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ABSTRACT

Global climate model simulations indicate 1.3°C to 1.8°C increase in the
Earth’s average temperature by middle of this century above the 1980 to
1999 average. The magnitude and rate of change of this projected warming
is greater than the average warming during the last century. Global climate
models project an even higher degree of warming later in the century also
due to increasing grrenhouse gases concentrations in the atmosphere from
human activity. Impacts of future climate change on viticulture are likely to
be significant as viticulture requires a narrow climate range to produce

grapes of suitable quality for premium wine production.

In this thesis, impacts of climate change on winegrape growing conditions
across the Western Australian wine regions were spatially and temporally
examined by utilising fine resolution downscaled climate projections.
Relationships between climate variation and grape maturity or key quality
attributes of Cabernet Sauvignon, Shiraz and Chardonnay were modelled
from measured fruit and climate data along a natural climate gradient
encompassing a 5°C range in winegrape growing season average
temperature. Potential future climate change impacts on grape quality were
quantitatively evaluated by driving the grape quality models with the

downscaled climate projections.

Analyses of climate conditions for winegrape growth were carried out under
future climate projections for the Western Australian wine regions. A total of
10 global climate models forced with an A2 emission scenario were
downscaled. Of these models, the MEDRES Miroc3.2 and CSIRO Mk3.5
climate models, which indicated the low and high warming ranges
(projections of these models will be referred as low and high range
warming, hereafter) across the study regions, were selected to take into
account the uncertainty of future climate change for impact assessment.
Our results indicate increasingly warmer and drier climate conditions for the
Western Australian wine regions. The current October to April average

temperature (averaged across the regions) is projected to be 0.5°C to 1.5°C



warmer by 2030, respectively. The magnitude of the warming will likely be
uneven across the regions. For example, 0.1 to 0.3°C higher average
temperature during October to April period has been projected for the
northern regions than the southern regions by 2030, depending on the
warming ranges. On the other hand, rainfall is projected to decrease across
the regions under the future scenario we assessed in this study. By 2030,
annual rainfall, averaged across the regions, is projected to decline by 5 to
8%, respectively, under the low and high warming ranges of climate change
under the A2 emission scenario. Among seasons, the greatest decline in
rainfall is projected to occur during spring. On average, up to 8% and 19%
decline in spring rainfall is projected respectively under the low and high

warming ranges by 2030.

The magnitude of these changes are projected to increase as time
progresses. For example, by 2070, averaged across the study regions, our
modelling results show current mean temperature during October to April is
projected to be between 1.1°C and 3.9°C warmer, but the annual rainfall is
likely to be 15 to 24% lower than the current climate averages (1975 to
2005) under the A2 scenario.

Maturity dates of the studied varieties are projected to advance
asymmetrically across the study regions. For example, Cabernet Sauvignon
may reach 22 °Brix total soluble solid maturity about 4 and 7 days earlier
respectively for the northern and the southern regions by 2030 under the
low warming range. Our results also indicate maturity date shifting a further
8 and 18 days earlier by 2070 for the northern and the southern regions
respectively under the same warming range. Patterns of this maturity date
shifting is likely to be similar under the high warming range. However, the

magnitude of advancement is projected to be doubled.

If no adaptive measures are implemented future climate change will likely
reduce wine quality due to declining concentrations of berry anthocyanins
and acidity under a warmer climate. The reductions of berry quality
attributes are likely to be more pronounced in the warmer northern wine

regions compared to the cooler southern regions. For example, Cabernet
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Sauvignon current median anthocyanins concentration is projected to
decline by about 12% and 33% for the warmer northern regions, and about
6 to 18% for the cooler southern wine regions respectively by 2030 and
2070 under the high warming range. In contrast, the maximum decline in
Cabernet Sauvignon anthocyanin concentration under the lower warming
range is projected to be small, up to 5% for the cooler southern and up to
8% for the warmer northern regions by 2070. Shiraz anthocyanins
concentration decrease pattern is similar to that of Cabernet Sauvignon,
however, our modelling indicates the magnitude is smaller, with maximum
of 18% for Swan District and about 11% for the southern regions by 2070

under the high warming range.

Modelled impacts of climate change on grape titratable acidity are also
region and variety specific. Among the varieties studied, Chardonnay
exhibits the highest decline in median titratable acidity across the regions
(17% for the Margaret River and 42% for the Swan District regions),
followed by Shiraz (7% for the Margaret River and 15% for the Peel
regions) and Cabernet Sauvignon (no change for Blackwood and 12% for
the Swan District regions) by 2070 under high climate warming. On the
other hand, the median titratable acidity levels are less impacted by low

warming scenario (maximum decline is 4% for Shiraz only by 2070).

Under the future warming scenarios studied in this thesis currently
established wine regions and wine styles across the Western Australian
wine regions are likely to be affected to the extent that some regions may
not be conducive to premium wine production, while for some regions
changing the variety may be the only option to adapt to the climate change.
For example, by 2070, under high warming range Swan District, Perth Hills,
and some parts of the Peel and Geographe regions are projected to be
suited more to producing fortified wines or table grapes due to high average
growing season temperature (>24°C). In this future climate the present cool
climate southern regions are likely to have the same climate conditions that
currently prevail in the warmer Swan District. Apparent differences in

currently planted varieties between the cooler southern and warmer
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northern regions clearly indicate the need to adapt to the warming climate in

the southern wine regions.

Analysis of other potential factors that influence viticulture such as
frequency of hot days, vapour pressure deficit and disease pressure were
examined. The results indicated that winegrape fungal disease pressure will
likely decrease across the regions due to the declining rainfall, potentially
lessening the need for spraying during the growing season. On the other
hand, there will likely be increased frequency of hot days and elevated
vapour pressure deficit. The impacts of these, combined with the
decreasing rainfall during growing season will potentially drive irrigation

demand higher requiring altered water management under climate change.

Climatically, most of the Western Australian wine regions are known as
premium wine producing areas. The results from this study indicate
potential challenges of climate change for the Western Australian wine
industry. Under the future climate scenarios examined, some currently
warmer regions may become less suitable for premium quality wines due to
the increased temperature, which is projected to be out of the optimum
temperature range for premium wine production. For most of the other
regions, the challenge will likely be a decreased grape quality required to
produce premium wine with the current varieties. Suitable adaptation
strategies may be required to maintain the current market reputation.
Furthermore, the warmer and drier conditions under climate change is likely
to necessitate revised water management across the wine growing regions,
especially some regions which are already limited by available water for
grape production. However, the magnitude of the impacts is projected to be

dependent upon the magnitude of future climate change.
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CHAPTER 1. GENERAL INTRODUCTION
1.1 Climate change

There is ample evidence that the Earth’s temperature is increasing and the
increase is due to elevated concentrations of greenhouse gases in the
atmosphere caused by human activity. During the last century the Earth’s
temperature increased by 0.6 °C on average (across different locations) and
the 1990s was the warmest decade of the century (Kerr, 2005). Reasons for
this warming have been attributed to altered atmospheric radiative forcing
due to increased greenhouse gas emissions into the Earth’s atmosphere
(Le Treut et al., 2007). Development of complex climate models and their
ability to accurately simulate past climatic conditions provide an opportunity
to project future climate evolution. In turn, these projections may be useful
to predict the influence of future climatic conditions on human activities such

as agricultural production.

The latest findings of different climate models suggest if grrenhouse gas
continue to increase in concentration in the atmosphere further increases in
the Earth’s surface temperature will result. Global climate models (GCM)
project 0.64 °C to 0.69 °C warmer average surface air temperature between
2011 and 2030 compared to the period from 1980 to 1999 (Meehl et al.,
2007). The temperature increase is believed to be more pronounced on
land areas than oceans due to the moderating effects evaporation has on
warming of oceans rather than land (Christensen et al., 2007). Meanwhile, it
is also accepted that a certain degree of future climate warming is already
locked in due to the increased concentration of atmospheric greenhouse
gases that have been emitted in the past even if all emission are stopped
now. This projected climate change is likely to impact a wide variety of
existing natural and human devised systems on Earth including ecosystems

and agriculture.



1.2 Climate change and trends in Australia

The Australian continental average temperature has increased by 0.76 to
0.90 °C during the last century and much of the change occurred in the
second half of the century with the average temperature increasing by 0.16
°C per decade since 1950s (CSIRO and BOM, 2007). Strong indications of
climate change are readily observed in weather-related incidents over the
last decades. With increases in average temperature the number of
extremely hot days are increasing (Collins et al., 2000), while the number of
cold days and cold nights are decreasing (Nicholls and Collins, 2006).
Meantime, it has also been observed that the frequency and intensity of
extreme climate events such as droughts (Nicholls, 2004), and extreme
daily rainfall are changing faster than mean events over the last 5 decades
(Alexander et al., 2007). While it is difficult to attribute any single climate
events to increased concentration of greenhouse gases in the atmosphere,
projections using climate models indicate an increasing frequency of events
such as these in future (CSIRO and BOM, 2007).

1.3 Climate change and trends in the southwest of Western Australia

To date temperature changes for Western Australia (WA) is no different
from the national trend (Whetton, 2001, CSIRO, 2006, IOCI, 2006). Since
1910 the annual mean temperature has increased by 0.8 °C, which is close
to the national and global average increase (IOCI, 2005). The increase in
daily minimum temperature (0.9 °C) is slightly higher than the increase in
the daily maximum of 0.7 °C. However, in some areas the increases in daily

maxima are higher than the minimum temperature changes (IOClI, 2005).

In the early 1900s, the southwest of WA had a consistent and reliable
rainfall (I0CI, 2002). However, climate statistics reveal that annual rainfall
decreased by 21 to 24 mm per decade during the last century and the
change was more drastic during the second half of the century (CSIRO and

BOM, 2007). Furthermore, changes were greater during the winter months.



Average rainfall during May to October declined by 10 to 15% during 1976-
2001 compared to the preceding 50 years (IOCI, 2002). Decreasing rainfall
amounts in the southwest of Australia have resulted in a sharp decrease in
surface water streamflow since the 1970s (CSIRO and BOM, 2007).

1.4 Future climate projections in the southwest of Western Australia

Different climate models produce different projected outcomes depending
on model characteristics and future greenhouse gas emission scenarios.
Therefore, projection of a particular climate parameter provides a range of
different values (Pittock, 2003). Under different levels of future greenhouse
emissions (A2, A1B and B1) conceived by the Special Report on Emission
Scenarios (SRES) (IPCC, 2000) average summer temperatures in the
southwest of WA have been projected to increase by 0.2 to 2.1°C by 2030
relative to 1990 values (Whetton et al., 2005a, CSIRO, 2006, Bates et al.,
2008). Further, a 3.2 to 6.5 °C warming will likely occur by 2070 in the
southwest of WA (Allan and Hunt, 1999, Whetton et al., 2005a, IOCI, 2006).
These projections suggest that the southwest region of WA will potentially
experience significant changes in its climate system in the next 20 to 70

years.

Rainfall projections produce a range of outcomes depending on the model
and also the region of interest in Australia. For the southwest of WA,
however, all current CMIP3 models project a decline in annual rainfall
ranging from 9 to 22% by 2030 to a 5 to 60% drop by 2070 relative to the
1990 average (CSIRO, 2006, IOCI, 2006, I0CI, 2005, Bates et al., 2008).
Reductions in winter and spring rainfalls tend to be more than that of any
other season (Hughes, 2003). By contrast, due to disagreement in different
models, some areas of eastern Australia are projected to have -10% and
some +10% by 2030, and -35% or +35% change in rainfall by 2070
(Whetton, 2001). Potential evaporation is projected to increase up to 10%
by 2030 and up to 32% by 2070 over Australia regardless of changes in
rainfall (Whetton, 2001). Collectively, these changes have the potential to

have large impacts on land use suitability and on ecosystems.



An increased number of hot days, reduced frost occurrences and shortages
in water supply in the southwest of WA seem to be visible consequences of
recent climate change (IOCI, 2005). Meanwhile, the striking feature of the
rainfall projections for southwest WA, unlike the rest of the country, is their
consistent decline in both in the short and long term. The projected decline
in rainfall combined with the increasing average surface temperatures will
likely amplify the impacts of climate change for the region. Therefore, the
potential impacts of these changes on the economy and ecology of the

region should not be underestimated.

The above projections are for average climate variables at a specific time
period in future. What is often overlooked is that the climate extreme events
will continue to occur along with the increase in average climatic values
(IPCC, 2001). There are strong correlations between extreme events and
mean values both for temperature and precipitation in Australia suggesting
that the frequency of future extreme events will increase in line with the
changes in mean values (Alexander et al., 2007). For instance, in Perth, the
annual average number of days over 35°C is projected to increase by 5 to
10 days by 2030 relative to the current 28 days (CSIRO and BOM, 2007).
Meanwhile the average number of days with subzero temperature may
decrease by 3 to 9 days compared to the 1990 average in Wandering by
2030 (Whetton, 2001).

Decreased frequency of frost days might have positive impacts on some
crops if frost is currently a limiting climate factor. However, this type of
positive impact may be surpassed by greater negative impact on yield due
to the inevitable parallel increases in extreme hot temperature. For
example, up to a 36% drop in corn crop yields were reported for some parts
of Europe following the extreme climatic events (up to 6°C warmer than
average and precipitation deficit up to 300 mm) during the 2003 summer
(Tubiello et al., 2007). However, the extent of impact will depend on the
timing of extreme events in relation to the particular development stages of
crops for example fruiting etc. Taken together, this suggests that the

impacts on agriculture due to extreme weather events, which are often



detrimental to agricultural systems, is likely to increase under projected
climate change in WA.

1.5 Climate and winegrape growth berry quality relationships

The main cultivated species for quality wine making is Vitis vinifera, some
genotypes of this species can survive temperatures as low as -15 °C to -20
°C during winter time (Leeuwen and Seguin, 2006). Climate parameters
such as temperature, precipitation, humidity, radiation,and wind all affect
winegrape phenology, berry development, yield and fruit quality
(Gladstones, 1992, Jones and Davis, 2000a, Caprio and Quamme, 2002).
Winegrapes can grow and produce fruit in different temperature zones, for
example cool climate in Canada to warm climate in Australia, but a
particular variety tends to produce appropriate yield and good quality fruit
within confined interval of climate variables. Historic evidence, and year to
year variations of wine quality in a given place all suggest that premium
quality wine making is highly dependent on climate and climate variation, to

which grapes are exposed (Storchmann, 2005, Landsteiner, 1999).

During their growing season winegrapes require variety specific heat loads
to reach full ripeness. Most of the varieties need at least 1200 Growing
degree days with a base of 10 °C (Leeuwen and Seguin, 2006). Gladstones
(1992) noted that if the ripening month average temperature is lower than
15 °C or above 24 °C it is unlikely that good quality wines can be produced
due to inadequate fruit ripeness or elevated sugar content. Similarly, Jones
(2007) demonstrated that quality viticulture regions tend to lie within the 13

°C to 22.0°C growing season temperature.

Due to their different heat requirements specific winegrape varieties tend to
be cultivated in particular regions with climatic conditions suited to that
variety (Gladstones, 1992). Hence, climate is one of the important factors
for the viticultural industry in a given region to be profitable and competitive.
If the climate is to change in the region, then it is likely to influence the focus
of the viticultural practices in the region. Based on existing linkages

between grown winegrape varieties and climate zones it is reasonable to



assume that without adaptation strategies, climate change may result in
reduced viability of some regions.

Potential impacts of climate change on the wine industry may limit future
sustainability and have become a subject of several climate change studies
over the last couple of years. It has been reported that recent changes in
winegrape phenology, grape composition (Jones and Davis, 2000a), wine
quality (Nemani et al., 2001, Ramos et al., 2008) and grape fruit maturity
(Petrie and Sadras, 2008, Webb et al., 2011) were associated with recent

warming occurring to date.

Nevertheless, the potential impacts of projected climate change on grape
quality parameters are not well understood and have not been quantitatively
evaluated in Australia. It is important to address this deficit of understanding
as winegrapes are a perennial crop with decades of productive life span. As
such, return on investment is a long term proposition and capital investment

within this industry requires careful planning.

1.6 The wine industry in Australia

The history of the Australian wine industry started about the 1870s
(Gregory, 1988), and through technological innovations and effective
legislation (Jordan et al., 2007) today it has become one of the world class
wine producers and the fourth largest exporter of wine by volume (Wine
Australia, 2010). As of 2007, wine export contributes $2.87 billion to the
nation’s economy (DFAT, 2008). The Australian wine industry has evolved
in various climate zones (Figure 1.1) each producing distinct wine styles
and reputations; from cool regions for producing quality table wines to warm
to hot regions for fortified and bulk wines (Jackson and Spurling, 1988).

1.7 The Western Australian wine industry

History of Western Australia (WA) wine industry started in Swan Valley and
full-bodied table wines and fortified wines were the main productions over a

hundred years. Cool climate wine production started in 1950s in cooler



Mount Barker and Frankland areas and later it expanded to Margaret River
and the southwest of the state. Currently there are nine official wine
regions, Geographis Indications (Gl), in WA located mainly in the southwest
corner of the state encompassing encompass cool and warm climate

viticulture and high and low rainfall areas (Figure 1.1).

Western
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Figure 1.1 Geographic Indications (Gls) of wine growing regions of Australia. Bottom map
shows Western Australian Gls.

Production of premium quality grape varieties for the high quality market is
the main feature of the WA wine industry. As of 2010, in terms of production
volume the WA wine industry contributes 3 to 4.3% to national totals (ABS,
2010, GWRDC, 2009). However, it produces at least 15 to 20% of total
value of national production (DAFWA, 2006, GWRDC, 2009) and 1.5% of
total national export value despite its small contribution of only 0.8% to the
total export volume (ABS, 2010). Climate change impacts on the WA wine
industry are not fully known, some regions are likely to be more sensitive to
climate change compared with others due to their current differences in

temperature regime and water availability for winegrape growth.



1.8 Thesis rationale

Taken together, the known climate and winegrape production quality
relationships in the past, the observed changes in winegrape production
that are attributable to recent changes in climate around the world, and the
projected climate changes indicate that the future climate is likely to have
impacts on the WA wine industry. In agreement with this, Wine Australia’
(2007) acknowledged that climate change will be one of the key issues that

affect business sustainability in the foreseeable future.

Meantime, potential impacts of climate change on this industry are
uncertain and research is required to predict its impacts on the wine
industry in Western Australia. Insights on the nature of the impacts of
climate change on grape production would help stakeholders in this industry
to be prepared to deal with the impacts through adaptation measures.
Defining possible adaptation strategies requires understanding of the

possible impacts and relative risks to the industry.

1.9 General aim of research

To study spatial and temporal changes in climate conditions of WA wine
growing regions under projected climate change, and their potential impacts

on viticulture

1.9.1 Specific objectives of the study

1. To develop empirical grape quality models to explain Cabernet
Sauvignon, Shiraz, and Chardonnay quality attribute (anthocyanins,
titratable acidity and pH) variations in relation to climate across the study

regions

1
Wine Australia is an Australian Government statutory authority and it provides strategic support to the

Australian wine sector



. To create a fine resolution climate data set for the study regions by

downscaling coarse scale climate model output

. To construct fine resolution spatial surfaces for viticultural climate

indices for WA wine regions under different climate change scenarios

. To develop detailed thematic quality surfaces for Cabernet Sauvignon,
Shiraz, and Chardonnay varieties across the WA wine regions

. To investigate future climate conditions suitable for premium quality wine

production across the WA wine regions



CHAPTER 2. LITERATURE REVIEW

2.1 Methodology of approaches to determine impacts of climate

change on agricultural crops

A large number of studies have been carried out using different research
methods to assess how climate change may affect agricultural production.
They address various aspects of climate change impacts on agriculture,
from plant growth, changes in production (Singh and Stewart, 1991, Kenny
et al., 1995) to implications for farming practices, economy and global food
production (Easterling et al., 1992, Parry et al., 2004, Kabubo-Mariara and
Karanja, 2007, Ortiz et al., 2008). Two main modelling approaches, plant
process-based models and statistical empirical models, are widely used to

assess the climate change impacts on agriculture.

2.1.1 Plant process-based models

Plant process-based models, such as the Agricultural Production Systems
Simulator (APSIM), Erosion Productivity Impact Calculator (EPIC), Crop
Environment Resource Synthesis (CERES), and Vine Development
Simulator (VineLogic) are based on accumulated knowledge of how a
particular plant responds to environmental factors such as weather, soil,
nutrition, carbon and management practices. These models are based on
plant physiological processes that occur within a smaller time and space
(Tubiello and Ewert, 2002). Coupled with projected climate change
scenarios, the plant process-based models can be used to assess future

climate change impacts on agricultural crops.

Plant process-based models have been used for climate change impact
studies for various agricultural crops: wheat (Luo et al.,, 2005), soybean
(Mall et al., 2004), rice (Yao et al., 2007), and winegrapes (Webb et al.,
2008a). Having options to manipulate environmental, nutritional and
management practices, the plant process-based models can be a useful

tool for estimating climate change impacts for different agricultural crops.
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However, there are some drawbacks associated with the underlying

assumptions of these models.

Firstly, plant process-based models assume that the plant growth
processes are totally known, and thus the model parameters can be
accurately determined. However, in reality the plant growth mechanisms are
extremely complex and can be poorly understood or only tested for a limited
range of genotypes (Landau et al., 2000). Secondly, plant process-based
models have mostly been developed for a particular place, or region and
have a significant empirical base, resulting in less successful projections for
other locations (White et al., 1996, Landau et al., 2000).

2.1.2 Statistical approaches/ empirical models

This approach relies on empirical relationships between certain climate
factor variations and corresponding variations in crop attributes. Empirical
models have been widely used for climate change impact studies by using
the projected climate variables to drive the statistical models to simulate
plant growth under different climate change scenarios. Many studies of
climate change impacts have used this approach: farm-land prices
(Mendelsohn et al., 1994), wheat yield (Landau et al., 2000), and yields of

dominant crops in California (Lobell et al., 2006).

Statistical empirical models are not free of criticism due to their inherent
nature of not taking into account the underlying physiological processes of
plant growth. For instance, it is common to use statistical models for
predicting future climate impacts on a crops yield based on the observed
relationships between the yield and the seasonal climate variables.
However, from a plant physiological point of view it is inadequate to predict
the crop yield using only climate values, as the underlying processes of
plant physiology are extremely complex (Landau et al., 2000) and
moderated by management decisions. Moreover, correlations among
climate variables and non-linear relationships between crop and climate

factors make direct statistical prediction complicated (Hansen et al., 2006).

10



A statistical approach is often used for climate change impact studies on
viticulture. For example, Jones and Davis (2000a), Nemani et al. (2001),
Storchmann (2005), Jones et al. (2005) and Sadras et al. (2007a) employed
this approach to study how vine growth and wine quality responds to
observed climate variability in different parts of the vine growing regions.
Developing empirical statistical models between climate variables and
particular crop attributes, such as yield, is less complex than plant process
based models. This makes this approach one of the preferred tools to
estimate future climate change impact assessments, however, previously

mentioned issues with its reliability need to be addressed.

2.2 Climate impacts on viticulture

The connection between climate variables and grape behaviour has been
studied and presented in viticulture textbooks and journals (Gladstones,
1992, Jackson and Spurling, 1988, Jackson and Lombard, 1993, Tonietto
and Carbonneau, 2004). Gladstones (1992) examined the effects of
climate parameters such as temperature, sunshine hours and seasonal
rainfall distribution for grape vegetative growth, fruitfulness, and
composition of berries. Relationships between climate variables and grape
phenology are also well documented elsewhere (Coombe, 1988). The
known relationships between climate and winegrapes are used to identify
suitable regions for grape production in Australia within a context of past

climate.

2.2.1 Winegrape phenology responses to recent climate change

Research results show that winegrape phenological events are changing
due to climate change. Jones and Davis (2000a) observed phenological
shifts, changed berry composition and trends towards increased quality for
Merlot and Cabernet Sauvignon varieties in the Bordeaux region along with
increases in the number of warm days and decreases in precipitation during

maturation. A recent study in ltaly also showed earlier bud break (3 days),

11



bloom (4 days), véraison (3 days) and harvest (8 days) in Conegliano
region with every 1°C degree during the phenological events (Tomasi et al.,
2011). Other studies have also found that to date climate change has led to
increased quality and yields in California, but warned that the future climate
might not be beneficial due to other negative factors such as disease
outbreaks due to high humidity, that could arise as the climate changes
further (Nemani et al., 2001).

Winegrape phenology, particularly the timing of events, is associated with
climatic factors with certain deviations in a given region. However, research
results suggest that changes in climate affect these deviations. For
instance, earlier blooming (7 days ) has been observed in the northeast of
the United States and it is believed that this shift has been caused by recent
changes in climate (Wolfe et al., 2005). Hayhoe et al. (2004) claimed that
the average ripening period will start 1 to 2 months earlier by the end of this
century and it might lead to reduced grape quality in all regions of
California. These findings taken together with the magnitude of future
climate projections suggest that winegrape phenology might be significantly

altered in the southwest of Western Australia in coming decades.

2.2.2 Winegrape yield, fruit and wine quality

Climate change is likely to impact not only winegrape phenology, but also
other characteristics of production such as yield and fruit quality. Chloupek
et al. (2004) observed positive relationships between elevated temperature
or more sunshine hours and crop yields. Lobell et al. (2006) evaluated
climate change impacts on yields of several perennial crops including wine
and table grapes in California. This research (Lobell et al., 2006) reveals
that most of the perennial crops have nonlinear correlations with climate
variables and that climate warming is likely to reduce major perennial crop

yields in California.

Berry colour and aroma are important attributes responsible for winegrape
fruit quality. The concentration of the compounds characteristics is

influenced by many factors such as grape variety, rootstock, soil type, and

12



climate forces (Gladstones, 1992, Jacometti et al., 2007). When other
factors are held constant, then climate is the dominant factor influencing the
development of berry quality components for given varieties in a given
region. Therefore, it is likely that the projected changes in climate will

impact grape quality.

Wine quality is also affected by climate as grape quality is the most crucial
determinant of wine quality. Jones and Davis (2000a) described shortened
phenological interval shifts and quality changes in the Bordeaux region in
relation to climate change. According to their research, the impact of climate
on grape production is likely to be uneven across varieties, and for a given
variety the magnitude of the impacts would also be different depending on
the phenological stages of the grapes (Jones and Davis, 2000a). The study
by Jones et al. (2005) suggests that future climate change will affect wine
qualities either positively or negatively across the world’s vine growing
regions depending on the current climate. A more recent study in Spain
reveals that warmer growing seasons have improved wine quality while
causing earlier phenological timing and decreased yield, possibly due to a
possible combination of water shortage and heat stress (Ramos et al.,
2008). The studies cited above used long term climate and grape data to
establish an empirical relationship of how the quality varies in response to

changes in climate.

A negative correlation between grape quality and either reduced rainfall in
the beginning of the growing season or increased rainfall for the last months
of the season has been found in France and Italy by Jones and Storchmann
(2001) and Grifoni et al. (2006), respectively. The effect of temperature on
winegrape production is likely to be dependent on the magnitude of the
temperature increase and the region. For example, Storchmann (2005)
states that a 1°C warming during the entire growing season in the Rhine
region increases the probability of harvesting a top vintage by 20 to 50%,
suggesting that wine growers in that region would benefit from climate
change if the warming is moderate. Jones et al. (2005) state that climate in

many European cool climate regions, including the Rhine Valley, is close to
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its optimum for producing the best quality wines. Overall, the climate
change impact studies on viticulture produce different results depending on
research method, study region, data used and the climate component

considered.

There is a general consensus that elevated carbon dioxide (COy)
concentration could increase plant production through enhanced
photosynthesis (Bazzaz, 1990, |dso and ldso, 1994). Results from elevated
CO, treatment on vineyards also indicate that grape yield could be
increased considerably (Bindi et al., 2001, Bindi et al., 1996).

Levels of atmospheric CO, will likely increase in the future, but the
consequences of elevated CO; on viticultural regions are still unclear
(Schultz, 2000). In contrast to these direct and positive effects of elevated
CO, on winegrape yield, future warming, indirect effect of CO,, may not be
beneficial for grape yield through elevated humidity, which in turn could
increase the favourable conditions for some winegrape diseases, for some
viticultural regions, for example in California (Nemani et al., 2001). Given
the uncertainties surrounding the future greenhouse gas emissions and
warming, it seems difficult to accurately assess the full impact of elevated

CO, on winegrape responses in field conditions.

2.2.3 Climate change and winegrape disease

Outbreaks of winegrape diseases, especially fungal diseases, are promoted
by certain weather conditions such as warmer temperature or high relative
humidity (Gladstones, 1992, Jailloux et al., 1999, Belli et al., 2005). Existing
winegrape disease patterns are likely to be impacted by projected future
changes in temperature and precipitation. Chakraborty et al. (1998) noted
that excessive canopy growth and density, hence increased duration of leaf
wetness, triggered by elevated CO,, or any wet or warmer conditions
caused by climate change are likely to increase winegrape diseases that

could be disastrous to the Australian viticultural industry.
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A downy mildew simulation study in Italy predicted an increase in disease
pressure due to favourable conditions created by temperature increase
(Salinari et al., 2006). Due to more favourable conditions for downy mildew,
the timing of outbreaks is projected to advance in viticultural regions both in
the northern and Southern Hemisphere (Salinari et al., 2007). What is
striking about this is that the conditions for downy mildew, enhanced by
temperature increase, will outweigh the reduced disease conditions caused
by declining precipitation (Salinari et al., 2006) for some viticultural areas,
Italy in this case, suggesting elevated potential disease risk to viticulture

posed by future warming.

2.2.4 Climate extreme events and winegrape

As mentioned in the previous chapter, climate change will increase the
frequencies of climate extremes globally and regionally (Easterling et al.,
2000, Whetton, 2001, CSIRO, 2006, Christensen et al., 2007). Grape
physiology is not immune from climate extremes. For example, extreme
temperatures between 35°C to 40°C or more, could cause significant
damage to grape quality and reduce the yield (Jackson and Spurling, 1988).
High temperature combined with strong wind and low humidity could cause
more damage to vines and fruit than high average temperature alone
(Gladstones, 1992).

White et al. (2006) project that extreme temperature during the growing
season affects the grapes more than the changes in mean climate; and that
the premium wine growing regions of the United States will decline by more
than half by the end of this century due to increases in extreme days. This
study suggests that increased temperature, and thus heat accumulation is
likely to force wine producers to shift to warmer climate varieties to avoid

low quality wines.

2.2.5 Relevant studies in Australia

Winegrape climate niches have been studied in detail with regard to the

Australian current climate systems (Dry and Smart, 1988, Jackson and
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Spurling, 1988, Gladstones, 1992, Hall and Jones, 2009). However, to date,
not many studies have been carried out to address past and future climate

effects for the Australian grape industry.

Sadras et al. (2007a) quantified time trends of vintage scores, wine quality
rating, for Australian wine regions and observed an inverse relation
between long term daily mean temperature during the month prior to
harvest and the rate of change in white wine vintage score variability. Petrie
and Sadras (2008) reported advanced maturity and harvest date for
Chardonnay, Cabernet Sauvignon, and Shiraz for 18 wine regions between
1993 to 2006. This study (Petrie and Sadras, 2008) also showed increasing
sugar concentrations for Cabernet Sauvignon and Shiraz, and negative
correlations between rate of harvest date change and rate of changing
temperature. Recent study also observed advanced maturity in 43 of the 44
studied winegrape blocks in Australian wine regons, and importantly a more

rapid advancement during recent decades (Webb et al., 2011).

Winegrape phenology is likely to change under future climate changes in
Australian wine regions. This was demonstrated by Webb et al. (2007) who
examined six Australian wine regions and predicted earlier bud break (4 to
8 days by 2030 and 6 to 11 days by 2050) and a shortened growing season
(45 days earlier harvest by 2050 in the Coonawarra region) in some wine
regions of Australia due to the changing climate. In this study, the Margaret
River region is modelled to have later bud breakt due to insufficient chilling
temperature (Webb et al., 2007).

