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The Impact of Climate Change on the Viticultural Suitability of Maipo
Valley, Chile

Megan Mills-Novoa
University of Arizona

Philippo Pszczélkowski and Francisco Meza
Pontificia Universidad Catélica de Chile

This study uses the case of the Maipo Valley in Chile to examine how climate change will affect viticultural suitability. Using a
geographic information system analysis of topographic, soil, land use, and climate data, a baseline assessment of viticultural
suitability in the Maipo Valley was performed. The impact of climate change on viticultural suitability was modeled by
overlaying downscaled global circulation model temperature data for two emission scenarios. The findings of this study suggest
that the capacity of vineyard managers in the Maipo Valley to cultivate high-quality traditional grape varietals from cooler
grape maturity classes might be limited in the future. Key Words: central Chile, climate change, GIS, viticultural
suitability, wine.
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En este estudio se utiliza el caso del Valle de Maipo, en Chile, para examinar c6mo afectard el cambio climético la aptitud de
viticultura. Usando un anilisis de datos de topografia, suelos, uso de la tierra y climas, por medio de sistemas de informacién
geogrifica, se efectué una evaluacién estindar de la aptitud viticultural del Valle de Maipo. El impacto del cambio climatico
sobre esa aptitud fue modelado revistiendo datos de temperatura a escala reducida del modelo de circulacién global para dos
escenarios de emision. Los descubrimientos de este estudio sugieren que en el futuro la capacidad de los administradores de los
vinedos del Valle de Maipo para producir varietales de uva de la alta calidad tradicional a partir de clases de maduracién mds

fresca podria ser limitada. Palabras clave: Chile central, cambio climatico, SIG, aptitud viticultural, vino.

Within the last few decades there has been a
growing consensus that anthropogenic green-
house gas emissions have had and will increasingly
have a significant impact on the Earth’s climate (Inter-
governmental Panel on Climate Change [IPCC] 2007,
2014). Vidculture, due to the narrow climatic range of
high-quality wine grape production, is one of the agri-
cultural sectors most vulnerable to the impacts of cli-
mate change. For this reason, it is critical to
understand how viticultural suitability could be
affected by changing climatic conditions in wine-
growing regions under different climate change
scenarios.

Recent research has projected that viticultural zones
will shift 150 to 300 km poleward by 2049 and an
additional 12 to 25 km poleward by 2099 under mid-
range emission scenario projections (Jones 2007).
Increases in mean annual temperature are the driver
of these shifts and warming trends have already been
detected within many wine-growing areas (Fraga et al.
2012; Koufos et al. 2014). Jones (2005) found that

since 1950 there has been a 1.3°C and 1.4°C increase
in winter and summer temperatures, respectively, in
twenty-seven high-quality wine-producing regions.
Hannah et al. (2013) found that there will be a 25 per-
cent to 73 percent decline in area suitable for viticul-
ture by 2050 in five major wine-producing regions
globally.

Although the majority of the literature documents
climate change impacts at a larger scale of resolution
in an effort to generate global or country-level synthe-
sis, far less work has been done to assess the variability
present at a finer scale of resolution. In an effort to
develop a methodological framework that offers
results at a scale that is useful to practitioners and poli-
cymakers, we focused our study at the regional scale.
Additionally, few studies have focused on the impact
of climate on viticulture, an economically important
industry within Chile. This project assesses the future
impacts of climate change on the viticultural suitability
of the Maipo Valley, contributing to the ongoing dis-
cussion of appropriate adaptation strategies for this
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economically important region, which produces 12
percent of all wine in Chile (Servicio Agricola y Gana-
dero [SAG] 2014).

Soil and climate are the main elements that have
been used to define the concept of rerroir (Vadour
2002) and characterize the viticultural suitability of a
region. Among these elements, climate is the most
critical factor in determining the capacity of a region
to produce high-quality wine grapes (Seguin and De
Cortazar 2005). Viticultural production is broadly lim-
ited to the growing season isotherms of 12°C to 22°C
(Jones 2006). Additionally, large differences between
daytime and nighttime temperatures favor the concen-
tration of solutes and accumulation of sugars and acids
that facilitate the cultivation of high-quality wine
grapes. Optimal grape-growing locations such as cen-
tral Chile have large diurnal temperature ranges of
15°C to 20°C.

