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Wine hydrogen and oxygen stable isotopes record the climatic conditions experienced by the grape
vine and the isotopic composition of the vine’s source water during berry development. As such,
stable isotopes have been explored extensively for use in detecting wine adulteration or for
independently verifying claims of origin. We present the results of a study designed to evaluate the
relationships between wine water δ18O and spatial climate and precipitation δ18O patterns across
the winegrape-growing regions of Washington, Oregon, and California. Retail wines produced from
typically small vineyards across these regions were obtained from the 2002 vintage, and the δ18O of
wine water was analyzed using a CO2 equilibration method. Significant correlations were observed
between the measured wine water δ18O from 2002 and the long-term average precipitation δ18O and
late season 2002 climate, based on a spatial join with continuous geographic information system
(GIS) maps of these drivers. We then developed a regression model that was implemented spatially
in a GIS. The GIS model is the first of its kind and allows spatially explicit predictions of wine δ18O
across the region. Because high spatial resolution monthly climate layers are now available for many
years, wine δ18O could be modeled for previous years. We therefore tested the model by executing
it for specific years and comparing the model predictions with previously published results for wine
δ18O from seven vintages from Napa and Livermore Valleys, California. With the exception of one
year, an anomaly potentially related to the effects of El Niño on precipitation isotopic composition,
the model predicted well the wine δ18O for both locations for all vintages and generally reflected the
consistent enrichment of wine from Napa relative to Livermore. Our results suggest that wine water
δ18O records both source water δ18O and climate during the late stages of winegrape ripening and
that GIS models of wine water δ18O are useful tools for independently verifying claims of regional
origin and vintage.
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INTRODUCTION

Wine is an agricultural product that derives much of its
commercial value from the geographic location and year of
winegrape production (1). Recognition of this has led to
regulations in most wine-producing regions and the pursuit of
many different independent methods of verifying claims of
provenance and vintage (2-6). Stable isotope ratios have been
particularly useful in making these verifications, especially in
the European market (7). The stable isotope ratios of water
(oxygen and hydrogen) yield unique geographic information (8,
9), primarily because of the predictable spatial variation of
precipitation stable isotope ratios over the Earth’s surface (10,
11). This spatial variation in precipitation is recorded in plant
material since plants take up soil water that is derived generally

from local precipitation and incorporate hydrogen and oxygen
atoms into the products of photosynthesis (12-14). For crops
that are irrigated, this additional water can differ isotopically
from local precipitation inputs, especially if that water is
transported over long distances, and can therefore affect plant
isotopic composition. Stable oxygen and hydrogen isotope ratios
of wine have therefore commonly been used to detect adultera-
tion of wines (3, 15, 16), to identify or verify claims of
winegrape source locations (8-9,17), and as recorders of
climate (18,19).

Although it is true that stable isotopes have been used for
years in this way, there has not been a strong effort to try to
model wine isotopes to explicitly predict source regions, nor
have potentially powerful tools such as geographic information
systems (GISs) been utilized. We were interested in evaluating
the potential for wine oxygen stable isotope ratios (δ18O) to
integrate and record precipitation stable isotope ratios and the
climatic conditions during winegrape growth. We were further
interested in developing a model of wineδ18O that could be
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executed in a GIS to allow spatially and temporally explicit
predictions of wine stable isotope ratios for winegrape-growing
regions in the coastal western United States. Wineδ18O values
have been explicitly linked to source waterδ18O (20-22),
although in at least one paper it has been claimed that
temperature and humidity have a dominant control on wineδ18O
values, essentially eliminating the source water signal (19).
Grape water should primarily reflect the evaporative conditions
of the grape water prior to harvest (20, 21, 23). Therefore, it
should incorporate an isotopic “signal” both from the water
accessed by the grapevine roots and from the evaporative
conditions experienced by the grape. If a more detailed
understanding of the controls on wine stable isotope ratios can
be obtained, especially in a spatial context, the utility of wine
stable isotope ratios in forensics and as archives of past
conditions would be significantly improved.

Our approach to the development of a spatially and temporally
explicit model of wineδ18O was to sample industrial wines
(produced commercially and purchased from retail stores) from
the 2002 vintage that were derived from grapes grown in
vineyards located along a primarily north to south transect along
the western coast of the United States and analyze the wine
waterδ18O for all samples. The wine waterδ18O of these wines
was then compared to spatially continuous GIS map layers of
source waterδ18O and climate to evaluate the impacts of these
two large-scale drivers on wine waterδ18O. Following a
determination of the relevant climatic drivers, a model was
developed that predicted wine waterδ18O values from long-
term average source waterδ18O (precipitation) and climatic
conditions for specific years. This model was then implemented
as a raster overlay in a GIS and run using continuous raster
grids as drivers. The model outputs for appropriate years were

then compared to previously published results for two locations
in California reported by Ingraham and Caldwell (19).