Australian premium winegrape varieties vary in their sensitivities to climate
change (Webb et al., 2008b). Based on the above relationships Webb et al.
(2008a) explored future climate change impacts on the Australian wine
industry and concluded that, without adaptive measures, winegrape quality
in Australia might be reduced, especially in inland regions, by up to 39% by
2030. This prediction is similar to projections for wine quality in Europe
(Jones et al., 2005).
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A study by Hall and Jones (2009) looked at potential impacts of future
warming on Australian wine growing regions through spatial modelling and
mapping of temperature-based indices under climate change. According to
this research the number of wine growing regions with an increased median
growing season temperature exceeding that for quality wine production, will
increase by 8 by 2030, by 12 by 2050, and by 21 by 2070 implying a
potential overall decrease in wine quality for the Australian wine industry

under climate change (Hall and Jones, 2009).

2.3 Implications of potential climate change for viticulture

Variations in historical climate have produced changes in agricultural
systems, including wine production in the past (Granger, 1980, Landsteiner,
1999, Jones and Davis, 2000b, Nemani et al., 2001). These variations
include reduced frost occurrence, warmer temperatures and hence altered
growing season lengths. Although there are uncertainties about future
climate and the rate of change in a given region, it is now commonly
acknowledged that future changes in climate are inevitable due to already
emitted greenhouse gas in the Earth’s atmosphere (Le Treut et al., 2007).
The full impacts of future climate change on viticulture such as temperature
and precipitation changes, elevated CO; levels and their interactions are

not known.

Results of research studies suggest that climate change is likely to result in
a shortened grape growing season and reduced fruit and wine quality for
the currently cultivated varieties around the world (Hayhoe et al., 2004,
Jones et al., 2005). Meanwhile, grape yield variation may increase due to
the changing climate, indicating possible economic risk to grape growers
(Bindi et al., 1996). Moreover, it is also argued that the future climate
changes may have serious negative impacts on the suitability of currently
planted varieties across current viticultural regions (White et al., 2006, Hall
and Jones, 2009). Results of studies of climate change impacts on

Australian viticulture indicate that future climate change may shorten the
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winegrape growing season and decrease winegrape quality if no adaptive
strategies are implemented (Webb et al., 2007, Webb et al., 2008a).

From experience, it is known that climate extreme events affect crops more
severely than mean values and their frequency of occurrence is highly
correlated with changes in crop attributes (Katz and Brown, 1992). Climate
extremes in Australia, such as drought, extreme high temperature and
storms cause devastating damage on agricultural crops, albeit the
frequencies of these events are low in the present climate. The projected
increase in the frequencies of extreme climate events, however, raises the
risk factors from these events. For viticulture, extreme climate events of
interest in Australia might be extremely hot days with temperatures
exceeding the levels of winegrape tolerance to heat; or a prolonged number
of dry days with insufficient precipitation (Hayman et al., 2009, Webb et al.,
2010); or too warm winters where winegrapes cannot get enough chilling for

bud development (Lyons and Considine, 2007), resulting in lower fruit yield.

Most of the future climate impact assessment in this review, especially
spatial modelling studies, focused on large areas of a global or national
scale due to the availability of climate model outputs for simulation. Thus, to
date research results do not give a detailed assessment of climate change
impacts on viticulture at a regional or local level, which is important for
grape growers to make decisions for their future business in response to

climate changes.

2.4 Research methodology of this thesis
2.4.1 General workflow of the research

To achieve the overall objectives of this study we took the following steps
(Figure 2.1). The study was sequential and linear with each step reliant on

the findings of the previous one.

Step 1. Aimed at developing a background and understanding of the subject

and delineation of the project aims. The step included the review of
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available information and discussion with industry and research personnel
in this field. The formal research proposal was formulated at the end of this

step.

Step 2. Ten sites were selected over a wide range of growing season
average temperature. At each site maturity was monitored during two
consequitive growing seasons and at maturity grapes were sampled and
assessed for analysis of quality. Weather conditions were monitored at

each site to enable comparison with quality and maturity observations.

Step 3. This step aimed at understanding the relationships between grape
quality and climate data among the study regions. Empirical models of
grape quality and climate data were developed through a multiple

regression approach.

Step 4. This step produced finer scale spatial resolution climate change
projections for the study area. This step was achieved by collaborating with
the CSIRO Marine and Atmospheric Research Group project activities.
Daily maximum and daily minimum temperatures, and daily rainfall data
was generated for 10 GCM covering the area. Daily vapour pressure and

radiation data were also generated.

Step 5. The purpose of this step was to determine the future climate
characteristics of WA wine growing regions under climate change using the
results of previous step. Downscaled climate data were converted into

Geographic Information Systems (GIS) for spatial analysis.

Step 6. With this step, the aim was to determine the response of grape
quality attributes to climate change for the wine regions within the study
area. Results of the Step 1 and Step 2 were utilized for this step. Cabernet
Sauvignon, Shiraz, and Chardonnay grape quality surfaces were
constructed for future climate scenarios and examined with GIS spatial

analysis tools.
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Step 7. Overall findings of this research are discussed in relation to the

general aim of this study. Shortcomings of this study are addressed and the

future research directions are identified.
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CHAPTER 3. GRAPE QUALITY MODELLING
3.1 Introduction

Quality of grape berries and of the subsequent wine are strongly influenced
by chemical constituents and their concentrations at harvest (Coombe et al.,
1980, Herderich and Smith, 2005, Fontoin et al., 2008). Berry composition
is influenced by factors such as climate, genotype, management and soil
type (Gladstones, 1992, Jackson and Lombard, 1993). When other factors
are held comparatively constant, climate is the dominant factor that
influences grape and wine quality (Jones and Storchmann, 2001,
Storchmann, 2005, Ashenfelter, 2008, Makra et al., 2009). Of the climate
variables, temperature has been recognized as a primary driver of vine
growth and grape/wine quality (Winkler, 1974, Gladstones, 1992, Soar et
al., 2008). For example, Petrie and Sadras (2008) utilized between-season
variation to demonstrate that higher growing season temperature resulted in
increased rates of sugar accumulation and advanced fruit maturity dates.
Furthermore, Sadras et al. (2007a) demonstrated negative relationships
between the rate of the historical increases of red wine quality (as assessed
by vintage scores) during 1980 to 2005 for Australian wine regions and

average temperatures during the month before harvest.

Viticulture is a vulnerable sector to climate change due to the sensitivity of
winegrape phenology and fruit quality to temperature. However, impacts of
climate warming on viticulture remain unclear as the research results that
are based on historical data generate various results. For example, Nemani
et al. (2001) speculated that while climate warming during the period from
1965 to 1996 had positive effects on yield and wine quality in the Sonoma
and Napa valleys, further warming may have unfavourable impacts on the
Californian wine industry due to the increase in fungal disease under
elevated temperature and humidity. Similarly, Lobel et al. (2006) indicated,
based on predictions that used empirical yield and climate modeling,
potential yield loss of perennial crops in California. On the other hand,
Jones et al. (2005) explored the relationships between optimum growing

season temperature and vintage score i.e. surrogate wine quality, and

21



predicted uneven impacts of climate change on wine quality across the
world’s wine regions depending on current growing season temperature and

future warming.

Australian studies generally suggest a consistently negative impact of
climate change. For example, a study that broadly examined six Australian
wine regions predicted a shortened growing season in all regions (Webb et
al., 2007). According to this study, all regions, except Margaret River, are
predicted to have earlier bud break and harvest dates in coming decades.
Webb et al. (2008a, 2008b) also argued that there was likely to be variation
in the sensitivity to climate change among winegrape varieties but that
without adaptive measures winegrape quality in Australia will generally
decrease. A more recent study (Hall and Jones, 2009) concluded that the
number of current wine growing regions, with unsuitable growing season
temperature for quality wine production, will increase as a result of climate

change.

Plant growth and development are influenced by both absolute values and
interactions among different climate variables. Therefore, inferences
derived from relationships between an individual climate variable and grape
quality parameter may not necessarily be the same when effects of other
climate variables are taken together under real conditions. Plant
physiological and mechanistic models, such as VineLogic (Godwin et al.,
2002), would help to address such interactions provided the models have
an adequate choice of inputs to simulate the whole system. However, to our
knowledge, currently there are no readily available mechanistically
parameterized models for simulating grape quality responses under climate
change scenarios. Instead, empirical models have been used to investigate
climate influences on grape growth and development and/or for evaluating
the climate change impacts on viticulture (Jones and Davis, 2000a, Lobell
et al., 2006, Ashenfelter, 2008). For this study, we employed an empirical
modelling approach to examine the combined effects multiple climate

variables on berry quality attributes.
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To date all studies that have attempted to evaluate effects of climate
change on grape and/or wine quality relied on proxy measures such as
grape price (Webb et al., 2008a) or vintage scores (Jones et al., 2005,
Sadras et al., 2007a). While these studies are valuable in providing a
generalized picture, the observation that different grape varieties exhibit
differential sensitivity to climate means that generalized projections based
on indirect measures have limited value in predicting responses of specific
varieties. Obviously, the underlying reason for using proxy variables as
quality indicators is the absence of directly measured grape quality attribute
data on responses of some of the major winegrape varieties to climate
change. The work reported here was designed to fill this critical gap. Such
data will be crucial in adaptation strategies — e.g., in decision making with

regard to matching varieties with sites. The main aims of this work were to:

1. Determine responses of some key berry quality attributes
(anthocyanins, titratable acidity and pH) to range of baseline
climates, and

2. Develop quantitative (empirical) models that could be used for
assessing levels of these berry quality attributes to the projected
climate change across the major viticultural areas of Western

Australia.

The study was carried out in commercial vineyards located along natural
gradients of climate, and covered three of the major winegrape varieties

(Cabernet Sauvignon, Shiraz and Chardonnay) currently grown in Australia.

3.2 Materials and methods
3.2.1 Monitoring sites and plant material

Ten commercial vineyards situated in all the major wine regions of Western
Australia (Figure 3.1) were used for this study to monitor the dynamics of
Titratable Acidity (TA), pH and total anthocyanins in Cabernet Sauvignon,

Shiraz and Chardonnay varieties. The monitoring was carried out from
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véraison to until berry juice Total Soluble Solids (TSS) level reaches 22
°Brix during the 2008-2009 (Season 1, hereafter) and 2009-2010 (Season
2, hereafter) growing seasons. The 10 study vineyards lie along a north-
south transect with an average (1976-2005) growing season temperature
(October to April) that ranged from 17.8°C at the southern most site to

22.9°C at the northern most vineyard site.

Western
Australia
Y
-
‘ 1. Chapman
Chapman Valley o valley (22.9°C, 438 mm, Loamy gravel)
e 2.GinGin  (21.4°C, 643 mm, Sandy loam)

Gin Gin Fetnits 3. Swan valley (21.8°C, 709 mm, Heavy clay)

4. Peel (21.0 C, 814 mm, Tuart sand)
Swan Valley 5. Capel (19.6°C, 736 mm, Clay loam)
Peel ﬂ 6. Wilyabrup (18 SGDC‘ 968 mm, Gravelly sand)

7. Rosa Brook (18.45C, 1046 mm, Sandy clay)
Capel Pesl 8. Kudardup (18.2 DC 1089 mm, Gravelly loams)

9. Pemberton (17 80 C, 1043 mm, Laterite gravel)

: s 10.Frankland (18.0 C, 608 mm, Sandy gravel
Wilyabrup ‘ o ( ¥4 )
N -
Rosa Brook ™ ‘
$ooH Blackwood

Kudardup Margaret River N

g Manjmup,
Pemberton =5
Pembarion
Frankland —

Figure 3.1 Map sampling site locations and their long term climate averages. October to
April average temperature, average annual rainfall, and dominant soil types for each site
are indicated in bracket. Climate data is averaged for 1976 to 2005 period from SILO
DataDrrill database, respectively

It is acknowledged that different vineyard management practices and
properties of plant material among different sites can contribute to variations
in fruit quality attributes. However, it was not feasible to utilise monitoring
sites with identical planting material and management practices along the
entire transect. Most of the sites in this study had vertical shoot positioning
(VSP) training and spur pruning, except Capel, Willyabrup (both had T-
trellis) and Frankland (bilateral) sites. Similarly, the varieties were mainly
planted on their own-roots except Chardonnay at Gin Gin (which was
grafted onto Chenin Blanc), Shiraz and Chardonnay (on Schwarzmann) at

Swan Valley and Cabernet Sauvignon and Chardonnay (on Schwarzmann)
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at Pemberton. The vines were between 5 and 25 years old (Table 3.1). The

soil types also varied across sites (Figure 3.1).

Table 3.1 Vine ages and training systems for the study sites

Shiraz Cabernet Sauvignon Chardonnay
Sites Age Training Age (years) Training Age Training
(years) (years)
Chapman Valley 10 VSP 10 VSP
Gin Gin 5 VSP 5 VSP 5 VSP
Swan Valley 20 VSP 5 VSP
Peel 25 VSP 25 VSP 25 VSP
Capel 20 T-trellis 20 T-trellis 20 T-Trellis
Wilyabrup Not known  VSP Not known T-trellis Not known  VSP
Rosa Brook 11 VSP 14 VSP, spur 11 VSP
Kudardup 8 VSP, spur 8 VSP
Frankland 10 Bi-lateral 10 Bi-lateral 10 Bi-lateral
Pemberton 11 VSP 17 VSP 18 VSP, spur

Blank cells indicate that the particular variety is not available on that vineyard for sampling. VSP- Vertical shoot positioning

3.2.2 Bunch sampling

Ten bunches of grapes from 10 vines, five from one side of a row and the

others from the opposite side of the row, were randomly sampled for each

variety at weekly intervals between the start of véraison and the berry TSS

maturity of 22 °Brix (referred to as common maturity, hereafter). The 10

sample vines were selected from four rows in the middle of a block to avoid

edge effects and in such a way that no vines are sampled twice during the

sampling period (Figure 3.2). Sampled bunches were placed in an ice

chilled box and taken to the laboratory for berry composition analysis.

000000000000O0000O0O00000000000
000000000O0O0OOO0OOOO0O0O0O0O00Q0C0C0OO0
00 00-6-6-6-6-6-6-6-0-00600006600000660—>
0000000000000000000000000000
0000000 e6-0-660-066008606000600060>
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0000000 #56666066000600060060—>
0000000000000000000000000000
00 00-666-66-600086600006060046006>
0000000000000000000000000000
0000000000000000O000000000000

Figure 3.2 Sampling design illustration. Shaded ovals indicate positions of the first
sampled vines in a row and vines in the same row along the arrow are sampled

subsequently in each week
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3.2.3 Berry composition analysis

A quarter of the berries were evenly and gently stripped from all parts of the
sampled bunches. Half of the berries were placed in a plastic bag and
crushed by hand without cracking the seeds and the juice was used for
TSS, pH and TA analysis. The remaining berries were placed in a plastic
container and kept frozen for anthocyanin analysis. Juice from the hand-
crushed berries was centrifuged (HeraEus Multifuge 3SR+, USA) at 3500
rom for 10 minutes. Levels of TSS were measured with a temperature
compensated digital refractometer (Reichert AR200, USA) and reported in
°Brix at 20 °C. Juice pH and TA were measured with a pH meter (labCHEM-
pH, Australia) from the centrifuged juice. Titratable acidity was determined
by titrating juice samples against 0.1 kmol m™ NaOH solution to an end
point of pH 8.2. Results are expressed as grams of tartaric acid equivalent

per litre of juice (g/L).

Anthocyanins were extracted and analysed as described in lland et al.
(2004). Briefly, after thawing frozen samples, 50 berries were randomly
selected and weighed. These were homogenized (Ultra Turrax T25 Basic,
Germany) at 24000 rpm until the sample became a smooth paste.
Approximately 1 g of the homogenate was weighed into a centrifuge tube
and 10 ml of 50% aqueous ethanol (pH 2) was added. The homogenate-
ethanol mixture was agitated continuously for 10 minutes to facilitate
extraction of anthocyanins. The samples were then centrifuged at 3500 rpm
for 5 minutes. A subsample of the supernatant was diluted 1:10 with 1 kmol
m™> HCI. After 3 hours, absorbance values of the diluted samples were
recorded at 520 nm with a spectrophotometer (UV-2450, Shimadzu, Japan).
Anthocyanin concentration results are expressed as mg malvidin-3-

glucoside equivalents per g berry weight (mg/g).
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3.2.4 Climate data

Temperature was measured at 15 minute interval during the post véraison
to harvest period (shielded Tinytag TG-0050, Gemini Data Loggers Ltd.,
UK) at each site. All loggers were tested for their accuracy prior to their
deployment at sites. The loggers were placed in plastic shielding screens to
protect from direct radiation or rainfall and hung from the top wires between
poles in the middle of the sampling blocks. Growing shoots within a half
meter in both sides of the screen were regularly removed to prevent
shading. In addition, daily climate data for each site was obtained from the
SILO data drill database (Jeffrey et al., 2001) for other climate variables
such rainfall, radiation, and moisture. The logged temperature data were
used for estimating the length of time over certain temperature, whereas the
interpolated climate data i.e. temperature, rain, radiation etc. were used for
model development for consistency. The logged and interpolated data were

verified against each other for each site (Appendix 1) prior to the analyses.

Climate variables for growing season and véraison periods were calculated
separately for each variety and season since the growing season lengths
were different for each variety and/or season. For this study, the growing
season was defined as the period between 1% of October and the date
when fruit reached the common maturity. Ripening period and véraison
periods were defined as the 30 day period preceding the common maturity
and the period between the beginning of véraison (50% of the fruit reaches

veraison) and the common maturity date, respectively.

3.2.5 Data standardisation

Due to the weekly sampling interval some samples were not taken at a TSS
of exact 22 °Brix (common maturity) on the sampling dates. For this reason,
a linear interpolation was carried out to estimate the quality parameter for
those samples whose TSS values varied by more than 0.2 °Brix from the
common maturity. The common maturity is interpolated from a linear
regression between accumulated biologically effective degree days

(Gladstones, 1992) (difference between the daily average temperature
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capped at 19°C and base of 10°C) and the TSS values of two consecutive
samples that contained the targeted common maturity. Overall, the variation
between the interpolated common maturity TSS and actual values across
sites and varieties differed by less than 0.6 °Brix units. Similarly, the pH, TA
and anthocyanins at the common maturity were calculated from linear

regressions between TSS and the quality parameters.

3.2.6 Selection of climate variables

While temperature, rainfall and radiation are the essential and basic
components of climate that affect plant growth and development, variables
derived from these basic components of climate may also influence berry
quality. Thus, a priori list of basic climate variables and derivatives thereof
that potentially affect berry quality was compiled (Table 3.2), and their
values computed for the entire or specific periods of the growing season.
This exercise generated more than 70 variables (Table 3.2, Figure 3.4).
Durations (h) over 25°C and 30°C during fruit ripening were estimated from
the logged temperature on vineyard sites. In warmer sites, grapes reached
the common maturity in February; hence climate variables beyond this time
were not included in the analyses reported here. Thus, although the
growing season for the Southern Hemisphere is nominally defined from
October to April, in this work the growing season ranges from October to

the time grapes reached the common maturity.

3.2.7 Data analysis

Relationships of grape quality attributes to climate variables were explored
through correlation and simple (multiple) linear regression analyses. The
number of basic and derived climate (independent) variables was 3 to 4
times the number of berry quality observations (dependent variables).
Considering these small sample sizes, the maximum number of
independent variables in the multiple regression analyses was capped at
three (using a start with one independent variable and stop with three

variables selection and switching routine).
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Table 3.2 Climate variables used for investigating grape fruit quality attributes at maturity

Climate Climate variables that had been used previously  Additional variables used for this study
variables and reference
Temperature Mean January temperature (Smart and Dry, October to February monthly minimum, maximum,
1980; Webb et al., 2008a), Spring temperatures and average temperatures (°C)
up to flowering (Keller et al., 2010)
Growing season average temperature  Growing season' (GS) minimum, average, and
(Ashenfelter, 2008; Jones et al., 2005) maximum temperatures
Temperature during fruit maturity (Sadras et al., Minimum, maximum, and average temperatures
2007a; Storchmann, 2005) during Ripening period® (RP)
Number of hours over 25°C during RP
Degree days. (Sum of daily mean temperature Growing degree days (GDD) during growing
over 10°C during grape growing season) season
Number of days with maximum temperature Number of days with maximum temperature over
over 25°C during GS (Jones and Davis, 2000a) 25°C during GS, and RP (in days)
Diurnal range (DR) (Gladstones, 1992; Nemani Monthly DR between December to February, GS,
etal., 2001) RP, Véraison period’, and for period between
October to February
Moisture Rainfall (mm) (Gladstones, 1992) Amount of rainfall for early (September to
condition November) and for whole GS
Moisture stress (Chalmers et al, 2010; Daily mean Evaporation between October to
Gladstones, 1992) February months, and RP (in mm)
Mean daily Vapour pressure deficit (VPD) for
October to February months, and for RP
Soil water holding capacity (Jackson, 2000, Available soil water holding capacity in top 2 A and
Sivilotti et al., 2005) B soil layers
Radiation Radiation (Ristic et al., 2007, Gladstones, 1992)  Mean daily radiation between October to February

months, and for RP

TGrowing season = period between October and the date when the fruits reach 22 °Brix of Total soluble solids
(TSS) maturity (common maturity), *Ripening period = 30 day period preceding the common maturity, $Véraison
period = period between starting of véraison and the common maturity

Even with this restriction, however, several thousand candidate models are
generated for each variety. Selection of the likely models for the given data
among these candidate models was carried out using Akaike Information
Criterion corrected for small sample size (AICc) (Burnham and Anderson,
2002). Of the candidate models, the model with the minimum AlCc and
others whose AICc was within 5 units of the minimum AICc model were
retained for further examination of model results against some known

biology of the reality being modelled.

Model selection based on traditional methods (adjusted r?, Mallows’ Cp, and
predicted residual sum of squares) was carried out in addition to the
information theory approach. The climate variables used for model building
generally had a high degree of correlation. This often causes high
multicollinearity which is manifest, among others, in the form of high
variance inflation factors (VIF) of parameter estimates and high condition
numbers. Thus, the selected models were further screened with rule-of-
thumb guidelines of 10 for VIF and 1000 for condition number (e.g. (Myers,
1986)). When a combination of climate variables appeared to account for a

very large proportion of the observed variance (e.g., > 97%) in berry quality
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while exhibiting severe multicollinearity, ridge regression was performed on
such variables. However, it was often the case that at the ridge step that
stabilised parameter estimates (VIF ~ 1), the penalised ridge model no
longer retained its high explanatory power. In such cases, the variables
and/or models were excluded from the results presented here despite the
apparently high descriptive power of the initial models. Finally, for the data
under consideration, 1 or 2 most probable models were presented and
discussed for each attribute per variety (variety-specific models) or each
attribute across varieties (generic models). All analyses were carried out
with SAS v 9.1 (SAS Institute Inc., Cary, NC, USA).

3.3 Results
3.3.1 Growing season temperature and rainfall during the study period

October to March average temperature differences between the warmest
and coolest sites were over 5°C for both seasons (Table 3.3). There were
also considerable differences in rainfall (10-fold in Season 1 and 3-fold in
Season 2). However, the grape ripening periods were virtually rain free, and
all sites used supplementary irrigation.

Table 3.3 October to March average temperature and rainfall across the study sites during
Season 1 (2008-2009), and Season 2 (2009-2010)

October to March average October to March
temperature (°C) rainfall (mm)
2008-2009 2009-2010 2008-2009 2009-
Sites 2010
Chapman Valley 23.1 24.2 35 52
Gin Gin 21.5 96
Swan Valley 21.9 23.2 124 88
Peel 21.0 22.2 161 78
Capel 19.6 20.5 94 65
Wilyabrup 18.7 191 161 95
Rosa Brook 18.2 18.9 140 96
Kudardup 18.1 18.6 239 95
Frankland 17.9 219
Pemberton 17.7 18.8 363 154

Data source; Interpolated (SILO DataDrill Database) weather data
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3.3.2 Patterns of berry quality attributes at common maturity across sites

At common maturity, there were significant differences in the levels of grape
quality attributes between the cooler and warmer sites. Generally, berries
from the cooler sites, for instance Frankland and Pemberton, had higher
levels of anthocyanins (48 to 71% for Cabernet Sauvignon and 22 to 30%
for Shiraz, depending on the season) than those from the warmer sites,
such as the Swan or the Chapman Valleys (Figure 3.3). Likewise, the levels
of TA were higher in cooler sites: 31 to 62% for Cabernet Sauvignon, 32 to
82% for Shiraz, and 61 to 126% higher for Chardonnay depending on
season (Figure 3.3). Unlike the anthocyanins and TA levels, grape juice pH
at common maturity did not show a clear trend across sites when the sites
were characterized by the long term growing season average temperature
alone (Figure 3.3). Nonetheless, the highest juice pH levels were observed
at the warmer sites in both seasons (Chapman Valley for Shiraz and

Cabernet Sauvignon, and at the Swan Valley for Chardonnay).

3.3.3 Relationships of berry quality attributes with climate variables

Exploratory bivariate correlation analyses of climate variables at different
time periods during the growing season and grape quality attributes at
common maturity identified climate variables and critical time periods that

were influential on grape quality. These are detailed below.

3.3.3.1 Titratable acidity at common maturity and climate

Rainfall either early in the growing season (September to November) or
during the entire growing season had positive impacts on TA levels at
common maturity (Figure 3.4a). Available soil water holding capacity (AWC)
generally appeared to have little influence on TA at common maturity. By
contrast, for all three varieties, TA levels at common maturity were
negatively related to temperature (and the temperature-derived variables),

radiation and evaporation (Figure 3.4a).
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Figure 3.3 Levels of grape quality attributes (anthocyanins, Titratable acidity, and pH) at
common maturity (TSS of 22 °Brix). Sites are listed (from left to right) according their long
term growing season temperature in decreasing order

In particular, consistently strong negative correlations (R~ -0.47 to -0.82)
were observed with variables involving maximum temperature and its
derivatives such as diurnal temperature range and VPD during December,
January and February; frequency of days above 25 °C during the growing
season, and the number of hours over 30 °C during the ripening period.
Correlations of TA at common maturity with minimum temperatures early in
the growing season were both weak and varied among varieties; however,
the strength of correlations steadily increased and became qualitatively
similar as the season progressed, becoming strongest during the ripening
period (Figure 3.4a). Such steady increases in the correlation strength from
October to January/February months were also evident for the other
monthly average climate variables (Figure 3.4a), thus confirming the relative
importance of climate during berry maturity for berry composition (see also
results for pH and anthocyanins below).
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3.3.3.2 pH at common maturity and climate

The bivariate correlations of juice pH at common maturity with all climate
variables were: (1) opposite of the TA results, and (2) of generally lower
strength than the TA correlatons with climate variables (c.f. Figure 3.4a and
3.4b). While the strongest pH correlations were observed with climate
variables for the month of February and, unexpectedly, October (Figure
3.4Db), the correlations showed dynamic temporal patterns. Thus, in general,
pH correlations with temperature, diurnal range and Vapour Pressure Deficit
(VPD) variables started with a peak in October, attained a minimum in
November and steadily rose back to peak level in February; correlations
with evaporation and radiation variables also started with a peak in October,
declined until December and returned back to a peak level in February
(Figure 3.4b).

_| a. Titratable Acidity

Cabernet Sauvignon
050 N Shiraz
[ Chardonnay

Correlation coefficients

_| c. Anthocyanin concentration

7
0.50 — z’
0.25 - 7
. |
o o Y
,;;5;;;;;577¢;a;;aaaa;;';'577‘!;'555555"59'5555?5‘"
ol LV RV BBV EEEE VRV
.25 — 4 1 @ 7 a1 a i /) b aiadi 1V VYYVVY 7 vl il v 7
VUV E UV VUV VVEVV VUV VR Y VY VY EV Y VYV VY
0.50 daad4aa3da42a4 4922444 A7 RagqAAaAdAAAAdAA N AAA] ¢
- A 4 a VIR Y ol vl Al g g a4 ' NVEELEY Y U ol el o 4 a1 vl ¢
g I I Ao ae / My yamao d K ) I
0.75 — o 4 / a9 4 g i Y /
1.00
BZocomaABIlconNaBIo9caona 9caoannaLnNanLBoconBLecaoanpgTlcaoan0zn
5} 5} 3] 3] 3 5}
S 230 S 25 505 ol ) 525 S 050 S0 ®
o O X O [N e} O X OxoKro © O X O rsnO
2 Z‘ o‘ > u.‘ i Z‘ D‘ :‘ u.‘ Rl Z‘ o‘ :I u.‘ X o‘ > u.‘ m‘ o D‘ oo |Z‘ o‘ > u.‘ | ‘Z‘ DI S u.‘ O, o Z‘ o‘ S \.|.I 1:“;( g
EEEEEEERR AR e B EgiCdss85080280E833338 ¢
EEEEEEEFEErR FEEEEFFO 0C0BE£EWa QDo %gg%g egEe8

Figure 3.4. Correlations between grape quality attributes (Titratable acidity, pH, anthocyanin
concentrations) at common maturity (TSS= 22 °Brix) and climate variables for Cabernet Sauvignon,
Shiraz and Chardonnay. Tmn, Tav, Tmx= minimum, average, and maximum temperatures
respectively, months are denoted by their initial three letters, RP=ripening period, DR=diurnal range,
D25 or D30=number of days with maximum temperature over 25°C or 30°C, H25 or H30=number of
hours over 25°C or 30°C, Evp=evaporation, VPD=vapour pressure deficit, Rad=net radiation,
AWC=available soil water holding capacity, Rn_SN or Rn_GS=rainfall during September to

November or during growing season, respectively
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3.3.3.3 Anthocyanin concentrations and climate

For both Shiraz and Cabernet Sauvignon, berry anthocyanin concentrations
at common maturity were negatively associated with almost all the climate
variables examined in this study (Figure. 3.4c). Only rainfall variables had
positive influences on the anthocyanin concentration. Of rainfall, rainfall
incident early in the growing season (September to November) appeared to
have a stronger influence on berry anthocyanins than rainfall during the

whole growing season.

Similar to the results for pH, berry anthocyanin concentrations of both red
wine varieties were highly correlated (R~ -0.78 to -0.82) with October
temperatures, particularly the average and maximum temperatures (Figure
3.4c). The strengths of correlations with November temperatures showed a
slight drop, from there on however, the influences of temperatures on berry
anthocyanin concentration steadily increased up to January/February
(ripening months) (Figure. 3.4c). This temporal pattern was common across
the minimum, average and maximum temperatures. Similarly, the degree of
association between berry anthocyanin concentration at common maturity
with diurnal range variables, while generally moderate during December
(R~ -0.20 to -0.40), became stronger (R~ -0.50 to -0.75) towards the
ripening period, further affirming the importance of climate during ripening
for berry composition. Other variables that appeared to exert relatively
strong negative influence, (R < -0.7) on berry anthocyanin concentrations of
both varieties were the number of hours that the air temperature exceeded
25°C during the ripening period, VPD during January/February and
radiation in February. For most of the growing season berry anthocyanin
concentration also had a strong negative association with evaporative

demand (Figure 3.4c).
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3.3.3.4 Temperature effects on rates of change of berry anthocyanin

concentrations, TA and pH

For both red wine varieties, berry anthocyanin concentrations were
significant and inversely related to the average temperature of the véraison
period. However, the rate of decline, expressed as the slope of the linear
regression, in anthocyanin concentrations per degree increase in the
véraison period average temperature was significantly greater for Cabernet
Sauvignon (0.07 mg/g per degree °C increase) than for Shiraz (0.03 mg/g
per degree °C increase) (Figure 3.5). Similarly, for all three varieties, the
levels of TA at common maturity declined significantly as a site’s growing
season average daily maximum temperature increased (Figure 3.6a). The
rate of acid loss however varied considerably with variety, with Cabernet
Sauvignon and Chardonnay being the least and most sensitive, respectively
(Figure 3.6a). In contrast to the responses of anthocyanin and TA, berry
juice pH levels for all varieties showed positive trends with the growing
season average daily maximum temperature, though these were not
significant (p > 0.05) (Figure 3.6b).

