0.8 °C. For the
Los Carneros AVA and the Petaluma Gap AVA, the difference was 1.0 °C for RCP4.5 and
1.1 °C for RCP8.5. The average range of the GST values calculated for the Fort Ross-Seaview
AVA, Los Carneros AVA, Petaluma Gap AVA, and the Russian River Valley AVA across all
fifteen decades, for both RCP4.5 and RCP8.5, was 2.5, 1.6, 4.8, and 2.4 °C, respectively.
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Figure 2. Decadal mean GST index climate classification throughout Northern California’s Fort
Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Valley American Viticultural Areas
from the 1950s through the 2090s. Historic and RCP4.5 future MACA CMIP5 model datasets and the
selected MACA CMIP5 ensemble subset were used to compute the values of the GST index.
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Figure 3. Decadal mean GST index climate classification throughout Northern California’s Fort
Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Valley American Viticultural Areas
from the 1950s through the 2090s. Historic and RCP8.5 future MACA CMIP5 model datasets and the
selected MACA CMIP5 ensemble subset were used to compute the values of the GST index.

A21/3.6,24/42,23/4.0,2.3/4.0, and 2.3/4.0-degree Celsius increase in the GST
index median value was computed from the 1950s to the 2090s for the Fort Ross-Seaview
AVA, Los Carneros AVA, Petaluma Gap AVA, Russian River Valley AVA, and across all four
AVAs while using the RCP4.5/RCP8.5 climate projections. This equates to an approximate
0.14/0.24, 0.16/0.28, 0.15/0.27, 0.15/0.27, and 0.15/0.27 °C increase for the GST index
median value by decade for each AVA and their aggregate area for the RCP4.5 and RCP8.5
scenarios, respectively. For RCP4.5, Skahill et al. [32] computed a 3.1-degree Celsius
increase in the GST index median value from the 1950s to the 2090s for the WV AVA in
Oregon, which equated to an approximate 0.21 °C increase for the GST index median value
by decade.
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Table 3. Summary statistics for Northern California’s Fort Ross-Seaview, Los Carneros, Petaluma
Gap, and Russian River Valley American Viticultural Areas of computed decadal means from the
1950s through the 2090s of the growing season average temperature (GST) climate index. Historic
and RCP4.5 future MACA CMIP5 model datasets and the selected MACA CMIP5 ensemble subset
were used to compute the values of the GST index.

GST Index (°C) (RCP4.5)
1950s  1960s 1970s 1980s 1990s 2000s 2010s 2020s 2030s 2040s 2050s 2060s 2070s 2080s 2090s
Fort Ross-Seaview AVA

Min. 14.8 14.8 15.0 151 152 154 15.6 15.8 160 162 164 16.4 16.6 16.8 16.9
1st Qu. 16.0 16.1 16.3 163 164 16.6 16.8 171 173 174 177 17.6 17.9 18.0 18.1
2nd Qu. 16.4 16.4 16.6 167 168 17.0 171 17.4 176 177 18.0 18.0 18.2 18.4 18.5
3rd Qu. 16.7 16.7 16.9 170 171 173 17.4 17.7 179 181 184 18.3 18.5 18.7 18.8
Max. 17.3 17.3 17.5 176 177 179 18.1 18.4 186 187 19.0 18.9 19.1 19.3 194

Los Carneros AVA

Min. 17.2 17.2 17.4 175 177 179 17.9 18.2 185 187 19.1 18.9 19.2 194 19.6
1st Qu. 17.6 17.6 17.8 180 181 183 18.3 18.6 189 191 195 19.3 19.6 19.8 20.0
2nd Qu. 17.9 17.9 18.1 182 184 185 18.6 18.9 192 194 197 19.6 19.9 20.1 20.3
3rd Qu. 18.0 18.0 18.3 184 185 187 18.7 19.0 193 195 199 19.7 20.0 20.3 20.4
Max. 18.8 18.8 19.0 191 192 194 19.5 19.8 200 202 206 20.5 20.7 21.0 21.1

Petaluma Gap AVA

Min. 13.4 13.4 13.6 13.7 138 139 14.1 14.4 146 147 15.0 15.0 15.2 154 15.5
1st Qu. 16.2 16.2 16.4 165 167 16.8 16.9 17.2 174 176 18.0 17.9 18.1 18.3 18.5
2nd Qu. 16.9 16.9 17.1 172 173 175 17.5 17.8 181 183 18.6 18.5 18.8 19.0 19.2
3rd Qu. 17.3 17.3 17.5 176 178 179 18.0 18.3 186 187 19.1 19.0 19.2 19.5 19.6
Max. 18.1 18.1 18.3 184 185 187 18.8 19.1 193 195 199 19.8 20.0 20.3 20.4

Russian River Valley AVA

Min. 16.3 16.3 16.5 l6.6 167 169 17.0 17.3 175 177 18.0 17.9 18.1 18.3 18.4
1st Qu. 16.9 16.9 171 172 173 175 17.6 17.9 182 183 187 18.6 18.8 19.0 19.2
2nd Qu. 17.1 17.1 17.3 175 176 178 17.8 18.1 184 185 189 18.8 19.0 19.3 194
3rd Qu. 17.5 17.5 17.8 179 180 182 18.2 18.5 188 189 194 19.2 19.5 19.7 19.9
Max. 18.5 18.6 18.8 189 190 193 19.2 19.6 19.8  20.0 20.5 20.3 20.6 20.9 21.0

All four AVAs Combined

Min. 13.4 13.4 13.6 13.7 138 139 14.1 14.4 146 147 15.0 15.0 15.2 154 15.5
1st Qu. 16.6 16.7 16.8 169 171 172 17.3 17.6 179 18.0 184 18.3 18.5 18.7 18.8
2nd Qu. 17.0 17.1 17.3 174 175 177 17.7 18.0 183 185 18.8 18.7 19.0 19.2 19.3
3rd Qu. 17.4 17.5 17.7 178 179 181 18.1 18.4 187 189 193 19.1 194 19.6 19.8
Max. 18.8 18.8 19.0 191 192 194 19.5 19.8 200 202 206 20.5 20.7 21.0 21.1

Table 4. Summary statistics for Northern California’s Fort Ross-Seaview, Los Carneros, Petaluma
Gap, and Russian River Valley American Viticultural Areas of computed decadal means from the
1950s through the 2090s of the growing season average temperature (GST) climate index. Historic
and RCP8.5 future MACA CMIP5 model datasets and the selected MACA CMIP5 ensemble subset
were used to compute the values of the GST index.