MATERIALS AND METHODS

Wine samples were obtained from retail outlets and conformed to
the following specifications: (1) 2002 vintage, (2) estate bottled or
other identification that made an explicit claim of a discrete source of
the grapes (e.g., a single vineyard identified on the bottle), and (3)
Pinot Noir (n ) 12), Zinfandel (n) 12), or Chardonnay (n) 15)
varieties, and including one sample each of two other varieties (Merlot
and Sangiovese). Although this approach introduces some uncertainty
related to the accuracy of the label information, we believe that those
U.S. producers that make claims of estate bottling or specific identifica-
tions of vineyards generally provide accurate label information,
especially wines from smaller producers (the majority of samples
acquired). The sample geographic and elevation distribution is shown
in Figure 1. Samples were obtained from a significant north-south
gradient of wine-producing regions along the western coast of the
United States, as well as an east-west transect across the Central Valley
of California. The wine samples were then analyzed for wine water
δ18O. A subset of these samples (n ) 22) was also analyzed for wine
distillate δ18O.

Wine water δ18O was obtained by first quantitatively vacuum
distilling a 1 mL wine sample to remove wine solids and to allow
complementary analysis of the complete distillateδ18O of the same
sample (see below). The 1 mL wine sample was distributed across clean
glass wool, frozen to liquid nitrogen temperatures, placed under vacuum,
and then heated to approximately 100°C under vacuum in a closed
system with a cold finger at liquid nitrogen temperatures. Distillation
continued to completion. Following distillation, a 500µL aliquot was
then taken from each of these distillates and equilibrated for 48 h with
10% CO2 gas at approximately 21°C (room temperature of a climate-
controlled building). Theδ18O of the equilibrated CO2 gas was then
analyzed with an elemental analyzer coupled to a Finnigan MAT Delta

Figure 1. Geographical distribution of wine samples shown over a digital elevation map. All samples were obtained from bottles purchased at retail
outlets labeled with either “estate bottled” or some other indication of locally sourced grapes (e.g., identification of the source vineyard) and were 2002
vintages. Grape varieties are as indicated in the legend. Smaller symbols are for varieties with only one sample.
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Plus mass spectrometer (Thermo Electron Co., Waltham, MA). CO2

rapidly equilibrates with water and has been shown to reflect accurately
the δ18O of water in water/ethanol mixtures (22, 24). Laboratory
standard water samples calibrated on the V-SMOW scale were included
with each set to allow the empirical calculation of the equilibrium offset
between waterδ18O and equilibrated CO2 δ18O, eliminating the need
to carefully control the temperature during equilibration (25, 26). We
conducted several evaluations of the accuracy and precision of
quantifying wine waterδ18O using this method. The range of variation
in δ18O of the CO2 from the same known water sample was 1σ )
0.2‰, that of replicate injections from a single vial was 1σ ) 0.1‰,
and that of replicate samples from a given bottle of wine carried through
the entire process was 1σ) 0.2‰. In addition to the waterδ18O, the
complete distillate (primarily water and ethanol) was also analyzed for
δ18O with a high-temperature conversion/elemental analyzer (TC/EA)
coupled to a Finnigan Delta Plus XL mass spectrometer for a subset
of samples (n ) 18; δ2H was obtained as well from this analysis, but
will be discussed only briefly).

All results were incorporated into a wine stable isotope database
that included the location of the vineyard, as well as other information
about the sample. These data were then imported to ArcGIS as a point
vector (shape) file. This vector data layer was intersected with raster
data layers of long-term annual average expected precipitationδ18O
(from http://waterisotopes.org) and modeled monthly means of daily
minimum and maximum air temperatures and mean daily dew point
temperatures (from http://www.ocs.orst.edu/prism/) to yield long-term
average precipitationδ18O and monthly climate data for each wine
sample location. The long-term annual average precipitationδ18O map
was selected for two primary reasons. First, the utilization of a
continuous data layer such as this map provides estimated long-term
average precipitation values for any location, and second, once the
model is developed, wine waterδ18O can be predicted for locations
not sampled directly by executing the model for all grid cells in the
input layers. It therefore represents a compromise between source water
accuracy and achieving the modeling goals.

