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Abstract

Improved assessment of wine grape yield responses to future climate are
needed to understand potential damages from climate change and to prioritize
adaptation strategies. We evaluated the effect of climate change on wine grapes
in California using outputs from multiple climate models to evaluate climate
uncertainty, multiple emissions scenarios to evaluate uncertainty in emission
pathways, and multiple statistical yield models to evaluate yield response
uncertainties. Our model found higher yields associated with moderate nights in
April and higher precipitation in June and the October proceeding harvest (R%ad]
= 0.66). We found that wine grape yields in California are likely to experience a
decline of 5% by the end of the century if future yield changes from climate do
not exceed historical extremes, with 90% confidence intervals including both
climate and crop uncertainties of +8 to -13%. If future yield changes do exceed
historical extremes, yields are likely to decline by 10% (90% confidence intervals:
+10 to -39%). The areas modeled to have high yields overlap with the currently
planted areas, but shift towards the coast and the north with future warming.
While wine grape yield is highly manipulated by viticulturists, a warming climate
may limit management options by stressing the growing and ripening capacities
of vines.

Introduction

* Producing high-quality wine requires both human skill in vineyard management
and winemaking, and environmental conditions suited to the optimal ripening of the
grape on the vine. As wine grapes are long-lived perennial crops often in
production for many decades, they are potentially sensitive to changes in climate.

Developing a model of wine grape yields and climate

* We developed a statistical model correlating California wine grape yields with
historical climate data, using state agency yield data (CASS, 2004) and daily
weather data from 382 cooperative weather stations throughout California (M.
Tyree, personal communication). We then generated a monthly climate time series
for the average daily minimum and maximum temperatures and precipitation, and
made it statewide by weighing each county by the relative area of wine grapes in
that county in 2003 (Lobell et al., 2007). To avoid the confounding effect of
changes in yield due to management and cultivar changes, we removed a linear
trend from wine grape yields to produce a time series of yield anomalies to
correlate with historical weather. For wine grapes, the trend over 24 years was a
modest increase of 9.4% (Lobell et al., 2007).

*We used linear regression models (included a second-order polynomial
regression) to identify key climate variables and periods that explained anomalies
in wine grape yields (Lobell et all, 2007). The predictive power of each regression
was assessed using its coefficient of determination (R?), avoiding false correlations
with other months and evaluating models against a normally distributed time series
of random variables. The three most powerful climate variables during key months
were then included in a multiple regression using the climate variables as
predictors. Finally, to assess the contribution of climate to yield trends, the original
vield data (without the linear trend removed) was modeled as a function of time
and the selected climate variables (Lobell et al., 2007).

Projecting future wine grape yields under climate change

* We used six global climate models with daily projections available for both day
and nighttime temperatures: CSIRO, GISS, INM, MIROC high and medium
resolution, and NCAR CCSM3 (Lobell et al., 2006) for three IPCC emissions
scenarios: A2 (medium high, with a projected 2100 CO,, concentration of about
850ppm), A1B (medium, 720ppm in 2100), and B1 (lower, 550ppm in 2100).

* We performed analyses to account for two types of uncertainty in the crop
models we developed. First, we used 100 replicates of bootstrap resampling of the
historical record to generate new estimates of the model coefficients (Efron and
Gong, 1983), then applied these models repeatedly to the simulated climate, to
account for the fact that the models we developed were based on discrete
historical observations (Lobell et al., 2006). Second, we applied the crop models
with and without allowing yields to exceed historical extremes, to account for the
fact that future climate may exceed the historical ranges upon which the models
were developed (Lobell et al., 2006).