Recognizing the importance of temperature, a wide
number of bioclimatic indexes have been proposed
using temperature as the most relevant variable for
characterizing grape-growing suitability (Winkler
etal. 1974; Huglin 1978; Gladstones 1992, 2011).
These indexes have been applied to define viticultural
regions at a global or country-level scale as in the case
of Chile (Tonietto and Carbonneau 2004; Gil and
Pszczolkowski  2015). These bioclimatic indexes,
which match climatic characteristics to the capacity of
an area to produce grape varietals with different cli-
matic requirements, offer an important tool in assess-
ing the impact of climate change on wine-growing
regions.

Beyond the general poleward shift of viticultural
zones and broad warming trend, the magnitude of cli-
mate change impacts on viticultural suitability will dif-
fer by region. White etal. (2006) projected that
within the United States, premium wine grape pro-
duction will decline by 81 percent corresponding to
decreased productivity in current wine-producing
regions. Wine-growing regions in Australia are also
expected to significantly contract due to projected
warming and have a limited capacity to shift, because
many of these areas are currently in southernmost
Australia and will be unable to shift further poleward
(Hall and Jones 2008). Harvest dates within Europe
are already occurring six to twenty-five days earlier,
reflecting the strong relationship between phenologi-
cal timing and warming (Jones 2005) and further stud-
ies have indicated a north and northwesterly shift in
wine-growing regions within Europe due to climate
change (Moriondo et al. 2013).

Despite Chile’s role as the eighth largest producer
of wine and fifth largest exporter of high-quality wine
internationally, few studies have looked at the impact
of climate change on wine production in Chile. Mon-
tes et al. (2012) characterized the climatic potential for
viticulture in the Central Valley but did not integrate
an analysis of climate change impacts. Central Chile is
particularly vulnerable to the compounding impacts of
water scarcity and elevated temperature due to climate

change, making an analysis of climate change impacts
on wine suitability critical for regional climate change
adaptation planning and future scholarship. Warming
trends have already begun to impact Chilean wine-
growing regions. Between 1933 and 1992, warming
rates of 1.3°C to 2.0°C were detected by several
weather stations within Chile (Rosenbluth, Casassa,
and Fuenzalida 1997). More recent data have shown
that temperature trends are spatially heterogeneous,
with 0.2°C per decade cooling at coastal stations and
0.25°C warming in the Andes (Garreaud and Falvey
2009).

The purpose of this study is to assess the current and
future viticultural suitability of the Maipo Valley in the
Central Valley of Chile. Soil, topographic, land use,
and historical weather data were used to create a base-
line assessment. Two IPCC emissions scenarios and
corresponding global circulation models (GCMs)
were then used to assess future viticultural suitability
for three thirty-year normals. Ultimately, this project
assesses the future impacts of climate change on the
viticultural suitability of the Maipo Valley, contribut-
ing to the discussion of appropriate adaptation strate-
gies for this region that has experienced a tremendous
260 percent growth in the extent of vineyards since
1997 (SAG 2013).

The study seeks to integrate and synthesize geo-
graphic and biophysical data at the scale of one
denomination of origin, the legal delineation of a
wine-growing region, and the broader, corresponding
water basin to provide an analysis at a level that is rele-
vant for practitioners and policymakers. Additionally,
this study builds on the methodology of assessing
composite viticultural suitability through the integra-
tion of topographic, soil, land use, and temperature
data and integrates this assessment into a characteriza-
tion of projected climate change impacts on the viti-
cultural conditions within the region. The similarities
between Maipo Valley and other high-quality wine-
producing regions such as California, Australia, and
South Africa make this study highly relevant to under-
standing the vulnerability of the world’s most signifi-
cant wine-producing regions to a changing climate.

Materials and Methods

Study Area

The Chilean viticultural area of Maipo Valley was
included in this study as delineated according to the
Chilean wine appellation of origin system (Figure 1).
Maipo Valley is located in the Central Valley of
Chile between latitudes 32°55" and 34°15" S and
encompasses the metropolitan area of Santiago. There
are three distinct regions within Maipo Valley: Alto
Maipo in the foothills of the Andes, Central Maipo on
the valley floor, and Coastal Maipo. Within Maipo
Valley, 12,679 ha are cultivated for viticultural pur-
poses with the principal varietals cultivated being
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Figure 1
tions. (Color figure available online.)