2.0 o

— —- Cabernet [¢] ~
Sauvignon b=-0.07, p<0.001 R?=0.52 ~

— Shiraz b=-0.03, p=0.015 R*=0.48

1.0 T T T T T

Anthocyanin concentration (mg/g berry weight)

16 18 20 22 24 26 28
Veraison period average temperature (°C)

Figure 3.5 Relationships between berry anthocyanin concentrations at common total
soluble solids maturity (22 °Brix) and véraison period average temperatures for Cabernet
Sauvignon (circles), Shiraz (squares) varieties. Data points represent different sites. b =

slope of the regression, p = significance value
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Figure 3.6 Relationships between berry (a) titratable acidity, and (b) pH levels at common
maturity (total soluble solid of 22 °Brix) and growing season maximum temperatures for
Cabernet Sauvignon (circles), Shiraz (squares) and Chardonnay (triangles) varieties. Data

points represent sites. b = slope of the regression, p = significance value

3.3.3.5 Ripening period temperature effects on dynamics of anthocyanin

accumulation and TA vis-a-vis TSS

For all three varieties, the rates of change in TA per unit increase in TSS
during véraison were negatively related to the sites’ prevailing average
temperature (Figure 3.7a). However, the trend was significant (p < 0.05) for
Chardonnay only, while the trends for Cabernet Sauvignon and Shiraz were
marginal (p = 0.053 and p=0.112, respectively). On the whole, these results
suggest accelerated loss of acid per °Brix increase in TSS at warmer sites

compared to cooler sites during berry ripening.
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Figure 3.7 Relationships between véraison period average temperature and rate of
changes in (a) titratable acidity, or (b) anthocyanin concentration per unit of TSS increase
for Cabernet Sauvignon (circles), Shiraz (squares), and Chardonnay (triangles) varieties.
Two extreme values of (shaded circles) Cabernet Sauvignon titratable acidity decrease
rate are not included in the regression. Estimation of the change rate of quality attributes
over the véraison to harvest is illustrated in the inset using sequential sampling data from
the Kudardup site in the Season 2 véraison period

Similarly to the TA responses, for both Shiraz and Cabernet Sauvignon, the
rates of change in anthocyanin concentration per unit TSS increase trended
negatively as the véraison period average temperature increased (Figure
3.7b). However, there were apparent varietal differences in the strength of
this relationship, with the trend being significant for Cabernet Sauvignon
only. Thus, for Cabernet Sauvignon these data suggest that relative to
sugar accumulation, net anthocyanin accumulation progresses slowly in
environments with warmer ripening periods whereas for Shiraz, the relative

rates appeared less sensitive.
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3.3.4 Empirical models of berry quality responses to changing climate

conditions
3.3.4.1 Anthocyanin concentration

Out of more than 70 basic and derived climate variables, only a few (mean
January temperature, radiation and number of hours over 25°C during the
berry ripening periond, and rainfall both during the September to November
period, and the whole growing season) were pertinent for describing the
variations in berry anthocyanin concentrations at common maturity along
the 700 km sampling transect covering all the viticultural regions of Western
Australia (Table 3.4).

A three-variable generic model consisting of rainfall during spring, the
growing season and the number of hours that the air temperature exceeded
25 °C during the berry ripening period explained >70% of the variation in
berry anthocyanin concentrations at maturity for both varieties (Table 3.4).
The effects of these three variables on berry anthocyanins were in the same
direction as their individual effects (c.f. Figure. 3.4c, Table 3.4). Accordingly,
duration of air temperature above 25 °C during berry ripening had a
negative influence on anthocyanin concentrations. The effects of rainfall
however were dependent on when it occurred during the growing season.
Thus, whilst rainfall early in the growing season (September to November)
had a positive effect, rainfall over the entire growing season had an
unfavourable effect on berry anthocyanin levels. Partitioning the total
growing season rainfall into early and late season rainfall also produced
qualitatively and quantitatively comparable effects on berry anthocyanin

concentrations.

Compared to the generic model result, high proportions of the variations in
berry anthocyanins were accounted for by variety-specific models. For
Cabernet Sauvignon, the same three variables used in the generic model
explained 83% of the variablity in berry anthocyanin concentrations across

the sampling transect (Table 3.4).
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For Shiraz, a two-variable model of January minimum temperature and
ripening period radiation described 70% of the variation in berry
anthocyanins at maturity across sites. However, when one highly influential
outlier observation was excluded, the proportion of variance explained by
the same two variables increased to 94% (Table 3.4). It is noteworthy that,
for both varieties, when a model contained both temperature and ripening
period radiation, the radiation effect on anthocyanin concentrations was
positive (i.e., contrary to the bivariate effect). Also notable was that, for both
varieties, the minimum or average January temperature alone accounted for
between 50 and 83% the variablity in berry anthocyanin concentrations
(Table 3.4).

Although not tabulated, for Shiraz - a variety known for its propensity for
berry shrivel — berry anthocyanin concentrations responded significantly
and positively to vapour pressure deficit (VPD). (For example, Anthocyanins
(shiraz)= 3.78 + 0.035November VPD + 0.023 Ripening period VPD - 0.141 January
to February average temperature, R _adj = 0.92; Anthocyanins (Shiraz)=3.44 + 0.023
December VPD + 0.016 Ripening period VPD - 0.119 Mean January temperature ,
R?_adj = 0.89; all terms significant at p < 0.001).

3.3.4.2 pH

Compared to anthocyanins and TA (see below), juice pH at common
maturity was generally weakly associated with the climate variables
examined in this study. Yet, several models appeared to describe high
proportions (e.g., up to 97% for Shiraz) of the variances in pH along the
sampling transect. However, the parameter estimates for one or more of the
climate variables in the models were unreliable and all such models were
excluded. After this screening, the “best” candidate was a generic model
containing growing season growing degree days and October vapour
pressure deficit which described only half of the pH variations along the
climate gradient (Table 3.5). For both variables, the directions of influence

on pH were same as their individual effects.
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Table 3.4 Generic and variety specific model estimates for berry anthocyanin
concentration (mg/g berry weight)

Climate variables

Model performance

Variety Intercept Rn_SN Rn GS Hr25 RP Tav_Jan Tmn_Jan Rad RP Adj > PRESS VIF nax
Generic 1.68*** 0.002*** -0.002*** -0.001*** 0.72 0.51 3.06
model (se 0.14) (se 0.0004) (se 0.0004)  (se 0.0003)
(C11.32:1.92)  (Cl0.001+  (Cl-0.003:+  (Cl-0.002+
0.003) 0.001) -0.001)
Cabernet 172 0.002*** -0.002*** -0.002*** 0.83 0.24 2.83
Sauvignon  (se 0.18) (se 0.0005) (se 0.0005) (se 0.0004)
(C11.30:2.11)  (C1-0.003: (CI-0.003:  (CI-0.0025+
0.003) -0.0008) -0.001)
3.63*** -0.094** 0.65 0.44
0.39 (se 0.02)
(C12.77 4.48) (C1-0.13+
-0.05)
Shiraz 52,394+ -0.042** 0.50 0.17
(se 0.29) (se 0.01)
Cl 1.73+:3.0) (Cl1-0.007+
-0.01)
52,24%+* -0.091** 0.029* 70.0 0.10 3.20
(se 0.18) (se 0.02) (se 0.01)
(Cl 1.82:2.65) (C1-0.13:  (Cl.003+
-0.04) 0.05)
2,384+ -0.091*** 0.022 0.94 0.02 2.89
(se 0.08) (se 0.008) (se 0.005)
(Cl 2.18:2.57) (C1-0.11:  (Cl0.01+
-0.07) 0.03)
2.40%** -0.061** 0.83 0.05
(se 0.14) (se 0.008)
(Cl2.1:2.71) (C1-0.08+
-0.04)
2,59+ -0.051** 0.77 0.07
(se 0.21) (se 0.009)
(C12.11:3.06) (C1-0.07+
-0.03)

Significance; ** p < 0.01, *** p < 0.001, Sbased on all data, 'excludes one outlier observation, se=standard error,
CI=95% confidence interval, PRESS = predicted residual sum of squares, VIF.x= maximum variance inflation
factor, Rn_SN, Rn_GS = September to November months and Growing season rainfalls (mm), Hr25_RP =
number of hours over 25°C during ripening period, Tav_Jan, Tmn_Jan = average and mean of minimum
temperatures in January (°C), Rad_RP = radiation during ripening period (MJ/m?)

Table 3.5 Generic model estimates for pH level
Climate variables

Model performance

Intercept GDD_GS VPD_Oct Adj ¥ PRESS VIFmax
2.06*** 0.00071 *** 0.0021*** 0.52 0.76 1.31
(se 0.22) (se 0.0002) (0.007)

(Cl 1.62:2.5) (C1 0.0004:0.001)  (0.006-0.035)

Significance; *p < 0.05, ** p < 0.01, *** p < 0.001, se=standard error, CI=95% confidence interval, PRESS =
predicted residual sum of squares, VIFmax = maximum variance inflation factor, GDD_GS = growing season
Growing degree days, VPD_Oct = October mean daily vapour pressure (kPa)

3.3.4.3 Titratable acidity

For all varieties, between 59% and 63% of the variations in berry TA levels
at common maturity were described using generic models consisting of two
temperature derived-variables: Growing season diurnal range (DR_GS) and
Ripening period minimum temperature (Tmn_RP) or Growing season
growing degree days (GDD_GS) and January diurnal range or GDD_GS
and October to February diurnal range (Table 3.6). In all three generic
models, the impacts of these temperature derivatives on TA were significant
(p < 0.001) and negative (Table 3.6). That is, other factors being equal,
increases in a site’s growing degree days, diurnal range or Tmn_RP

reduces berry TA at common maturity.
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As evident for anthocyanin concentrations, variety-specific TA models
explained significantly higher proportions of the variation in TA than were
possible with the generic models (Table 3.6). Thus, for Cabernet
Sauvignon, a model containing DR_GS and Tmn_RP accounted for about
77% of the variability in TA while a three-variable model with GDD_GS,
DR_GS and Rn_GS (Growing season rainfall) explained 85% the TA
variation at maturity along the climate gradient. Once more, the impacts of
increases in all these variables, except Rn_GS, were manifest with a
reduction of TA levels at common maturity, corroborating the inverse
relationship between heat and TA levels. By contrast, the effect of
increased rainfall, the other two factors were held constant, was to increase
TA levels, indicating that increased moisture availability favours higher

acidity at maturity.

For Chardonnay, the conjoint influences of DR_GS and Tmn_RP alone
explained 81% of the TA variance at maturity. Two three-variable models:
a) DR_Feb (February diurnal range), Tmn_RP, Rad_Oct (October radiation)
and b) Tmn_RP, D25 GS (days with maximum temperature over 25°C
during growing season) and Rad_Nov (November radiatiaon) accounted for
slightly more of the variances across the climate gradient (Table 3.6). As
observed for Cabernet, the effects of all the temperature-derived variables
on TA were negative. It is noteworthy however that the direction of Rad_Oct
impact on TA in this multivariate setting was contrary to the results from the

bivariate case (Figure 3.4, Table 3.6).

In Shiraz, the maximum temperature during the ripening period alone
explained 70% of the variation in TA at common maturity across the
sampling transect. However, the best candidate model contained two-
variables (October to February diurnal range and Rn_GS), which jointly
accounted for 82% of the variation in Shiraz TA across the transect over
two seasons. Consistent with the results for Chardonnay and Cabenet
Sauvignon, the effects on TA of the temperature-based factors in the Shiraz
models were negative while the impact of the rainfall term was positive
(Table 3.6).
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Table 3.6 Generic and variety specific model estimates for berry juice titratable acidity level (g/L)

Climate variable

Model performance

Variety Intercept GDD_GS DR_GS DR_OF DR_Jan DR_Feb Rn_GS Tmn_RP Tmx_RP D25_GS Rad_Oct Rad_Nov Adj_r2 PRESS  VIFmax
Generic 26.86%** -0.005*** -0.664 *** 0.63 60.90 1.22
(se2.2) (se 0.001) (se 0.08)
(C122.4+31.3) (C1-0.01+-0.003) (C1-0.83+-.048)
25.56%** -0.008 *** -0.014 *** 0.59 65.38 1.02
(se 2.23) (se 0.001) (se 0.003)
(C121.0+30.1) (-0.01+-0.005) (C1-0.02+-0.009)
24.11%** -0.007 *** -0.003 *** 0.59 67.07 1.07
(se 2.14) (se 0.001) (se 0.001)
(C119.8:28.4) (-0.01+-0.004) (C1-0.005+-0.002)
Cabernet 19.0%** -0.005 *** -0.0025%** 0.007 *** 0.85 3.83 1.14
Sauvignon (se 1.78) (se 0.001) (se 0.0004) (se 0.001)
(C115.1+22.9) (-0.01+-0.003) (Cl -0.003+-0.002) (Cl 0.004+0.01)
19.2%** -0.003 ** -0.389 *** 0.77 5.18 1.20
(se 1.62) (se 0.001) (se 0.06)
(C115.7+22.7) (Cl-0.004+-0.002) (C1-0.53+-0.25)
Chardonnay 10.33*** -1.174 *** -0.112 *** 1.038** 0.87 11.99 3.29
(se 3.31) (se 0.20) (se 0.013) (se 0.24)
(C13.1:17.6) (C1-1.61+-0.71) (C1-0.14+-0.08) (C10.49+1.5)
16.11%** -0.030 *** -0.935 *** 0.942** 0.82 16.22 2.35
(se 3.33) (se 0.004) (se 0.19) (se 0.26)
(C18.6:23.2) (C1-0.04+-0.02) (Cl-1.4+-0.5) (C10.37+1.51)
36.56%** -0.007 *** -1.058 *** 0.81 18.11 1.22
(se 3.45) (se 0.001) (se 0.16)
(C1 28.8+43.8) (C1-0.008+-0.004) (CI-1.4+-0.7)
Shiraz 17.61%** -0.305 *** 0.70 10.44
(se 1.898) (se 0.058)
(C113.2+22.3) (C1-0.45+-0.17)
13.34%** -0.003 ** 0.009 ** 0.82 7.40 1.48
(se 2.086) (se 0.001) (se 0.003)
(C19.8+18.4) (C1-0.006+-0.002) (C10.004+0.014)

Significance; ** p < 0.01, *** p < 0.001, se=standard error, CI=95% confidence interval, PRESS = predicted residual sum of squares, VIFmax = maximum variance inflation factor, GDD_GS =
growing season Growing degree days, DR_GS, DR_OF = growing season and October to February months diurnal ranges, DR_Jan, DR_Feb = January and February diurnal ranges, Rn_GS =
growing season rainfall (mm), Tmn_RP , Tmx_RP = means of minimum and maximum temperatures during ripening period (°C), D25_GS = number of days with maximum temperature over 25°C
during growing season, Rad_Oct, Rad_Nov = mean daily radiations in October and November (MJ/m?)
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3.4 Discussion

The aims of this study were to investigate the influences of climate (using a
natural climate-gradient) on key berry quality attributes for three major
winegrape varieties, and to develop empirical climate-based models that
describe the observed responses. Weekly berry sampling along a 700 km
transect, covering all the Western Australian wine growing regions, provided
the relevant berry quality data and climate-gradient to address the aims.
Such a long sampling transect is also likely to generate “gradients” in
variables other than climate (e.g. soil type, management). Nonetheless, when
the results were examined at a standardized berry maturity: 1) there were
clear differences, particularly in berry anthocyanin concentrations, TA and to
lesser extent in pH along the transect, and 2) more significantly, most of the
variations in these berry quality attributes along the transect were accounted
for using variations in the prevailing climates of the sites. As such, this
provides a clear indication that (a) macroclimate exerts a dominant influence
in shaping the regional pattern of berry quality (sensu (Winkler, 1974, Smart,
1985)), and (b) the information so gleaned can, with caution, be used for
quantitative evaluation of impacts of climate change on berry quality. Details

are discussed in the following sections.

3.4.1 Variations in berry quality attributes along the climate gradient

Development of berry quality attributes and their levels at maturity are
influenced by several factors such as variety, climate and management
practices (Jackson and Lombard, 1993, Guidoni et al., 2008). In this study,
where possible, vines with similar clonal material and management were
chosen (Table 3.1) to minimize confounding effects of non-climatic drivers on
grape quality. The results have revealed that when maturity is standardized
and confounding factors are partly controlled for, there are clear patterns in
the levels of berry quality attributes along the climate gradient: levels of TA
and anthocyanins from the warmer sites were lower than those from cooler
sites when the sites were described by the average growing season

temperature. These results are consistent with qualitative descriptions of the
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relations between berry quality and site temperature (Winkler, 1974, Lakso
and Kliewer, 1975, Gladstones, 1992, Mullins et al., 1992), and indicate the
influential role of temperature on berry quality (Buttrose et al., 1971). Levels
of berry pH, on the other hand, showed no strong trend across sites when the

sites were described by the long term temperature alone.

3.4.2 Anthocyanins and climate relationship

Accumulation of anthocyanins commences at véraison for red grape varieties
(Mullins et al.,, 1992) and the accumulation process is influenced by
environmental and management conditions (Kliewer and Weaver, 1971,
Downey et al., 2006). It was, thus, anticipated that anthocyanin levels would
show strong association with ripening period climate variables. This was
generally borne out by the data showing that some of the strongest
(negative) correlations were with climate variables from January and
February (months which make up the ripening period). More generally, for
both red varieties, higher berry anthocyanin concentrations were found in
grapes from cooler rather than from warmer sites along the climate gradient.
Such an inverse relationship between temperature and berry anthocyanin
concentration is consistent with earlier reports (Kliewer and Torres, 1972,
Kliewer, 1977, Mori et al., 2005).

For Cabernet Sauvignon, strong negative associations between anthocyanin
concentrations at maturity and January average or maximum temperature, or
duration of hours > 25 °C or > 30 °C during the ripening period were
observed. Surprisingly, these results from the 700 km long climate gradient
study are remarkably consistent with results of Mori et al. (2007) from a
controlled environment study that demonstrated striking effects of high
daytime temperature (35°C), which caused more than 50% reduction in
Cabernet Sauvignon anthocyanin accumulation compared to control
treatment (25°C day time temperature). Moreover, the associations between
the length of time over 25°C or 30°C and anthocyanin concentration are in
agreement with the results by Cahill (2009) who reported negative
relationships between Pinot Noir anthocyanins concentrations at harvest and

length of time over 22°C during post harvest period of previous season or
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length of time for 16°C to 22°C temperature range during flowering to
véraison period, despite the different time frames used for this study and the
reference study. Net anthocyanin accumulation obviously is a balance
between synthesis and degradation; and according to Mori et al. (2007) low
levels of anthocyanins, at least in Cabernet Sauvignon, under high
temperature conditions result primarily from increased degradation and partly

from reduced synthesis.

The pattern of Shiraz anthocyanin concentrations across sites was similar to
that of Cabernet Sauvignon, maintaining the general trend of higher
concentration of anthocyanins in grapes sampled at cooler sites. However,
the average minimum temperature in January emerged as the most
influential variable for Shiraz anthocyanin concentration at common maturity.
As reviewed by Jackson and Lombard (1993), grape anthocyanins are
reduced or enhanced above or below a night time temperature of 15°C,
respectively. For the majority of the sites in this study, the average night time
temperature was over 15°C in January and, therefore minimum temperature
may have exerted more influence on Shiraz anthocyanin concentration than
the other climate variables. In this regard, it is worth noting that climate
projections indicate a relatively greater rise in the minimum temperature,

during the ripening period.

The degree of association between grape anthocyanin concentration at
maturity and the maximum temperatures in October and January were
similar. As such, this is contrary to the expectation that anthocyanin
accumulation is more influenced by the ripening period climate than by
climatic events prevailing at the start of the growing season. Indeed, other
climate indices for the month of October also showed consistently moderate
to strong influence on (correlation with) berry quality attributes. One possible
explanation is that warmer temperature early in the growing season shortens
the growing season (Coombe, 1988) and thereby bringing forward the
ripening to the warmer period, which is detrimental for anthocyanins
accumulations in berries as discussed above. The strong inverse
relationships between the maximum temperature in October and the dates of

maturity for all three varieties (data not shown) support this contention. A
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further possibility is that warmer events early in the spring (while soil moisture
is still high) favour increased vegetative growth which often tends to lessen

anthocyanins concentrations (Smart et al., 1988).

Of all the bivariate correlations between the anthocyanin levels and climate
variables, only those with the water-related variables (available soil water
holding capacity, rainfall) had positive signs. And of these, only the
correlations with rainfall in the September-November period were significant.
While increased moisture avilability late in the growing season is often
reported to reduce anthocyanin levels (Jackson and Lombard, 1993,
Chalmers et al., 2010), it appears that improved water availability early in the
growing season is beneficial as it promotes the initial and subsequent
adequate vegetative growth (Keller et al., 2010) and, hence, proper
development of the berry and its composition at later stages. In summary, for
both red varieties, berry anthocyanin concentrations at the common maturity
TSS significantly declined with increasing temperature along the sampling
transect. This, implies a potentially adverse effect of warming climate on

berry colouration and fruit quality.

3.4.3 Acidity and climate relationships

For all three varieties, bivariate correlation analyses of TA at maturity with
climate have discerned at least three salient features: 1) TA is negatively
correlated with almost all monthly climate indices throughout the growing
season except rainfall, 2) by contrast, the TA correlations with rainfall
variables are positive, and 3) the strength of the associations (regardless of
its sign) between TA and climate variables steadily increases from early
growing season towards the berry ripening period indicating that the ripening
period climate is more influential in determining levels of berry quality
components at maturity (de Orduna, 2010, Buttrose et al., 1971, Jackson and
Lombard, 1993). In particular, across varieties, some of the strongest and
most consistent negative associations of TA were with maximum
temperatures. This may reflect the fact that, in grapes, tartaric and malic
acids constitute most (up to 92%) of total titratable acidity (Kliewer, 1966) and

that respiration of grape acids, particularly malic acid, increases with
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increasing temperatures (Coombe, 1987, Sweetman et al., 2009). As
indicated above, only rainfall variables were found to have positive influence
on TA levels at maturity. The precise mechanism how rainfall favours high TA
levels is not clear, but possibilities include indirect influences via (a) lowering
of air temperature with an increase in rainfall, and b) increased vegetative
growth with increased moisture availability — both of which would favour TA

levels.

3.4.4 pH and climate relationships

The associations between pH and monthly or ripening period temperature
variables were generally positive. Dry (1983), using a broadly similar
approach, also found a positive relationship between Shiraz berry pH and
January average temperatures. Considerable increases in berry pH occur
during berry ripening (Winkler, 1974). However, influences of ripening period
temperatures on pH were relatively modest for the red varieties particularly in

Cabernet Sauvignon.

Influences of moisture-related varaibles (rainfall, available soil water holding
capacity) on berry pH levels, apart from being moderate, were also
inconsistent among varieties. All sites applied different levels of
supplementary irrigation during the later periods of the growing season and
therefore may have contibuted to the lack of consistency of moisture-related
variables on pH levels at maturity. According to Smart (1985), of the three
berry quality attributes examined here, berry pH is the most sensitive to
climate conditions within a vine canopy (microclimate). The within vine
microclimate can vary considerably within a field as a function of vigour. It is,
thus, probable that microclimate variations masked the macroclimate
influence on pH, and hence “lack” of a strong pH trend along the climate

gradient.

3.4.5 Temperature influence on rates of change of berry quality attributes

Anthocyanin concentrations for both red varieties were negatively related to
(véraison period) temperature. However, unlike TA, anthocyanin
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concentration of Cabernet Sauvignon showed a wider range of variation
across the temperature gradient than those of Shiraz. Consequently, the
decline in anthocyanins with increasing temperature was higher for Cabernet
than for Shiraz. This outcome suggests that the degree of plasticity of a trait
in a given variety rather than a variety’s maturity grouping determines rate of
change in a trait in response to temperature. Collectively, these contrasting
results provide evidence for the differential influence of temperature not only
among varieties but also on different berry quality traits within a variety, and
hence underscore a need for caution on extrapolating impact of climate

warming on other berry quality attributes and varieties.

In all three varieties, berry TA levels at a common maturity declined as the
growing season average maximum temperature increased; however, the
rates of decline were variety-dependent. Similar responses have been
indicated in other varieties as a function of growing degree days (Winkler,
1974). The magnitudes of rates are by definition a reflection of the degree of
each variety’s TA variation. Thus, Chardonnay which showed the widest
range of TA levels at common maturity had the largest rate of drop (0.66
(g/L) per°C warming in the growing season average maximum temperature),
followed by Shiraz (0.51 (g/L)); while Cabernet Sauvignon which had the
narrowest range of variation, its TA dropped at half the rate of Chardonnay.
These rates are inversely proportional to the varieties’ maturity grouping
(Gladstones, 1992) -i.e., the early and late maturing varieties had the largest
and smallest rates of acid loss, respectively while an intermediate rate was
observed for Shiraz from the medium maturity group. As such, at least for
TA, these results are consistent with the view that the largest rate-difference
occurs between early and late maturing varieties (Winkler, 1974). These
results also suggest that, other factors being the same, increased warming
will have a relatively greater negative impact on Chardonnay TA than of

Shiraz or Cabernet Sauvignon.
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3.4.6 Temperature influences on rates of change in anthocyanin

concentrations and TA relative to sugar accumulation rates

The relative rates of change in the berry quality components during ripening
have crucial importance for viticulture since the ultimate quality of wine
depends on the balance between TSS and berry quality components at
harvest. In practice, TSS is used to assess berry ripeness with a tacit
perception that accumulation rates of other berry quality components are
synchronous or closely coupled with soluble solids (but see Winkler, 1974;
Gladstones, 1992). This study showed that for some combinations of variety
and berry quality attributes (e.g., TA in Chardonnay and anthocyanin
concentration in Cabernet Sauvignon) warmer ripening conditions
significantly altered the rates of change of these attributes relative to soluble
solids accumulation rates. Sadras et al. (2007b) also found decoupling of
anthocyanin and sugar accumulation rates in Cabernet Sauvignon with
increasing water stress during the ripening period although in this case
anthocyanins were favoured: the relative accumulation rates shifted from
nearly isometric in vines that received 50% more water than “standard”
irrigation volume to increasingly allometric (in favour of anthocyanins) as
irrigation volume declined to 40% of the “standard” level. These two lines of
evidence show that heat and water stress elicit contrasting responses in
anthocyanin accumulation rates relative to total soluble solids. In terms of the
results observed from this study, the consequences of significant slowing of
anthocyanin accumulation rates relative to the rates for soluble solids are
manifest in reduced colouration of Cabernet Sauvignon berries under warmer
ripening conditions (see Figure 3.3); but Shiraz appears relatively less
sensitive. The decoupling of sugar and anthocyanin accumulation rates is
understandably described in terms of the differential temperature optima of
the respective processes (see Sadras et al., 2007b). The relative insensitivity
of Shiraz suggests that, at least in this variety, the temperature optima
ranges of processes responsible for sugar and anthocyanin accumulation are
comparable. However, further evaluation whether this is the case is

warranted.
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3.4.7 Models for predicting responses of berry anthocyanins, TA and pH to

changing climate

A largely north-south sampling transect — straddling all the Western
Australian wine regions was set up that provided sizeable gradients of
climate variables. These climate data in conjunction with grape quality data
collected along the climate gradient enabled formulation of parsimonious
models (Table 3.4, 3.5, and 3.6) that describe (can be used for evaluating)
responses of some of the key berry quality attributes of major winegrape

varieties to changing climatic conditions.

For each of the three berry quality attributes examined here, it was possible
to describe a significant proportion of their variation across the climate
gradients using generic or variety-specific models (Tables 3.4, 3.5, and 3.6).
That it is possible to describe, albeit it to varying degrees, each berry quality
attribute using a generic model suggests that regardless of variety, a given
berry quality attribute is influenced by a common underlying process or if
different processes are at play these respond similarly to the same set of
climate variables. Nonetheless, the descriptive performances of the generic
models, except of pH, were generally lower than the variety-specific models,
even when the climate variables were identical in both models. This,
however, is not unexpected considering the three varieties fall into three
different maturity groups. That is, the critical berry development and/or
ripening periods and the climate variables that prevail during the
corresponding times are different for different varieties. For this reason, the

discussion that follows generally focuses on the variety-specific models.

As described earlier, bivariate correlation analyses indicated moderate to
strong associations of each berry quality attribute with many of the basic and
derived climate variables. From the model building and selection processes,
however, relatively few of the climate variables appeared important for
describing berry quality responses (Table 3.4, 3.5, and 3.6). Such a high
screening out is, in part, a reflection of the high degrees of interdependencies

among the starting set of climate variables.
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It is expected that climate components prevailing during development of a
berry exerts more influence than other period. Consistent with this, models of
anthocyanins were generally dominated by climate indices derived from part
or whole of the anthocyanin accumulation period. The significant variables
identified for describing anthocyanin concentration were temperature indices
from the month of January and/or the ripening period, rainfall and radiation.
The impacts of temperature variables (when present in the models alone or
in combination with other climate variables) were negative, which is in accord
with the widely understood effect of temperature on anthocyanins (see
previous section). With respect to radiation, variable apparent effects were
observed depending on whether it was considered alone (Figure 3.4) or
together with temperature (Table 3.4). Reported effects of radiation on berry
anthocyanins span the full spectrum of possible responses ranging from an
increase (Kliewer, 1977, Smart et al., 1988, Keller et al., 1998, Bergqvist et
al., 2001, Spayd et al., 2002), no effect (Downey et al., 2004, Cortell and
Kennedy, 2006) to a reduction (e.g., Haselgrove et al., 2000) in anthocyanin
concentrations as radiation levels increase. The diversity of reported
responses is likely to reflect differences in experimental set up with variable
control in temperature (Downey et al., 2004). However, even when
temperature is carefully controlled for, variable though qualitatively similar,
responses to radiation are reported: increase (Spayd et al., 2002) and no
effect (Downey et al.,, 2004, Cortell and Kennedy, 2006). However, from
multiple regression analyses (Table 3.4) it emerged that when radiation and
temperature from the ripening period occurred together in anthocyanin
models, the radiation term was positive while temperature was consistently
negative. This approach appears to be useful in differentiating the effects of
temperature and radiation on berry anthocyanins levels, and supports the
suggestion that the apparent negative effect of radiation is a reflection of high
temperature load effect (Haselgrove et al., 2000, Bergqvist et al., 2001,
Downey et al., 2004).

pH was the most recalcitrant of the berry quality attributes to describe
adequately in terms of macroclimate variations along the climate gradient.

Only about half the variations in pH could be described by a generic model

51



containing growing degree days during growing season and October vapour
pressure deficit. The influences of both variables on pH were positive (same
as in the bivariate analyses). Boulton (1980) has shown that berry pH is
primarily a function of the levels of organic acids and the monovalent cations,
mainly potassium and partly sodium. It can thus be argued that to the extent
climate influences pH, the effect is indirect via the levels of acids and cation
uptake. In this respect, the positive influence of high growing degree days is
likely to relate to its negative impact on acidity (e.g., Winkler et al., 1974; this
study) which, other things being equal, elevates berry pH. On the other
hand, how vapour pressure deficit in October positively influences berry pH is
less clear. However, high vapour pressure deficit early in the growing season
(October) when soil moisture is relatively adequate promotes water and
potassium uptake (Rankine et al., 1971, Ruhl, 1992) and sequestration in the
vine system. Part of the potassium so sequestered is remobilized during
ripening to augment the potassium levels in berries (Conradie, 1981), which
may then contribute positively to berry pH (Rankine et al., 1971, Boulton,
1980).