GST Index (°C) (RCP8.5)
1950s  1960s 1970s 1980s 1990s 2000s 2010s 2020s 2030s 2040s 2050s 2060s 2070s 2080s 2090s
Fort Ross-Seaview AVA

Min. 14.8 14.8 15.0 15.1 15.2 154 158 16.0 16.3 165 169 172 17.6 18.0 18.3
1st Qu. 16.0 16.1 16.3 16.3 16.4 167 170 172 17.5 178 181 185 18.9 19.3 19.6
2nd Qu. 16.4 16.4 16.6 16.7 16.8 170 174 176 17.9 181 185 188 19.3 19.7 20.0
3rd Qu. 16.7 16.7 16.9 17.0 17.1 173 177 179 18.2 184 188 19.1 19.6 20.0 20.3
Max. 17.3 17.3 17.5 17.6 17.7 18.0 183 185 18.8 191 194 198 20.2 20.6 209
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Los Carneros AVA
Min. 17.2 17.2 174 17.5 17.7 17.8 181 183 18.7 19.0 194 19.8 20.4 20.9 21.4
1st Qu. 17.6 17.6 17.8 18.0 18.1 183 185 187 19.1 194 199 20.2 209 21.3 21.8
2nd Qu. 17.9 17.9 18.1 18.2 18.4 185 18.7 19.0 194 19.7 201 205 21.1 21.5 22.1
3rd Qu. 18.0 18.0 18.3 18.4 18.5 18.7 189 19.1 19.5 19.8 203 20.6 21.3 21.7 22.2
Max. 18.8 18.8 19.0 19.1 19.2 194 196 199 20.3 205 210 214 22.0 224 23.0
Petaluma Gap AVA
Min. 134 134 13.6 13.7 13.8 14.0 143 145 14.8 151 154 15.8 16.3 16.7 17.0
1st Qu. 16.2 16.2 16.4 16.5 16.7 16.8 171 173 17.6 179 183 187 19.3 19.7 20.1
2nd Qu. 16.9 16.9 17.1 17.2 17.3 175 17.7 18.0 18.3 186 190 194 20.0 20.4 20.9
3rd Qu. 17.3 17.3 17.5 17.6 17.8 179 182 184 18.8 19.0 195 199 20.5 20.9 21.4
Max. 18.1 18.1 18.3 18.4 185 187 189 19.2 19.5 19.8 203 206 21.2 21.7 22.2
Russian River Valley AVA
Min. 16.3 16.3 16.5 16.6 16.7 169 173 175 17.8 18.0 184 188 19.2 19.6 19.9
1st Qu. 16.9 16.9 17.1 17.2 17.3 175 178 18.0 18.4 187 191 194 20.0 20.4 20.8
2nd Qu. 17.1 17.1 17.3 17.5 17.6 178 180 18.2 18.6 189 193 197 20.3 20.7 21.1
3rd Qu. 17.5 17.5 17.8 17.9 18.0 18.1 183 18.6 19.0 19.2 197 201 20.8 21.1 21.7
Max. 18.5 18.6 18.8 189 19.0 192 194 19.6 20.0 203 208 21.2 22.0 22.3 23.0
All four AVAs Combined
Min. 134 134 13.6 13.7 13.8 14.0 143 145 14.8 151 154 15.8 16.3 16.7 17.0
1st Qu. 16.6 16.7 16.8 16.9 17.1 173 175 178 18.1 184 18.7 19.1 19.6 20.0 20.4
2nd Qu. 17.0 17.1 17.3 17.4 17.5 177 179 182 18.5 188 192 196 20.2 20.6 21.0
3rd Qu. 174 17.5 17.7 17.8 17.9 18.1 183 185 18.9 19.2 196 20.0 20.6 21.1 21.6
Max. 18.8 18.8 19.0 19.1 19.2 194 196 199 20.3 205 210 214 22.0 224 23.0

3.3. GSR Phenology Model

The results reported in this section were all obtained from Pinot noir specific appli-
cations of the GSR phenology model that were computed using the nine member MACA
CMIP5 ensemble subset identified from application of the elastic net penalty.

3.3.1. Fit and Extrapolation of Pinot Noir Specific GSR Sugar Concentration and Thermal
Summation Values

The exponential sigmoid fit to the Pinot noir specific sugar concentration and thermal
summation values that were reported by Parker et al. [35] (Table 2), including its extrapola-
tion to a sugar concentration of 260 g/L, is shown in Figure 4. The model fit and subsequent
extrapolation was performed to support application of the GSR phenology model with a
thermal summation value consistent with the reported Pinot noir technical data from the
four AVAs (study area). A sugar concentration value of 240 g/L was selected (13.3-14.5%
potential alcohol, and 14.3% using the European conversion ratio [64]). The fitted model
yielded a thermal summation value of 2987 for a 240 g/L sugar concentration.

3.3.2. Spatiotemporal Distribution

Although the MACA CMIP5 ensemble was developed to optimize calculation of the
GST index for a box region that contained the study area’s AVAs, it was deemed reasonable
for GSR application given the similarity of the definitions for the GSR phenology model
and the GST climate index (Equations (1) and (2)). The GSR model applications performed
on a mean decadal basis from the 1950s through the 2090s across all four AVAs at a 240 g/L
sugar concentration level resulted in calculated day of year values that covered most of the
GST index calculation period from 1 April to 31 October (Equation (1); Tables 5 and 6). For
RCP4.5/RCP8.5, across all four AVAs and fifteen decades, the minimum and maximum
calculated day of year values to achieve a 240 g/L sugar concentration were 230/220 and
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310/310 (Tables 5 and 6), which equated to covering approximately 76-102/72-102 percent
of the GST index calculation period.