Results
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Observed (points) and modeled (curve) yield anomaly vs. most important climate anomalies for California statewide wine grape yields, 1980-
2003. Vertical line shows 1980-2003 statewide average temperature or precipitation. The selected model for wine grape yields was:
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Y =2.65T, , - 0.17T2 , +4.78P, -4.93P2, -2.24P ; +1.54P2 - 10.50,

where Y represents yield anomaly (in units of tons acre™), T_is monthly average minimum temperature (°C), P is precipitation (mm), and the
subscript number represents the month of the climate variable used, with negative values indicating a year prior to harvest (Lobell et al.,
2006). This model shows that wine grape yields were favored by a warm April and higher precipitation in June and in the September before
harvest (R%adj=0.66).
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Wine grape yield changes associated with future climate projections. Yields are expressed as units of % anomaly from 2000-2003 average vields, and plotted as
19-year running averages to highlight trends. Black line shows median projection. Dark shaded area shows 90% confidence interval after accounting for climate
uncertainty (multiple climate models and emissions scenarios) and light shaded area shows 90% confidence interval after accounting for both climate and crop
yield uncertainty (using bootstrap resampling for crop models). In Figure (a), yield anomalies were constrained to historical extremes, while in Figure (b), yield
anomalies were allowed to exceed historical extremes.
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Annual average temperature change in California projected for 2070-2100 by the combination
of six climate models and three greenhouse gas emissions scenarios in the PCMDI database.
Gray points show models whose output were used in crop model development. Scenarios are
A1Db (square), A2 (circle), and B1 (triangle).We found that temperature changes for California
are likely to show an annual average increase of 1-3°C by 2050 and 2-6°C by 2100,
depending on climate sensitivity and emissions scenario. Across all climate models, the
average end-century temperature increases under the medium A1B versus the lower B1
scenario was approximately +1°C, and the average increase between the A1b and medium-
high A2 scenarios was an average of a further +0.5°C. Within one emissions scenario across
all climate models, the range for the temperature projection was approximately +1°C from the
average increase for both the B1 and A2 scenarios, and approximately +1.5°C for the A1b
scenario (Cahill et al., in review).

Results, continued
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Map of current statewide area of wine grapes, current yield of wine grapes, and projected future
yields relative to current state average. We conducted an analysis to determine which counties
were currently suitable to produce favorable wine grape yields, and how those might shift under
future climate change (Lobell et al., 2006). Currently, 25 of California's 58 counties have climate
conditions suitable to produce at least 95% of the current average yield. Wine grape plantings are
concentrated in these counties, demonstrating that viticulturists have selected planting areas well.
With a 2 degree C average temperature increase, suitable counties will shift westward along the
entire coastline and the number of suitable counties will actually expand to 38, which overlaps with
77% of currently planted area. With a 4 degree C average temperature increase, suitable areas
shift to the northern half of the state, focused in coastal and Sierra foothill regions. Under this
scenario, 26 counties are suitable to favorable wine grape yields, but only 33% of currently planted
wine grape vineyards are in those counties. Warming of this magnitude would create substantial
changes from current planting styles and areas.

Conclusions

We developed models that were successful in using simple climate variables to explain a significant
amount of historical wine grape yield variability. When we applied these models to future climate
projections, we found a small likelihood of climate change benefiting wine grape yields in California.
Although they are less impacted than other perennial crops, wine grape yields are still likely to be
negatively impacted by climate warming (Lobell et al., 2006). A larger and more negative impact on
yields and on the areas conducive to good wine grape yields is projected under greater warming.

Significant adjustments may be required to adapt wine grape varieties, management, and growing
regions to a changing climate over the coming century, and the magnitude of these adjustments could
be affected by human emissions of greenhouse gases during that time. Greater warming will likely
place greater stresses on high-quality winegrowing, particularly by the end of the 21st century.

This work is useful in establishing a baseline for our understanding of the effects of climate and
climate change on winegrowing in California. Still, more work is needed to examine in more detail the
effects of climate on wine grape yields and quantifiable metrics of quality for particular varieties and
regions, since there is likely to be considerable regional and varietal variability not evident at the state
scale. Future work should also explicitly include the role of vineyard management in affecting wine
grape quality and yields, as this will make this line of research of greater interest and use to
viticulturists.
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