Cabernet Sauvignon (52.2 percent of surface), Merlot
(9 percent), Syrah (8.5 percent), Chardonnay (7.5 per-
cent), Carmenere (7 percent), Sauvignon Blanc (5.3
percent), and Cabernet Franc (2.1 percent; SAG
2011). Vineyards are generally cultivated with the use
of irrigation, with approximately 60 percent of all
vineyards relying on surface water for irrigation and
the remaining 40 percent using groundwater. This
region is characterized by a Mediterranean climate
with maximum temperatures ranging from 25°C to
35°C during the growing season (October-April) and
with large diurnal temperature ranges throughout the
year. Thermal accumulation is around 1,550 degree
days (Merlet, Castillo, and Santibanez 1987). Mean
annual precipitation increases toward the Andes, vary-
ing from 456 mm (Buin) to 736 mm (Puente Alto-Pir-
que), although 80 percent of precipitation occurs in
winter.

Within this study, the entire Maipo River basin in
addition to the Maipo Valley denomination of origin

Distribution of surveyed vineyards in the Maipo Valley denomination of origin and Maipo Valley weather sta-

was included because vineyard development has con-
tinued to extend beyond the formal Maipo Valley
denomination of origin. Additionally, this study
sought to assess future viticultural suitability and
therefore areas within the river basin not currently
under cultivation were considered, because these areas
might become potential grape-growing sites based on
projected climate change impacts. All analyses were
done at the scale of the Maipo River basin below
2,000 m (to exclude mountainous areas) to capture
future potential viticultural zones.

Topographic Suitability

To characterize the baseline viticultural suitability of
Maipo Valley, a multistage geographic information
system (GIS) analysis was performed, incorporating
factors related to topography, soils, land use, and cli-
mate. To establish an understanding of the geographic
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Table 1 Topographic suitability class rankings used in categorizing the suitability of the landscape for wine grape

cultivation
Elevation (m) Class rankings Slope (%) Class rankings Solar radiation (kilowatts/m?) Class rankings
0-900 2 <1 0 550-1,010 -2
>900 -2 1-5 1 1,010-1,107 —1
5-15 2 1,107-1,173 0
15-30 1 1,173-1,262 1
>30 1 1,262-1,496 2

features of existing individual vineyard sites, a compre-
hensive GIS database of vineyard locations was created
(Jones, Sneed, and Nelson 2004). The survey of Maipo
Valley vineyard sites was conducted using Google
Earth imagery and aerial photography. Vineyard loca-
tions were then verified through site visits and the use
of a Global Positioning System (GPS). The locational
data gathered, as well as conversations with wine mak-
ers and vineyard managers, were used to define the
topographical characteristics of ideal sites for grape
growing in the valley (Jones, Sneed, and Nelson 2004).

The topographic suitability was assessed through
the use of a 30-m-resolution digital elevation model
(DEM). The entire extent of the Metropolitan
Region, which encompasses Maipo Valley, was then
categorized for the most advantageous slope, eleva-
tion, and solar radiation. The composite topo-
graphic viticultural suitability was constructed
through a multilayer, topographically driven poten-
tial site analysis using ArcGIS (ArcGIS, Version 10,
Esri, Redlands, CA, USA) with class rankings given
to the respective topographic factors characterized
in each grid (Table 1). The elevation ranking was
determined through the use of in-field observations
as well as the distribution of the average elevation of
current vineyards as determined through the initial
survey of vineyard sites. The high elevation thresh-
old reflects the presence of high-quality vineyards in
the foothills of the Andes, residing in the eastern
extent of the region. Slopes were categorized into
five classes (Table 1). A calculation of solar radiation
was used instead of aspect to account for the sea-
sonal variation in solar declination and azimuth. A
solar radiation index was calculated every thirty days
at two-hour intervals during the growing season
(October—April) using the ArcGIS spatial analysis
solar radiation tool. Solar radiation values were
reclassified based on the statistical distribution of

radiation values (Santibanez 1992; Jones, Sneed, and
Nelson 2004). The three separate suitability grids
were then summed to create a single topographic
suitability layer.

Soil Suitability

To analyze the soil suitability of the Maipo Valley,
data from Centro de Informacién de Recursos Natu-
rales (CIREN) were used. Site suitability was analyzed
based on four soil properties: depth to bedrock, total
available water, pH, and drainage (Margarey, Seem,
and DeGloria 1998). An average value for all four
properties was established for each soil group.