Thermal Sum

GSR Data for Pinot noir
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Figure 4. Exponential sigmoid fit to the Pinot noir specific sugar concentration and thermal summa-

tion values that were reported by Parker et al. [35] (Table 2), including its extrapolation to a sugar

concentration of 260 g/L. The estimated thermal sum for a 240 g/L sugar concentration was 2987.

Table 5. Summary statistics for Northern California’s Fort Ross-Seaview, Los Carneros, Petaluma

Gap, and Russian River Valley American Viticultural Areas of computed decadal means from the

1950s through the 2090s of Pinot noir specific applications of the grapevine sugar ripeness (GSR)

model, which predict the day of the year from 1 January to achieve a 240 g/L sugar concentration
level. Historic and RCP4.5 future MACA CMIP5 model datasets and the selected MACA CMIP5
ensemble subset were used to compute the values of the GSR phenology model.

GSR (240 g/L): Pinot noir (Day of year from 1 January) (RCP4.5)

1950s  1960s 1970s 1980s 1990s 2000s 2010s 2020s 2030s 2040s 2050s 2060s 2070s 2080s 2090s
Fort Ross-Seaview AVA
Min. 258 257 256 255 255 253 251 250 248 247 245 245 243 242 241
1st Qu. 264 263 262 261 260 259 257 255 253 252 250 250 248 247 246
2nd Qu. 267 266 265 264 263 262 260 258 256 254 252 253 251 250 248
3rd Qu. 271 270 269 268 267 265 263 261 259 258 255 256 254 253 251
Max. 288 287 285 284 283 280 277 275 273 271 269 269 266 265 264
Los Carneros AVA
Min. 245 245 244 243 242 241 240 239 237 235 233 234 232 231 230
1st Qu. 251 251 250 248 247 246 245 244 242 240 238 239 237 236 234
2nd Qu. 252 252 251 250 249 248 247 245 243 241 239 240 238 237 235
3rd Qu. 255 254 253 252 251 250 249 247 245 243 241 242 240 238 237
Max. 258 258 257 255 254 253 252 250 248 246 244 245 243 241 240
Petaluma Gap AVA
Min. 251 250 250 248 247 246 245 244 242 240 238 239 237 236 235
1st Qu. 258 257 257 255 254 253 252 250 248 246 244 245 243 242 240
2nd Qu. 262 261 261 259 258 257 256 254 252 250 248 248 246 245 243
3rd Qu. 269 268 267 266 264 263 262 260 258 256 253 254 251 250 249
Max. 310 308 306 304 302 300 297 293 290 288 284 285 282 280 278
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Russian River Valley AVA

Min. 245 245 244 243 242 241 240 239 237 235 233 234 232 231 230
1st Qu. 256 255 254 253 252 250 250 248 246 244 242 243 240 239 238
2nd Qu. 259 259 258 256 255 254 253 251 249 247 245 246 243 242 241
3rd Qu. 261 260 260 258 257 256 254 253 251 249 247 247 245 244 243
Max. 268 267 266 265 264 262 260 259 257 255 253 253 251 250 249
All four AVAs Combined
Min. 245 245 244 243 242 241 240 239 237 235 233 234 232 231 230
1st Qu. 256 256 255 254 253 251 250 249 247 245 243 243 241 240 239
2nd Qu. 260 259 259 257 256 255 254 252 250 248 246 246 244 243 242
3rd Qu. 264 264 263 261 260 259 257 256 254 252 249 250 248 247 245
Max. 310 308 306 304 302 300 297 293 290 288 284 285 282 280 278
Table 6. Summary statistics for Northern California’s Fort Ross-Seaview, Los Carneros, Petaluma
Gap, and Russian River Valley American Viticultural Areas of computed decadal means from the
1950s through the 2090s of Pinot noir specific applications of the grapevine sugar ripeness (GSR)
model, which predict the day of the year from 1 January to achieve a 240 g/L sugar concentration
level. Historic and RCP8.5 future MACA CMIP5 model datasets and the selected MACA CMIP5
ensemble subset were used to compute the values of the GSR phenology model.
GSR (240 g/L): Pinot noir (Day of year from 1 January) (RCP8.5)
1950s  1960s 1970s 1980s 1990s 2000s 2010s 2020s 2030s 2040s 2050s 2060s 2070s 2080s 2090s
Fort Ross-Seaview AVA
Min. 258 257 256 255 255 253 249 248 246 244 242 240 237 234 232
1st Qu. 264 263 262 261 260 258 255 253 251 249 246 244 241 238 236
2nd Qu. 267 266 265 264 263 261 258 256 253 252 249 246 243 240 238
3rd Qu. 271 270 269 268 267 265 261 259 256 255 252 249 246 243 241
Max. 288 287 285 284 283 280 275 272 270 267 264 261 257 253 252
Los Carneros AVA
Min. 245 245 244 243 242 241 239 238 235 234 231 228 225 223 220
1st Qu. 251 251 250 248 247 247 245 243 240 239 236 233 230 227 225
2nd Qu. 252 252 251 250 249 248 246 244 241 240 236 234 231 228 225
3rd Qu. 255 254 253 252 251 250 248 246 243 241 238 236 232 229 227
Max. 258 258 257 255 254 253 251 249 246 244 241 239 235 232 229
Petaluma Gap AVA
Min. 251 250 250 248 247 246 245 243 240 239 236 233 230 227 225
1st Qu. 258 257 257 255 254 253 251 249 246 245 241 239 235 232 230
2nd Qu. 262 261 261 259 258 257 255 252 250 248 245 242 239 235 233
3rd Qu. 269 268 267 266 264 263 260 258 255 254 250 247 243 240 237
Max. 310 308 306 304 302 299 294 291 287 284 279 275 270 266 263
Russian River Valley AVA
Min. 245 245 244 243 242 241 239 238 235 234 231 229 226 223 220
1st Qu. 256 255 254 253 252 251 249 247 244 242 239 236 233 230 227
2nd Qu. 259 259 258 256 255 254 252 250 247 245 242 239 236 233 231
3rd Qu. 261 260 260 258 257 256 253 251 248 247 244 241 238 235 232
Max. 268 267 266 265 264 262 259 257 254 252 249 246 243 240 239
All four AVAs Combined
Min. 245 245 244 243 242 241 239 238 235 234 231 228 225 223 220
1st Qu. 256 256 255 254 253 251 250 247 245 243 240 237 234 231 228
2nd Qu. 260 259 259 257 256 255 252 250 248 246 243 240 237 234 231
3rd Qu. 264 264 263 261 260 259 256 254 251 250 246 244 240 237 235
Max. 310 308 306 304 302 299 294 291 287 284 279 275 270 266 263
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The GSR-model-computed day of year values to achieve a 240 g/L sugar concentration
on a mean decadal basis from the 1950s through the 2090s are shown in Figures 5 and 6 for
the RCP4.5 and RCP8.5 climate projections, respectively. In each figure, the area highlighted
green is coincident with an optimal harvest window between 10 September and 10 October
(for the Northern Hemisphere) [13,19-21]. The areas highlighted dark red, deep pink, hot
pink, and pink are associated with harvest windows before 1 September, 1-4 September,
4-7 September, and 7-10 September. These four subdivisions were created to account for
the mean and standard deviation values that were reported for harvest dates for each of
the four AVAs (study area). In each figure, any AVA area highlighted blue coincided with
GSR-model-computed day of year values after 10 October.
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Figure 5. Classification of the decadal mean day of year for Pinot noir to reach a 240 g/L sugar
concentration level throughout Northern California’s Fort Ross-Seaview, Los Carneros, Petaluma
Gap, and Russian River Valley American Viticultural Areas from the 1950s through the 2090s based
on application of the grapevine sugar ripeness model using historic and RCP4.5 future MACA CMIP5
model datasets and the selected MACA CMIP5 ensemble subset.
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Figure 6. Classification of the decadal mean day of year for Pinot noir to reach a 240 g/L sugar
concentration level throughout Northern California’s Fort Ross-Seaview, Los Carneros, Petaluma
Gap, and Russian River Valley American Viticultural Areas from the 1950s through the 2090s based
on application of the grapevine sugar ripeness model using historic and RCP8.5 future MACA CMIP5
model datasets and the selected MACA CMIP5 ensemble subset.