Across all three varieties, high proportions of the TA variations along the
climate gradient were accounted for. The most pertinent variables for
describing TA variations along the climate gradient were primarily
temperature and temperature derived variables, and growing season rainfall.
The joint influences of these temperature and rainfall variables on TA were
directionally the same as the individual variable effects (i.e., the bivariate
correlations). Although the negative effect of maximum temperature on TA is
well acknowledged, an outstanding observation from this gradient study is
the prevalence of the ripening period minimum temperature in the TA models
of all three varieties. Further, the impact of this variable on TA was without
exception negative. Given that the minimum temperatures appear to show
relatively fast increase under climate change, increased acid loss may occur

even without an increase in the maximum temperature.

Although the models presented here accounted for high proportions of the
variation in the grape quality attributes examined for all three varieties,

caution is needed to apply these models in other environments. As with any
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other regression models, these empirical models are not free of shortcomings
since these were not based on mechanistic processes although known
effects on the (direction of) impact of specific climate variables on berry
quality were taken into account in the model selection process. Further, non-
climatic factors (such as crop load, canopy manipulation, soil management,
etc.) which can influence berry quality attributes (e.g., Kliewer and Weaver,
1971; Smart et al., 1985; Jackson and Lombard, 1993) were not explicitly
incorporated. Additionally, in this study, climate variables whose values are
functions of time, for example growing degree days were used. On the other
hand, levels of the berry quality attributes are also time dependent. Hence it
is possible that regression between such time-dependent variables yield
fortuitous association (Jones and Davis, 2000a). However, the grape quality
attributes examined for this study were not elapsed time dependent since
these were standardized to a common maturity TSS (22 °Brix) across sites.
Therefore, it is argued that even though some time-dependent variables are
included in the models, the results are unlikely to be coincidental, and the

inferences drawn from the models are valid.

3.5 Conclusion

This study has demonstrated that for all three major winegrape varieties
examined there were strong trends particularly in berry anthocyanin
concentrations and titratable acidity along the 700 km transect (climate
gradient). This demonstrates that despite variations in a range of factors that
can potentially affect berry quality, climate exerts a dominant role in shaping
the regional pattern of berry quality. This validates the use of natural-
gradients of climate as a surrogate for evaluating potential impacts of
changing climate on some aspects of viticulture. These observations were
used to develop empirical models that, with consideration of the caveats
discussed above and further validation, could facilitate quantitative climate

change impact analyses for these berry attributes.
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CHAPTER 4. PROJECTED PLIMATE CHANGE FOR THE
WESTERN AUSTRALIAN WINE GROWING
REGIONS: ANALYSIS WITH FINE SPATIAL
RESOLUTION CLIMATE INDICES

4.1 Introduction
4.1.1 Climate in Western Australian wine regions

Wine growing regions of Western Australia (WA) are mainly located in the
southwest corner of the state (Figure 4.1). Climate conditions for WA
viticultural regions have been well studied and documented in the past in
relation to different grape varieties and wine styles (Jackson and Spurling,
1988, Gladstones, 1992, Hall and Jones, 2010). The Mediterranean climate
of the southwest of WA provides the environmental conditions conducive for
winegrape growing making the wine industry an important player in the
national and international market of premium wine production (DAFWA,
2006) .The growing season temperature is about 21°C in the northern Swan
District, but the maijority of the regions and sub-regions in the southern
districts have a GST of between 17 to 18°C (Gladstones, 1992). Majority of
the regions receive most of their rainfall during winter, requiring
supplementary irrigation in summer during the grape growing season through

harvesting water from surface catchment.

Areas of southwest of WA covering the cool climate wine growing regions in
WA, known for producing premium wine, are projected to receive 2 to 20
percent less winter rainfall (Bates et al., 2008) and become 0.5 to 2.1°C
warmer during summer by 2030, and the magnitude of these changes is
projected to increase later in the century (Whetton et al., 2005b, Bates et al.,
2008). Furthermore, increasingly dry conditions, an increased number of hot
days with a maximum temperature exceeding 35°C, and elevated
evaporation rates are likely to occur in the southwest of WA in coming
decades (Hope, 2006, CSIRO and BOM, 2007). However, the full impacts of

these changes on Western Australian wine growing regions are unknown.
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Figure 4.1 Geographic Indications of Western Australian wine regions. Geographical
locations are indicated on the inserted Western Australian map (top inset). Statistics of
climate surfacesfor a wine regionv were calculated from pixels whose centroid were laid
within a region boundary line as illustrated in bottom right inset. Pixel size is ~5 km

Only a limited number of impacts studies in viticulture have been undertaken
for Australian conditions. For example, Webb (2006) is the first
comprehensive study to examine climate change impacts on temperature
and rainfall derived from the CSIRO Mk3.0 and HADCM3, global climate
models (GCMs), and a limited area model (DARLAM) for 2030 and 2050
periods. Hall and Jones (2009) examined temperature based climate indices
such as mean temperature during October to April, ripening period
temperature, and accumulated Biologically Effective Degree Days (BEDD) for
Australian wine regions using the CSIRO Mk3.0 for 2030, 2050 and 2070
periods. According to their results, the Perth Hills and Kangaroo Island wine
regions will experience the highest (up to 2.7°C by 2070) and lowest warming
(1.3°C by 2070) in October to April mean temperature compared to current
(1971 to 2000) climate.
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4.1.2 Uncertainties in climate change projections

Uncertainties surrounding future greenhouse gas emission scenarios, that
depends on interactions between future social and economic development,
as well as climate system responses to the increased atmospheric
greenhouse level, limit the predictability of future climate change. There are
many sources of uncertainty inherent in the modelling and prediction of
climate change. As summarised in the IPCC report (IPCC, 2007) the major

sources of uncertainty include:

1. Architectural and parameters differences in GCMs. GCMs share the
same general form, consisting of a large system of differential equations
designed to simulate long-term changes in atmospheric and ocean systems.
However, there are a large number of choices of functional form for
equations, specification of variables, and the details of the process and
estimation and the different choises lead to different results. Parameters of
any GCM are estimated with reference to the available data. Given a finite
data set, parameters are inevitably estimated with error, and this error
creates uncertainty with respect to predictions. The crucial parameter in a
GCM is climate sensitivity, that is, the sensitivity of equilibrium global
temperature to a given change in “forcing”.

2. Uncertainty about Emissions. Perhaps the most important single
source of uncertainty, in forecasting likely climatic conditions in the future,
relates to future growth of, or reductions in, emissions in greenhouse gases.
The relationship between climate change and uncertainty about emissions is
complicated by the fact that the policy choices that will help to determine
future growth in emissions are themselves a response to projections of future
climate change.

3. Uncertainty about Other Forcings. Although the growth in emissions of
greenhouse gases is the main cause of the climate change, many other
forcings affect climate. None of these forcings demonstrate a consistent long
term trend, and therefore none can explain the long term growth in mean
global temperatures, but uncertainty about these forcings contributes to

uncertainty about future warming. For example, the variation in the intensity
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of solar output and changes in the concentration of various aerosols including
black soot.

4. Feedbacks, Sinks and Lags. GCMs take account of feedbacks and
lags operating within the atmosphere and, to some extent, the capacity of
oceans and other global systems to absorb CO,. But there are many other
potential feedbacks that are poorly understood. For example, higher
temperatures may lead to more, and more severe, bushfires, with a resulting

increase in CO, emissions.

Consequently, GCM project future climate differently depending on what
climate and emissions scenarios they take into account. For example, by
2030, the potential warming range in Australia is projected to be between 0.6
and 1.5°C with a climate system uncertainty for an A1B emission scenario,
but this range increases to 0.4 to 1.8°C when multiple emission scenario
uncertainties are considered (CSIRO and BOM, 2007). Moreover, the
uncertainty range increases with the increases in projection time such that
ranges in the uncertainty for 2070 is larger than that of 2030 (CSIRO and
BOM, 2007).

4.1.3 Scale issues with global climate model outputs for impacts assessment

Global climate modles (GCMs) outputs have a spatial resolution of the order
of about 200 to 400 kilometres. Thus, it can be advantageous that GCM
outputs are downscaled to a suitably fine spatial resolution for local or
regional climate change impact analysis (e.g. Easterling et al. (2001)).
Dynamical downscaling involves using a regional climate model nested in a
GCM and requires large computational resources. Statistical downscaling
relies on adequate historical observation for the climate variable of interest at
the local scale (Benestad, 2004). Several statistical downscaling approaches,
for instance, stochastic downscaling (Bates et al., 1998, Charles et al., 1999)
or pattern scaling (Suppiah et al., 2007, Mpelasoka et al., 2008) have been
successfully used in Australia for regional climate change projections in
various impacts studies. We used pattern scaling approach to construct finer

scale climate data from coarse scale GCMs outputs.
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The objective of this chapter is to quantitatively assess the impacts of climate
change on a range of climatic indices in WA wine regions. The main
differences between this study and previous studies are: 1) the broader
range of climate indices examined including temperature, rainfall, frequency
of extreme hot days, and radiation; 2) the regional focus of the research

using fine resolution downscaled (~5 km) climate projections.

4.2 Materials and Methods
4.2.1 Study areas

A requirement of the Geographical Indications (Gl) regulations is that
Australian wine regions must each have their own distinct measurable
differences from adjoining regions as well as a measurable homogeneity over
its area for grape growing (Wine Australia, 2011). Thus, it is important to
assess the potential changes in the existing characteristics of the wine
regions brought about by climate change. For this reason, a series of polygon
features of WA wine regions in Geographic Information Systems (GIS) were
created by digitising the wine region maps (Figure 4.1) in compliance with the
regulations, and used them for extracting and calculating climate index

statistics for the individual regions.

4.2.2 Climate model selection

The use of a single projection for future climate may be sufficient to illustrate
the type of changes or test a particular method of downscaling, but for other
purposes it is recommended to use multiple projections to address the
uncertainty range (CSIRO and BOM, 2007). For this study, 10 GCMs (Table
4.1) that were included in the Fourth assessment report of the
Intergovernmental Panel on Climate Change to address the climate change
uncertainty from climate models. These models were selected on the basis
of their performances evaluated by Perkins et al., (2007), and CSIRO and
BOM (2007) for their ability to reproduce current climate for Australian

conditions.
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Perkins et al. (2007) used probability density functions to evaluate how well a
climate model reproduces the observed data. By this approach, a score of 1
is given to a model if the reproduced and observed climate variables have
perfectly matching distributions. If the distributions between the observed and
modelled climate variable do not match, then the model performance score
will be 0, indicating poor prediction. Selected GCMs and their scores are
presented in Table 4.1. Minimum temperature, maximum temperature, and
rainfall selections (columns 3 to 5) were based on the above approach for the

climate variables specifically in the southwest of WA.

The CSIRO and BOM (2007) scores are based on similarities between
observed and simulated climate variable maps. They give a score of 0 to a
non-match and 1 to a model that perfectly matches the observed climate
variable. Scores shown in Table 4.1 (column 5) are averages of the individual

scores of temperature, precipitation, and pressures across four seasons.

Table 4.1 Global climate models used and their performance scores for reproducing past
climate

Climat del TScores by *Perkins et al 2007  'Scores by  Model developers &
imate models Tmin Tmax Rainfall CSIRO 2007 originating country

1 CCCMA-CGCM3.1 ~0.86 ~0.87 ~0.60 0.52 Canadian Centre for Climate
Modelling and Analysis, Canada

2 CSIRO Mk3.0 ~0.87 ~0.81 ~0.70 0.60 CSIRO, Australia

3 CSIRO Mk3.5 - - - 0.61 CSIRO, Australia

4 |PSL cm4 ~0.89 ~0.94 ~0.62 0.50 Institute Pierre-Simon Laplace,
France

5 MIUB Echo G ~0.67 ~0.88 ~0.82 0.63 Meteorological Institute of the
University of Bonn Germany

6 MRICGCM2.3.2A ~0.87 ~0.82 ~0.61 0.60 Japan Meteorological Agency,
Japan

7 MPI Echam 5.0 ~0.86 - ~0.83 0.70 Max-Planck-Institute for
Meteorology, Germany

8 MEDRES Miroc 3.2 ~0.88 ~0.90 ~0.80 0.61 Centre for Climate System
Research, Japan

9 GFDL-CM2.1 ~0.87 - ~0.75 0.67 Geophysical Fluid Dynamics
Laboratory, USA

10 GFDL-CM2.0 - - ~0.79 0.67 Geophysical Fluid Dynamics

Laboratory, USA

"Methods of model performance score calculations are different. See text for more descriptions. SScores
presented in this table are based on evaluations of the models to reproduce past climate in southwest of
Western Australia. Blank cells indicate that particular climate variable was not evaluated by above
studies. Original spatial resolutions of these models ranged between 175 to 400 km, but for this study
they were downscaled to ~5 km. Climate model scores are obtained from works by Perkins et al. (2007)
and SCIRO (2007).
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4.2.3 Construction of downscaled climate projections

Regional projections of future climate sequences were constructed with the
following steps:

1. Three sets of climate change projections associated with low, medium
and high global average warming estimates associated with the
Intergovernmental Panel for Climate Change (IPCC) Special Report on
Emissions Scenario (SRES) A2 were accessed from the Program for Climate
Model Diagnosis and Intercomparison (PCMDI) database for 2030, 2050 and
2070 periods. For the 2030 period, the projected low, medium and high
warming in global mean temperature relative to 1990 are 0.48°C, 0.80°C and
1.28°C, respectively. Similarly increase of 0.84°C ,1.4°C and 2.24°C for
2050 and 1.35°C, 2.25°C and 3.6°C for 2070. These estimates of increases
in mean global temperature are inferred from the IPCC Fourth Assessment
Report (Meehl et al., 2007) and the latest climate change projections for
Australia (CSIRO and BOM, 2007). They take into account the uncertainties
(under the A2 emission scenario in this case) associated with greenhouse
gas emissions, global climate sensitivity to greenhouse gases and the
amplification of climate change due to carbon cycle feedbacks. The A2
emission scenario story line exemplifies a differentiated world with
independently operating nations with continuously increasing population, and
uneven technological and economic growth among the regions in the future
(Houghton et al., 2001). The A2 scenario is at the higher end of the SRES
emissions scenarios after A1FI as shown in Figure 4.2. Due to the
constraints of resources and time this study opted for the A2 scenario. From
an impacts and adaptation point of view, if one can adapt to a larger climate
change, then the smaller climate changes of the lower end scenarios can
also be adapted to (NARCCAP, 2011).
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Figure 4.2. Global average warming relative to 1980 to 1990 average for the scenarios A2,
A1B and B1. Shading denotes the plus/minus one standard deviation range of individual
model annual averages. The orange line is for the experiment where greenhouse gas
concentrations were held constant at year 2000 values. The grey bars (right) indicate the
multi-model mean warming (solid line within each bar) and the likely range of warming by the
2100 for the six SRES marker scenarios. (IPCC 2007)

2. Local patterns of change in climatic variables for each GCM grid-cell
were calculated on a seasonal basis (December-January-February, March-
April-May, June-July-August and September-October-November). Due to
gradually increasing greenhouse gas emissions, GCMs produce a gradually
increasing temperature over time, the magnitude of which is influenced
largely by the climate sensitivity of the GCM and the emission scenario.
Changes in local (grid-cell) climate variables including rainfall, temperature,
relative humidity and radiation generally show a linear relationship with
climate change, even though the rate of climate change is non-linear. Due to
this linear relationship, patterns of change were calculated by regressing
each local climate variable on an annual basis for each GCM grid-cell,
against global temperature. The regression process standardizes the climatic
variable response as a function of average climate warming, and also
removes most of the errors associated with the simulation of historical
climate as the change relative to current climate is estimated, rather than the
climate simulation itself (Hennessy et al., 1998 ). The major advantages of

this approach are that: (1) the entire period of simulation contributes to the
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construction of climate change patterns; (2) errors in the simulation of local
climate are not a part of the analysis; and (3) transitory and non-linear
influences such as decadal-scale variability are removed from the climate
change signal. The projections for each variable were then produced by
scaling local patterns of change by the projected low, medium and high
warming ranges for the three periods. For example, a high climate warming
of 2.24°C in 2050 is multiplied by the patterns of change of each climate

variable to produce projections for that period.

3. The projections were subsequently applied to the observed historical
daily time series (1975-2005) on a 5km grid to generate plausible future
climate sequences for each grid-cell, as inputs for climate change impact
studies at a 5km resolution. The gridded historical time series climate data
was obtained from the Australian Water Availability Program. Scenarios of
future sequences of daily minimum and maximum near-surface air
temperatures, rainfall, incoming radiation, and atmospheric vapour pressure

were constructed for this study.

This approach has been widely used for climate change impact modelling
(Whetton et al., 2005b, Zhang, 2005, Mpelasoka and Chiew, 2009).
However, the continuation of the pattern of variability by simply perturbing the
present climate sequences into the future may understate the range of
possible future climate variability. Nevertheless, this approach is simple to
use, and it considers relative change in monthly or seasonal climate data and
therefore can be used with the more readily available GCM simulations for
different ensemble runs and different emissions scenarios. Different
ensemble runs and emissions scenarios are useful to take into account the
large uncertainties associated with climate change scenarios and the GCMs’

simulations of local climate.

Climate change uncertainties associated with future emissions of greenhouse
gas, and climate sensitivity to the increasing greenhouse are addressed by
using low, medium, and high representative warming ranges under the A2
emission scenario for this study. This resulted in 30 different possible climate

projections (3 warming ranges x 10 model outputs), per time period,
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introducing a range of uncertainties. For this study, after determining median
growing season temperature (GST) projections across the wine regions, the
number of models was reduced from ten to two, which represent the highest
(high warming hereafter) and the lowest warming (low warming hereafter) in
the median GST across regions. The high and low warming ranges capture
the broadest uncertainty ranges among the GCM used. However, an
estimation of the possible warming range during the grape growing season
by the models might help stakeholders devise a more resilient strategy to

deal with the potential changes in future climate.

4.2.4 Viticultural climate indices

The effect of climate on winegrape is well studied and a number of climate
indices have been developed to assess and characterise the conditions of
potential and existing wine regions for their suitability for growing certain
grape varieties as well as implementing particular management practices
appropriate to the different conditions. However, it is acknowledged that there
is no single index that describes a climate system that influences plant
growth in a complex way. For this study, several climate conditions were
examined under current and future climates for the regions of interest.
Respective indices and their basic statistics were derived from long term (31
years) climate data centred at the year 1990 as current, and the years 2030,

2050, and 2070 as future climate conditions.

4.2.4.1 Temperature during grape growing and non-growing season

The period between the beginning of October and the end of April is usually
considered the standard winegrape growing season in the Southern
Hemisphere. Temperature during this period is one of the primary climate
variables defining the heat requirements of vine growth and has been used
as a criterion of a region’s potential to grow particular varieties for premium
winegrape production (Jones, 2006, Hall and Jones, 2009). Nevertheless,
temperature during the winter dormancy season is equally important for

grape production. Lower temperatures beyond that which a particular grape
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variety will tolerate could kill vines and put the industry at risk (Becker, 1985).
This type of risk is not applicable for the regions in this present study.
However, if the winter temperature gets too warm, especially under warming
climatic conditions, it will lead to another concern for the grape growing
industry as the timing of bud break is heavily dependent on chill accumulation
during dormancy. This study used average temperatures during the periods,
October to April and May to September as an index of climatic conditions
during grape growth and dormancy. Average temperatures were calculated

from daily mean temperatures for the above periods.

4.2.4.2 Mean January temperature

Mean January Temperature (MJT) is another simple, but widely used
temperature index for grape ripening capacity and berry quality in Australia
(Smart and Dry, 1980, Webb et al.,, 2008b). Results of grape quality
modelling discussed in Chapter 3 also demonstrated that MJT was the most
influential climate variable for Cabernet Sauvignon and Shiraz anthocyanin
levels at a berry TSS of 22°Brix. Mean January Temperature is calculated as

an average of mean daily temperatures in January.

4.2.4.3 Average temperature and its variability during grape maturity

Winegrape berry development and composition is greatly influenced by
temperature and its daily fluctuation during ripening. For example, night
temperature below or above 15°C during véraison is a critical factor
determining the levels of berry acidity, colour, and flavour (Jackson and
Lombard, 1993). Furthermore, Gladstones (1992) argued that the narrower
the range of variation for a given average temperature during ripening, the
better the quality of fruit at a given maturity level. The timing and length of the
véraison period varies among varieties and regions depending on regional
differences in climate. For simplicity, this study used February to March as
the grape maturity period for the wine regions of interest. Average
temperature and the summation of diurnal range during this period were used

as indicators of temperature and its variability for the study regions. Average
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temperature is calculated from the mean daily temperature between 1% of
February and 30" of March. The diurnal range is calculated as the difference
between the daily maximum and minimum temperature, for the period of

interest.

4.2.4.4 Growing degree days

Growing Degree Day (GDD) is a commonly used indicator of the heat
requirement for plant growth. It relies on the notion that active growth of a
plant occurs when average temperature exceeds a threshold value. The
threshold value varies among different plants, but 10°C is often taken as the
threshold value for winegrapes, under which there is no active growth
(Winkler, 1974). Daily GDD is calculated with following formula:

GDD = T,,- 10

where T,, is the daily mean temperature as averaged from daily maximum

and daily minimum temperatures. If T,, is <10, then GDD = 0.

Another widely used heat accumulation index for viticulture is the Huglin
Index which, although similar to GDD, gives more weight to maximum
temperature and takes day-length into consideration. However, previous
researchers have shown that these two indices are strongly related (r > 0.95)
to each other (Hall and Jones, 2010, Jones et al., 2010). Thus, for this study
the GDD index was investigated as the main heat accumulation indicator of
grape growth. The GDDs were obtained by summing daily GDDs between 1%
of October and 30™ of April.

4.2.4.5 Biologically effective degree days

The Biologically Effective Degree Day (BEDD) is based on the same GDD
concept, but with additional adjustments: length of day, daily temperature
variations, and most importantly the upper cut-off limit at 19°C. Gladstones
(1992) used 40° latitude as a neutral point and argued that higher latitudes
will get more heat accumulation due to longer day length and vice versa for

lower latitudes. Another adjustment Gladstones (1992) introduced was based
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on the claim that a higher diurnal range will retard grape growth in spring due
to its lower minimum temperature. However, it is acknowledged that this
adjustment is eventually cancelled out under warmer conditions due to the
upper cut-off limit adjustment in average temperature (Gladstones, 1992).
Preliminary calculations in this study indicated that the maximum adjustments
of an entire growing season BEDD at latitudes between 35° to 30° will be
only 3.1 to 1.7% less compared with the unadjusted degree days at the
neutral point. The wine growing regions in this present study lie between 31°
to 35° latitude, thus suggests that the BEDD adjustments less than 3.1%.
Moreover, the above adjustments are subjected to the upper cut-off limit
adjustment, which strictly limits heat accumulations over 19°C average
temperature, thus limiting the maximum daily heat accumulations to 9 units
regardless of the adjustments, and the magnitude of the average
temperature. Therefore, for this study we omitted the latitude and daily

temperature range adjustments for daily BEDD calculations.
Daily BEDD = T,,— 10
(If Tay is 219°C, then T,, = 19°C. If T, <10°C, then the BEDD = 0)

In this study the growing season BEDD is taken as the sum of daily BEDD
between 1% of October and 30" of April.

Any increases in average temperature do not affect the BEDD if the average
is above 19°C due to its upper limit. However, if heat accumulation is a
limiting factor for optimal winegrape maturity, as it is in cooler growing
regions, then the projected warming in climate might have a favourable
impact on the region’s heat accumulation conditions. Therefore, for this study
BEDD is included.

4.2.4.6 Frequency of extreme temperature

Temperature outside the optimal range inhibits the enzymatic activity within
grapes resulting in poorer colouration of berries and unbalanced sugar and
acid concentrations for quality wine making. The exact optimum for flavour

and aroma development is not known, but it is thought to be between 20 and
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22°C. Beyond 25°C is considered ineffective for grape growth and balanced
levels of fruit quality parameters (Kliewer and Torres, 1972, Gladstones,
1992). It is likely that the warmer temperature in future will increase the
chances of increased heat stress for winegrapes. The frequency of days with
maximum temperature over 25°C and 30°C were used in this study as
additional indicators of extreme warm conditions for the grape growing

season.

4.2.4.7 Rainfall and its seasonal distribution

Sufficient rainfall and its seasonal distribution are crucial conditions for
successful agriculture, especially if the rainfall is the primary source of water
supply. In that case, rainfall and winegrape growth are inextricably related.
Moisture stress during flowering and berry setting has a marked effect on
yield, however, too much moisture during these periods may have negative
effects. These might include reduced pollination, lack of sunshine and thus
reduced photosynthesis, or overly vigorous growth that affects fruit setting
and fruitful bud differentiation (Gladstones, 1992). A decline in future rainfall
has important implications for WA wine regions that rely primarily on winter
rainfall for adequate moisture availability in the beginning of the season and
then stored water for supplementary irrigation later in the season when
natural rainfall is inadequate. This study examined total rainfall for the whole
grape growing season as an indicator of moisture conditions during vine
growth, as well as winter, spring, summer, and autumn seasons as an

assessment of seasonal distribution of rainfall in the regions of interest.

4.2.4.8 Solarradiation

Radiation is one of the fundamental environmental factors for plant growth
and has a dual effect on winegrapes: it affects vegetative growth through
photosynthesis and thus contributes to the potential sugar levels in fruits
during ripening (Kliewer and Antcliff, 1970), and during fruit maturity it also
affects grape berry composition (Spayd et al., 2002, Bergqvist et al., 2001).
As noted by Gladstones (1992), radiation during the spring, and just before
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and during véraison, is more important for winegrape growth than radiation
during other periods. For this study we examined the sum of daily insolations
(MJ/m?) during the periods October to November, December to February,
March to June, and July to September under current and projected climate

conditions.

4.2.4.9 Spatial and temporal scale of assessment

Statistics (minimum, lower quartile, median, upper quartile and maximum) of
climate indices for the wine regions were calculated from pixels whose centre
was located within the wine regions boundaries (Figure 4.1). Current and
projected climate indices for the wine regions were reclassified with identical
intervals to investigate spatial and temporal changes to the climate indices
under climate change. An ArcGIS9.3 package (ESRI, Redlands, CA) was

used for the spatial analysis.

In order to be consistent with previous studies (Hall and Jones, 2009, Webb
et al., 2007, Webb et al., 2008a), and to provide long term insights on the
potential impact of climate change on the WA wine industry, it was decided to
focus on the years 2030, 2050, and 2070 as time frames for future climate

assessment.

4.3 Results
4.3.1 Projected growing season temperature in the study regions

Among the 10 GCMs that were examined, the CSIRO Mk3.5 model projected
high warming in the median GST across all wine regions (Table 4.2). On the
other hand, averaged across the regions, the MEDRES Miroc3.2, MUIB
ECHO.G and MPI-Echam5.0 models projected the low warming across the
regions. Therefore it was decided to select the CSIRO Mk3.5 projections with
high warming representative range, and the MEDRES Miroc3.2 model
projections with the low warming representative range as representatives of

high and low warming scenarios across the study regions.
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Table 4.2 Median October to April temperature by 2030, 2050, and 2070 relative to 1990 base climate under A2 SRES emission scenario

Global Climate

With low range climate change (°C)

With medium range climate change (°C)

With high range climate change (°C)

Time Models TWine regions

frame SO PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS SO PH PL GR MR BW MJ PM GS

2030 1. CSIRO MK3.5 07 07 07 06 05 06 07 06 06 1.1 11 141 10 08 09 10 09 10 17 17 16 15 11 14 14 13 13
2. MRI CGCM2.3.2A 07 06 06 06 05 06 05 05 05 10 10 10 09 07 09 08 08 08 16 16 15 14 11 13 13 13 12
3. CSIRO MK3.0 07 06 06 06 05 06 05 05 05 1.0 10 10 09 07 09 08 08 08 16 16 15 14 11 13 13 13 12
4. GFDL CM2.1 07 06 06 06 05 06 05 05 05 10 10 10 09 07 09 08 08 08 16 16 15 14 11 13 13 13 12
5. CCCMA CGCM3.1 05 06 06 05 04 05 05 05 05 07 07 07 07 06 06 06 06 06 11 11 12 11 10 10 10 10 10
6. IPSL CM4 06 05 06 05 04 05 05 04 05 08 08 08 07 06 07 07 07 07 11 11 12 11 10 10 10 10 10
7. GFDL CM2.0 05 05 05 04 04 04 04 04 04 07 08 08 07 06 07 07 06 07 11 11 12 10 10 10 10 10 10
8. MEDRESMIROC3.2 05 05 05 04 04 04 04 04 04 07 08 08 07 06 07 07 06 07 11 11 12 11 10 10 10 10 10
9. MIUB ECHO.G 05 05 05 04 04 04 04 04 04 07 08 08 07 06 07 07 06 07 11 11 12 11 10 10 10 10 10
10. MPI ECHAMS5 05 05 06 04 04 04 04 04 04 08 08 08 07 06 06 06 06 07 12 12 12 10 09 10 10 09 10

2050 1. CSIRO MK3.5 14 13 13 12 09 11 11 11 11 23 22 21 20 14 18 18 18 1.8 32 30 30 28 20 25 25 25 25
2. MRI CGCM2.3.2A 1.3 12 12 11 09 11 10 10 10 21 20 20 19 14 17 17 17 16 30 28 28 26 20 24 24 24 23
3. CSIRO MK3.0 13 12 12 11 09 11 10 10 10 21 20 20 19 14 17 17 17 16 30 28 28 26 20 24 24 24 23
4. GFDL CM2.1 13 12 12 11 09 11 10 10 10 214 20 20 19 14 17 17 17 16 30 28 28 26 20 24 24 24 23
5. CCCMA CGCM3.1 09 09 09 08 08 08 08 08 08 15 15 15 13 1.3 1.3 1.4 1.3 1.4 21 21 21 19 18 18 18 18 19
6. IPSL CM4 09 09 09 08 08 08 08 08 08 15 15 15 13 13 13 13 13 13 21 21 21 19 18 18 18 18 19
7. GFDL CM2.0 09 09 09 08 08 08 08 08 08 15 15 15 14 13 13 13 13 13 21 21 21 19 18 18 18 18 19
8. MEDRESMIROC3.2 09 09 09 08 08 08 08 08 08 15 15 15 14 13 13 13 13 13 21 21 21 19 18 18 18 18 19
9. MIUB ECHO.G 09 09 09 08 08 08 08 08 08 15 15 15 14 13 13 13 13 13 21 21 21 19 18 18 18 18 19
10. MPI ECHAMS5 09 09 10 08 07 08 08 08 08 15 15 16 13 12 13 12 12 13 21 21 22 19 17 18 17 17 19

2070 1. CSIRO MK3.5 18 1.7 17 16 12 14 14 14 14 30 28 28 26 19 23 23 23 23 47 44 44 43 30 37 37 36 37
2. MRI CGCM2.3.2A 17 16 16 15 12 14 14 14 13 28 26 26 25 19 22 22 22 21 44 41 41 40 30 35 35 35 34
3. CSIRO MK3.0 17 16 16 15 12 14 14 14 13 28 26 26 25 19 22 22 22 21 44 41 41 40 30 35 35 35 34
4. GFDL CM2.1 1.7 16 16 15 12 14 14 14 13 28 26 26 25 19 22 22 22 21 44 41 41 40 30 35 35 35 34
5. CCCMA CGCM3.1 12 12 12 11 10 11 11 10 11 19 19 20 18 17 17 17 17 17 30 30 30 28 26 26 26 26 27
6. IPSL CM4 12 12 12 11 10 11 10 10 141 19 19 20 1.8 17 17 17 17 17 30 31 31 29 26 27 27 26 28
7. GFDL CM2.0 12 12 12 11 10 11 11 10 141 19 19 20 18 17 17 17 17 17 30 31 31 29 26 27 27 26 28
8 MEDRESMIROC3.2 12 12 12 11 10 11 11 10 1.1 19 19 20 1.8 17 17 17 17 17 30 31 31 29 26 27 27 26 28
9. MIUB ECHO.G 12 12 12 11 10 11 11 10 141 19 19 20 18 17 17 17 17 17 30 31 31 29 26 27 27 26 28
10. MPI ECHAM5 12 12 13 11 10 10 10 1.0 11 20 20 20 18 16 16 16 16 17 31 31 32 28 25 26 25 25 28

"Wine regions are numbered as they were appeared in Figure 4.1. SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley, MJ = Manjimup,
PM = Pemberton, GS = Great Southern
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4.3.2 Growing season average temperature

The highest average GST among the study regions is currently limited to
22.0°C in the Swan District, the northern part of the Perth Hills, and in the
northwest of the Peel region (Figure 4.2). Under high warming range, these
same northern regions are projected to have a GST of up to 23.5°C by 2030,
which none of the WA wine regions are experiencing under the current
climate. This projected GST warming continues reaching 22 to 26.5°C in the
Swan District, Perth Hills and Peel regions, most of the Geographe and the
northern parts of the Blackwood Valley regions by 2070 under high warming
range (Table 4.3, Figure 4.2). By 2070, under high warming range, the GST
range of 20.5 to 22.0°C, which is currently only dominant for the Swan
District and northern part of the Perth Hills regions, will cover the entire
southern regions including the Margaret River and southern parts of the

Blackwood Valley regions.