Drainage is widely regarded as the most important
factor in determining vine success and is influenced by
variables such as texture, depth, slope, and aspect
(Cass 1999). Chilean soil surveys present drainage
classifications using six classifications ranging from
very poorly drained to excessively drained. Soil groups
were characterized by their drainage class and given
corresponding suitability rankings (Table 2). In dry
growing regions, such as the Maipo Valley, the depth
to bedrock indicates the vine’s ability to cope with dry
periods (Dry and Smart 1988). Soil groups were char-
acterized by their depth and given a corresponding
suitability ranking.

Total available water (TAW) is a property that fac-
tors in both the available water holding capacity as
well as the effective root depth of soil and indicates
the capacity of vines to tolerate moderate drought.
The mean available water holding capacity for each
soil group was calculated and then weighted by the
percentage of each component per map unit. Soil
groups were characterized by their respective class
ranking (Cass, Hansen, and Dowley 2002). Soil pH is
an indication of soil fertility and nutrient balance. A
mean value was calculated for each soil group and then

Table 2 Soil suitability class rankings used in categorizing the suitability of soil for wine grape cultivation

Soil depth (cm) Class rankings pH Class rankings Drainage (class) Class rankings Total available water Class rankings
<63 2 <6 -1 6 0 >200 -1
>63 -2 6-8 1 5 1 150-200
>8 —1 ,3 0 100-150 1
1 -1 50-100

<50 -1
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weighted by the percentage of each component per
map unit. Three classes were established, with ideal
vineyard soils having a pH between 6 and 9 (Cass,
Hansen, and Dowley 2002).

The four soil property suitability grids were then
were combined using a weighted sum with drainage
being given the greatest weight (40 percent) and
the other factors weighted equally (20 percent),
reflecting the relative importance of these soil
properties in determining vine success (Jones,
Sneed, and Nelson 2004). A final soil suitability
composite grid was produced from the weighting
of the four soil properties.

Land Use Suitability

Within the Maipo Valley, land use is a key determi-
nant in assessing viticultural potential. Santiago, which
is adjacent to the Maipo Valley denomination of ori-
gin, is an expanding metropolitan area, and formerly
agricultural land has been converted to land uses that
are not conducive to viticultural production (residen-
tial, industrial, commercial, etc.). The urbanized sur-
face area of Santiago and outlying towns was extracted
from the data set because these areas no longer have
viticultural potential.

Baseline Climatic Suitability

To assess climatic suitability, a composite climate
model was generated using three factors: varietal suit-
ability, irrigation need, and risk for extreme weather
events. Temperature data from eight weather stations
within Maipo Valley with an average eighteen-year
record length were used to calculate all variables.
Weather stations within Santiago were excluded from
the study due to urban heat island impacts and low
viticultural suitability in these areas. Station tempera-
ture data were corrected using a factor of 0.6°C per
100 m (equivalent to the mean temperature lapse rate)
to better represent climatic conditions of vineyards
residing at higher elevaton but within the same
comuna as the station (Gladstones 2011). If no vine-
yards were located within the comuna of a given
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weather station, then the average vineyard elevation
within the total study area was used. Temperature
data were only corrected for elevation for one weather
station (Rungue Embalse), whereas all other weather
stations were located at the approximate elevation of
the average vineyard within that area.

To calculate varietal suitability, biologically effective
degree days (BEDD) were calculated to estimate the
phenological fit of grape varietals to model climatic
conditions within Maipo Valley. The use of a BEDD
index enables sites to be characterized by climate
maturity classes that categorize grape varietals by opt-
mal heat summation ranges. The BEDD index devel-
oped by Gladstones (2011) was used for climate
maturity class designation (see Table 3). BEDD calcu-
lates heat summation while incorporating an adjust-
ment for diurnal temperature range and a day length
correction factor (Hall and Jones 2010; Gladstones
2011):

April 30

min[max([Tmax + Tmin]/2 —10,00K + TRadj7 9]
October 1

where

0~25[Tmax - Tmin - 12]7 [Tmax - Tmin] >12
07 10< [Tmax - Tmin] <12
0~25[Tmax - Tmin - 10], [Tmax -

TRadj =
Tmin] <10

and K is an adjustment for latitude/day length and was
calculated according to Gladstones (2011). BEDD val-
ues were then interpolated using the inverse distance
weighting IDW) function within ArcGIS because this
interpolation method produced the lowest level of
error when compared to kriging and other interpola-
tion techniques. BEDD values were then reclassed by
corresponding grape variety climate maturity classes
(Jones 2006; Gladstones 2011).