Although the precipitation map cannot specifically identify plant
source water, since it is based on long-term precipitation averages, it
should represent the isotopic composition of the long-term average soil
moisture available to plants, with some important caveats for irrigated
crops such as some winegrapes. The map cannot account for any
significant input of isotopically distinct irrigation water (e.g., water
transported over long distances), nor does it account for any other
potential isotopic changes, such as evaporation from soil surfaces. The
degree of error introduced by irrigation water depends on the isotopic
divergence of irrigation water from local precipitation and the volume
of water applied. It is not currently possible to quantitatively evaluate
this error in detail; however, some discussion of the likely degree of
error is justified. The source of irrigation water is important. If, for
example, river water is utilized, then the isotopic composition of
irrigation water has the potential to be somewhat depleted relative to
that predicted by the precipitation map in the western United States,
especially in high topographic relief areas (27). If, however, there is
long-distance transport, or the source is a relatively shallow reservoir,
then the source water has the potential to be enriched relative to long-
term average precipitation. Groundwater has been shown to be similar
to long-term average local precipitation especially if recharge rates are
relatively high (28,29), but relatively complex interactions have been
observed among precipitation, surface water, and groundwater (30),
and fossil water can differ significantly from the mean isotopic
composition of precipitation for recent decades.

A semiquantitative estimate of the potential divergence between
precipitation and irrigation water can be made by comparing the
difference between the mapped precipitationδ18O and theδ18O of local
municipal waters for the region under study. In a recent paper the
isotopic composition of municipal waters collected in many locations
across the United States has been reported, as well as an interpolated
map similar to that produced for precipitation for the surface of the
Earth (31). Local municipal water should approximate irrigation water
since municipal water can draw on multiple sources that should be
similar to those utilized by agriculture. In addition, some winegrape
growers irrigate with “recycled” municipal wastewater (32). According

to Bowen et al. (31), the differences observed between measured tap
water δ18O and the mapped annual precipitationδ18O (tap minus
precipitation) for the states of Washington, California, and Oregon
ranged from approximately-2‰ to as high as 6‰ for the regions of
interest, with most observations showing a range of less than(2‰.
These potential divergences need to be considered relative to their
proportional contribution to vine water, especially after veraison when
deficit irrigation is often utilized. Of course, individual vineyards in
individual years have the potential to differ, even dramatically, from
these generalizations. In this context, it is also important to recognize
that significant interannual variation in the isotopic composition of
precipitation itself could also result in error in our attempts to relate
measured wine waterδ18O to modeled wine waterδ18O since the current
model does not incorporate interannual variability in precipitationδ18O.
Because higher density maps with greater annual resolution are not
currently available, we believe that this annual map represents the best
current proxy for plant available waterδ18O at the scale of regions
such as the western United States. We therefore utilize this approach
primarily to evaluate its potential to improve understanding of wine
isotopic variation, recognizing the uncertainties in estimating the
isotopic composition of vine source water discussed here. Future efforts
will subsequently be directed at quantifying these errors and improving
the models and model products.

There are several potential sources of continuous, gridded climate
data for this area (33); however, we selected the PRISM dataset
produced by the Oregon Climate Service (34) because of its specific
focus on the climate of the United States and the explicit incorporation
of terrain effects in addition to elevation. These climate datasets are
available at a relatively high spatial resolution (0.042° grid cells) and
for all years and months necessary for this analysis. Recent analyses
suggest that reanalysis and common interpolation methods generally
agree, yielding high confidence in the use of these interpolated datasets
(33).

Following intersection with the precipitationδ18O and 2002 climate
data layers, correlation analyses were performed to evaluate the potential
roles of both source waterδ18O and climate (derived from these raster
data layers) in controlling geographic variation in wine waterδ18O. In
addition to the correlation analyses, a multiple-linear-regression model
was fitted to the data that incorporated as drivers the precipitationδ18O
and the climate immediately preceding and during grape harvest for
most winegrapes (means of September and October). This fitted multiple
regression was then explored as a potential mechanistic explanation of
the spatial variation in wine waterδ18O. This was done by developing
a raster overlay model from this regression model. The raster overlay
simply involves executing the multiple-regression model at each grid
cell using precipitationδ18O and the climate layers as the input variables
and producing a new raster containing the results of that calculation
for each corresponding grid cell (more detail on these GIS approaches
may be found at http://isoscapes.org). The model was then executed
using the appropriate climate layers for the years for which a previously
published longitudinal survey of wineδ18O was conducted for two
locations in California (Napa and Livermore Valleys). A shape file
containing the locations of Napa and Livermore cities was then
intersected with each year’s model predictions. A graphical comparison
of these model predictions was then made with the published results.