GST warming rate is less intense under the low warming scenario. The
overall current GST distribution is generally maintained until 2030, with some
changes in scattered places across all the wine regions except the
Pemberton and Manjimup regions (Figure 4.2). However, by 2050 current
GST ranges will be completely replaced by a 1.5°C warmer GST range for
the Swan District, Perth Hills, eastern parts of the Peel, southern parts of the
Geographe, northern parts of the Blackwood Valley, and entire areas of the
Margaret River region. Under low warming climate change range, the largest
changes in the average GST will be a 1.5°C warmer GST range for the
northern and central wine regions by the 2050 and 2070 periods (Figure 4.2;
Table 4.3). On the other hand, the GST warming will be less marked in the
southern regions, except the northern parts of the Great Southern region,
which will experience a 1.5°C warmer GST above the current 17.5 to 19.0°C

range.
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Baseline climate Future projections

(a) 1975-2005
B 60175
B 175190
[ ] 19.0-205
[ ]205220
[ ]220235

[ ]235250
B 25.0-26.5

(e) 2030 CSIRO Mark3.5 (f) 2050 CSIRO Mark3.5 (g) 2070 CSIRO Mark3.5
Figure 4.2 Current and projected average temperature (°C) during October to April under SRES A2 emission scenario
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Table 4.3 Current and projected average October to April and mean January temperature (MJT) under
SRES A2 emission scenario

October to April mean temperature (°C) MJT (°C)
Year and "Wine regions
Climate
model Statistics SD PH PL GR MR BW MJ PM GS SD PH PL GR MRBW MJ PM GS
1990 Minimum  21.0 195 185 17.8 17.7 17.4 17.3 175 16.0 237 229 219 206 192 200 195 196 183
Quartile 1 21.3 20.3 19.3 187 184 180 17.7 17.7 176 241 235 228 218 202 208 200 19.8 194
Median 214 207 19.6 191 186 183 17.8 17.9 17.8 244 241 231 222 204 212 203 19.9 197
Quartle2 216 211 202 195 187 185 180 17.9 18.0 246 245 233 225 207 216 204 201 202
Maximum  21.8 21.7 212 203 192 189 182 184 186 251 250 242 232 216 221 209 206 210
Average 214 206 197 191 186 182 17.8 179 17.8 244 240 231 221 205 212 203 19.9 1938
2030 Minimum 215 20.0 19.0 182 181 17.9 178 17.9 164 240 233 223 209 195 204 198 199 187
MEDRES  Quartle1 21.8 20.8 19.8 19.2 188 184 181 181 18.0 245 239 232 221 205 211 204 201 197
Miroc3.2 Median 219 212 201 196 189 187 182 183 182 248 244 235 225 207 215 206 202 20.1
Quartle2 22.0 21.6 207 199 191 189 184 183 184 250 249 238 229 210 219 208 204 206
Maximum 223 221 217 208 19.6 19.3 186 188 19.0 254 254 246 236 220 224 212 209 213
Average 219 211 203 196 19.0 187 182 183 182 247 244 235 225 208 215 206 20.3 20.1
2050 Minimum 219 204 194 186 185 182 181 183 16.8 245 237 227 213 198 207 201 203 19.1
MEDRES  Quartle1 222 212 203 195 19.2 188 184 185 184 249 243 236 224 209 214 207 204 201
Miroc3.2 Median 223 216 206 200 19.3 191 186 186 186 252 249 239 229 211 219 210 206 205
Quartile 2 225 22.0 214 204 195 193 187 187 188 254 253 243 233 213 223 211 207 210
Maximum 227 226 221 212 20.0 197 19.0 191 19.4 258 258 251 240 223 228 215 213 217
Average 224 216 208 200 19.3 19.0 186 186 186 252 248 239 228 211 219 209 206 205
2070 Minimum 222 20.7 19.7 188 187 184 183 185 17.1 247 240 230 215 201 209 204 205 193
MEDRES  Quartle1 225 215 20.6 19.8 194 19.0 187 187 187 252 246 239 227 211 217 210 207 204
Miroc3.2 Median 226 219 209 202 195 19.3 188 189 188 255 251 242 232 213 221 212 208 207
Quartile 2 228 223 217 207 197 195 19.0 189 19.1 257 255 246 236 21.6 225 214 21.0 212
Maximum  23.0 229 224 215 202 200 19.2 194 196 26.1 261 256 243 225 231 218 215 220
Average 226 219 211 202 196 193 188 189 188 254 251 242 231 214 221 212 208 208
2030 Minimum ~ 22.8 21.1 201 19.2 18.8 18.8 187 189 17.4 253 245 235 218 201 212 207 20.8 195
CSIRO Quartile 1 230 219 209 202 195 193 19.0 19.1 19.0 257 251 243 230 212 220 213 21.0 206
Mk3.5 Median 231 224 212 207 197 197 192 192 19.1 26.0 256 24.6 237 214 224 215 211 209
Quartle2 233 228 218 211 198 19.8 193 193 193 26.3 261 248 240 217 228 217 213 214
Maximum 235 234 228 219 204 202 195 19.7 19.9 26.7 267 257 247 226 233 221 218 222
Average 231 223 214 207 197 196 192 192 19.1 26.0 256 246 235 215 224 215 212 210
2050 Minimum 241 225 215 203 197 199 198 200 185 267 258 24.8 229 21.0 223 217 21.9 206
CSIRO Quartile 1 244 232 223 214 204 204 201 202 20.1 272 264 256 241 221 230 223 221 216
Mk3.5 Median 246 237 225 220 206 20.8 203 203 202 275 269 259 250 223 235 226 222 220
Quartile 2 247 242 231 224 207 209 204 204 205 277 275 262 253 225 239 227 223 225
Maximum  25.0 24.8 242 232 214 213 207 20.8 21.0 282 282 27.0 260 235 244 231 229 233
Average 246 237 227 219 206 207 203 203 202 274 270 259 248 223 235 225 222 221
2070 Minimum 256 239 229 215 207 211 210 212 197 281 272 262 240 220 234 229 230 217
CSIRO Quartile 1 26.0 247 237 225 214 216 213 214 213 287 278 271 252 23.0 242 235 232 228
Mk3.5 Median 261 251 240 234 215 220 215 215 214 290 284 273 265 232 246 237 233 231
Quartile 2 262 257 245 238 217 221 216 216 21.7 293 291 27.6 268 235 250 239 235 236
Maximum 265 264 256 247 225 225 21.8 220 222 298 297 285 275 244 255 243 240 244
Average 261 252 241 232 216 219 215 215 214 29.0 285 27.3 261 23.3 246 237 234 232

TWine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,
MJ = Manjimup, PM = Pemberton, GS = Great Southern

Climate projections also indicate that increases in average GST, compared to
the current climate condition will be region specific. For example, the
magnitude of future GST increases is projected to be consistently lower in
the Margaret River region, even under high warming range, whereas the
Swan District and Perth Hills regions are likely to experience higher warming
in terms of GST increase. This would indicate potential uneven impacts of

climate change on viticulture across the WA wine regions.
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4.3.3 Mean January temperature

Currently, MJT averages across the study wine regions vary between 24.4°C
in the northern Swan District to 19.8°C in the Great Southern region,
however, under future climate change these averages are likely to increase
with time. By 2050, under high warming range, current patterns of MJT will
be completely overtaken by as much as a 3.1°C increase across the wine
regions (Figure 4.3; Table 4.3). Furthermore, by 2070 the maijority of the
currently cooler Great Southern region will fall under a 22 to 23.5°C
temperature range, which at present covers only most of the Peel and
northern half of the Geographe regions (Figure 4.3). Spatially, the greatest
increases in MJT are projected to occur in the northern regions. Entire areas
of the northern regions, and most of the northern part of the Geographe
region will have a MJT between 26.5 and 29.5°C, which is at least 2.2 to
4.6°C warmer than the currently hottest MJT in the Swan District and Perth
Hills regions (Figure 4.3).

Patterns of MJT warming under low warming range are similar to that of high
warming range, although the magnitudes are less. For example, by 2070,
most of the regions will have a warmer MJT with the greatest increases being
about 1°C for the Great Southern, followed by the Pemberton and Peel
regions. However, the current MJT pattern will remain the same for some
areas throughout the time periods examined in this study. For example,
southern parts of the Great Southern and the northwest corner of the Peel
regions will be unchanged if future climate change develops under low

warming conditions assumed for this study.

4.3.4 Grape maturity period average temperature

The average temperature during grape maturity (February to March for this
study) will be at least 1.1 to 1.7°C warmer by 2030 across all the WA wine
regions under high warming range (Table 4.4; Figure 4.4). By 2050 the
warming progresses further, reaching 2.0 to 3.3°C, the latter applying mostly
to the northern wine regions (Figure 4.4). The three northern regions and the

Geographe region will likely experience the greatest warming during the
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Baseline climate Future projections
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Figure 4.3 Current and projected Mean January Temperature (°C) under SRES A2 emission scenario
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grape maturity period compared to the southern regions across the time
frames examined (Table 4.4). Of these, by 2070 the Swan District is
projected to achieve the maximum warming of 4.9°C over its current value of
23.4°C, while the lowest increase is likely to be 3.0 to 3.8°C for the Margaret
River and the southern regions (Table 4.4; Figure 4.4).

The grape maturity period warming is projected to be less intense under low
warming range. The current average temperature will likely remain much the
same for the Swan District, Great Southern, Pemberton, and Manjimup
regions until 2030. Some areas, for example, the northern parts of the Perth
Hills, Peel, and the central and southern parts of the Margaret River region
might have warmer average temperatures during the grape maturity period
under climate change (Figure 4.4b). This warming continues with time
producing a southward shift of current temperature patterns (Figure 4.4c, d).
However, the maximum warming that is likely to happen under low warming
range is projected to be less than 1.5°C across the regions at least until 2070
(Figure 4.4; Table 4.4).

4.3.5 Projected non-growing season temperature

Under the current climate, the lowest average temperature during May to
September is in the Blackwood Valley with an average of 11.3°C, while the
warmest is in the Swan District averaging 14.2°C (Table 4.4). These
averages are projected to increase with about 0.5°C warming per decade
reaching 14.2°C and 17.7°C, respectively for the above regions, under high
warming climate change by 2070 (Table 4.4; Figure 4.5). Under this climate
change range, the northern wine districts and the Geographe region are

projected more warming compared to the other regions (Table 4.4).
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Table 4.4 Current and projected average temperature for February to March and May to September period
under SRES A2 emission scenario

Feb to March mean temperature (°C) May to September average temperature
Year and "Wine regions
Climate
model Statistics SD PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS
1990 Minimum 235 220 209 201 194 196 193 195 179 131 115 104 108 129 108 112 118 938
Quartile 1 23.8 228 217 211 203 201 197 197 194 139 122 112 116 135 111 116 122 117
Median 239 233 220 215 204 205 199 19.8 196 143 126 114 122 138 112 118 125 12.1
Quartile2 241 237 226 219 207 208 20.0 199 198 145 129 131 131 141 114 119 128 127
Maximum 244 242 238 227 213 212 203 204 204 150 13.6 146 141 144 127 124 131 137
Average 239 232 222 215 205 205 199 19.8 196 142 126 120 123 138 113 11.7 125 122
2030 Minimum 239 224 213 205 198 199 196 19.8 183 133 117 106 110 130 11.0 113 119 99
MEDRES  Quartile 1 242 232 2241 215 206 205 20.0 200 197 141 124 114 118 137 112 117 123 1138
Miroc3.2 Median 243 237 225 219 208 208 202 201 19.9 145 127 117 123 140 114 119 126 123
Quartile2 245 241 230 222 210 211 203 202 202 147 131 133 132 142 115 120 129 128
Maximum 248 246 242 231 216 215 206 207 208 152 13.8 148 143 146 129 125 133 139
Average 243 236 226 219 208 208 202 202 200 144 128 123 125 139 115 119 126 123
2050 Minimum 243 228 218 208 201 203 200 202 187 144 127 117 118 139 119 122 128 108
MEDRES  Quartile 1 246 236 226 21.8 21.0 208 204 204 20.1 151 134 125 128 146 121 126 132 127
Miroc3.2 Median 247 241 229 222 211 212 206 205 203 155 13.8 129 133 149 122 128 135 13.1
Quartile2 249 245 236 227 214 214 207 206 206 158 141 144 142 151 124 129 138 137
Maximum 252 250 24.6 235 219 219 21.0 211 21.1 162 14.8 159 153 155 138 134 141 14.8
Average 248 240 231 222 212 212 205 205 204 154 138 134 135 148 123 128 135 13.2
2070 Minimum 246 231 220 211 203 205 202 204 189 151 135 125 125 145 125 129 134 114
MEDRES  Quartile 1 249 239 229 220 212 211 206 206 204 159 142 133 136 152 127 132 138 134
Miroc3.2 Median 250 244 232 225 213 214 208 207 206 163 146 13.7 139 154 129 134 141 13.8

Quartile 2 252 248 240 229 216 217 209 208 208 165 149 152 149 157 131 135 144 144
Maximum 255 253 249 238 222 221 212 213 214 170 156 16.6 16.1 16.0 144 140 148 154

Average 25,0 243 234 225 214 214 208 208 20.6 16.2 146 143 142 154 13.0 134 141 139
2030 Minimum 253 236 226 215 205 209 206 208 193 142 124 114 117 136 11.7 120 126 106
CSIRO Quartile 1 255 245 234 225 214 215 210 211 207 149 132 121 126 143 119 124 131 125
Mk3.5 Median 257 250 236 231 215 218 212 212 209 163 136 123 131 146 121 126 133 13.0

Quartile 2 259 254 242 235 218 221 214 212 212 156 139 141 140 148 122 128 13.6 135
Maximum 26.1 26.0 254 244 224 225 216 217 217 161 146 155 150 153 136 13.2 14.0 146

Average 257 249 238 230 216 218 212 212 209 152 136 13.0 133 145 122 126 133 131
2050 Minimum 267 250 240 226 214 221 218 22.0 204 154 135 124 127 145 126 13.0 136 11.6
CSIRO Quartile 1 27.0 259 248 237 223 226 222 222 219 16.0 143 132 136 152 129 134 14.0 135
Mk3.5 Median 272 264 251 245 224 230 224 223 221 16.4 147 134 141 154 13.0 13.6 143 139

Quartile 2 274 270 256 249 227 233 225 224 223 16.8 150 152 151 157 132 13.7 146 146
Maximum 277 276 268 258 235 237 228 229 229 173 158 16.6 16.1 162 146 142 150 156

Average 272 264 252 243 225 23.0 224 223 221 16.4 147 140 143 154 131 13.6 143 141
2070 Minimum 282 266 255 239 225 233 231 232 217 16.6 14.7 13.6 13.7 154 13.7 141 146 127
CSIRO Quartile 1 287 274 263 249 233 239 234 235 232 173 155 143 148 16.1 139 144 151 146
Mk3.5 Median 289 279 266 26.0 235 243 236 236 233 177 159 146 152 164 141 147 153 150

Quartile 2 29.0 286 271 264 237 245 238 237 236 181 163 163 16.2 16.6 143 148 156 156
Maximum 293 292 283 273 246 249 240 241 241 186 171 178 173 172 156 153 16.0 16.7
Average 28.8 28.0 26.7 258 235 242 236 23.6 234 17.7 159 1562 154 163 142 146 154 151

TWine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,
MJ = Manjimup, PM = Pemberton, GS = Great Southern
The current spatial distribution of the non-growing season average
temperature is projcetd is projected to change completely across the study
regions by 2050. The present non-growing season temperature of 14 to
15.5°C in the Swan District will likely prevail in the majority of the Great
Southern, Manjimup, inland parts of the Geographe and Peel regions by

2070 under high warming range (Figure 4.5).
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Figure 4.4 Current and projected average temperature during February to March (°C) under SRES A2 emission scenario
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Figure 4.5 Current and projected average temperature during May to September (°C) under SRES A2 emission scenario
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On the other hand, averaged across regions, about 0.2°C and 1.1°C warmer
non-growing season temperatures are projected under low warming range by
2030 and 2050, respectively. With this low warming range, the Peel region is
projected to experience the most warming of 1.4 and 2.3°C by 2050 and
2070, whilst the Margaret River is projected to have experience the smallest
changes in the non-growing season average temperature under warming of
1.6°C by 2070 (Table 4.4). The northern wine regions are projected to
experience slightly more warming in the non-growing season average
temperature compared with the central and the southern regions under low

warming range (Table 4.4).

4.3.6 Temperature variability during grape maturity

Averaged across the grape maturity period, changes in future daily
temperature variability is small for the study regions, indicating similar
magnitudes of increases in both daily minimum and maximum temperatures
(Table 4.5; Figure 4.6). The most notable changes were for the inland parts
of the Peel, Geographe, and northwest Blackwood Valley regions with a
gradual decrease in the temperature variability index of about 100 units
under low warming climate change range (Figure 4.6; Table 4.5). In contrast,
the northern part of the Perth Hills region is projected to have a gradually
increasing temperature variability of about 100 units under high warming
range (Figure 4.6; Table 4.5).

4.3.7 Changes in growing degree days

Average GDDs among the study regions range between 1600 units (in the
southern regions) and 2400 units (in the northern regions) during the grape
growing season. These are likely to reach at least 2400 units in the southern
regions and 3400 units in the northern regions by 2070 under high warming
climate change range (Figure 4.7; Table 4.6). In terms of percentage, the
changes in GDD are projected to be slightly higher in southern regions
compared to northern regions. For example, the Great Southern region is

projected to have 47% higher average GDD by 2070 under high warming
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scenario, while the currently warmest Swan District is projected to 41%
increase in the GDD during the grape growing season. Projected increases in
average GDDs under low warming ranges are 3- to 3.5-times less than what

have been projected under high warming range (Table 4.6).

Table 4.5 Current and projected diurnal range during February to March
under SRES A2 emission scenario

Year and "Wine regions

Climate

model Statistics SD PH PL GR MR BW MJ PM GS

1990 Minimum 719 805 681 714 471 744 716 654 367
Quartle 1~ 768 851 808 792 556 835 759 683 579
Median 818 876 890 844 607 870 777 708 670

Quartile 2 858 887 912 886 647 896 797 729 737
Maximum 913 914 927 924 735 921 823 765 813

Average 812 868 858 839 605 864 776 707 656
2030 Minimum 718 804 681 711 469 743 715 651 364
MEDRES
Miroc3.2 Quartile 1 767 850 807 793 552 836 760 682 577
Median 816 874 889 843 603 870 776 707 668
Quartile 2 855 885 912 886 643 896 797 729 735
Maximum 911 910 930 923 732 920 824 765 812
Average 811 866 858 838 601 864 776 707 654
2050 Minimum 718 804 681 710 467 741 712 650 364
MEDRES
Miroc3.2 Quartile 1 767 849 806 792 553 832 757 680 576
Median 817 875 889 842 602 867 773 704 668
Quartile 2 856 886 914 884 643 892 794 725 735
Maximum 912 913 936 921 731 917 820 761 810
Average 812 867 859 837 601 860 772 704 654
2070 Minimum 718 804 681 709 466 740 711 649 363
MEDRES
Miroc3.2 Quartile 1 766 850 806 791 551 831 755 678 576
Median 817 875 888 843 601 866 772 703 667
Quartile 2 856 886 915 883 642 891 792 723 734
Maximum 911 912 940 922 730 915 818 760 810
Average 811 867 859 836 600 859 771 702 653
2030 Minimum 724 815 690 721 472 753 724 661 374
CSIRO Mk3.5 Quartile 1 775 861 817 802 556 846 770 692 586
Median 822 882 898 854 607 880 786 717 677
Quartile 2 862 893 921 896 647 906 807 739 745
Maximum 921 917 936 934 735 930 834 775 821
Average 818 875 867 848 605 874 786 717 663
2050 Minimum 755 845 722 748 491 778 750 688 400
CSIRO Mk3.5 Quartile 1 806 891 848 832 576 869 793 717 613
Median 854 914 930 883 626 905 810 742 704
Quartile 2 893 926 952 924 667 930 832 763 771
Maximum 952 949 968 964 755 955 857 799 847
Average 849 906 898 877 624 898 810 741 690
2070 Minimum 735 832 707 738 478 768 739 677 389
CSIRO Mk3.5 Quartile 1 788 878 834 819 563 858 782 707 602
Median 834 896 917 870 613 894 800 731 693

Quartile 2 873 908 939 911 653 919 821 752 760
Maximum 939 934 954 950 741 944 846 788 836
Average 831 891 885 865 611 887 799 730 679
TWine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR =
Margaret River, BW = Blackwood Valley, MJ = Manjimup, PM = Pemberton, GS = Great
Southern
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Figure 4.6 Summation of current and projected diurnal range during February to March (°C) under SRES A2 emission scenario

81



Baseline climate

)

0 50 100 200

Kilometers

(a) 1975-2005

I 1200-1500
B 1500-1800
.| 1800-2100
|| 2100-2400
| 24002700
| 2700-3000
[ 1 3000-3300
I 3300-3600

Future projections

s T

Figure 4.7 Summation of current and projected Growing degree days (°C days) during October to April under SRES A2 emission scenario
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The current spatial distribution of GDD patterns is projected shift southward
in the future to the extent that by 2070, the GDD currently common for the
Swan District will likely prevail in the majority of the Great Southern,
Pemberton, Manjimup, Blackwood Valley, Margaret River, and southern parts
of the Geographe regions under the highest warming range (Figure 4.79).
The amount of GDD currently available for the majority of areas in the Peel,
Geographe, and northern parts of the Margaret River region are projected to
be dominant for the Great Southern, Manjimup, Pemberton, Geographe, and
southern Margaret River regions by 2070 under low warming range (Figure
4.7d).

4.3.8 Changes in biologically effective degree days

Currently, the lowest average BEDD during October to April is at least 1500
units in the southern regions, with the exception of a few places that have as
low as 1260 units in the Great Southern region (Figure 4.8a). The Swan
District, northern end of the Perth Hills and northwest Peel regions currently
have 1800 or more units of BEDD, which is only 100 or less units short of the
full potential of BEDD accumulation during the entire growing season (Figure
4.8a). The average BEDD progressively increases under climate change as
the average GST increases. By 2070, under the highest warming range, all
regions will likely have an average of at least 1850 units of BEDD, while the
Swan District and Perth Hills regions would have the maximum potential
BEDD that could accumulate during a grape growing season (Table 4.6).
Areas currently having the lowest BEDD, including the majority of the Great
Southern, Pemberton, Manjimup, and the Blackwood Valley, are projected to
have at least an 8% increase reaching about 1700 units, whilst the remaining
wine regions are projected to get more than 1700 units of BEDD by 2070
under the low warming (Figure 4.8; Table 4.6).
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Table 4.6 Current and projected growing degree days (GDD) and biologically effective degree days (BEDD)
during October to April under SRES A2 emission scenario

Year GDD BEDD
and "Wine regions
Climate
model Statistics SD PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS
1990 Minimum 2326 2005 1794 1650 1629 1571 1551 1590 1264 1813 1680 1586 1528 1600 1500 1507 1533 1264
Quartile 1 2393 2168 1962 1847 1782 1683 1621 1636 1610 1829 1751 1660 1630 1666 1560 1546 1567 1560
Median 2412 2263 2022 1929 1809 1750 1651 1662 1641 1834 1789 1681 1667 1687 1592 1562 1584 1583
Quartile 2 2443 2339 2148 2000 1840 1787 1680 1676 1686 1839 1809 1763 1716 1704 1612 1580 1603 1611
Maximum 2488 2462 2370 2178 1953 1870 1728 1766 1810 1846 1830 1834 1799 1750 1659 1609 1645 1695
Average 2418 2249 2057 1929 1818 1739 1650 1662 1642 1833 1778 1707 1674 1685 1586 1562 1586 1580
2030 Minimum 2430 2113 1902 1740 1711 1659 1637 1676 1358 1827 1718 1624 1585 1653 1567 1573 1594 1358
MEDRES Quartile 1 2495 2273 2073 1938 1867 1775 1707 1721 1700 1842 1789 1701 1668 1717 1613 1606 1623 1622
Miroc3.2  Median 2514 2368 2139 2021 1892 1840 1739 1746 1730 1847 1813 1726 1700 1732 1632 1620 1640 1642
Quartile 2 2546 2446 2264 2101 1924 1877 1769 1760 1777 1852 1823 1801 1749 1747 1647 1637 1658 1665
Maximum 2593 2567 2472 2280 2037 1967 1816 1851 1898 1859 1843 1847 1825 1780 1697 1662 1698 1734
Average 2520 2356 2173 2025 1901 1829 1737 1747 1732 1846 1803 1744 1711 1730 1631 1620 1642 1639
2050 Minimum 2522 2205 1994 1814 1786 1734 1712 1751 1440 1841 1759 1665 1618 1697 1608 1616 1637 1427
MEDRES Quartile 1 2586 2365 2170 2012 1941 1850 1783 1796 1782 1856 1815 1742 1703 1750 1646 1647 1667 1667
Miroc3.2  Median 2606 2460 2235 2102 1967 1915 1814 1821 1813 1861 1827 1770 1738 1765 1665 1658 1683 1683
Quartile 2 2637 2537 2401 2193 1999 1954 1845 1836 1859 1867 1837 1826 1785 1778 1679 1672 1697 1704
Maximum 2685 2659 2563 2372 2112 2049 1891 1926 1981 1874 1857 1861 1839 1806 1730 1695 1731 1770
Average 2612 2447 2274 2108 1976 1905 1813 1823 1814 1861 1824 1780 1745 1763 1664 1658 1683 1683
2070 Minimum 2583 2266 2055 1865 1837 1785 1763 1802 1496 1851 1787 1693 1640 1726 1630 1645 1664 1467
MEDRES Quartile 1 2648 2427 2232 2068 1992 1901 1833 1847 1837 1866 1825 1769 1727 1772 1668 1670 1692 1692
Miroc3.2  Median 2668 2521 2298 2158 2017 1965 1865 1872 1868 1871 1837 1791 1764 1787 1687 1681 1706 1708
Quartile 2 2699 2599 2477 2254 2049 2005 1895 1886 1915 1876 1847 1841 1808 1796 1702 1694 1720 1731
Maximum 2746 2720 2625 2434 2162 2104 1942 1977 2036 1883 1867 1871 1849 1821 1752 1717 1753 1792
Average 2673 2509 2343 2164 2026 1955 1864 1873 1870 1870 1836 1802 1766 1783 1686 1681 1707 1710
2030 Minimum 2695 2352 2141 1940 1861 1859 1837 1876 1554 1856 1807 1719 1670 1738 1660 1675 1693 1514
CSIRO Quartile 1 2752 2513 2308 2157 2017 1973 1907 1921 1896 1871 1829 1791 1757 1779 1698 1699 1721 1718
Mk3.5 Median 2775 2615 2369 2254 2042 2040 1939 1946 1926 1876 1841 1805 1794 1791 1717 1710 1736 1735
Quartile 2 2807 2710 2492 2343 2074 2077 1967 1960 1973 1881 1852 1840 1827 1799 1731 1723 1749 1755
Maximum 2858 2832 2710 2519 2207 2160 2016 2051 2095 1889 1873 1875 1853 1829 1782 1747 1780 1805
Average 2779 2604 2402 2252 2051 2028 1937 1947 1928 1876 1841 1812 1790 1788 1716 1711 1736 1734
2050 Minimum 2991 2635 2423 2175 2053 2095 2073 2111 1793 1893 1843 1810 1771 1797 1760 1773 1786 1660
CSIRO Quartile 1 3055 2795 2591 2400 2209 2208 2143 2157 2135 1908 1865 1835 1832 1832 1792 1788 1801 1794
Mk3.5 Median 3080 2898 2651 2529 2234 2275 2175 2182 2164 1908 1878 1842 1842 1841 1809 1794 1810 1808
Quartile 2 3108 3008 2774 2625 2266 2312 2203 2196 2212 1908 1890 1876 1862 1847 1816 1803 1818 1823
Maximum 3164 3138 2993 2802 2420 2395 2252 2287 2334 1908 1908 1908 1889 1862 1842 1818 1843 1854
Average 3080 2895 2685 2517 2243 2264 2173 2183 2166 1907 1878 1854 1845 1839 1805 1795 1811 1807
2070 Minimum 3294 2938 2726 2427 2259 2347 2325 2364 2049 1908 1882 1849 1834 1852 1831 1834 1844 1758
CSIRO Quartile 1 3378 3098 2893 2652 2414 2461 2396 2409 2390 1908 1904 1874 1867 1865 1840 1843 1853 1846
Mk3.5 Median 3405 3201 2954 2832 2439 2527 2427 2435 2419 1908 1908 1881 1879 1871 1845 1845 1859 1854
Quartile 2 3434 3325 3077 2928 2471 2564 2455 2449 2467 1908 1908 1908 1901 1876 1850 1849 1864 1864
Maximum 3492 3466 3296 3104 2649 2647 2504 2540 2590 1908 1908 1908 1908 1893 1876 1861 1877 1890
Average 3403 3207 2988 2801 2449 2516 2425 2436 2421 1908 1905 1885 1881 1870 1846 1846 1859 1854
TWine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,

MJ = Manjimup, PM = Pemberton, GS = Great Southern

84



Baseline climate

1200-1300
1300-1400
1400-1500

1600-1700
1700-1800

|
]
]
[ 1 1500-1600
]
]
B 1800-1900

(b) 2030 MEDRES Miroc3.2

(e) 2030 CSIRO Mark3.5

Figure 4.8 Summation of current and projected Biologically effective growing degree days during October to April under SRES A2 emission scenario
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4.3.9 Frequency of hot days during the grape growing season

Currently, the frequency of the average number of days with a daily
maximum temperature (Tmax) over 25°C ranges from 146 in the Swan District
to 67 in the Great Southern wine region. When Tnax is over 30°C then the
range is 73 for the Swan District to 22 for the Great Southern region. The
only exception to this north to south decreasing trend is for the Margaret
River region, which experiences less variation and currently has an average
of 68 and 13 days respectively when the maximum temperatures are over
25°C and 30°C.

The frequency of these days is projected to increase gradually under climate
change. Averaged across the regions, the current number of days exceeding
25°C are projected to increase by 22, 41, and 59 days (and 16, 31, and 48
days for Tnax>30°C), respectively by 2030, 2050, and 2070, under high
warming range (Table 4.7; Figure 4.9). Examined individually, these
increases vary from region to region: days with Tmax >25°C will likely double
in the Margaret River, Pemberton, and Great Southern regions by 2070
(Table 4.7). This increase is even more dramatic when the Tyax >30°C is
examined: a 2- to 3-fold increase may be experienced in the above regions.
However, the total number of hot days are likely to remain lower than the

warmer northern wine regions (Table 4.7; Figure 4.9; Figure 4.10).