A southward moving front of decreasing harvest dates into the Russian River Valley
AVA and the Los Carneros AVA combined with a westward moving front of decreasing
GSR-model-computed day of year values from inland towards the coast is observed in
both Figures 5 and 6. The noted pattern is more rapid and intense for the RCP8.5 future
projection results shown in Figure 6.

The percent breakdown of the GSR-model-computed day of year values to achieve
a 240 g/L sugar concentration within the Fort Ross-Seaview AVA, Los Carneros AVA,
Petaluma Gap AVA, Russian River Valley AVA, and across all four AVAs, computed on a
decadal basis from the 1950s through the 2090s for the RCP4.5/RCP8.5 future scenarios
are shown in Figures S515/516, 517/518, S19/520, 521/522, and S23/524, respectively.
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These figures portray a progressive trend of decreasing area to support an optimal harvest
window for each AVA and across all four AVAs for each RCP-emission scenario. It is more
pronounced for the RCP8.5 scenario projections. For Fort Ross-Seaview, less than 50%
of the AVA would be classified as suitable to support an optimal harvest window by the
2050s/2040s with the RCP4.5/RCP8.5 scenario. For Los Carneros, greater than 50% of the
AVA would achieve a 240 g/L sugar concentration before 1 September by the 2030s/2020s
with the RCP4.5/RCP8.5 scenario. Less than 50% of the Petaluma Gap AVA would support
an optimal harvest window by the 2030s/2020s with the RCP4.5/RCP8.5 scenario. Greater
than 90% of the Russian River Valley AVA would achieve a 240 g/L sugar concentration
before 10 September by the 2030s/2020s with the RCP4.5/RCP8.5 scenario. Across all four
AVAs combined, less than 25% of the total AVA area would be classified as suitable to
support an optimal harvest window by the 2050s/2040s with the RCP4.5/RCP8.5 scenario.

Tables 5 and 6 list summary statistics for each AVA, including minima, maxima, and
first, second, and third quartiles, of the decadal means from the 1950s through the 2090s for
the GSR-model-computed day of year to achieve a 240 g/L sugar concentration while using
the RCP4.5 and RCP8.5 climate projections, respectively. As measured by their reported
median values for both emission scenarios, Fort Ross-Seaview was clearly and consistently
the AVA with the latest harvest date while Los Carneros was, in the same manner, the AVA
with the earliest. For both the RCP4.5 and RCP8.5 scenarios, the reported median values for
the Petaluma Gap and Russian River Valley each fell approximately in the middle between
Fort Ross-Seaview and Los Carneros. Petaluma Gap’s median GSR-model-computed day
of year values were consistently slightly higher valued than those calculated for the Russian
River Valley. For both emission scenarios, the reported median GSR-model day of year
values computed across all four AVAs consistently fell between the median values reported
for the Petaluma Gap and the Russian River Valley.

Across all fifteen decades, for RCP4.5 and RCP8.5, the average difference between
the median GSR model computed day of year values for the Fort Ross-Seaview AVA and
the Los Carneros AVA was 13.6 and 13.1 days, respectively. For the Petaluma Gap AVA
and the Los Carneros AVA, the average difference was 9 days for RCP4.5 and 8.7 days
for RCP8.5. For the Russian River Valley AVA and the Los Carneros AVA it was 6.2 and
6 days, respectively.