Irrigation need was calculated for the study area
with the use of the Hargreaves evapotranspiration
equation, which was selected because of data

Table 3 Representative white and red grape varietals classified by climate maturity class and the corresponding biologi-
cally effective degree days requirement needed for grape maturation

Climate maturity class BEDD required

White grape varietals

Red grape varietals

1 1,020 Bouveir, Madeline, Optima, Ortega

2 1,080 Muscat Ottonel, Seyval Blanc Meunier, Zweigelt

3 1,140 Chardonnay, Pinot Gris, Sauvignon Blanc Pinot Noir, Tinta Amarella

4 1,200 Aligoté, Riesling, Semillion Malbec, Tempranillo, Zinfandel

5 1,260 Viognier, Arneis, Taminga Cabernet Franc, Merlot, Syrah (Shiraz)

6 1,320 Colombard, Folle Blanche, Macabeo Cabernet Sauvignon, Sangiovese, Tannat
7 1,380 Gros and Petit Manseng, Mauzac, Trebbiano Carmenére, Petit Verdot, Grenache

8 1,440 Grenache Blanc, Verdicchoa Aglianico, Aramon, Canaiolo, Carignan,

9 1,500 Biancone, Bombino Bianco, Doradillo Negroamaro, Tarrango

Note: BEDD = biologically effective degree days.
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availability within the region (Allen et al. 1998):

ETO = 0~0023(Tmcan + 178) (Tmax - Tmin)Rm

where R, is extraterrestrial radiation (M] mfzdayf1 ).
Within this study, relative evapotranspiration levels
within the basin are most important when estimating
relative irrigation need. Evapotranspiration values for
weather stations were interpolated using IDW and
reclassed into three suitability classes according to the
relative rate of evapotranspiration.

Risk was calculated by summing the number of days
with extreme heat events of maximum temperatures
above 35°C (White et al. 2006). Within Maipo Valley,
frost damage is not a significant concern and therefore
extreme heat was the only climate risk value consid-
ered. Days of extreme heat were interpolated using
IDW and values were reclassed according to relative
heat risk. Areas that experienced more than three days
with maximum temperatures exceeding 35°C were
ranked as being high-risk areas.

Chilling hours or hours with temperatures below
7°C were also assessed for both baseline and projected
temperature records. Due to the relatively low chilling
hour requirement of grapevines and the high diurnal
temperature range in Maipo Valley, chilling hours was
not a significant limiting factor and was not included.

Composite Baseline Viticultural Suitability

The four site factors—topography, soil, land use, and
climate—were then combined by summing the com-
posite suitability rasters. The composite suitability
grid was then masked with the climate maturity class
grid to create a final data set that depicts the relative
viticultural suitability by climate maturity class.

Projected Climatic Suitability

Within this study, the bias-correction and spatial
downscaling method of Wood etal. (2004) was
used, because it is quantitatively efficient and per-
formed well when applied to studies that downscaled
extended GCM simulations for impact analyses
(Hayhoe etal. 2004; Maurer and Duffy 2005;
Maurer et al. 2007). This method is an empirical
statistical technique in which monthly precipitation
and temperature output from a given GCM is
downscaled using quantile-based mapping (Panofsky
and Brier 1968) of the probability density functions
for a monthly GCM temperature onto those of
gridded observed data. Temperature data from all
eight weather stations were downscaled for scenario
A1B and BI using seven GCMs. The A1B emissions
scenario assumes “balanced” growth and land use
changes, whereas the B1 emission scenario assumes
a world development path that “favors efficiency of
resource use and ‘dematerialization’ of economic
activities” (IPCC 2000, 188).

The seven GCMs were chosen because they were
representative of a range of distinct GCMs suited to
southern South America, allowing for an analysis of
the range of uncertainty within the downscaling pro-
cess (Meehl et al. 2007; Marengo et al. 2009). The
GCMs and related IPCC AR4 emission scenarios used
in the analysis were chosen because the majority of
analysis was conducted prior to the release of the ARS
emission scenarios. Knutti and Sedlacek (2013) found
that the IPCC ARS climate models were very similar
to the AR4 models with consistent temperature and
precipitation patterns. The ARS representative con-
centration pathways (RCPs) are significantly different
than the AR4 emission scenarios in that they represent
a wider range of possible future outcomes. In the
scope of this study, though, we sought to examine the
impact of midrange emission scenarios on viticulture
and therefore the use of AR4 emission scenarios still
allows for a robust analysis of these impacts.