The changes in the pattern in frequency of hot days under the low warming
climate change were similar to the projections under the high warming
scenario, however, the magnitudes were projected to be about 5 times less
for days with Trax >25°C and 3 times less for days with Tax >30°C across

the future time periods examined in this study.
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Table 4.7 Current and projected frequency of hot days during October to April under SRES A2 emission
scenario

Year Days with maximum temperature >25°C Days with maximum temperature >30°C
and "Wine regions
Climate
model Statistics SD PH PL GR MR BW MJ PM GS SO PH PL GR MR BW MJ PM GS
1990 Minimum 130 121 110 86 30 80 68 63 30 57 54 46 22 4 26 22 18 8
Quartile 1 141 133 124 112 59 95 79 69 54 65 64 56 43 8 37 28 21 15
Median 147 143 129 117 69 105 85 73 67 73 74 61 50 12 43 31 22 21
Quartle2 152 150 134 121 77 112 87 76 80 80 8 66 53 17 49 33 25 28
Maximum 160 159 143 128 102 122 95 86 98 9 91 76 60 31 55 39 30 40
Average 146 141 129 116 68 104 83 73 67 73 73 61 48 13 43 31 23 22
2030 Minimum 136 126 116 91 35 84 72 67 33 61 58 49 24 4 29 24 19 9
MEDRES Quartle1 147 138 129 117 65 100 83 74 59 70 68 60 47 9 40 30 23 17
Miroc3.2  Median 153 148 134 123 75 110 89 77 72 78 79 65 53 14 46 34 24 23
Quartle2 157 154 139 126 82 117 92 81 86 8 87 71 57 19 52 36 27 31
Maximum 164 163 149 133 107 126 100 90 104 95 96 82 64 34 59 41 32 44
Average 152 146 134 121 74 109 88 77 73 78 77 65 51 15 46 33 25 24
2050 Minimum 141 130 120 96 40 89 76 72 35 64 61 53 26 5 31 26 21 10
MEDRES Quartile 1 152 142 133 121 71 105 88 78 63 74 72 64 50 11 43 32 25 19
Miroc3.2  Median 157 152 139 127 81 115 93 81 77 83 8 69 57 16 49 36 26 25
Quartle2 161 159 144 131 89 121 96 85 90 89 90 75 61 22 55 38 29 34
Maximum 169 167 156 137 113 130 104 95 109 100 100 89 67 37 62 44 35 46
Average 156 150 139 125 80 113 92 82 77 82 8 70 54 17 49 35 27 26
2070 Minimum 145 134 122 100 43 92 79 75 37 67 64 55 28 5 33 27 22 10
MEDRES Quartle1 155 145 137 125 75 107 90 81 66 77 74 66 52 12 45 34 26 20
Miroc3.2  Median 160 155 142 131 85 118 96 84 80 86 8 72 59 17 51 38 28 26
Quartle2 164 161 147 135 93 124 99 88 94 92 94 78 63 23 57 40 31 35
Maximum 171 170 161 140 117 133 107 99 112 103 103 93 71 39 65 45 36 48
Average 160 153 142 129 84 116 95 85 80 8 84 72 57 18 51 37 28 27
2030 Minimum 158 145 134 112 48 101 87 85 42 79 75 65 34 6 39 31 26 12
CSIRO  Quartle1 168 155 148 136 83 118 100 90 74 90 8 78 61 14 50 39 30 23
Mk3.5 Median 171 163 152 142 92 127 105 94 88 99 97 8 69 20 57 42 32 30
Quartle2 175 171 156 145 99 133 108 98 103 105 106 88 74 26 64 45 36 39
Maximum 180 179 166 152 123 141 117 109 119 117 116 98 82 43 72 51 41 53
Average 171 163 152 140 91 126 104 94 88 98 96 8 66 20 57 42 33 31
2050 Minimum 178 164 154 134 68 122 105 105 57 101 95 85 47 8 49 41 36 17
CSIRO  Quartle1 185 172 165 153 104 135 118 110 96 113 105 98 76 21 63 49 41 31
Mk3.5 Median 187 179 170 161 112 144 125 114 109 122 118 103 90 28 71 54 43 40
Quartle2 189 185 173 165 118 149 128 118 123 128 128 108 94 34 78 57 46 51
Maximum 192 191 183 171 141 157 135 131 138 138 137 118 101 54 8 65 53 66
Average 187 179 169 159 111 142 123 114 109 120 117 103 85 28 71 53 43 41
2070 Minimum 193 180 171 155 95 142 129 132 79 125 116 106 66 13 66 53 49 23
CSIRO  Quartle1 197 187 181 172 128 155 141 135 121 139 128 119 96 30 79 65 55 42
Mk3.5 Median 198 192 184 179 134 162 146 139 134 145 139 125 112 39 8 71 58 53
Quartile2 200 196 188 182 140 167 148 142 146 150 147 130 117 46 96 73 61 65
Maximum 201 201 195 186 159 174 155 153 158 158 156 138 124 69 106 80 70 82
Average 198 191 184 177 134 161 144 139 133 144 138 124 106 39 88 69 58 54

"Wine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,
MJ = Manjimup, PM = Pemberton, GS = Great Southern
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Figure 4.9 Current and projected number of days with maximum temperature over 25°C during October to April under SRES A2 emission scenario
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Figure 4.10 Current and projected number of days with maximum temperature over 30°C during October to April under SRES A2 emission scenario
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4.3.10 Changes in seasonal distribution of rainfall

Currently, wine regions or parts of a region close to the southwest corner of
the state receive higher rainfall than areas further inland. For example, the
Margaret River, Pemberton, and southwest corner of the Great Southern
regions receive 900 t01400 mm annual rainfall, while the inland northeast
corner of the Great Southern gets about one third of this amount (Figure
4.11). This spatial pattern is generally repeated for future rainfall distributions
under climate change, but with a progressive decline in the amount of rainfall
and the magnitude of the change varying between the seasons (Table 4.8 to
4.10; Figure 4.11 to 4.16).

Projected under low and high warming, annual rainfall is projected to decline
on average by 5 to 8% by 2030, 11 to 16% by 2050, and 15 to 24% by 2070
across WA wine regions and the decline will likely differ between seasons.
For example, averaged for a region, the greatest decreases were projected
for spring rainfall with as much as a 76% decline in the Swan District followed
by the Perth Hills (72%), and the Great Southern (65%) regions under high
warming climate change range by 2070 (Table 4.9; Figure 4.13). This decline
in spring rainfall apparently causes the grape growing season rainfall to drop
22 to 45% across the wine regions (Table 4.8; Figure 4.12) as most of the
growing season rainfall occurs during the spring months in the study regions.
On the other hand, the least decline in future rainfall is for the autumn season
with the highest decline of 20% for the Margaret River region, and the lowest
of 3% for the Great Southern region (Table 4.10; Figure 4.15).

Similarly, under the lowest warming range, the spring rainfall decline
remained the highest of all the seasons. Nevertheless, regions that would
experience the most decline and the magnitudes of these decreases were
different. For example, by 2070 the reduction in average spring rainfall is
projected to be as much as 24% for the Peel region, while the others are
projected to have 19 to 20% reduction (Table 4.9).
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Table 4.8 Current and projected annual and October to April period rainfall under SRES A2 emission
scenario

Year Annual Rainfall (mm) Growing Season rainfall (mm)
and "Wine regions
Climate
model StatisticsSD PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS
1990 Minimum 574 601 458 736 837 510 645 973 383 129 138 134 166 171 151 194 272 151
Quartile 1 678 716 598 862 1004 612 774 1094 523 145 161 163 192 213 179 229 298 205
Median 726 850 840 908 1044 713 852 1148 673 154 185 190 206 237 200 246 307 251
Quartle2 784 1000 936 954 1107 887 944 1171 914 163 225 213 220 244 223 266 317 306
Maximum 849 1113 1210 1170 1157 1040 1059 1212 1346 180 257 270 262 260 271 303 325 392
Average 729 860 791 913 1037 748 850 1133 703 153 193 192 206 228 202 246 305 251
2030 Minimum 545 570 433 693 780 483 611 920 366 127 135 131 159 162 146 187 261 146
MEDRES Quartile 1 643 678 564 812 941 579 733 1034 500 142 157 158 185 201 172 220 286 198
Miroc3.2  Median 687 798 791 856 979 675 806 1084 643 151 178 183 199 224 192 236 294 242
Quartle2 741 940 880 899 1038 839 893 1107 869 159 217 205 211 230 214 255 304 295
Maximum 798 1046 1137 1099 1085 982 1001 1145 1274 174 247 260 251 246 260 291 312 378
Average 689 810 745 860 973 708 804 1071 670 149 186 185 198 215 194 236 293 242
2050 Minimum 513 536 405 647 719 454 574 863 349 124 132 127 152 152 140 178 248 140
MEDRES Quartile 1 604 637 527 759 873 544 688 968 475 138 153 152 177 189 165 210 272 191
Miroc3.2  Median 645 743 737 799 909 634 756 1016 610 147 172 175 189 210 184 225 280 233
Quartile2 694 874 819 841 963 786 837 1037 820 154 208 197 202 216 204 243 290 284
Maximum 742 973 1058 1022 1007 920 938 1074 1195 167 236 249 240 231 247 277 297 364
Average 646 756 695 803 903 664 754 1003 634 145 180 178 190 201 186 226 279 233
2070 Minimum 492 513 387 616 678 434 549 824 337 122 130 124 147 145 136 173 240 136
MEDRES Quartile 1 578 609 502 722 827 521 658 924 457 136 151 149 172 180 160 204 263 186
Miroc3.2  Median 617 708 701 762 862 606 722 970 588 144 167 170 183 201 178 218 271 226
Quartle2 662 830 779 799 913 751 800 991 788 150 201 191 195 206 198 235 281 275
Maximum 705 924 1005 970 954 878 895 1025 1142 163 229 241 233 220 239 269 287 354
Average 617 719 661 764 855 635 721 958 610 142 175 173 184 192 180 219 270 227
2030 Minimum 526 537 447 703 799 488 617 903 368 113 118 129 161 171 150 199 249 150
CSIRO  Quartile 1 610 641 573 805 946 578 727 989 475 121 133 152 179 208 174 219 266 185
Mk3.5 Median 654 767 803 835 987 681 797 1033 610 128 154 178 188 231 191 232 276 224
Quartile2 715 899 874 881 1028 804 870 1057 831 137 184 197 195 236 203 246 282 276
Maximum 789 1007 1048 1030 1069 943 947 1087 1230 163 221 224 219 243 236 274 298 354
Average 661 770 744 845 977 694 792 1022 640 130 159 176 188 222 189 232 274 227
2050 Minimum 476 487 413 649 736 443 560 819 325 92 97 113 141 155 133 176 221 128
CSIRO  Quartile 1 554 582 530 741 869 524 660 898 422 99 109 133 157 188 154 194 235 160
Mk3.5 Median 593 711 746 769 905 618 723 939 547 105 134 155 165 209 169 205 244 195
Quartile2 655 834 809 809 943 731 790 961 745 114 160 171 171 214 180 218 250 241
Maximum 734 934 976 959 981 858 861 989 1119 142 192 194 197 220 209 243 265 315
Average 604 710 690 780 896 630 719 928 572 108 136 154 164 201 168 206 243 198
2070 Minimum 423 433 377 592 668 395 498 729 279 71 75 97 119 137 115 153 190 105
CSIRO  Quartile 1 494 518 485 669 783 468 588 801 366 76 8 112 133 168 134 168 203 134
Mk3.5 Median 529 653 684 700 817 552 643 838 476 80 111 131 139 186 146 177 210 163
Quartile2 591 765 742 739 853 653 703 858 654 90 135 144 146 191 155 188 216 205
Maximum 674 857 899 883 887 768 769 884 999 119 160 162 174 196 180 210 229 273
Average 543 647 631 709 809 563 640 829 500 85 111 129 140 178 145 178 210 166

TWine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,

MJ = Manjimup, PM = Pemberton, GS = Great Southern

Another main difference between high warming and low warming climate
change ranges is their difference in projecting winter and summer rainfall. In
high warming model, the greatest declines in winter rainfall are projected in
southern regions, while the low warming model projects the greatest declines
to occur in the northern regions (Table 4.10; Figure 4.16). The amount of
summer rainfall is presently small, with a high of 61 mm in the Great

Southern and a low of 32 mm in the Swan District region (Table 4.9).
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Table 4.9 Current and projected Spring (September to November) and Summer (December to January)
rainfall under SRES A2 emission scenario

Year Spring Rainfall (mm) Summer Rainfall (mm)
and "Wine regions
Climate
model Statistics SD PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS
1990 Minimum 108 117 91 160 170 114 156 244 98 32 38 40 34 33 45 52 61 52
Quartile 1 130 148 124 182 214 141 190 270 136 37 42 45 41 42 50 57 68 63
Median 143 176 170 196 227 164 210 277 175 39 45 47 45 49 52 61 70 74
Quartile2 152 212 194 208 241 203 233 284 231 40 52 52 50 51 54 65 73 81
Maximum 169 242 263 254 259 249 261 292 319 45 59 62 57 57 62 75 76 98
Average 141 180 166 196 224 172 210 276 179 38 47 48 46 47 52 62 70 73
2030 Minimum 101 109 83 146 155 106 145 227 91 33 39 41 34 33 44 51 61 51
MEDRES Quartile 1 121 138 113 167 197 131 177 251 127 38 42 45 41 41 49 57 67 62
Miroc3.2  Median 133 163 156 181 209 153 195 257 162 40 45 48 45 48 52 60 70 73
Quartile 2 140 194 178 191 222 188 217 264 214 41 53 53 51 50 54 64 73 79
Maximum 156 221 241 233 239 232 242 271 296 45 60 63 58 56 61 74 75 96
Average 131 165 151 180 207 160 195 256 167 39 47 49 46 45 52 61 70 71
2050 Minimum 93 100 75 131 140 97 133 208 84 33 40 41 34 32 44 51 60 51
MEDRES Quartile 1 112 126 102 150 179 120 162 230 117 39 43 46 42 40 49 56 66 61
Miroc3.2  Median 122 148 140 163 190 140 179 236 149 41 46 48 45 47 51 59 69 71
Quartile2 127 174 160 174 202 173 199 242 197 41 53 53 51 49 53 63 72 78
Maximum 144 199 217 209 217 212 222 249 271 46 61 64 58 54 61 T4 T4 94
Average 120 150 136 163 188 147 179 235 154 40 48 50 46 44 51 60 69 70
2070 Minimum 87 94 69 121 129 91 125 195 79 34 40 41 33 32 44 50 60 50
MEDRES Quartile 1 105 118 94 140 167 113 152 216 110 40 44 46 42 39 48 56 66 60
Miroc3.2  Median 114 138 129 152 177 131 168 221 141 41 47 49 45 46 51 59 68 70
Quartle2 119 161 148 162 188 162 186 227 186 42 54 54 51 48 53 63 71 77
Maximum 135 184 200 193 202 199 208 234 255 46 61 64 59 53 60 73 73 92
Average 112 139 126 152 175 138 168 220 145 41 49 50 46 44 51 60 68 69
2030 Minimum 82 80 78 132 167 102 145 205 83 27 32 36 31 29 42 48 57 48
CSIRO  Quartile 1 92 102 104 147 207 127 170 216 105 31 35 40 37 38 46 53 63 57
Mk3.5 Median 100 122 140 154 221 146 183 222 136 33 40 42 41 44 48 56 65 67
Quartile2 109 146 158 162 227 164 195 225 181 35 47 47 46 46 50 60 68 73
Maximum 133 180 180 210 240 202 210 230 263 40 53 5 51 51 58 70 70 89
Average 101 125 133 156 215 147 181 220 141 33 41 43 41 42 48 57 65 66
2050 Minimum 53 52 58 97 150 80 118 168 56 22 27 32 28 25 39 45 53 43
CSIRO  Quartile 1 61 68 76 109 186 101 140 177 74 26 29 36 34 34 43 49 58 52
Mk3.5 Median 67 88 103 116 198 117 150 182 98 27 36 38 38 40 45 52 61 61
Quartile 2 75 108 117 124 205 134 159 184 141 29 42 42 41 42 47 56 63 67
Maximum 98 133 133 184 218 167 172 189 215 36 47 50 46 47 53 65 65 80
Average 69 89 98 120 194 119 148 180 103 28 3 39 37 38 45 53 61 60
2070 Minimum 23 23 36 60 132 56 90 128 26 18 21 28 24 21 36 41 49 38
CSIRO  Quartile 1 26 34 47 69 163 74 106 135 38 21 23 31 30 30 39 45 54 47
Mk3.5 Median 31 52 64 74 175 87 115 139 61 22 31 33 34 36 41 48 56 55
Quartile 2 40 67 73 87 183 102 122 140 100 23 3 3 37 38 43 51 58 61
Maximum 61 83 83 156 195 130 131 144 164 31 41 43 42 42 49 60 60 73
Average 34 51 61 81 171 8 113 138 64 23 30 34 33 34 41 49 56 54

TWine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,

MJ = Manjimup, PM = Pemberton, GS = Great Southern

Projected changes in the summer rainfall vary little between low and high

warming climate change ranges such that summer average rainfall is

projected to increase slightly, about 2 to 3 mm for the four northern wine

regions under low warming range, while the southern regions are projected to

have as much as 4 mm less. This contrasts with at least a 15 mm projected

decline for the northern wine regions for this season under the high warming

range, clearly indicating some degree of inconsistency among the GCM

projections for future rainfall (Table 4.9; Figure 4.14).
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Table 4.10 Current and projected autumn (March to May) and winter (June to August) rainfall under
SRES A2 emission scenario

Year Autumn Rainfall (mm) Winter Rainfall (mm)
and "Wine regions
Climate
model Statistics SD PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS
1990 Minimum 125 123 97 159 178 113 144 208 89 302 318 223 365 455 237 286 457 142
Quartile 1 144 144 126 182 207 136 168 231 122 368 384 303 454 529 284 353 525 198
Median 150 165 173 190 218 156 184 240 157 394 468 449 475 549 345 392 557 270
Quartile 2 160 193 194 199 228 189 202 249 207 435 542 500 501 585 442 442 570 395
Maximum 170 220 241 230 239 218 225 259 293 471 595 647 630 614 516 512 593 643
Average 151 169 164 191 215 162 184 239 161 399 464 413 481 551 362 394 547 290
2030 Minimum 126 124 97 158 171 111 141 205 89 279 294 206 337 421 220 266 425 133
MEDRES Quartile 1 144 144 126 181 198 133 165 227 122 339 354 279 421 493 264 328 483 186
Miroc3.2  Median 151 164 172 188 209 154 181 236 156 364 431 414 440 512 321 365 519 252
Quartile 2 160 192 193 198 218 186 199 245 206 401 500 461 463 546 412 411 531 369
Maximum 170 219 240 229 229 214 221 255 289 434 548 597 581 572 480 477 552 598
Average 151 169 163 189 206 159 181 235 160 368 428 381 445 514 337 367 510 271
2050 Minimum 126 124 97 157 163 109 139 201 89 253 267 187 306 383 203 245 391 123
MEDRES Quartile 1 145 145 125 178 189 131 162 223 122 308 322 253 385 455 243 302 449 172
Miroc3.2  Median 151 164 172 186 199 151 178 232 156 331 392 376 404 472 295 335 477 233
Quartile 2 160 191 192 195 208 183 195 241 205 364 454 419 425 503 379 378 483 341
Maximum 169 218 239 228 218 210 217 250 283 395 498 542 528 528 442 439 507 550
Average 152 169 163 188 197 156 178 231 160 335 389 346 406 474 310 338 469 251
2070 Minimum 127 125 96 157 157 108 137 198 89 236 249 174 285 358 191 231 368 117
MEDRES Quartile 1 146 146 125 178 183 129 160 220 122 288 300 236 362 429 229 284 423 163
Miroc3.2  Median 152 165 171 185 192 149 176 229 155 308 365 351 378 445 278 316 449 220
Quartile 2 160 191 192 194 201 181 193 238 203 340 423 390 398 475 356 356 460 322
Maximum 169 218 239 228 211 208 214 247 280 368 464 506 492 498 416 413 478 518
Average 152 169 162 187 190 154 176 228 159 312 363 323 380 447 292 318 441 237
2030 Minimum 124 116 108 169 181 121 154 211 105 288 304 215 351 422 219 265 423 130
CSIRO  Quartile 1 137 136 134 186 204 142 178 222 127 351 366 291 428 483 263 327 486 183
Mk3.5 Median 145 154 186 190 217 163 192 230 161 376 450 432 449 506 319 363 516 249
Quartile 2 153 180 199 196 219 182 201 237 208 417 522 481 477 540 409 409 528 366
Maximum 171 214 216 211 222 213 218 252 289 453 572 623 606 566 477 474 549 595
Average 145 159 170 191 211 163 189 230 166 382 446 398 457 508 335 365 507 267
2050 Minimum 120 112 107 166 167 117 146 199 104 276 291 207 339 394 204 246 393 121
CSIRO  Quartile 1 132 132 133 182 186 135 168 209 124 336 351 281 406 452 244 304 452 169
Mk3.5 Median 140 152 185 185 198 157 181 217 157 361 435 417 427 469 297 337 480 230
Quartile 2 149 178 197 191 199 174 190 224 201 402 504 465 456 500 381 380 491 339
Maximum 169 212 214 209 204 200 205 238 273 438 553 602 586 525 444 441 510 553
Average 141 156 169 187 192 155 178 216 161 367 430 384 435 471 312 339 471 248
2070 Minimum 115 108 106 163 151 110 136 186 103 263 277 199 327 363 187 226 362 110
CSIRO  Quartile 1 127 129 132 175 168 127 157 196 121 321 334 271 379 414 225 279 415 155
Mk3.5 Median 135 150 183 180 177 148 169 202 152 344 418 402 404 429 273 310 441 210
Quartile 2 145 176 196 189 178 165 177 209 192 384 485 447 439 458 350 350 451 310
Maximum 168 210 212 207 184 187 192 222 255 422 532 579 563 480 408 406 469 509
Average 136 153 167 182 173 146 166 202 156 350 412 370 412 431 287 312 433 226

"Wine regions: SD-Swan District, PH-Perth Hills, PL-Peel, GR-Geographe, MR-Margaret River, BW-Black Wood,

MJ-Manjimup, PM-Pemberton, GS-Great Southern

Monthly distribution of future rainfall is projected to be more or less the same

as under the current climate, with the exception of the Margaret River region

where May is projected to receive a similar amount of rainfall as July by 2050
and 2070 (Figure 4.17).
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Figure 4.11 Current and projected annual rainfall (mm) under SRES A2 emission scenario
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Figure 4.12 Current and projected rainfall during October to April (mm) under SRES A2 emission scenario
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Figure 4.13 Current and projected rainfall during September to November (mm) under SRES A2 emission scenario
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Figure 4.14 Current and projected rainfall during December to February (mm) under SRES A2 emission scenario
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Figure 4.15 Current and projected rainfall during March to May (mm) under SRES A2 emission scenario
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Figure 4.16 Current and projected rainfall during June to August (mm) under SRES A2 emission scenario
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Figure 4.17 Temporal distributions of current and projected rainfall across Western Australian wine regions projected by Miroc3.2 and Mark3.5 global climate
models under SRES A2 emission scenario.
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4.3.11 Changes in the radiation

Magnitude of the radiation changes under climate change is small. The
biggest projected changes among the radiation indices examined were an
average of 6% increase across the Great Southern region for the July to
September period, followed by a 5% increase in the October to November
radiation under low warming climate change range by 2070 (Table 4.12,
Figure 4.18 to 4.21). The maximum difference in radiation under high
warming is about 2% increase for Margaret River, Blackwood, and the
southern regions by 2070 (Table 4.11, 4.12; Figures 4.18 to 4.21).

Changes in the radiation indices were season and area specific under the
same climate change ranges. For example, the current spatial distribution of
December to February radiation remained relatively stable over time under
low warming range (Figure 4.19 a-d) whereas July to September radiation
changed considerably across the regions under the same climate change
warming range (Figure 4.21 a-d). In addition and in contrast with the
temperature related climate indices, the changes in the radiation indices
tended to be lower in the northern regions compared to the southern wine
regions when they were averaged for an entire region (Table 4.11 and 4.12;
Figure 4.18 to 4.21).
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Table 4.11 Current and projected total radiation (MJ/m?) during October to November and December to
February under SRES A2 emission scenario

Year Radiation October to November Radiation December to February

and "Wine regions

Climate

model Statistics SD PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS

1990 Minimum 46.8 452 435 415 402 405 39.8 39.8 392 793 783 762 739 707 715 70.0 69.7 67.4
Quartile 1 472 462 444 424 408 41.0 402 39.9 40.1 796 793 774 756 722 730 70.8 702 68.8
Median 473 467 449 429 413 414 404 400 406 79.8 795 779 765 732 738 713 706 69.5

Quartile 2 475 473 452 437 418 418 405 402 412 799 798 786 773 742 745 718 711 703
Maximum 47.7 476 466 449 425 424 408 405 420 80.2 80.0 798 784 754 755 726 718 716

Average 473 46.7 449 431 413 414 404 40.1 406 79.7 795 780 764 732 737 714 70.7 695
2030 Minimum 472 46.1 441 423 411 415 409 407 405 794 789 765 742 713 720 707 70.1 682
MEDRES Quartile 1 477 469 448 431 416 420 411 409 41.0 798 796 774 757 726 735 712 708 69.3
Miroc3.2 Median 479 475 453 435 421 422 413 409 416 799 799 780 765 735 741 717 711 700
Quartile 2 48.0 479 457 442 425 425 415 411 421 799 80.0 786 773 744 747 724 716 70.7
Maximum 48.2 482 468 453 432 43.0 417 414 428 80.0 80.2 795 785 755 758 733 723 720
Average 479 474 453 436 421 423 413 410 415 798 798 780 765 735 741 718 712 700
2050 Minimum 475 464 444 428 415 419 413 411 409 796 79.0 766 744 716 721 708 703 68.3
MEDRES Quartile 1 48.0 47.2 450 434 421 424 415 413 415 798 796 775 759 729 737 713 71.0 69.5
Miroc3.2 Median 482 478 456 43.8 425 427 417 413 420 80.0 80.0 780 76.6 73.8 743 720 713 702

Quartile 2 48.3 48.2 46.0 444 429 429 419 415 426 80.1 801 787 774 745 749 726 718 709
Maximum 485 485 471 456 435 433 422 418 433 80.3 803 79.7 785 757 759 734 724 723

Average 48.1 476 456 43.9 425 427 417 414 420 80.0 799 781 76.6 73.7 742 720 714 702
2070 Minimum 478 46.7 446 432 419 424 418 416 413 79.7 791 766 745 717 723 710 70.6 68.6
MEDRES Quartile 1 48.3 475 453 43.7 425 428 419 417 419 80.0 79.7 776 76.0 731 739 716 71.1 69.7
Miroc3.2 Median 485 481 459 441 43.0 431 422 418 425 80.1 80.1 782 76.8 739 745 721 715 704
Quartile 2 48.6 485 46.3 447 433 433 423 419 431 80.2 80.2 788 775 748 750 728 719 710

Maximum 48.8 48.8 474 459 438 43.6 426 422 437 80.3 804 79.7 787 758 759 736 727 723
Average 485 479 459 442 429 431 422 418 425 80.1 80.0 782 76.7 739 744 722 715 703

2030 Minimum 46.8 457 437 417 404 409 403 401 399 797 79.0 76.6 740 712 717 704 70.0 68.2
CSIRO Quartile 1 472 464 444 426 410 413 405 402 404 80.0 79.7 776 757 725 733 710 70.6 69.2
Mk3.5 Median 474 470 449 431 415 416 40.7 403 409 80.1 80.1 781 76.6 735 739 715 709 69.9
Quartile 2 475 474 453 437 419 420 409 405 415 80.2 803 787 774 742 745 721 713 705
Maximum 47.7 477 464 449 427 425 411 407 421 80.3 804 79.7 786 755 758 730 720 718
Average 474 46.9 449 431 415 417 40.7 404 409 80.1 80.0 781 765 734 739 716 71.0 69.9
2050 Minimum 46.9 458 438 419 406 411 405 40.3 40.0 80.0 794 769 742 713 718 705 70.1 684
CSIRO Quartile 1 473 465 445 427 412 415 406 404 406 804 800 779 76.0 726 734 710 70.7 694
Mk3.5 Median 474 471 450 432 416 418 409 405 411 80.5 804 784 769 735 741 717 71.0 701

Quartile 2 476 474 454 438 421 421 410 406 41.7 80.6 806 791 77.7 745 747 723 715 709
Maximum 478 47.7 465 450 428 426 413 409 424 80.7 80.8 80.0 79.0 757 76.0 732 722 720

Average 474 47.0 450 433 416 418 409 405 411 80.5 803 785 76.8 735 74.0 717 71.1 701
2070 Minimum 47.0 459 439 420 408 41.3 40.7 405 40.2 804 79.7 772 744 716 720 70.7 70.1 68.7
CSIRO Quartile 1 474 466 446 428 413 417 408 40.6 4038 80.8 803 782 762 728 735 712 70.8 69.6
Mk3.5 Median 475 472 451 433 418 420 410 407 413 809 808 788 773 738 742 718 711 704

Quartile 2 476 475 455 439 422 423 412 408 419 81.0 811 794 781 746 749 724 716 711
Maximum 47.8 478 466 451 428 427 415 411 426 812 813 803 793 758 762 733 723 720
Average 475 471 451 434 418 420 410 40.7 413 80.9 80.7 788 771 737 742 718 71.2 704

TWine regions: SD = Swan District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,
MJ = Manjimup, PM = Pemberton, GS = Great Southern
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Table 4.12 Current and projected total radiation (MJ/m?) during March to June and July to September
under SRES A2 emission scenario