The difference in the median values of the GSR-model-computed day of year to
achieve a 240 g/L sugar concentration from the 1950s to the 2090s was 18.9/28.9, 17.1/27.0,
19.0/29.6, 18.6/28.9, and 18.4/28.7 days for the Fort Ross-Seaview AVA, Los Carneros
AVA, Petaluma Gap AVA, Russian River Valley AVA, and across all four AVAs while using
the RCP4.5/RCP8.5 climate projections. This equated to an approximate rate advance
of 1.3/1.9,1.1/1.8, 1.3/2.0, 1.2/1.9, and 1.2/1.9 days a decade for each AVA and their
aggregate area for the RCP4.5 and RCP8.5 scenarios, respectively. These estimates assume
no alteration of training or management system, scion rootstock combination, or seasonal
adaptation practices such as manipulating the leaf area to fruit weight ratio would be
implemented. For RCP4.5, Skahill et al. [32] computed a rate advance of 2.7 days a decade
for the WV AVA in Oregon.

3.3.3. Comparison of Reported Harvest Dates with GSR Model Calculations

For each AVA, Table 7 compares summaries of observed Pinot noir harvest dates
from 2010 to 2019 with their GSR model simulated counterparts. Across each AVA, the
observations were within the simulated bounds obtained for both GSR-modelled climate
projections. The observed and GSR-model-simulated harvest date summaries demon-
strated a similar pattern in that their values, when ranked, resulted in the same list of
AVAs. The harvest date summary rankings from earliest to latest were Los Carneros,
Russian River Valley, Petaluma Gap, and Fort Ross-Seaview. In addition, the reported
harvest date summaries agreed reasonably well with their simulated counterparts, with the
computed measures of central tendency for the GSR-modelled values differing with their
corresponding observations by 1-4.5 days. Moreover, a bias was also identified wherein
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the GSR-model-simulated harvest date summaries consistently predicted a slightly earlier
harvest date than their corresponding observations. The results from the limited set of
comparisons across the four AVAs potentially suggests that the RCP4.5 climate projection
could be an upper bound for the study area. However, that conclusion is uncertain given
that it was based on a single decade comparison (i.e., the 2010s) and that the measures of
central tendency for the GSR-modelled RCP4.5 and RCP8.5 harvest date summaries for
that decade differed at most by two days.

Table 7. For 2010-2019, a summary of limited observed technical data (harvest date and % alcohol)
and their associated GSR-model harvest date calculations for a 240 g/L sugar concentration for
Northern California’s Fort Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Valley
American Viticultural Areas for the RCP4.5 and RCP8.5 climate projections. The selected MACA
CMIP5 ensemble subset was used to compute the values of the GSR phenology model.

AVA Observations GSR (240 g/L): RCP4.5/RCP8.5
Harvest Date % Alcohol Mean Median Minimum Maximum
Fort Ross-Seaview 262.5 13.7 260/258 260/258 251/249 277/275
Los Carneros 250 14.5 247 /246 247 /246 240/239 252/251
Petaluma Gap 259 14.0 258/257 256/255 245/245 297/294
Russian River Valley 255 14.3 252/251 253/252 240/239 260/259

3.4. GSR-GST Relationships

Based on the similarity of the definitions for the GST climate index (Equation (1))
and the GSR phenology model (Equation (2)) and the updated Pinot noir specific bounds
for the GST climate index obtained by Skahill et al. [32] from modelling GSR and GST
values computed for Oregon’s WV AVA, this study explored whether a Pinot noir specific
GSR~-GST relationship such as the one identified for the WV AVA also exists for the Fort
Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Valley AVAs. Assuming a
highly correlated one-to-one GSR-GST functional relation does exist for each of the four
Northern California Pinot noir producing AVAs as it did for the WV AVA, it was also
of interest to further learn whether the updated Pinot noir specific upper bound for the
GST climate index varied by location. As in Skahill et al. [32], an updated upper bound
for the GST climate index was determined using the identified GSR-GST relationships
and a published optimal harvest window for the northern hemisphere (10 September—
10 October) [13,19-21].

For both climate projections, the computed GST climate index values and the day of
year values obtained from the Pinot noir specific applications of the GSR phenology model,
for either the 220 g/L or 240 g/L target sugar concentration, were highly correlated across
each AVA (Table S3). By decade, for each AVA and for either climate projection (RCP4.5
or RCP8.5) or sugar concentration level (220 g/L or 240 g/L), the computed correlation
coefficient was consistently less than —0.99 across all 15 decades (Table S3). In addition, the
fitted quadratic curves that modelled the observed nonlinear GSR-GST relationship across
all fifteen decades for each AVA, all four AVAs combined, and for either projection, were
clearly invertible (Figures 7-11) in a neighborhood of the day of year that corresponds with
10 September.