An average temperature was calculated by averaging the
outputs of the seven GCMs for a given month. Daily values
for GCMs are generated by randomly selecting historical
months and creating a daily record that mirrors historical
temperature variation but is rescaled using an additive fac-
tor according to projected monthly average temperatures
(Wood et al. 2004). Minimum and maximum daily tem-
peratures were calculated by importing historical daily max-
imum and minimum temperatures into the downscaling
model.

Based on the daily minimum, maximum, and aver-
age temperatures that were calculated through the
downscaling process, the climatic variables of evapo-
transpiration, BEDD, and days with maximum
temperatures exceeding 35°C were subsequently cal-
culated for comparison with historical values. These
values were calculated for three thirty-year normals—
2010 to 2040, 2040 to 2070, and 2070 to 2100—under
two IPCC emission scenarios. Projected climate varia-
bles were interpolated using IDW and rasters were
reclassed according to the suitability rankings and cli-
mate maturity classes detailed earlier.

Composite Projected Viticultural Suitability

"The four site factors—topography, soil, land use, and pro-
jected climate—were then combined for both the scenario
Alb and B1 downscaled data over the three climate nor-
mals by summing the composite suitability grids for each
factor according to their individual grape-growing influ-
ence as detailed earlier. The composite suitability grids
were then masked by the corresponding climate maturity
class grid to create a final data set that depicts the relative
viticultural suitability of sites by climate maturity class for
both climate change scenarios for all three climate models
and a control. Based on these rasters, land area data were
extracted to infer the changes in grape-growing suitability
zones within Maipo Valley. The methodological frame-
work used in this study is represented schematically in
Figure 2.
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Figure 2 Methodological flowchart: Assessing the baseline and projected composite viticultural suitability of the Maipo
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lation model; TAW = total available water; BEDD = biologically effective degree days.

Results

Baseline Viticultural Suitability

In the Maipo Valley denomination of origin, the vine-
yards surveyed encompassed 96.44 km” across fifteen
comunas, which are regional subdivision units within
Chile (Figure 1). Two hundred and twenty-two vine-
yard tracts were surveyed. The average elevation of
vineyards was 480 m and vineyards were found at ele-
vations ranging from 123 m to 835 m. Vineyard slopes
ranged from 26.8 percent to essentally flat, with an
average slope of 5.7 percent. The elevation and slope
values of vineyards were clustered by region, with
many of the high-elevation, high-slope vineyards
residing in the foothills of the Cordillera. Within the
Maipo Valley, 69.8 percent of all land was found to
have high or intermediate-high topographic suitabil-
ity, with only 23.6 percent of all land being catego-
rized as having low or intermediate-low suitability
(Figure 3). Much of the land that was topographically
unsuitable was found in the steep foothills of the
Cordillera.

A total of 86.9 percent of the Maipo Valley was
found to have high or intermediate-high soil suitability
(Figure 3). The highest scoring soils were found on
the valley floor and among the low-lying hills. A total
of 665.8 km” were categorized as having no viticul-
tural suitability due to urban land use (Figure 3).

The topographic, soil, and land use suitability data
sets were then summed to produce a baseline scale of
suitability. Of land in the Maipo Valley, 8.6 percent
was classified as having high viticultural suitability,
45.9 percent with intermediate-high viticultural suit-
ability, 27.9 percent with intermediate suitability, and
17.6 percent with intermediate-low or low viticultural
suitability (Figure 3).

Climatically, no portion of the study area was found
to have heat summation values outside of the suitable
range for maturing high-quality wine grapes, although
there was a significant range of climate maturity clas-
ses represented, with 12.4 percent of Maipo Valley
designated as Class V, 33.8 percent as Class VI, 38.5
percent as Class VII, and 15.3 percent as Class VIII
(Figure 3). The hotter classes were found in the
northern, more arid portion of the valley, with cooler
classes found in the eastern and western borders of the
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Figure 3 The baseline topographic, soil, land use, and composite viticultural potential by climate maturity class of the

Maipo Valley. (Color figure available online.)

valley, where higher elevation vineyards enjoy cooler
temperatures as well as the cooling effect of the nearby
coast. Across climate maturity classes, fairly consistent
distributions of high to low suitability rankings were
found.