Year Radiation March to June Radiation July to September
and "Wine regions
Climate
model Statistics SD PH PL GR MR BW MJ PM GS SD PH PL GR MR BW MJ PM GS
1990 Minimum 57.6 554 53.3 50.7 48.7 499 488 48.7 478 418 39.7 383 36.0 348 355 353 352 349
Quartile 1 58.3 56.8 545 522 497 505 494 489 49.0 425 411 391 370 354 36.2 357 353 36.2
Median 58.5 57.5 550 528 50.3 51.0 49.7 491 495 427 418 395 376 357 365 359 354 36.9
Quartile 2 58.6 58.3 554 53.7 509 515 499 494 50.2 43.0 426 399 383 36.1 369 36.0 355 37.6
Maximum 58.9 58.8 57.2 550 51.8 523 502 49.7 51.0 43.3 431 414 394 368 375 36.2 358 387
Average 584 575 550 529 503 51.0 496 492 496 427 417 395 37.7 358 36,5 358 354 36.9
2030 Minimum 58.0 56.4 54.0 514 495 506 49.8 49.3 49.0 422 407 38.7 36.7 356 365 36.3 359 36.0
MEDRES Quartile 1 58.7 57.5 547 527 504 513 50.1 49.7 497 43.0 41.7 394 37.7 361 37.0 365 36.0 37.0
Miroc3.2 Median 59.0 58.3 554 534 509 517 504 499 50.3 43.3 426 399 382 364 372 366 36.1 37.6
Quartile 2 59.2 58.9 559 541 515 521 50.7 501 50.9 43.6 433 404 387 368 375 36.7 36.3 383
Maximum 594 594 574 554 526 528 512 50.5 515 439 438 416 398 375 379 369 365 393
Average 58.9 58.2 554 534 51.0 517 504 499 50.3 43.3 425 399 382 364 372 36.6 36.2 37.7
2050 Minimum 584 56.8 54.3 51.7 49.8 511 50.2 49.7 493 428 413 393 374 363 372 370 366 36.7
MEDRES Quartile 1 59.2 58.0 55.2 53.1 50.7 51.7 50.5 50.1 50.1 436 424 40.0 383 36.8 37.7 372 36.7 37.8
Miroc3.2 Median 594 587 558 538 513 521 50.8 50.3 50.7 440 432 405 387 371 379 373 369 384
Quartile 2 59.7 59.5 56.3 545 520 525 511 50.5 51.3 442 439 409 393 375 382 374 370 39.1
Maximum 599 59.9 578 559 53.0 532 516 509 51.9 445 444 422 404 381 385 376 372 4041
Average 594 58.7 558 538 51.3 521 508 50.3 50.7 439 431 405 388 371 379 373 369 384
2070 Minimum 58.8 57.2 547 521 502 514 506 50.1 49.7 432 417 397 379 36.7 376 375 370 372
MEDRES Quartile 1 59.5 584 555 535 511 521 50.9 504 50.5 440 428 404 387 372 382 377 372 383
Miroc3.2 Median 59.8 59.1 56.1 54.1 517 525 512 506 51.1 444 436 409 391 375 384 378 373 389
Quartile 2 60.1 59.9 56.7 549 523 528 514 509 517 447 443 414 397 379 386 379 374 397
Maximum 60.3 60.3 58.2 56.2 53.3 53.6 52.0 51.3 524 449 448 427 408 385 39.0 381 37.7 406
Average 59.8 59.0 56.1 54.1 51.7 525 512 507 511 443 435 409 39.2 376 384 378 37.3 39.0
2030 Minimum 57.5 56.0 53.6 50.9 49.1 501 49.3 48.7 484 418 403 384 36.3 352 36.0 359 355 356
CSIRO Quartile 1 58.2 57.0 543 522 499 50.7 496 49.1 49.2 425 413 391 373 357 365 36.1 356 36.5
Mk3.5 Median 58.6 579 549 529 506 511 49.9 493 497 429 421 395 378 36.0 36.8 36.2 357 37.2
Quartile 2 58.8 585 554 536 51.2 515 502 49.6 50.3 431 428 40.0 383 365 37.1 363 359 37.8
Maximum 59.0 59.0 56.9 550 521 523 506 50.0 51.0 43.4 433 412 394 372 375 364 36.1 388
Average 585 57.8 549 529 506 51.2 499 494 497 428 42,0 395 378 36.1 36.8 36.2 357 37.2
2050 Minimum 57.6 56.1 53.6 51.1 493 50.3 49.3 48.9 485 419 405 385 36.5 355 36.3 36.1 357 358
CSIRO Quartile 1 584 571 544 524 502 508 49.7 492 493 427 415 39.2 375 360 36.8 363 358 36.8
Mk3.5 Median 58.8 58.0 551 53.0 50.7 51.2 50.0 49.5 49.8 43.0 423 397 379 363 37.0 364 359 374
Quartile 2 59.0 58.7 555 538 514 517 50.3 49.6 504 43.2 429 401 385 36.7 37.3 36.5 36.1 38.0
Maximum 59.2 59.2 57.0 551 523 525 50.7 50.0 51.0 43.5 434 413 395 374 37.7 36.7 36.3 39.0
Average 58.7 579 550 53.0 50.8 51.3 50.0 495 49.8 429 422 397 380 363 37.0 364 36.0 374
2070 Minimum 57.8 56.2 53.7 51.3 49.7 50.3 495 49.0 48.6 421 406 386 36.8 358 36.5 36.3 359 36.0
CSIRO Quartile 1 585 57.3 545 525 504 509 497 493 494 428 416 393 376 362 370 365 36.1 37.0
Mk3.5 Median 58.9 58.1 552 531 511 513 50.1 495 499 431 424 398 381 365 372 36.6 36.2 37.6
Quartile 2 59.2 589 557 539 516 518 504 49.8 50.5 43.4 43.0 40.2 386 369 375 36.7 36.3 383
Maximum 59.4 59.3 571 551 524 525 50.8 50.1 51.1 436 435 415 397 376 379 369 365 39.2
Average 58.8 58.0 55.2 531 51.0 514 50.1 49.6 499 431 423 39.8 381 366 372 366 362 376

"Wine regions: SD = Swan

District, PH = Perth Hills, PL = Peel, GR-Geographe, MR = Margaret River, BW = Blackwood Valley,
MJ = Manjimup, PM = Pemberton, GS = Great Southern
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Baseline climate Future projections

(a) 1975-2005

B 3s-40
4042
| 4244
| 4446
B 46-48

Figure 4.18 Current and projected total radiation during October to November (MJ/m?) under SRES A2 emission scenario
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Baseline climate Future projections

(a) 1975-2005
B ss-65
B ss-70
- 7072
7274
. | 7476
. 7878
. |80
B s0s2

(e) 2030 CSIRO Mark3.5 (f) 2050 CSIRO Mark3.5 (g) 2070 CSIRO Mark3.5

Figure 4.19 Current and projected total radiation during December to February (MJ/m?) under SRES A2 emission scenario
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Baseline climate Future projections

(a) 1975-2005 (b) 2030 MEDRES Miroc3.2 (c) 2050 MEDRES Miroc3.2 (d) 2070 MEDRES Miroc3.2
(

B 47-48
4850
. 5052
| 5254
| 5456
. 5658
B ss-60

e) 2030 CSIRO Mark3.5

(9) 2070 CSIRO Mark3.5

Figure 4.20. Current and projected total radiation during March to June (MJ/m?) under SRES A2 emission scenario
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Figure 4.21 Current and projected total radiation during July to September (MJ/m?) under SRES A2 emission scenario
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4.4 Discussion

Like any other plant, the growth of winegrapes and the quality of grapes is
effectively governed by climate parameters when other crucial factors such
as nutrient availability are adequate (Kliewer, 1977, Coombe, 1987, Jackson
and Lombard, 1993, Pearce and Coombe, 2004). Changes in the key climate
indices have been projected for WA wine growing regions under future
climate. Temperature based climate variables such as growing season
average temperature, GDDs, and frequency of hot days are likely to
increase. The projected decline in rainfall is substantial for some regions.
Additionally, increases in the current spatial distribution of radiation levels are

also projected, although the magnitudes of the increases are smaller.

The full actual impact of projected climate change is not easily quantifiable as
the interaction of climate variables also plays an important role in winegrape
growth, especially for grape quality attributes (Tarara et al., 2008). Potential
impacts of key climate variables on viticultural regions in WA are discussed

based in the light of past and present research.

4.4.1 Increases in average temperatures

Currently the warmest average GST is in the Swan District with 20.5 to 22°C,
while it ranges between 17.5 to 19°C for the southern wine regions. Under
climate change as much as a 1.5 to 4.5°C increase in average growing
season temperatures has been projected across WA wine growing regions in
the next 60 years under the SRES A2 emission scenario and depending on
the climate models. A warming of such magnitude is likely to have significant
impacts on existing winegrape physiology and grape composition across the

wine regions.

As temperature is the main climatic driver of winegrape growth, the most
obvious changes in the winegrape may be the advancement of phenological
timing and the subsequent compaction of the growing season (Coombe,
1987, Pearce and Coombe, 2004, Webb et al., 2007). Nemani et al. (2001)

reported an 18 to 24-day earlier start to the growing season in coastal
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California between 1951 and 1997, coinciding with a 1.13°C increase in the
annual average temperature. Jones and Davis (2000a) observed significant
relationships between the increased number of hot days over 25 and 30°C
during flowering and véraison resulting in earlier harvest dates during the
second half of the last century in Bordeaux, even though the rate of increase
in the number of hot days was small, only about 0.08 to 0.12 days per year. It
also suggested that, depending on grape variety, a 12 to 30-day earlier
vintage would occur if the average temperature increases by 2°C (Dry, 1988).
Analogous to this, in the 1993 to 2006 period, the date for 21.8°Brix sugar
maturity of Chardonnay, Shiraz, and Cabernet Sauvignon varieties was
advanced between 0.5 to 3 days in Australian wine regions, and the likely
causes of these changes were the increasing monthly average temperatures,
rising at a rate of 0.19°C per year during this period (Petrie and Sadras,
2008).

The projected warmer GST is also likely to result in a shortened grape
growing period. Webb et al. (2007) projected a 31 and 40-day shorter
growing season for Cabernet Sauvignon and Chardonnay respectively, in the
Margaret River region by 2050 when the projected growing season
temperature is projected to be just over 2°C warmer compared to the 1990
baseline. Levels of grape quality components, such as sugars, phenolic
compounds, and organic acids, increase or decrease during grape growth,
especially during the ripening period and determine the overall grape quality
at harvest (Coombe, 1987, Adams, 2006). The expected advancement of
phenological development and the early maturity will potentially lead to
diminished grape quality under hot climate conditions as has also been
suggested by Webb et al. (2008a).

4.4.2 Potential effects of warmer conditions on grape quality

The average GST currently ranges between 17.5°C in southern regions to
22.0°C in the northern regions across the WA wine regions (Figure 4.2).
Gladstones (1992) suggested that a ripening month average temperature
between 15 to 21°C provides well balanced musts if the management is

sound and the yield is moderate. In terms of heat units, lower values of
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GDDs during October to April of 1500 units occur in the Great Southern
region (Figure 4.7), which is within Region 2 of Winkler's classification of
wine regions based on heat accumulation. In addition, the lower end of
BEDD starts with 1500 units (Figure 4.8) which is well above the suggested
BEDD ranges for most of the varieties making table wines (Gladstones,
1992). Therefore, at present WA regions are not limited by temperature or
heat requirements, however any future increases will likely place them at the

upper margin of viable premium wine production.

Grape maturity period (February to March) average temperature has been
projected to increase. Environmental conditions during grape maturation
have crucial effects on grape ripeness and berry quality attributes (Reynolds
et al., 1995, Adams, 2006, Serrano Megias et al., 2006). From the point of
view of plant physiology, an increase in temperature increases the rate of
biochemical reactions (Devlin and Witham, 1983). A warmer and drier climate
enhances the full maturity of grapes when the sunlight is adequate, however,
the exact limits of the climate variables for optimum synthesis and
accumulation of phenolic compounds are difficult to determine (Haselgrove et
al., 2000, Bergqvist et al., 2001). What is obvious from viticultural practice
and scientific research is that excessively high temperatures during grape
ripening are detrimental for achieving optimum levels for quality wine making.
For example, temperatures over 25°C decrease net photosynthesis and are
ineffective for winegrape growth and for achieving balanced levels of fruit
quality parameters (Kliewer and Torres, 1972, Gladstones, 1992). Grape
berry size and weight are reduced when the temperature exceeds 30°C
(Hale and Buttrose, 1974). The critical point here is that the rates of
development of the different quality attributes are not uniform under different
temperatures resulting in unbalanced grape quality attributes even when the

grape reaches optimum sugar levels for wine making.

It is acknowledged that high quality wines are from environments with mild
winters and low frost risk during spring resulting in uniform bud break as well
as from those with low summer temperatures with less variability
(Gladstones, 1992, Jones and Davis, 2000a, Nemani et al., 2001). Frost

damage during spring and temperature variability during grape maturity are
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likely to be low for the WA wine regions (Figure 4.5 and 4.6), however, the
impacts of increasing frequency of extreme hot conditions (Figure 4.9 and
4.10) are likely to be negative. It is known that extreme climate events such
as prolonged hot spells cause reduced winegrape photosynthesis (Ferrini et
al., 1995). Morondo and Bindi (2007) reported potential declines in yield and
quality of Mediterranean crops, including winegrapes, due to the combined
faster phenological development and the risk of more frequent extreme
temperatures. It is also reported that extreme heat conditions could reduce
the potential premium wine producing areas of the United States by over
80% by the end of this century (White et al., 2006).

Hot conditions also cause a decline in anthocyanin levels and potentially
threaten grape quality (Chapter 3). It is well established that grape
anthocyanin levels are reduced at higher temperatures beyond 30°C
(Buttrose et al., 1971, Spayd et al., 2002, Tarara et al., 2008). This was
starkly demonstrated by Mori et al. (2007) who showed more than 50%
reduction in Cabernet Sauvignon anthocyanin concentration when exposed
to a day time temperature of 35°C compared to exposure at 25°C. As
reviewed by Jackson and Lombard (1993), grape anthocyanins are lessened
or favoured when the night time temperature falls above or below 15°C,

respectively.

Similarly, it is known that grape organic acids are decreased at high
temperatures (Winkler, 1974, Jackson and Lombard, 1993). Negative
relationships between warmer temperature and grape acidity are shown by
the different titratable acidity levels on different sides of a vine row due to the
temperature differences on those sides (Bergquist et al., 2001). Low levels of
total acidity are often related to higher levels of pH, both of which decrease
grape and wine quality. The levels of organic acids in the grape berry is one
of the key quality attributes responsible for maintaining fruit freshness,
retaining flavour components, and contributing to the taste of wine (Mato et
al., 2005, Conde et al., 2007, Sweetman et al., 2009). Projected warmer
temperature will potentially affect overall grape quality through reduced
acidity and potential increased pH levels, which are detrimental to wine aging

and favourable to microbiological spoilage (Jackson and Lombard, 1993).
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Negative impacts of high temperatures on grape quality are also borne out by
different studies that used non-biological measures of grape and wine quality.
Webb et al. (2008b) were able to demonstrate the negative relationships
between the MJT and grape price paid by wineries in Australia. Based on the
MJT and grape price relationships, it is further projected that a 7 to 39%, by
2030, and a 9 to 76%, by 2050, reduction in grape quality might occur on a
national scale in Australia under climate change, if industry maintains current
management strategies (Webb et al., 2008a). Temperatures during both
January and the grape ripening period (30 days preceding harvest) correlate
with vintage scores for Australian wine regions confirming the importance of
temperature during this period on grape quality (Soar et al., 2008). According
to Soar et al., (2008) maximum temperature below 28°C during early January

were associated with better quality wines.

Increased temperature during ripening could also create additional pressure
on wineries to spend extra resources. For instance, Webb et al. (2007)
argued that warmer temperature during ripening period could cause
problems with harvesting logistics, availability of a workforce and machinery
due to the compressed vintage window, where all varieties, early and late
need to be harvested within a shorter time interval. Moreover, the risk of loss
of fruit quality potentially increases through oxidation when the grapes are
crushed under hot conditions (Coombe, 1987, Haselgrove et al., 2000).
These hot conditions could also lead to increased costs of refrigeration to
control the must fermentation (Coombe, 1987). Decreased grape acidity, or
increased pH levels might also require wineries to make acid additions to
must or wine to improve the sensory characteristics and to improve the
resistance to oxidation and microbial spoilage as already practised today in
some warmer environments (Gladstones, 1992, lland and Bruer, 2004).
Unfavourable conditions and the associated costs required to deal with them
may make them yet another impact of climate change on the WA wine

industry.
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4.4.3 Non-growing season average temperature

Most of the climate studies in the past have focused on climate effects on
winegrape growth and berry quality composition during the grape growing
season. The potential impacts of increasing off-season temperature on grape
biology are unclear, despite the obvious impacts of the warming if the
winegrapes are to be grown in cold environments where temperature is a
limiting factor. However, one potential aspect of the off-season warming
could be its effects on winegrape dormancy and abnormal bud break posing
a potential risk for grape yield. Although the exact amount of chilling and
temperature ranges are relatively unknown it is accepted that chilling is
essential for terminating grape dormancy and providing uniform bud break
(Lavee and May, 1997, Botelho et al., 2007). It is reported that chilling
treatments at constant 10/4°C during day/night time temperatures resulted 3
weeks earlier 50% bud break of Riesling compared to same vines in 24/18°C
day/night temperature environment during dormancy, indicating the
importance of chilling (Schnabel and Wample, 1987). Warming off-season
temperature will likely reduce the occasional risks of spring frosts across the
study regions, but the warming might impact the dormancy and results in
uneven bud break especially in Swan District, and coastal areas of Peel
regions where the off-season average temperature are projected to reach
18.5°C from current 15.5°C (Figure 4.5).

444 Potential impacts of declining rainfall on Western Australian wine

regions

The positive impacts of declining rainfall on winegrapes could be through
decreased moisture conditions that retard fungal diseases or through water
stress that enhances grape quality during grape maturity. However, these
types of positive impacts may be irrelevant for WA wine regions, as the
amount of current rainfall during the growing season is already low (Figure
4.17), and the vineyards rely on supplementary irrigation to reduce water

stress.
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Supplementary irrigation across the WA wine regions relies on rainfall
harvesting mostly during winter as the most of the rainfall across the regions
occurs during this period (Figure 4.16 and 4.17). Decreased soil water
availability at the beginning of the winegrape growing season and decreasing
rainfalls during the growing season potentially force growers to start irrigating
earlier than normal, especially in the presence of simultaneous growing
season temperature increases, and more frequent extreme hot days. If the
water availability is less than the crop requirement, high temperature causes
marked negative effects on grape physiological processes due to the
progressive heating of the plant (Galo et al.,, 1996). However, it is
acknowledged that a full assessment of decreasing rainfall impacts on
winegrapes requires consideration of other factors such as soil water
balances at the beginning and during the growing season, and the effects of

elevated CO; for vine growth.

4.4.5 Changes in radiation

The most detectable shifts in radiation levels were projected to happen
during the winter period indicating a minimal direct impact on photosynthesis
and grape quality. The projected increases in winter radiations (up to 2
MJ/m?) across the regions (Figure 4.21) may elevate evaporation, and the
combined impact of declining rainfall and increased evaporation will likely be
through decreased soil moisture and harvested water reserves at the
beginning of the growing season. Nevertheless, the magnitude of the change
in the projected radiation indices were small, with a maximum potential 5.8%
increase by 2070 only in the Great Southern region during the July to
September period. In addition, the projected maximum increase in radiation
is at least 4 to 8 times less than the natural radiation gradient between the
northern and the southern districts, suggesting minimal radiation impact on

the wine regions in this study.
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45 Conclusion

The current grape growing climate niches of all the WA wine regions are
likely to be changed in coming decades. Accumulation of heat units and
temperatures of the grape growing season and grape maturity period are
projected to increase considerably, which in turn will likely impact wine
production across the regions. The anticipated decreases in rainfall and
increased temperature during the grape growing season might cause
significant changes in future irrigation demand. For example, decreased
winter and spring rainfall together with increased temperatures might require
an earlier start to irrigation and lead to a shortage in water availability during
critical periods later in the growing season. This would be a critical impact
given that the Great Southern region faces water shortage issues even under
the current climate. A water balance study would be recommended to
evaluate the impacts of the combined effects of decreasing rainfall and

increasing temperature.

The projected warmings in the climate indices in this study are higher than
what has been observed in winegrowing regions around the world in the past
decades, on which some discussion has been based. Therefore, the potential
impacts of the projected climate change on some WA wine regions will likely

be much greater than what has been experienced so far.
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CHAPTER 5. MODELLED GRAPE QUALITY ATTRIBUTES
UNDER CLIMATE CHANGE IN WESTERN
AUSTRALIAN WINE REGIONS

5.1 Introduction

Despite our continually advancing knowledge in management practices to
manipulate and control grape growth and development, viticulture remains a
highly vulnerable sector to climate change due to the narrow climate niche
for producing premium quality grapes and wines. Past research relating to
climate change impacts on viticulture projected significant impacts. Perceived
impacts include, but are not limited to: winegrape growth and phenology
(Jones and Davis, 2000b, Hayhoe et al., 2004, Webb, 2006, Webb et al.,
2007, Caffarra and Eccel, 2011), grape yield (Bindi et al., 1996, Lobell et al.,
2006), grape and wine quality (Jones et al., 2005, Webb et al., 2008a) and
disease pressure (Chakraborty et al., 1998, Salinari et al., 2007).

White et al. (2006) suggested that the premium wine growing regions of the
United States would decline by more than half by end of this century due to
increases in extreme hot days, and also speculated that increased
temperature and heat accumulation would force wine production to shift to
varieties suited to warmer climates to avoid low quality wines. Bindi et al.
(1996) also warned about elevated yield variability under climate change due
to the increased CO, concentration which might imply increased economic

risk to grape growers.

Based on relationships between wine quality and growing season
temperatures, Jones et al. (2005) predicted uneven impacts of climate
change on wine quality across regions depending on the current climate and
the magnitude of future warming. Webb et al. (2008a) have also argued that
there is likely to be variation in the sensitivity to climate change among
winegrape varieties, but that without adaptive measures winegrape quality in
Australia will generally decrease. Hall and Jones (2009) also concluded that
wine quality is likely decrease in Australia due to an increased number of
wine growing regions with unsuitable growing season temperature for

premium wine production under climate change.
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The findings of the above studies indicate the possible direction of climate
change impacts on winegrape phenology and grape and wine quality.
However, grape and wine quality is a subjective concept; there is no single
measurable parameter that defines the quality objectively as a whole.
Consequently, studies to date have utilized vintage or wine ratings as
surrogate measures of grape or wine quality. For example, Jones and Davis
(2000a), Nemani et al., (2001), Jones et al. (2005), Storchmann (2005), and
Sadras et al. (2007a) all used vintage ratings (in one or another format) as a
wine quality indicator and linked it to climate variables. Webb et al. (2008a)
identified grape price as an alternative grape quality as a surrogate in
Australian conditions and used it for climate change impact study. Similarly,
historical wine prices and climate variable relationships were also

investigated to predict wine quality in Bordeaux (Ashenfelter, 2008).

Grape colour, acidity, and pH are considered as key parameters of grape
quality (Francis and Newton, 2005), and levels of these attributes play an
important role for final wine quality. However, potential impacts of climate
change on these grape quality attributes have not been quantitatively
evaluated. Objectives of this study were to evaluate potential impacts of
future climate change on key grape quality attributes; anthocyanin
concentrations, titratable acidity (TA), and pH of Cabernet Sauvignon, Shiraz
and Chardonnay, which are the most common winegrape varieties for the

Western Australian (WA) wine regions.

This study differentiates itself from other climate change impact studies for
viticulture by using empirical models, which were developed from measured
grape quality and climate data across different vineyards located along a 700
km natural climate gradient transect (see Chapter 3). Grape quality surfaces
have been constructed utilizing downscaled (~5 km) outputs of two global
climate models (GCM) that project the lowest and the highest warming for
Western Australian wine regions (see Chapter 4 for more details). The fine
resolution climate model outputs made it possible to examine inter, and intra

regional differences of grape quality attribute changes under future climate.
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5.2 Materials and methods
5.2.1 Study regions

Description and locations of the Western Australian wine regions have been
given in Chapter 4 (Figure 4.1 of Chapter 4). These regions have
distinguishable environmental characteristics differing from each other, and
are listed in the Australian Geographic Indications which legally differentiate
Australian wine growing areas based on the wine quality characteristics and
reputation that are attributable to the geographical regions (Wine Australia,
2011). This study refers the Swan District, Perth Hills, and Peel regions as
the northern; Geographe, Margaret River, and Blackwood Valley regions as
central; and the Great Southern, Pemberton, and Manjimup regions as the

southern regions throughout this chapter.

5.2.2 Grape quality model development

Grape quality attribute model development, and selections have been

introduced and discussed in Chapter 3.

The grape quality models have been developed at a common (total soluble
solids (TSS) of 22 °Brix) grape maturity utilizing measured grape quality
attributes (anthocyanin, TA, and pH for Cabernet Sauvignon, Shiraz, and
Chardonnay varieties) and a comprehensive range of climate variables (See
Chapter 3 for detailed descriptions). Climate variables used for the grape
quality models were calculated from downscaled daily minimum and
maximum temperatures, rainfall, vapour pressure deficit, and radiation values
under current and projected climate. Impacts and biological relevancies of
these climate variables to winegrape were discussed in Chapter 3. Some
quality attributes had several candidate models (Chapter 3), however, for this
study we focused on models (Table 5.1) whose outputs are compatible with
the observed grape quality attributes across the study regions, and
consistent in their predictions in the future. All other projected surfaces for

grape quality attributes are shown in Appendix 2.
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Table 5.1 Model estimates for berry juice anthocyanins (mg/g) concentrations, titratable acidity (g/L)

and pH at common maturity (total soluble solid of 22 °Brix)

Qualit Climate variable Performance
ality ) VPD_  GDD_ T Adj_
attributes Variety Intercept Oct Gs' DR_OF DR_Feb DR_GS RN_GS Tav_Jan RP’&— Rad_Oc! R VIF max
Anthocyanin Cabe.rnet 3.63 -0.094** 0.65
Sauvignon
Shiraz 2.59 -0.051 0.77
TA gabefne‘ 19.2 -0.003 -0.389 077 1.20
auvignon
Chardonnay  16.11 -0.030 -0.935 0.942** 0.82 235
Shiraz 13.34 -0.003 ** 0.009** 0.82 1.48
PH Forallthree 505 0.002  0.001 052 1.31

varieties

This table is subset of Table 3.4 to 3.6 in Chapter 3. Standard errors and Confidence Intervals for the parameter estimates are
given in Table 3.4 to 3.6. Significance; all significant at <0.001 level, except marked as * p < 0.05, and ** p < 0.01. 'Growing
season refers to the period between October to a day when grape maturity reaches a total soluble solid of 22 °Brix, *Ripening
period = 30 days preceding the 22 °Brix maturity, VPD_Oct = vapour pressure deficit for October (kPa), GDD_GS = growing
season Growing degree days, DR_OF, DR_Feb , and DR_GS = diurnal ranges for, respectively, October to February,
February, and Growing season, RN_GS = growing season rainfall (mm), Tav_Jan, and Tav_RP = average temperature for
January, and Ripening period (°C), Tmn_RP=minimum temperature for ripening period (°C), Rad_Oct = October mean

radiation (MJ/m?)

5.2.3 Projection of grape maturity dates

The modelling work presented in Chapter 3 has shown that some grape
quality attributes were influenced by climate variables during periods
preceding an actual maturity date. In particular, climate variables during the

1St

grape growing season (GS), i.e. between of October and the date when

the fruit reaches the common maturity, and ripening period (RP), i.e. 30 days

preceding the common maturity, were influential for some grape quality
attributes. Further, the lengths of GS and RP varied with varieties (Chapter
3). Therefore, future maturity dates specific to each variety were required in
order to calculate values of climate variables for GS and RP. It is
acknowledged that (1) there are variations in the actual start date of vine
growth across regions and years depending on weather, and (2) the actual
grape harvest does not necessarily occur at the TSS of 22 °Brix as used as
harvest maturity in this study. However, for modelling simplicity, we used the

above terms for defining the GS and RP for this study.

Two different methods were employed to model grape maturity dates. The
first approach was based on the accumulative Biologically Effective Degree
Day (BEDD) index conceived by Gladstones (1992). The BEDD uses the
same principle as the growing degree day concept by Winkler (1974), but

with additional adjustments (see Chapter 4 for more detail). According to this
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BEDD concept to reach maturity Cabernet Sauvignon, Shiraz, and
Chardonnay varieties require, respectively, 1300, 1250, and 1150 units of
BEDD accumulation starting from the 1% of October (Gladstones, 1992).
Thus, for this study, the respective number of BEDDs for the above varieties
were calculated between 1% of October and the date on which the required
amount of heat accumulation is reached; the results were spatially analysed
across the regions under current climate regime for comparison with the

modelled maturity dates by the second approach of this study.

The second approach for determining the grape maturity date was based on
empirically derived climate and plant growth relationships. However, in this
instance an extensive maturity date model searching analysis was carried out
using measured grape and climate data. This process followed the same
procedure and criteria as described in Chapter 3 for the grape quality
modelling section, but with the aim of finding the best potential climate
variables that adequately determine the days on which a winegrape variety

reaches the common maturity.

An ideal method to test the maturity date model performance would be to
examine how they reproduce historical harvest dates. However, for this study
we did not have sufficient data to carry out this type of analysis across the
study regions. In addition, the first approach was not specifically designed for
predicting grape maturity at a definite ripening stage, whereas, the second
approach used historical data at a defined maturity of 22 °Brix TSS. From
experience, it is known that the actual grape harvest does not occur at the
same sugar level that is used here, rather it is mainly at the discretion of
winemakers depending on the intended wine styles. Therefore , it was not
suitable to assess the maturity date model performances using a one-on-one
basis. Instead, we subjectively assessed the model performances. To do so,
maturity dates of Cabernet Sauvignon, Shiraz, and Chardonnay varieties
were reproduced by both approaches using current climate data (i.e. average
of the 1975-2005 period) and compared them for their comprehensiveness.
The main criterion used for this comparison was whether the variations of the

modelled maturity dates of the varieties conform with the expert knowledge
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on the maturity dates of the varieties across the regions taking the known

climate variations across the regions into considerations.

5.2.4 Future climate and its uncertainties

Selections of emission scenarios, GCMs and downscaling techniques have
been described in detail in Chapter 4. Consistent with Chapter 4, the low and
high warming climate change ranges correspond to projections with the
MEDRES Miroc 3.2 model with low representative warming, and the CSIRO
Mk3.5 model with high representative warming range. These low and high
warming ranges encompass future temperature uncertainties in WA wine

regions under SRES A2 emission scenario.

5.2.5 Construction of grape quality attribute surfaces

Potential impacts of climate change on grape quality attributes were projected
by driving the empirical regression models by the current and the projected
future climates for the years 2030, 2050, and 2070. Current and future climates
were defined here as an average of 31 years of climate data centred at the
nominated year. Surfaces of the influential climate variables for grape quality
attributes were constructed and screened under current and future climate
conditions before these were applied to the grape quality models. Construction
of grape quality surfaces using the multiple regression models is illustrated in
Figure 5.1 using the Cabernet Sauvignon TA surface development as an
example. All other influential climate variables used for modelling the grape

quality attributes are shown in Appendix 3.

5.2.6 Spatial analysis

All modelling and spatial analysis of the potential grape fruit quality surfaces
for current and future climate were carried out with the Geographic
Information System (GIS) package ArcGIS 9.3 (ESRI, Redlands, CA). The
following steps were followed: firstly, the Western Australian wine region
feature maps were created in ArcGIS by digitising existing hard copy maps,

which were in accordance with the descriptions of Geographic Indications
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(Gl) of Australian wine regions and labelled (Chapter 4). Secondly, relevant
surfaces of the climate variables, which were used for the grape quality
attribute models were constructed from the modelled climate data. A total of
20 climate surfaces covering the regions of this study were created and
georeferenced. Thirdly, the grape quality attribute surfaces were created by
driving the climate surfaces by the relevant model parameter estimates from
the quality models (see Figure 5.1 for illustration). Finally, the grape quality
surfaces were extracted within the WA GI boundaries and relevant statistics
were derived from values of the raster pixels whose centroid is located within
wine region boundaries. All grape quality raster maps were then reclassified
for spatial analysis. These processes were repeated for current and future
climate conditions to analyse grape quality changes over temporal and
spatial dimensions with the two GCMs that project low and high warming

conditions across the study wine regions.

Model Model Model Cabernet Sauvignon
Intercept DR_GS (1975-2005) parameter parameter TA surface under
estimate 1 estimate 2 current climate (mg/L)

x (-0.389) =

Figure 5.1 lllustration of grape quality attribute modelling. Above climate variables (see Table 5.1) were
used for constructing Cabernet Sauvignon titratable acidity levels at 22 °Brix total soluble solid maturity
under current climate. DR_GS=Diurnal range during Cabernet Sauvignon growing season, Tmn_RP=
average minimum temperature during Cabernet Sauvignon ripening period. This process is repeated
for different time intervals using projected climate data
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5.3 Results
5.3.1 Maturity date modelling results

The best regression models for maturity dates across varieties were different
among varieties. For example, the mean daily maximum temperature in
November and total radiation between December and February jointly explained
as much as 94% of the variation in Cabernet Sauvignon maturity date. For
Chardonnay, about 93% of the maturity date variations were accounted for by
rainfall during September to November, and the average temperature between
October and February. On the other hand, the mean minimum temperature in
February was the most influential variable for Shiraz maturity, accounting for
82% of its variation. Relationships between the above variables and maturity
were consistent with known effects, such as hastened growth and ripening
under warmer temperature (Jackson and Lombard, 1993, Freeman et al., 1980),
while rainfall during the earlier season possibly led to late maturity through
increased soil water availability, which is known to be positively correlated with

increased vegetative growth (Koundouras et al., 2006).