Figures 7-11 present plots of computed values for both climate projections of the GST
index and the GSR model, at a 220 g/L and 240 g/L target sugar concentration, for each
AVA and across all four AVAs. The plots also included the quadratic curves, for each climate
projection, that were fitted using the computed GST index and GSR model data from all
fifteen decades (1950s—2090s). The 220 g/L sugar concentration was also considered in
addition to the 240 g/L target level to allow for a comparison of the updated Pinot noir
specific upper bounds for the GST climate index for each of the four northern CA AVAs, at
that sugar level, with comparable results obtained from Skahill et al. [32] for the WV AVA.
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Figure 7. For the Fort Ross-Seaview American Viticultural Area, a scatter plot of the decadal mean
growing season average temperature (GST) index and the grapevine sugar ripeness (GSR) model day
of year from 1 January for Pinot noir to reach a (a) 220 g/L and (b) 240 g/L sugar concentration level.
Values were computed for the 1950s, 2020s, and 2090s using historic, RCP4.5, and RCP8.5 future
MACA CMIP5 model datasets and the selected MACA CMIP5 ensemble subset. Also shown are
the quadratic model fits to the GSR and GST decadal mean calculations across all fifteen decades
(1950s-2090s) for the RCP4.5 and RCP8.5 projections, and the fitted model’s GST index values that
correspond to 10 September and 10 October (i.e., the dashed lines).
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Figure 8. For the Los Carneros American Viticultural Area, a scatter plot of the decadal mean growing
season average temperature (GST) index and the grapevine sugar ripeness (GSR) model day of year
from 1 January for Pinot noir to reach a (a) 220 g/L and (b) 240 g/L sugar concentration level. Values
were computed for the 1950s, 2020s, and 2090s using historic, RCP4.5, and RCP8.5 future MACA
CMIP5 model datasets and the selected MACA CMIP5 ensemble subset. Also shown are the quadratic
model fits to the GSR and GST decadal mean calculations across all fifteen decades (1950s—2090s)
for the RCP4.5 and RCP8.5 projections, and the fitted model’s GST index values that correspond to
10 September and 10 October (i.e., the dashed lines).
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Figure 9. For the Petaluma Gap American Viticultural Area, a scatter plot of the decadal mean
growing season average temperature (GST) index and the grapevine sugar ripeness (GSR) model day
of year from 1 January for Pinot noir to reach a (a) 220 g/L and (b) 240 g/L sugar concentration level.
Values were computed for the 1950s, 2020s, and 2090s using historic, RCP4.5, and RCP8.5 future
MACA CMIP5 model datasets and the selected MACA CMIP5 ensemble subset. Also shown are
the quadratic model fits to the GSR and GST decadal mean calculations across all fifteen decades
(1950s—2090s) for the RCP4.5 and RCP8.5 projections, and the fitted model’s GST index values that
correspond to 10 September and 10 October (i.e., the dashed lines).
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Figure 10. For the Russian River Valley American Viticultural Area, a scatter plot of the decadal mean
growing season average temperature (GST) index and the grapevine sugar ripeness (GSR) model day
of year from 1 January for Pinot noir to reach a (a) 220 g/L and (b) 240 g/L sugar concentration level.
Values were computed for the 1950s, 2020s, and 2090s using historic, RCP4.5, and RCP8.5 future
MACA CMIP5 model datasets and the selected MACA CMIP5 ensemble subset. Also shown are
the quadratic model fits to the GSR and GST decadal mean calculations across all fifteen decades
(1950s-2090s) for the RCP4.5 and RCP8.5 projections, and the fitted model’s GST index values that
correspond to 10 September and 10 October (i.e., the dashed lines).
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Figure 11. For all four American Viticultural Areas combined (Fort Ross-Seaview, Los Carneros,
Petaluma Gap, and Russian River Valley), a scatter plot of the decadal mean growing season average
temperature (GST) index and the grapevine sugar ripeness (GSR) model day of year from 1 January
for Pinot noir to reach a (a) 220 g/L and (b) 240 g/L sugar concentration level. Values were computed
for the 1950s, 2020s, and 2090s using historic, RCP4.5, and RCP8.5 future MACA CMIP5 model
datasets and the selected MACA CMIP5 ensemble subset. Also shown are the quadratic model fits to
the GSR and GST decadal mean calculations across all fifteen decades (1950s-2090s) for the RCP4.5
and RCP8.5 projections, and the fitted model’s GST index values that correspond to 10 September
and 10 October (i.e., the dashed lines).

The highly correlated one-to-one GSR-GST relationships that exist for each AVA
and across all four AVAs (Table S3; Figures 7-11) were combined with a known optimal
harvest window (10 September—10 October) to map the phenology data encapsulated
in the GSR model (Parker et al., 2020) on to the GST index and update the Pinot noir
specific upper bound which is known to be greater than 16 °C but uncertain [36]. The
fitted quadratic curves for both climate projections agreed well for each modelled sugar
level in a neighborhood of the day of year corresponding to 10 September (Figures 7-11).
This was the area of interest in each plot given the focus was to determine an updated
Pinot noir specific upper bound for the GST climate index for each AVA and across all
four AVAs combined. At a 220 g/L target sugar concentration, the updated upper bound
was 17.6,17.5,17.6,17.5, and 17.6 °C for the Fort Ross-Seaview AVA, Los Carneros AVA,
Petaluma Gap AVA, Russian River Valley AVA, and across all four AVAs. For a 240 g/L
sugar concentration, it was 17.9,17.8,17.9, 17.8, and 17.9 °C.

The study results indicated that an updated Pinot noir specific upper bound for the
GST climate index is sugar-concentration dependent. The updated Pinot noir specific
upper bounds for the GST climate index at the 220 g/L target sugar level agreed well with
comparable results recently reported upon for Pinot noir in the WV AVA [32]. Their close
agreement suggests that the originally reported upon updated upper bound of 17.6 °C for
Pinot noir for the GST climate index is spatially invariant. It is notable to mention that the
results from this study and the study by Skahill et al. [32] were each performed using two
distinct downscaled CMIP5 model archives, the MACA CMIP5 and LOCA CMIP5 archives,
respectively. Moreover, spatial invariance for an updated Pinot noir specific upper bound
for the GST climate index was also suggested by the results obtained from across the four
northern CA AVAs at either sugar level. Additional related studies for other Pinot noir wine
grape growing regions are encouraged to further examine results from application of the
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methodology presented herein to compute a Pinot noir specific updated upper bound for
the GST climate index. The approach could be applied for other cultivars. Its application
has the potential to expand the originally reported upon set of twenty-one cultivar-specific
GST index bounds to the sixty-five cultivars associated with the GSR phenology model [35].