RESULTS

Wine samples were obtained from the major wine-producing
regions of the western coast of the United States, including
Washington, Oregon, and northern and southern California (see
Figure 1). There was a relatively large range of waterδ18O
values obtained from these wines (Figure 2). Wines from
Washington and Oregon, although less numerous, were clearly
distinguishable from those from California, withδ18O values
ranging from near zero to almost 3‰. Although consistently
higher than those from Washington and Oregon, there was also
a large range ofδ18O values obtained for the California wines.
This is especially evident in the wines from the Central Coast,
with wine waterδ18O values ranging from 3.9‰ to 10.7‰ in
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that region. Even comparing North Coast to South Coast wines,
there was considerable overlap in measured wine waterδ18O
values. In addition to the wine water samples analyzed, a subset
of wine distillates were analyzed, and the results of this analysis
and comparison are shown inFigure 3. The slope of the fitted
line relating wine distillateδ18O to wine waterδ18O was not
different from 1, and they intercept was 1.7‰. The wine
distillate δ2H was also compared to the wine distillateδ18O
and yielded a linear regression slope of 5.7 and an intercept of
-48.6 (R2 ) 0.74,P < 0.0001).

As expected, a positive correlation was observed between
wine waterδ18O and predicted precipitationδ18O (R ) 0.45,P
) 0.004; seeFigure 4). This is in spite of the relatively poor
data density on the coast and the known uncertainties associated
with predicting precipitationδ18O in coastal regions (see ref
35). In addition, the comparison with modeled climate for wine
sample locations in 2002 revealed strong correlations both at
the beginning of the growing season and at the end of the season
(seeTable 1). Wine waterδ18O was not, however, correlated

with climate variation for months during the middle, relatively
hot part of the growing season.

On the basis of these results and those previously published
showing strong correlations between wine waterδ18O and
climate at the end of the growing season (36), a multiple-
regression model was developed to permit the prediction of wine
waterδ18O from both expected source waterδ18O and climatic
variation. A stepwise multiple-regression analysis showed strong
predictive power for both September and October maximum
and dew point temperatures (results not shown). However, since
September and October climates are also correlated, climate
values for these two months were averaged, and this end of
season climate average was then used in the multiple-regression
model. The final model had the form

with TmaxSO being the mean of the monthly mean maximum
daily temperatures for September and October,TdmnSO being
the mean of the monthly mean daily dew point temperatures
for September and October (see the PRISM Group, Oregon State
University, http://www.prismclimate.org, date created Aug 2,
2004;34), andδ18Oprecip being the modeled long-term average
precipitationδ18O (see ref38). The adjustedR2 for this model
was 0.57 (P< 0.0001). To illustrate the explanatory power of
the model and the variation between the varieties and states of
the origin, the data are shown plotted against model predictions,
separated by grape variety, inFigure 5 (although included in
the model, the Sangiovese and Merlot data are not plotted
because only one sample each was obtained). The distribution
of δ18O values was widest for Chardonnay and lowest for
Zinfandel, primarily due to the relatively large geographic
distribution of Chardonnay grapes and the restricted distribution
of Zinfandel grapes.

To further evaluate the utility of this model, and to allow
comparisons with other data collected from known locations,
the model was implemented in ArcGIS using the raster overlay
feature in Model Builder (see http://isoscapes.org). The model
results for 2002 are shown inFigure 6, with the wine sample
origin locations and county outlines also shown. The distinction

Figure 2. Wine water δ18O results plotted by geographical regions. Open circles represent samples from bottles labeled as “estate bottled” (n ) 19),
and filled circles represent bottles labeled with some other indication of source vineyard location (n ) 23).