Projected Viticultural Suitability

The projected climatic analysis found across scenarios
and models that temperatures increased by the mid-
century (Table 4). As related to viticultural suitability,
climate maturity classes became more prevalent

through time and in both scenarios (Figure 4). Among
the A1B scenario, which is the more severe scenario,
the east-west and north-south temperature gradient is
still visible in the early scenarios but becomes classified
as uniformly climate maturity Class IX. Scenario B1 as
well as the control initally underestimated the
heat summation occurring in the eastern portion of
the valley, but in B1, hotter climate maturity classes
progressively become more prevalent through time,
although never reaching the severity modeled in A1B
(Figure 4).

Beyond shifting climate maturity class suitability
through time, a subtle change in overall vitcultural
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Table 4 Projected temperature changes under the seven downscaled global circulation models used in this study for
three climate normal

A1B-Early A1B-Int. A1B-Late B1-Early B1-Int. B1-Late
Avg. Avg. Avg. Avg. Avg. Avg.

Model temp =+ Historical temp =+ Historical temp =+ Historical temp =+ Historical temp =+ Historical temp =+ Historical
CCMA 15.43 0.60 16.30 1.47 16.81 1.97 15.27 0.44 15.80 0.97 16.26 1.42
GFDL 15.22 0.39 16.06 1.22 16.79 1.96 14.87 0.04 15.57 0.74 15.81 0.97
GISS AOM 15.16 0.32 15.85 1.02 16.88 2.05 14.97 0.14 15.50 0.66 16.15 1.31
mpiECHAM 15.02 0.19 16.20 1.37 17.53 2.70 14.78 —0.06 15.79 0.96 16.50 1.66
mriCGCM  15.03 0.19 15.70 0.86 16.31 1.48 14.83 —0.01 15.31 0.48 15.65 0.82
niesMIRO  15.564 0.71 16.93 2.10 18.10 3.26 15.43 0.59 16.32 1.49 17.08 2.24
HadCM3 15.43 0.60 16.33 1.50 17.29 2.46 15.24 0.40 15.84 1.01 16.51 1.68

Note: CCMA = Canadian Centre for Climate Modelling and Analysis; GFDL = Geophysical Fluid Dynamics Laboratory; GISS AOM = God-
dard Institute for Space Studies Atmosphere-Ocean Model; mpiECHAM = Max Planck Institute for Meteorology; mriCGCM = Meterologi-
cal Research Institute, Japan; niesMIRO = Center for Climate System Research, National Institute for Environmental Studies, and Frontier
Research Center for Global Change, Japan; HadCM3 = Hadley Centre for Climate Prediction and Research.

suitability was observed (Table 5). This worsening
viticultural suitability reflects the impact of increased
temperatures on irrigation need and risk due to
extreme high temperature events, both of which are
suitability parameters.

Discussion

The projected viticultural suitability models show a
consistent trend toward warmer climate maturity clas-
ses, suggesting that the ability of vineyard managers to
produce high-quality grapes from cooler climate

maturity classes might be limited in the future. BEDD
is not ideal for assessing if a region is unsuitable for
viticultural production due to high temperatures
because vineyard managers might choose to harvest
varietals earlier when the necessary heat summation
has occurred (Hall and Jones 2010). The quality of
grapes harvested earlier might be reduced, however,
because phenological development can be rapid and
produce unbalanced wines due to earlier sugar ripe-
ness and loss of acidity through respiration (Jones,
Sneed, and Nelson 2004; Keller 2010). Although
methodologically different, the results of this study are
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Scenario a1b: 2070-2100
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Figure 4 Projected composite viticultural suitability by climate maturity class under emissions scenarios A1B and B1 in
three climate normal periods. (Color figure available online.)
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consistent with Webb, Whetton, and Barlow (2007)
and Hall and Jones (2008), suggesting that harvests are
likely to occur earlier and seasons will be shortened
due to warming. Additionally, within this study the
analysis of irrigation need and heat risk does suggest
that the future capacity of Maipo Valley vineyards to
produce high-quality grape varietals from intermedi-
ate climate maturity classes (including Cabernet Sau-
vignon) could be limited.