Pinot noir specific applications of the GSR phenology model and the GST climate
index were computed on a gridded basis by decade from the 1950s to the 1990s for the four
northern CA AVAs using the gridded topography weather (TopoWx) dataset. The GST
climate index value corresponding with 10 September was computed from the quadratic
model that was fitted to the five decades of GSR model and GST index values that were com-
puted throughout each AVA. The same procedure was performed using the MACA CMIP5
ensemble subset that optimized evaluations of the GST index for 1979-2005 throughout the
box region defined by (38.04° N, 38.71° N) x (—123.42° E, —122.21° E) that contained the
Fort Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Valley AVAs. For the
TopoWx dataset, at a 220 g/L target sugar concentration, the updated Pinot noir specific
GST index upper bound was 18.0, 18.0, 18.0, and 17.9 °C for the Fort Ross-Seaview AVA,
Los Carneros AVA, Petaluma Gap AVA, and the Russian River Valley AVA. For a 240 g/L
sugar concentration, it was 18.2, 18.3, 18.3, and 18.2 °C. For the MACA CMIP5 optimal
ensemble subset, at a 220 g /L target sugar concentration, the updated Pinot noir specific
GST index upper bound was 17.5, 17.5, 17.6, and 17.5 °C for the Fort Ross-Seaview AVA,
Los Carneros AVA, Petaluma Gap AVA, and the Russian River Valley AVA. For a 240 g/L
sugar concentration, it was 17.8, 17.8,17.9, and 17.8 °C. For either sugar level, the results
obtained using the TopoWx dataset for the 1950s-1990s were biased consistently higher,
by 0.4-0.5 °C for each of the AVAs, relative to the comparable results obtained using the
MACA CMIP5 ensemble subset. However, they also further confirmed spatial invariance,
albeit sugar concentration dependent, for the updated Pinot noir specific upper bound for
the GST climate index.

4. Conclusions

This study examined historic and future projections of climate suitability for the
cultivar Pinot noir in the Fort Ross-Seaview, Los Carneros, Petaluma Gap, and Russian
River Valley AVAs of northern CA. Regardless of the modelled climate projection (RCP4.5
or RCP8.5), Los Carneros, Russian River Valley, Petaluma Gap, and Fort Ross-Seaview
consistently ranked as the warmest to coolest based on each AVA’s median GST index values.
The medians of the calculated GSR values throughout each AVA demonstrated a similar
pattern, with Los Carneros, Russian River Valley, Petaluma Gap, and Fort Ross-Seaview
consistently ranked as the earliest to latest AVAs to achieve a 240 g/L sugar concentration.
From the 1950s to the 2090s,a 2.1/3.6,2.4/4.2,2.3/4.0,2.3/4.0, and 2.3/4.0 °C increase in
the GST index and a rate advance of 1.3/1.9,1.1/1.8,1.3/2.0,1.2/1.9,and 1.2/1.9 days a
decade was computed for the Fort Ross-Seaview AVA, Los Carneros AVA, Petaluma Gap
AVA, Russian River Valley AVA, and across all four AVAs while using the RCP4.5/RCP8.5
climate projections, respectively. Comparable results were recently obtained and reported
upon for Oregon’s Willamette Valley AVA using similar methods [32]. Comparing the
computed temperature increases and rate advances from that study with this one suggests
the impacts of climate change to be more pronounced for Pinot noir in the WV AVA relative
to the four northern CA AVAs.

For each AVA and RCP-emission scenario, there was a progressive trend of decreas-
ing area to support an optimal harvest window (10 September-10 October) for Pinot
noir at a 240 g/L target sugar concentration. By the 2050s/2040s, less than 50% of
the Fort Ross-Seaview AVA would be suitable to support an optimal harvest window
with the RCP4.5/RCP8.5 scenario. Greater than 50% of the Los Carneros AVA would
achieve a 240 g/L sugar concentration before 01 September by the 2030s/2020s with the
RCP4.5/RCP8.5 scenario. Less than 50% of the Petaluma Gap AVA would support an
optimal harvest window by the 2030s/2020s with the RCP4.5/RCP8.5 scenario. Greater
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than 90% of the Russian River Valley AVA would achieve a 240 g/L sugar concentration
before 10 September by the 2030s/2020s with the RCP4.5/RCP8.5 scenario.

Updated Pinot noir specific upper bounds for the GST climate index were consistent
across the four AVAs, approximately 17.6 °C for a 220 g/L sugar concentration and 17.9 °C
for a 240 g/L sugar concentration. At the 220 g/L sugar concentration, the updated upper
bounds were not only consistent across the four AVAs but also with results reported from a
previous study for Pinot noir in the Willamette Valley AVA. The updated GST index upper
bounds suggest premium Pinot noir can be produced not only for cool climates, but also
for intermediate and mildly warm GST viticulture climate classifications.