Figure 3. Wine distillate δ18O versus wine water δ18O. The fitted line
has a slope of 1.0, and the intercept is 1.7 (n ) 18, R2 ) 0.997, P <
0.0001).

wine waterδ18O ) 8.70+ 0.588TmaxSO- 0.568TdmnSO+

1.37δ18Oprecip
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between the wines produced in the more northern Washington
and Oregon regions and those produced in California is clearly
evident, with much lower isotope ratios predicted in the northern
regions. Also worth noting is the relatively wide range of
expected values along the coastal regions of California. This
variation is driven primarily by differences in climate, since
the expected variation in precipitationδ18O is not as variable
(see http://waterisotopes.org). Also overlaid on the predicted
map are the locations of the Napa and Livermore Valleys (actual
locations were Napa and Livermore cities). In addition to the
model results shown inFigure 6, the model was run for the
same vintage years analyzed by Ingraham and Caldwell (19).
Since Ingraham and Caldwell (19) analyzed total wineδ18O,
the model results for wine water were converted to expected
total wineδ18O by adding 1.7‰ to the wine water prediction.
This is based on the results shown inFigure 3 comparing the
wine waterδ18O values to theδ18O values obtained for wine
distillate. Although the wine distillate does not include wine
solids, it is likely that the distillates compare well with total
bulk wine given the relatively small proportion of total wine

mass attributable to solids. The results of the model executions
for the Napa and Livermore locations are shown inFigure 7,
as are the results for those locations reported by Ingraham and
Caldwell (19). With the exception of a strong divergence
between the model predictions and data in 1992, the model
predictions and data agree quite well. The interannual changes
in wine, previously attributed to climatic differences, are well
predicted by this model. In addition to the correct prediction of
interannual changes in wineδ18O, the model also generally
predicts higherδ18O values for Napa Valley wines compared
to Livermore Valley wines, consistent with the results from
Ingraham and Caldwell (19). Although the model performed
quite well relative to the data, it should be noted that the model
both under- and overpredicts wineδ18O values for individual
years.

DISCUSSION

Consistent with our expectations based on the geographic
distributions of precipitationδ18O variation, wine waterδ18O
values from Washington and Oregon wines were considerably
lower than those from all wines from California. Wines from
different regions in California also showed significant amounts
of variability, but could not readily be differentiated on the basis
of δ18O values alone. Measured wine waterδ18O derived from
wines that came from California-, Washington-, and Oregon-
grown grapes were positively correlated with source waterδ18O
values and with air temperatures derived from spatially continu-
ous geospatial climate data layers for each vineyard location.
The patterns of correlation between wine waterδ18O and source
waterδ18O and climate illustrate some important points. First,
although the vapor content of the atmosphere should reduce
the degree of isotopic enrichment in the grape water (20), there

Figure 4. Wine water δ18O plotted against climate and precipitation δ18O drivers used in the fitted multiple-linear-regression model (see Figure 1).
California samples (n ) 35) are shown as circles, Oregon samples (n ) 4) as squares, and Washington samples (n ) 3) as triangles.

Table 1. Correlation Coefficients for Pairwise Correlations between
Wine Water δ18O and Climate Parameters Derived from a GIS
Intersection between Wine Sample Locations and Expected Climate
Layers Produced by the PRISM Groupa

month
min temp

(°C)
max temp

(°C)
mean dew point temp

(°C)

March 0.51 0.70 0.46
April 0.47 0.54 0.48
May 0.14 0.53 0.14
June −0.02 0.34 −0.37
July −0.17 0.10 −0.14
August −0.09 0.16 0.13
September 0.21 0.47 −0.01
October 0.46 0.77 0.23

a Oregon State University, http://www.prismclimate.org, date created Aug 2, 2004.
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is not a consistent pattern of declines in wine waterδ18O with
increasing dew point temperature across the complete dataset.
The observed patterns in wine waterδ18O values are consistent
with a multivariate control on wine waterδ18O and in part
disagree with the conclusions of Ingraham and Calwell (19)
that source water does not play an important role in wineδ18O
variability. Climate is clearly important in controlling wine water
δ18O. However, the isotopically depleted precipitation that falls
on vineyards in Washington and Oregon results in wines that
are also relatively depleted isotopically in spite of the relatively
large vapor pressure deficit in the atmosphere there.

In agreement with previously reported results (15, 18-20,
39), we did observe good correlations between wine waterδ18O
and climatic patterns. Strong correlations between wineδ18O
and climate immediately prior to harvest have been reported
(39,40), whereas others find stronger correlations by including
the midsummer warmer months (19). The extreme temperatures
and evaporative demands during the middle of the growing
season were not reflected in the wineδ18O values in this study,
consistent with expected relatively high grape water turnover
rates. It is worth noting that although we did find correlations
with the climatic conditions at the beginning of the growing
season as well as at the end, the climatic conditions at the
beginning and end of the growing season were correlated. This
likely explains the correlations between wine waterδ18O and
the early season climate and does not suggest a mechanistic
link between them.