Jones (2005) found that many grape-growing
regions are at, or near, their optimal growing season
temperature. The baseline assessment of grape variety
maturity classes within the Maipo Valley suggests that
the same situation exists within the study area where
the premium cultivars Cabernet Sauvignon (Class VI),
Carmenére (Class VII), and Merlot (Class V) are
grown in areas with growing season heat accumulation
that are close to ideal for their corresponding climate
maturity class. Vineyard managers might be able to
adapt to some of these climatic shifts through the
employment of adaptive management strategies, the
utilization of varietals suited to warmer climates, and
the establishment of vineyards at higher elevation
sites. Fraga etal. (2012) suggested that adaptation
strategies within viticulture can be focused on short-
term impacts by addressing specific threats through
crop management practices or longer term impacts
through varietal and land allocation changes.

In addition to the progressively higher average tem-
peratures modeled for this region, a significant increase
in the occurrence of extreme heat events could have an
impact on the viticultural suitability of this valley.
Temperatures above 30°C have been found to reduce
berry size and weight (Hale and Buttrose 1974) and
stop metabolic processes and sugar accumulation alto-
gether (Kriedemann and Smart 1971; Coombe 1987).
Hall and Jones (2010) found that BEDD as a suitability
index produces actual daily mean temperatures closer
to reality, although due to its 9°C cap it is less sensitive
to large increases in temperature. Our inclusion of
extreme heat as a suitability variable allowed us to cap-
ture large temperature increases as well as retain a
robust index for characterizing viticultural suitability.
An increase in the frequency and severity of extreme
heat events could adversely affect the quality of grapes
produced in Maipo Valley, increasing the risk associ-
ated with cultivation.

A climatic factor not incorporated into this study is
the potential impact of climate change on precipitation
within this region. The majority of vineyards within
Maipo Valley are irrigated, mitigating acute drought
impacts on vines. Meza et al. (2012) projected that
precipitation levels will decrease in the Maipo Basin
by the end of the century and irrigation needs will
likely increase, causing increased stress on water
resources. The issue of water scarcity within the
Maipo, which is currently in the midst of a prolonged
drought, will become increasingly important as a
resource constraint for viticulturalists and other agri-
cultural users within the Maipo River basin.
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This study has been constrained by the relatively
limited temperature records available for Maipo Val-
ley. Many records are limited in timescale when com-
pared to temperature data records available in other
wine-growing regions internationally. Because historic
temperature data are used to downscale GCMs, this
lack of data availability reduces the resolution of these
models. Additionally, regression-based statistical
downscaling has been found to increase the uncer-
tainty of the constituent global circulation models and
greenhouse gas emissions that comprise them. Chen,
Brissette, and Leconte (2011) suggested that climate
change impact studies should include more than one
downscaling method to better represent the uncer-
tainty inherent within downscaling. Within this study,
we chose climate change models that were best suited
to the Southern Cone to increase the robustness of
our findings as well as downscaling methodology that
was well suited to our research objectives (Hayhoe
et al. 2004; Wood et al. 2004; Maurer and Duffy 2005;
Maurer et al. 2007). To further improve our analysis,
a future productive avenue of study would be to use
additional downscaling methodologies in modeling
climate change impacts on vitculture within the
Maipo Valley to better quantify uncertainty within
our analysis.

Conclusion

This study used topographic, soil, land use, and histor-
ical climate data to analyze the baseline vitcultural
suitability of the Maipo Valley in Central Chile. His-
torical data were then used to downscale GCMs for
scenario Alb and Bl for three thirty-year normals
spanning from 2010 to 2100. These projected climate
data were used to analyze projected viticultural suit-
ability. The results of this study indicate that there is a
significant trend toward hotter climate maturity classes
within Maipo Valley. This suggests that the capacity of
wine producers to cultivate high-quality grapes from
traditional varietals could become increasingly limited
if no adaptation measures are taken. This research
opens new opportunities for comparative regionally
focused studies, providing a broader understanding of
the commonalities and differences in climate change
impacts on the viticultural suitability of prominent
wine-growing regions internationally. Additionally,
despite the inherent uncertainty in climate change
analyses such as this one, studies of this nature rein-
force the importance of investing in research relating
to adaptive vineyard management practices and resil-
ient varietals.
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