The methods that were applied in this study for updating the GST climate index
upper bound for Pinot noir are applicable for other cultivars. Updated or altogether new
GST climate index bounds are possible for up to sixty-five cultivars using methods from
this study:.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13030696/s1, Figure S1: Locations of the Fort Ross-
Seaview, Los Carneros, Petaluma Gap, Russian River Valley, and North Coast American Viticultural
Areas (AVAs). The study area AVAs (Fort Ross-Seaview, Los Carneros, Petaluma Gap, and Russian
River Valley) are all nested within the North Coast AVA; Figure S2: Locations of the Fort Ross-Seaview,
Los Carneros, Petaluma Gap, Russian River Valley, and Northern Sonoma American Viticultural
Areas (AVAs). The Russian River Valley AVA is nested within the Northern Sonoma AVA; Figure S3:
Locations of the Fort Ross-Seaview, Los Carneros, Petaluma Gap, Russian River Valley, and Sonoma
Coast American Viticultural Areas (AVAs). The Fort Ross-Seaview, most of the Russian River Valley,
and the sections of the Los Carneros and Petaluma Gap within Sonoma County are all nested
within California’s Sonoma Coast AVA; Figure S4: Locations of the Fort Ross-Seaview, Los Carneros,
Petaluma Gap, Russian River Valley, Napa Valley, and Sonoma Valley American Viticultural Areas
(AVAs). The land area of the Los Carneros AVA in Napa/Sonoma County is nested within the
Napa/Sonoma Valley AVA; Figure S5: The percent distribution of the GST climate index values,
classified according to Table 1, within the Fort Ross-Seaview AVA, computed by decade from the 1950s
through the 2090s, for the RCP4.5 climate projection; Figure S6: The percent distribution of the GST
climate index values, classified according to Table 1, within the Fort Ross-Seaview AVA, computed by
decade from the 1950s through the 2090s, for the RCP8.5 climate projection; Figure S7: The percent
distribution of the GST climate index values, classified according to Table 1, within the Los Carneros
AVA, computed by decade from the 1950s through the 2090s, for the RCP4.5 climate projection; Figure
S8: The percent distribution of the GST climate index values, classified according to Table 1, within
the Los Carneros AVA, computed by decade from the 1950s through the 2090s, for the RCP8.5 climate
projection; Figure S9: The percent distribution of the GST climate index values, classified according
to Table 1, within the Petaluma Gap AVA, computed by decade from the 1950s through the 2090s, for
the RCP4.5 climate projection; Figure S10: The percent distribution of the GST climate index values,
classified according to Table 1, within the Petaluma Gap AVA, computed by decade from the 1950s
through the 2090s, for the RCP8.5 climate projection; Figure S11: The percent distribution of the GST
climate index values, classified according to Table 1, within the Russian River Valley AVA, computed
by decade from the 1950s through the 2090s, for the RCP4.5 climate projection; Figure S12: The percent
distribution of the GST climate index values, classified according to Table 1, within the Russian River
Valley AVA, computed by decade from the 1950s through the 2090s, for the RCP8.5 climate projection;
Figure S13: The percent distribution of the GST climate index values, classified according to Table 1,
within all four study area AVAs combined (i.e., Fort Ross-Seaview, Los Carneros, Petaluma Gap, and
the Russian River Valley), computed by decade from the 1950s through the 2090s, for the RCP4.5
climate projection; Figure S14: The percent distribution of the GST climate index values, classified
according to Table 1, within all four study area AVAs combined (i.e., Fort Ross-Seaview, Los Carneros,
Petaluma Gap, and the Russian River Valley), computed by decade from the 1950s through the 2090s,
for the RCP8.5 climate projection; Figure S15: The percent distribution of the GSR model computed
day of year values to achieve a 240 g/L sugar concentration within the Fort Ross-Seaview AVA,
computed on a decadal basis from the 1950s through the 2090s, for the RCP4.5 climate projection;
Figure S16: The percent distribution of the GSR model computed day of year values to achieve a 240
g/L sugar concentration within the Fort Ross-Seaview AVA, computed on a decadal basis from the
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1950s through the 2090s, for the RCP8.5 climate projection; Figure S17: The percent distribution of
the GSR model computed day of year values to achieve a 240 g/L sugar concentration within the
Los Carneros AVA, computed on a decadal basis from the 1950s through the 2090s, for the RCP4.5
climate projection; Figure S18: The percent distribution of the GSR model computed day of year
values to achieve a 240 g/L sugar concentration within the Los Carneros AVA, computed on a decadal
basis from the 1950s through the 2090s, for the RCP8.5 climate projection; Figure S19: The percent
distribution of the GSR model computed day of year values to achieve a 240 g/L sugar concentration
within the Petaluma Gap AVA, computed on a decadal basis from the 1950s through the 2090s, for
the RCP4.5 climate projection; Figure 520: The percent distribution of the GSR model computed day
of year values to achieve a 240 g/L sugar concentration within the Petaluma Gap AVA, computed
on a decadal basis from the 1950s through the 2090s, for the RCP8.5 climate projection; Figure S21:
The percent distribution of the GSR model computed day of year values to achieve a 240 g/L sugar
concentration within the Russian River Valley AVA, computed on a decadal basis from the 1950s
through the 2090s, for the RCP4.5 climate projection; Figure S22: The percent distribution of the GSR
model computed day of year values to achieve a 240 g/L sugar concentration within the Russian
River Valley AVA, computed on a decadal basis from the 1950s through the 2090s, for the RCP8.5
climate projection; Figure S23: The percent distribution of the GSR model computed day of year
values to achieve a 240 g/L sugar concentration within all four study area AVAs combined (Fort
Ross-Seaview, Los Carneros, Petaluma Gap, and Russian River Valley), computed on a decadal
basis from the 1950s through the 2090s, for the RCP4.5 climate projection; Figure S24: The percent
distribution of the GSR model computed day of year values to achieve a 240 g/L sugar concentration
within all four study area AVAs combined (Fort Ross-Seaview, Los Carneros, Petaluma Gap, and
Russian River Valley), computed on a decadal basis from the 1950s through the 2090s, for the RCP8.5
climate projection; Table S1: The 20 models and modelling groups that provided the global climate
model data for MACA downscaling (https://climate.northwestknowledge.net/MACA /GCMs.php,
(accessed on 24 February 2023)); Table S2: Summarized performance for each individual model from
the MACA CMIP5 archive, the MACA CMIP5 ensemble subset obtained from application of the
elastic net penalty, and the MACA CMIP5 twenty model ensemble mean to match the Metdata dataset
(Abatzoglou, 2013) during 1979-2005 for the box region defined by (38.04°N, 38.71°N) x (—123.42°E,
—122.21°E). The three measures summarizing model performance included the percent bias (PBIAS),
the Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970), and the Kling-Gupta efficiency (KGE)
(Gupta et al., 2009); Table S3: For the RCP4.5 and RCP8.5 climate projections, correlations across each
AVA by decade of the computed GST climate index values and the day of year values obtained from
the Pinot noir specific applications of the GSR phenology model, for either the 220 g/L or 240 g/L
target sugar concentration (regular font: GSR (220 g/L); italics and underlined font: GSR (240 g/L)).
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