Although there were differences observed between varieties,
these differences were generally small and were also confounded
with differences in the climates of the different regions.
Zinfandel grapes tended to have higherδ18O values than the
other varieties. However, Zinfandel grapes tend to be grown,
and in our sampling were generally restricted, to warmer, drier

climates. As such it cannot be determined from these results
whether varieties differ inherently in wine waterδ18O values.
Previous authors have concluded that the differences in wine
stable isotope ratios observed among varieties were due to
differences in their time of harvest and not to any inherent
differences among varieties, although both increases (19) and
decreases (39) in wineδ18O have been observed as the harvest
date occurs later in the season. Future work could attempt to
resolve these issues by sampling multiple varieties over time
and in regions that differ significantly in both climate and
precipitationδ18O. Understanding water flow into and out of
grape berries could be critical to understanding the expected
isotopic composition of grapes and wine. Recent studies (41,
42) contradict previous reports (43) of postveraison cessation
of xylem water flow. If there are differences among varieties
in how phloem and xylem water or solute transport change
during berry development, this could significantly affect the
grape water stable isotope composition. The measured wine
waterδ18O values reported here are quite high. Phloem water
would be expected to be partially enriched through evaporation
in the leaves, potentially explaining the highly enriched wine
water values observed here.

A multiple-linear-regression model that incorporated long-
term average precipitationδ18O and mean maximum and dew
point temperatures for September and October was fitted to the
2002 vintage wine waterδ18O results. When this model was
driven with the relevant spatially continuous raster layers for
the years sampled by Ingraham and Caldwell (19) for wines
from Napa and Livermore, there was good agreement between
model predictions and the reported data across years. There was
also good agreement between the model predictions and a
temporally extended dataset for Napa Valley only (19; results
not shown). These results suggest that, as expected, wine water

Figure 5. Wine water δ18O data versus multiple-regression model predicted wine water δ18O for (a) Chardonnay, (b) Pinot Noir, and (c) Zinfandel grape
varieties from the 2002 vintage. California samples are shown as circles, Oregon samples as squares, and Washington samples as triangles. The model
is based on the 2002 climate and long-term annual average precipitation δ18O and fitted to the measured wine water δ18O data (see Figure 4).
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δ18O may be predicted for a range of conditions and across
multiple vintages using simple models that relate wine water

δ18O to climate and precipitationδ18O. Although vinification
processes may change from vineyard to vineyard, and from year
to year, it appears that this model accurately predicts the large
interannual changes for a given vineyard, as well as maintains
the relative differences across years between vineyards. There
was one significant exception to this in the Napa/Livermore
dataset in 1992. The model predicted a decline in wineδ18O,
whereas the reported results show an increase relative to the
value for the previous year. Although we cannot directly
account for this discrepancy, it is possible that it is related to
the El Niño/Southern Oscillation (ENSO) event of 1991/1992
that dramatically affected rainfall patterns and amounts
(45, 46). It may be that this event was sufficient to cause the
precipitation δ18O to deviate significantly from long-term
averages, resulting in wineδ18O not well predicted by our
model. Unfortunately, we do not have precipitation records for
these locations and years. However, of the vintages analyzed,
the lowest Southern Oscillation Index was recorded in 1992
(data not shown; http://www.cgd.ucar.edu/cas/catalog/climind/
soi.html).

Figure 6. Model output for 2002 for the counties containing or near the locations of the source vineyards for all wine samples (over digital elevation for
reference). Also shown are the locations of Napa (northern) and Livermore (southern) Valleys in purple.

Figure 7. Geographic information system model output for Napa and
Livermore (see locations in Figure 6) and results published by Ingraham
and Caldwell (19) for those locations. Years lacking data are those years
for which no data were reported by Ingraham and Caldwell (19).
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These results strongly suggest that wine waterδ18O may
indeed serve as a useful recorder of past climates. Although
our results suggest that source waterδ18O is important in
controlling large-scale variation in wine waterδ18O, the
available data did not permit us to evaluate the effects of
interannual variation in precipitationδ18O. Future model
improvements could include an explicit consideration of inter-
annual variation in precipitationδ18O, as well as import of
irrigation water. In addition to the potential utility of wine water
δ18O in reconstructing the climate, these results suggest that,
as the uncertainties we have discussed are better understood
and the model sophistication grows, GIS models such as this
one may be useful for the detection of adulterations of wine, as
well as for identifying wines that may not be consistent with
the year and location claimed on wine labels (see, e.g., ref39),
further strengthening the utility of single isotopes in making
these determinations.
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