However, for this study, grape maturity models with temperature components
during the growing season were favoured as it is well known that temperature is
the main driver of plant growth rate when other factors are constant. Regression
models with average temperature (natural-log scale) between October and
February period explained 94%, 92%, and 88% of Cabernet Sauvignon, Shiraz,
and Chardonnay maturity date variations, respectively (Table 5.2). Effects of
October to February period average temperature were consistent across
varieties, thus these simple regression models have been examined further for

comparison with the BEDD based approach.

When examined under the current climate condition (averaged for the 1975 to
2005 period), predictions of grape maturity dates by BEDD accumulation, and
the regression approach show noticeable differences. For example, when
constructed by the BEDD approach, Cabernet Sauvignon and Shiraz varieties

fell into four groups (each contains 10 days intervals) starting from 20 February
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and ending 30 March, across the entire wine regions of Western Australia
(Figures 5.2 and 5.3). Similarly, with this approach, Chardonnay maturity started
about 10 February, but ended in within one month across the regions (Figure
5.4).

Table 5.2 Grape maturity and October to February average temperature relationships

Model coefficients and standard errors (in bracket)

Variety Relationships a B Adj_R2
Cabernet y=a*x" 62.55**  (11.63) -2.49***  (0.17) 0.94
Sauvignon

Shiraz y=a*x" 79.58* (22.6) -2.721**  (0.26) 0.92
Chardonnay y=a*x+b -5.39***  (0.53) 19.85** (1.56) 0.88

y- day of year, x-October to February average temperature (°C) , Significance; *p<0.01, **p<0.001. standard errors
are in parentheses. Both y and x are in natural log-scale.

Estimating maturity dates with the regression approach produced elaborate
patterns. For example, Cabernet Sauvignon and Shiraz varieties reached the
common maturity about 10 February in the warmer Swan region, but in cooler
southern regions the same levels of maturity were attained around the middle of
April (Figures 5.2 and 5.3). A few elevated places in the mountainous Stirling
range indicate much later Cabernet Sauvignon and Shiraz maturities extending
to the beginning of May (Figure 5.3). With this modelled approach, Chardonnay
reached the common maturity in late January in the northern regions, but it took
more than 2 months additional time to reach the same maturity in the cooler
southern regions (Figure 5.4). Modelled grape maturity dates, as a function of
October to February average temperature, revealed more detailed grape
maturity patterns that reflect temperature and grape growth relationships across
the regions, than the maturity dates based on BEDD accumulation. Therefore,
this regression approach was preferred to the BEDD based approach and was
used for projecting future grape maturities. Climate variables for growing
seasons (or ripening periods) that were specific to different grape varieties were

then recalculated from the modelled maturity dates.

124



Baseline climate

a) Based on 1300 BEDD
(1975-2005 average)

e) Based on modelling f) 2030 CSIRO Mk3.5
(1975-2005 average)

g)

Future projections

2050 CSIRO Mk3.5
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I 30 Jan -08 Feb
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Figure 5.2 Modelled current and future Cabernet Sauvignon maturity dates. (a) Maturity dates based on 1300 biologically effective degree days under
current climate. (b) to (h) Modelled maturity dates at 22 °Brix Total soluble solid maturity based on regression model with October to February average

temperature under SRES A2 emission scenario
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Baseline climate Future projections
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e) Based on modelling f) 2030 CSIRO Mk3.5 g) 2050 CSIRO Mk3.5 h) 2070 CSIRO Mk3.5
(1975-2005 average)

Figure 5.3 Modelled current and future Shiraz maturity dates. (a) Maturity dates based on 1250 biologically effective degree days under current climate.

(b) to (h) Modelled maturity dates at 22 °Brix Total soluble solid maturity based on regression model with October to February average temperature under
SRES A2 emission scenario
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Baseline climate Future projections
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Figure 5.4 Modelled current and future Chardonnay maturity dates. (a) Maturity dates based on 1150 biologically effective degree days under current
climate. (b) to (h) Modelled maturity dates at 22 °Brix Total soluble solid maturity based on regression model with October to February average
temperature under SRES A2 emission scenario
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5.3.2 Projected grape maturity under climate change

Impacts of climate change on grape maturity are likely to be more pronounced in
the southern wine regions under both low and high warming scenarios. By 2070,
under high warming climate change scenario, Cabernet Sauvignon and Shiraz
varieties are projected to reach the common maturity 6 weeks early in the
southern wine regions compared to current maturity dates, while Chardonnay
maturity will potentially be about 7 weeks earlier than the current dates (Figure
5.5). On the other hand, the same varieties might reach the same common
maturity about only 19 to 20 days earlier in the warmer northern regions
compared to the current climate conditions indicating uneven advancement of
grape maturities across the regions under climate change (Figures 5.2 to 5.5).
Under low warming climate scenario, the above three varieties are projected to
reach the same common maturity about a week earlier by 2070 in warmer
districts, while in cooler southern regions, for example, in the Great Southern
region it is projected to be about 18, 20, and 22 days earlier, respectively, for

Cabernet Sauvignon, Shiraz , and Chardonnay (Figures 5.2 to 5.5).
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Figure 5.5 Modelled median grape maturity days at common maturity (total soluble solids of
22 °Brix) under current and projected future climate. MEDRES Miroc3.2 and CSIRO Mk3.5
models represent low and high warming climate assumptions across the wine regions under
SRES A2 emission scenario

128



5.3.3 Grape quality attributes under climate change
5.3.3.1 Projected anthocyanin concentrations under climate change

Compared to their 1990 level, Cabernet Sauvignon median anthocyanin
concentrations are projected to decrease unevenly across the regions, but
progressively with time. Under high warming scenario, median anthocyanin
concentrations are projected to decrease up to 33% in the northern districts
(for example, current 1.34 mg/g per fresh weight median anthocyanin
concentrations drop 0.90 mg/g in Swan District), while 18% reductions are
projected for the southern regions by 2070 (Table 5.3). Impacts of low
warming climate change on Cabernet Sauvignon anthocyanins
concentrations at maturity will likely be spatially similar, but the magnitude is

projected to be 3 to 4 times less than that of high warming (Table 5.3).

The maximum decrease in the Shiraz anthocyanin concentrations is
projected to be 18% for the Swan District under high warming range
compared to concentrations under 1990 average climate. This reduction gets
smaller towards the cooler regions in the south reaching a 9% decrease in
the Margaret River by 2070. The biggest decline of Shiraz anthocyanin
concentrations under low warming climate change range is projected to be

between 3 to 4% by 2070 across the wine regions (Table 5.3).

Spatial analyses of the anthocyanin concentrations surfaces indicate that
changes in future anthocyanin concentrations are caused by southward
shifting of current potential anthocyanin concentrations that is driven by the
changes in projected climate (Figure 5.6 and 5.7). When high warming range
is assumed, current concentrations of Cabernet Sauvignon and Shiraz
anthocyanins, will likely be similar to anthocyanin concentrations that
currently exist in adjacent warmer areas to the north by 2030 (Figures 5.6
and 5.7).
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Table 5.3 Current and projected median Anthocyanin concentrations (mg/g) at common maturity
(total soluble solid of 22 °Brix) across Western Australian wine regions under SRES A2 emission
scenario

Time and Wine regions
warming Swan Perth Margaret Great
Variety ranges’ District Hills Peel  Geographe River Blackwood  Manjimup Pemberton Southern
Cabernet  Current 1.34 137 146 154 1.71 1.64 1.72 1.76 1.78
Sauvignon 2030 1 1.30 133 142 151 1.68 1.60 1.69 1.73 1.75
2 1.18 122 132 140 1.62 1.52 1.61 1.64 1.67
2050 1 1.26 129 138 147 1.64 1.57 1.65 1.69 1.71
2 1.05 110 119 1.28 1.54 1.42 1.51 1.54 1.57
2070 1123 126 135 144 1.62 1.54 1.63 1.67 1.68
2 0.90 0.97 1.06 1.14 1.45 1.31 1.40 1.44 1.46
Shiraz Current 1.35 136 141 146 1.55 1.51 1.55 1.57 1.59
2030 1133 134 139 144 1.53 1.49 1.54 1.56 1.57
2 1.26 129 134 1.38 1.50 1.45 1.49 1.51 1.53
2050 1 1.30 132 137 142 1.51 1.47 1.52 1.54 1.55
2 119 122 127 131 1.45 1.39 1.44 1.46 1.47
2070 1 1.29 131 135 140 1.50 1.46 1.50 1.52 1.53
2 1.1 114 120 1.24 1.41 1.33 1.38 1.40 1.41

"Warming ranges: 1=high warming condition across wine regions projected by CSIRO Mk3.5 model, 2=low warming condition
across the wine regions projected by MEDRES Miroc3.2 model

5.3.3.2 Titratable acidity under climate change

The biggest changes in median Cabernet Sauvignon TA under low warming
range were about 3% increase for the Peel region by 2070, and 2% decrease
in the Great Southern by 2050, essentially indicating no substantial changes.
On the other hand, under high warming scenario, all regions are projected to
have reduced median TA, which deepens over time (Table 5.4). Spatially,
northeast parts of the Swan, Perth Hills, and inland parts of the Peel regions,
and southeast of the Great Southern region are projected to experience the
largest median TA decline for Cabernet Sauvignon (Figure 5.8). The median
TA decline is more for these regions compared to the remainder of the
regions, reaching the highest reduction of 12% for the Swan District followed
by 6% decline for the Great Southern region by 2070 under high warming

range compared to current level (Table 5.4).

Modelled Shiraz TA decreases are similar for most of the regions reaching
the maximum decline of 15% for the Peel and the Great Southern regions by
2070 under high warming range. Interestingly, decreases in median TA
projections are consistently lower for the central regions, especially for the
Margaret River region with minimum declines of 3% and 7% by 2050
respectively under low and high warming ranges (Table 5.4; Figure 5.9).

Spatially, inland parts of the Peel region are likely to experience the lowest
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Figure 5.6 Current and projected Cabernet Sauvignon anthocyanin concentration at common maturity (total soluble solid of 22 °Brix) driven by mean January
temperature (mg/g) under SRES A2 emission scenario
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Figure 5.7 Current and projected Shiraz anthocyanin concentration at common maturity (total soluble solid of 22 °Brix) driven by mean January temperature
(mg/g) under SRES A2 emission scenario
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levels of Shiraz TA, declining from the current 5.5 to 6.0 (g/L) range to 5.0 to
5.5 (g/L) range by 2050 under high warming scenario (Figure 5.9).

Table 5.4 Current and projected median TA (g/L) at common maturity (total soluble solid of 22 °Brix)
across WA wine regions under SRES A2 emission scenario

Time and Wine regions
warming Swan Perth Margaret Great
Variety ranges' District Hills  Peel Geographe River Blackwood Manjimup  Pemberton Southern
Cabernet Current 6.81 648 6.35 6.75 8.09 6.62 7.29 7.79 7.86
Sauvignon 2030 1 6.88 6.62 6.45 6.83 8.14 6.72 7.32 7.87 7.86
2 6.53 6.37 6.33 6.73 7.97 6.58 7.09 7.54 7.52
2050 1 6.76 6.55 6.49 6.86 8.06 6.69 7.25 7.73 7.69
2 6.18 6.06 6.20 6.60 7.92 6.57 7.07 7.46 7.38
2070 1 6.73 6.51 6.52 6.87 8.08 6.70 7.23 7.71 7.66
2 5098 590 6.06 6.51 7.89 6.61 7.10 7.49 7.42
Shiraz Current 7.25 6.85 6.92 7.56 9.77 7.27 8.52 9.73 9.45
2030 1 727 6.89 6.91 7.53 9.78 7.24 8.45 9.62 9.32
2 6.89 649 647 7.4 9.48 6.88 8.03 9.12 8.79
2050 1 712 6.72 6.72 7.38 9.57 7.09 8.28 9.38 9.09
2 6.35 592 588 6.58 9.07 6.37 7.48 8.51 8.17
2070 1 7.03 6.62 6.60 7.28 9.45 6.99 8.16 9.22 8.93
2 6.44 595 589 6.57 9.10 6.35 7.41 8.38 7.99
Chardonnay Current 9.08 8.51 8.43 8.36 10.17 8.22 9.35 9.97 11.27
2030 1 9.15 8.77 845 837 10.29 8.21 9.29 9.87 11.13
2 796 766 734 7.40 9.67 7.50 8.17 8.65 9.74
2050 1 879 844 813 8.14 10.29 8.22 8.99 9.54 10.68
2 6.83 6.58 6.39 6.47 9.06 6.54 7.47 8.01 9.14
2070 1 872 8.36  8.01 8.11 10.33 8.25 9.02 9.51 10.62
2 528 5.08 506 5.33 8.45 5.80 6.64 7.19 8.32

TWarming ranges: 1=high warming condition across wine regions projected by CSIRO Mk3.5 model, 2=low warming condition
across the wine regions projected by MEDRES Miroc3.2 model

The Chardonnay TA model projects a decline in median Chardonnay TA for
all regions progressing with time with the exception of a few regions that
showed a slight increase by 2030 under low warming scenario. The largest
declines in median TA levels were between 40% and 42% for Swan District,
Perth Hills, Peel and the northeast Geographe regions by 2070, under high
warming scenario (Table 5.4; Figure 5.10). Under the same warming
scenario, decreases in median TA levels are projected about 30% in the
southern wine regions. Levels of Chardonnay TA at maturity are projected to
be less impacted by climate change in the Margaret River region compared
to the other wine regions. The biggest changes for this region were 17% and
2% of current level TA by 2070, respectively, under the high and low warming
scenarios (Table 5.4; Figure 5.10).
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5.3.3.3 Grape pH levels under projected climate change

As expected, the current distribution of modelled Cabernet Sauvignon pH
levels is lower in cooler and higher in warmer areas. However, the projected
ranges are narrow: between 3.25 to 3.45 units for Cabernet Sauvignon and
Shiraz, 3.10 to 3.25 units for Chardonnay at a TSS of 22 °Brix (Figures 5.11
to 5.13). The current levels of pH are projected to increase over time under
climate change, but the magnitudes, and the rates of changes were varied

between the climate warmings.
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Figure 5.8 Current and projected Cabernet Sauvignon titratable acidity at common maturity (total soluble solid of 22 °Brix) driven by growing season diurnal
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Figure 5.9 Current and projected Shiraz titratable acidity at common maturity (total soluble solid of 22 °Brix) driven by October to February diurnal range and
growing season total rainfall (g/L) under SRES A2 emission scenario
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Figure 5.10 Current and projected Chardonnay titratable acidity at common maturity (total soluble solid of 22 °Brix) driven by February diurnal range,
ripening period minimum temperature, and average radiation in October (g/L) under SRES A2 emission scenario

137



Under low warming scenario, the current distribution of pH is projected to
shift southward across the varieties of this study, however the magnitudes
were generally small with a maximum of 0.05 units by 2070 regardless of the
regions (Figures 5.11 to 5.13). On the other hand, more intense increases in
current pH levels are projected with high warming range. For example, the
pH increase under high warming scenario by 2030 is similar to what is

projected under low warming by 2070 for all three varieties.

The pH increases were not uniform under high warming scenario. Contrary to
expectation, the Chardonnay pH levels are projected to be gradually
decreasing in some areas of Margaret River, and the southern regions by
2030 and 2050 and, then increase across the regions by 2070. By 2070, the
southern parts of the Great Southern and Margaret River regions are
projected to have pH levels 0.15 units higher for Cabernet Sauvignon and
Shiraz at the common maturity compared pH levels under the current
climate. Meantime, the changes in pH in warmer regions, (Swan District and
Perth Hills) are likely to increase by 0.3 units reaching 3.65 to 3.75 for
Cabernet Sauvignon and Shiraz, and by 0.25 units for Chardonnay reaching
3.52 units (Figure 5.11; Table 5.5).

Table 5.5 Current and projected median pH at common maturity (total soluble solid of 22 °Brix)
across WA wine regions under SRES A2 emission scenario

Time and Wine regions
warming Swan Perth Margaret Great
Variety ranges District Hills Peel Geographe River  Blackwood Manjimup Pemberton Southern
Cabernet Current 3.41 339 335 3.32 3.26 3.29 3.27 3.26 3.25
Sauvignon 2030 1 343 339 336 3.32 3.28 3.30 3.27 3.26 3.27
2 3.48 345 340 3.36 3.29 3.33 3.31 3.30 3.30
2050 1 345 341 338 333 3.29 3.31 3.28 3.27 3.27
2 3.53 349 344 338 3.29 3.34 3.31 3.30 3.30
2070 1 347 343 340 3.34 3.29 3.31 3.29 3.28 3.28
2 3.70 3.64 359 3.53 3.39 3.46 3.42 3.41 3.41
Shiraz Current 3.38 3.36 3.33 3.30 3.26 3.28 3.26 3.26 3.25
2030 1 340 3.37 334 3.31 3.26 3.29 3.26 3.25 3.26
2 3.46 342 338 3.34 3.28 3.31 3.29 3.29 3.29
2050 1 343 339 335 3.31 3.27 3.30 3.27 3.26 3.26
2 3.5 346 341 3.36 3.27 3.32 3.29 3.28 3.28
2070 1 345 340 337 332 3.27 3.30 3.28 3.27 3.27
2 3.67 3.62 356 3.51 3.37 3.43 3.40 3.39 3.39
Chardonnay Current 3.23 321 320 3.19 3.16 3.20 3.18 3.18 3.18
2030 1 3.23 321 320 3.18 3.16 3.19 3.18 3.17 3.18
2 3.27 324 322 320 3.16 3.19 3.18 3.18 3.18
2050 1 3.25 322 321 319 3.16 3.19 3.18 3.17 3.18
2 3.30 3.27 323 3.20 3.15 3.18 3.17 3.16 3.17
2070 1 3.26 323 322 319 3.16 3.19 3.18 3.17 3.18
2 3.46 340 3.36 3.31 3.22 3.27 3.25 3.24 3.25

"Warming ranges: 1=high warming condition across wine regions projected by CSIRO Mk3.5 model, 2=low warming
condition across the wine regions projected by MEDRES Miroc3.2 model

138



Baseline climate Future projections

1975-2005 2050 MEDRES Miroc3.2

B 315320 | 345350
~ |320325] 350355
~ |325330] | 355360
[ 1330335 | 360-365
- | 3353.40 [ 3.65-3.70
| 340345 | 3.70-3.75

o T

2070 CSIRO Mk3.5

2030 CSIRO Mk3.5

Figure 5.11 Current and projected Cabernet Sauvignon pH levels at common maturity (total soluble solid of 22 °Brix) driven by growing season growing
degree day, and vapour pressure deficit in October under SRES A2 emission scenario
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Figure 5.12 Current and projected Shiraz pH levels at common maturity (total soluble solid of 22 °Brix) driven by growing season growing degree day, and
vapour pressure deficit in October under SRES A2 emission scenario
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Figure 5.13 Current and projected Chardonnay pH levels at common maturity (total soluble solid of 22 °Brix) driven by growing season growing degree day,
and vapour pressure deficit in October
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5.4 Discussion
5.4.1 Projections of maturity dates

The modelled maturity dates from this study show that the current and future
variation among the regions are greater than the temporal (under climate
change) changes (Figure 5.5). This is a reflection of the wider ranges in the
average October to February temperatures among the regions than between

the current period and high warming scenario for 2070.

Changes in the grape maturity dates under climate change will be spatially
asymmetric across the study regions: smaller shifts in maturity are projected
in current warm areas (northern regions) than the current cooler regions in
the south. Based on the grape maturity models presented here Cabernet
Sauvignon, Shiraz, and Chardonnay maturity dates are projected to be 11
days earlier in the warmer Swan District and 30 to 36 days earlier in the
Great Southern region when assessed at a constant 2°C degree warming.
These findings are in agreement with other reports. For example, according
to Dry (1988), a 2°C warmer temperature results in 12 to 30 days earlier
harvest depending on variety. The asymmetric variations in grape maturity
dates projected by the regression models seem to be supported by the
BEDD concept (Gladstones, 1992), which postulates that high average
temperature (over 19°C) is ineffective for vine physiology. However, the
BEDD approach lacked resolution to adequately predict grape maturity
across different regions compared to the regression models. For example,
when assessed by the BEDD approach Margaret River and inland parts of
the Peel and Geographe regions had the same maturity date groups under
current climate, while the regression model produced four different maturity

date groups (Figures 5.2 to 5.5).

Under high warming climate scenario, the projected median maturity dates
for Cabernet Sauvignon were generally earlier than the maturity dates that
were derived from the BEDD accumulation approach (Hall and Jones, 2009).
This disparity is not surprising since the current study modelled the maturity

dates at a constant TSS of 22 °Brix, while the BEDD based maturity concept
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was based on practical observations for climate conditions for making dry or
semi-sweet wines without measurable characteristics for the maturity
(Gladstones, 1992). In practice, grapes tend to be left on vines beyond a TSS
of at 22 °Brix in order to attain fully developed flavour profiles unless required

for making special wine styles such as sparkling wine.

On the other hand, there were only 2 day differences between projected
Cabernet Sauvignon maturity dates from this study, under low warming
condition, and the projected harvest dates reported by Webb et al. (2007)
who utilized the VineLOGIC vineyard simulation model at the same TSS for
Margaret River by the years 2030 and 2050. The projected Chardonnay
maturity dates from this study and Webb et al. (2007) differed by up to 7 days
by 2030 and 2050. Chardonnay maturities have been consistently projected
earlier than Cabernet Sauvignon and Shiraz at the same designated maturity,
and this is in line with the different heat requirements that each genotypes
requires to reach maturity (Gladstones, 1992) (Figure 5.4). Moreover, the
projected grape maturities under climate change are in agreement with the
trends in shortening winegrape phenology, and advanced maturity that have
been attributed to climate warming to date (Jones and Davis, 2000a, Petrie
and Sadras, 2008).

5.4.2 Projected grape quality attributes under climate change

Sugar, acidity, and colour are important attributes of grape berry quality.
When sugar accumulation, which is considered the main indicator of grape
maturity, reaches an acceptable range for optimum alcohol level for wine,
other quality attributes such as acid or colour, become additional quality
indicators to consider for overall fruit quality (Francis et al., 2005). The
general post-véraison interrelationships between the quality attributes (for
example the acidity decrease while pH increases or anthocyanin
concentration increase) with time are well known (Coombe and lland, 1987,
Coombe, 1992, Robinson and Davies, 2000, Conde et al., 2007). However,
relative rates of change, and thus the final levels of the quality attributes at
harvest, are heavily dependent upon weather conditions when other non-

climatic factors are constant (Jackson and Lombard, 1993). To our
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knowledge, there are no standard definitions of grape and wine quality,
despite some attempts to characterize wine quality based on sugar to acid
ratio or sugar and pH multiplications (Ough and Alley, 1970, Sinton et al.,
1978, Coombe et al., 1980). In addition, the grape quality attributes for this
study were investigated at a constant TSS to examine the climate impacts on
the quality attributes. Therefore, in the sections below potential impacts of

climate change on wine quality are discussed qualitatively.

5.4.3 Trends in anthocyanin concentrations and implications for wine quality

Anthocyanin concentrations in wine determine the wine colour, which is one
of the important characteristics that contribute to overall red wine quality.
Somers and Evans (1974) demonstrated significant positive correlation
between wine quality ratings given by independent judges and colour density

of Cabernet Sauvignon and Shiraz wines.

Under the current climate regime, projected Cabernet Sauvignon and Shiraz
anthocyanin concentrations in WA wine regions range from 1.35 (mg/g) in the
warmer Swan District to up to 1.9 (mg/g) in the Great Southern region
(Figures 5.6 and 5.7). Shiraz and Cabernet Sauvignon typically produce
medium to intense coloured wines, and anthocyanin concentrations above
1.7 (mg/g per fresh berry weight) are required to produce intensely red
coloured wine (lland et al., 2004). Gradual decreases in Cabernet Sauvignon
and Shiraz anthocyanin concentrations under the projected climate change
suggest reduction in wine quality in most of the wine growing regions of WA.
Under high warming scenario, by 2050, all WA wine regions are modelled to
produce Cabernet Sauvignon grapes with less than the 1.7 (mg/g)
anthocyanin concentrations indicating an overall wine quality decrease in the

WA wine growing regions.

Patterns of changes in Cabernet Sauvignon and Shiraz  anthocyanin
concentrations under high and low warming scenario are similar: all showing
a southward shifting of current spatial distributions. This is suggestive of
justification for relocation of vineyards to the south to maintain the current

grape quality under climate change and has been proposed by other
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researchers (Tate, 2001, Webb et al., 2008a). However, spatial distributions
of predicted anthocyanin concentrations suggest that the success of vineyard
shifting is likely be limited and dependent on the magnitude of the future
warming. For example, under the most optimistic (low warming) scenario,
current areas that have the potential to produce Cabernet Sauvignon grape
with anthocyanins levels more than 1.7 (mg/g fresh weight) will unlikely be
available for the northern half and northeastern parts of central Margaret
River, northern areas of Manjimup and the Great Southern region by 2030.
Collectively these area represent the larger proportion of the WA wine

industry.

Cabernet Sauvignon anthocyanin concentrations of above 1.7 (mg/g per
fresh berry weight) is projected only in the Great Southern region (mostly in
southern parts) by 2070 (Figure 5.6). Declines in the anthocyanin
concentrations are projected to be more intense under high warming
scenario. By 2070, Cabernet Sauvignon and Shiraz grapes in areas from the
southern part of Geographe to the Great Southern are projected to have the
same levels of anthocyanin concentrations, currently found in areas from the
Swan District to northern Geographe (Figure 5.6 and 5.7). Adaptation by
shifting the vineyards may be possible for vineyards in current northern
regions, but for the southern regions opportunities will likely be limited by
capital costs, availability of land and any future declines in rainfall. Thus, with
limited opportunity for adaptation future climate change is likely to cause
deteriorated grape and wine quality in currently established WA wine regions

or diminished regional characteristics in coming decades.

5.4.4 Trends of acidity change and its implication for wine quality

According to modelling results, changes in the TA level under climate change
varied across regions and varieties; in the majority of cases our models show
decreasing TA, while some models indicate slight increases in TA depending
on the climate warming magnitude (Table 5.4). The greatest projected
decreases in median TA, compared with current levels, is projected to be

12% for Cabernet Sauvignon in Swan District, 15% for Shiraz in Peel and
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Great Southern regions, and 42 % for Chardonnay in Swan District in the

coming decades (Table 5.4; Figures 5.8 to 5.10).

It is long accepted that balanced acid properties help wine to maintain
freshness, in addition to determining the taste of wines (Mato et al., 2005,
Conde et al., 2007, Sweetman et al., 2009). However, there is no commonly
accepted TA range for producing quality wines. Winkler (1974) suggested a
TA range between 3 to 9 (g/L) to be optimum for wine making. Conde et al.
(2007) advised a narrower range of 6.5 to 8.5 (g/L). Jackson and Lombard
(1993) stated that wine TA levels above 10 (g/L) or below 6 to 7 (g/L) TA
levels are too tart or bland, respectively. According to modelling results of this
study, the majority of the WA grape growing regions have TA levels close to
the optimum for making balanced wine. However, under climate change, the
median TA levels across the wine regions are projected to be lower than the
suggested TA levels by Conde et al. (2007) and Jackson and Lombard
(1993). Potential consequences of the decreased grape acidity for the above
regions are likely to result in inferior quality wines requiring wineries to add
additional acids to balance the low levels of organic acids in musts and
increase the wine’s stability. Acid addition involves extra cost for the wineries
and the resulting wine is considered less satisfactory compared with naturally
balanced acids (Gladstones, 1992).

The reductions in Chardonnay pH levels by 2030 and 2050 for the Margaret
River, Blackwood, and the southern regions, and increases by 2070 under
high warming scenario are inconsistent and counterintuitive. This
inconsistency might be due to a deficiency in the climate driven models to
predict the pH levels, which are also strongly regulated by other factors such
as grape organic acids (Boulton, 1980). Soil moisture availability also could
play a role for grape pH through limiting the water uptake by vines, thus
impacting the potassium content, which is likely to impact the grape pH levels
(Rankine et al., 1971, Boulton, 1980, Gladstones, 1992). Perhaps, study of
the pH modelling as a function of climate variables deserves further

investigation.
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Nevertheless, despite the above shortcomings, grape pH levels were
projected to be increasing across varieties and regions overall. However, the
impacts of the grape pH increases as modelled at 22 °Brix TSS maturity may
not be that alarming. With the modelling results of this study, the highest
values of current pH at 22 °Brix maturity were 3.40-3.45 for Cabernet
Sauvignon and Shiraz, and 3.20-3.25 for Chardonnay and these values were
indicated in the Swan District region by 2070 at the common fruit maturity
level. According to Jackson and Lombard (1993) pH levels above 3.60 might
cause problems by permitting increased activity of micro-organisms, lowering
the anthocyanins levels, and reducing free SO, content and reducing the
ability of wines to age. Similarly La Rosa (1955) claimed that the best quality
table wines were produced by grapes with pH less than 3.40 while good

dessert wines could be produced from grapes with pH between 3.50-3.60.

5.5 Conclusion

In this study we aimed to evaluate potential impacts of climate change on
winegrape fruit quality across the WA wine regions. Results of our study
indicate that some of the key grape quality attributes (anthocyanins and
acidity) will likely decline to an extent that fruit might become less suitable for
making naturally balanced premium wine. Declines in wine quality likely to
occur unless effective adaptive measures are undertaken. The extent of the
impacts on grape quality are also likely to be region specific, and the northern
regions, particularly the Swan District and Perth Hills regions, are projected
to be under greater pressure than the southern cooler regions. Overall, the
current distribution of grape quality attributes is projected to shift southward
in the future and may well alter the current market positioning of the wine
industry within the WA.
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CHAPTER 6. CHANGES IN PREMIUM WINE PRODUCTION
CONDITIONS FOR WESTERN AUSTRALIAN
WINE REGIONS

6.1 Introduction

The climate conditions of the Western Australian (WA) wine regions are
projected to change in the future and the impacts on viticulture are likely to
be negative (Webb, 2006; Hall and Jones, 2009; Chapters 4 and 5). For
example, under A2 emission scenario, average growing season temperature
(GST) is projected to be as much as 3 to 4.5°C warmer across WA wine
regions by 2070 compared with the current climate (see Chapter 4). The
frequency of extreme hot days, and the average temperature during grape
maturation are likely to increase, whilst rainfall is projected to decrease (see
Chapter 4). Key quality attributes of Cabernet Sauvignon, Shiraz and
Chardonnay are likely to decline (see Chapter 5). Collectively, the above
findings indicate that the WA wine industry might be confronting new climate
conditions that are likely to require the industry to take adaptive measures for

its continued success.

Recommended adaptation strategies for the Australian wine industry in

response to increasing temperature include:

1. Changes in current winegrape varieties or shifting of wine growing
regions

2. Changes in management practices, such as the use of dormancy
breakers for better bud break; introduction of genetically modified
vines or yeast, and

3. Changes in winemaking technology and winery infrastructure to
accommodate the climate impacts (Anderson et al., 2008, Webb and
Barlow, 2008).

Implementation of any of these adaptations might incur costs and careful
detailed spatial and temporal climate analyses are needed before initiating

such action.
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This study investigated spatial and temporal changes in the average GST
with the aim of providing background climate information for adapting WA
premium wine production to projected changes in climate. This study takes
into consideration the potential impacts of other climate conditions such as
winter chilling, disease pressure, and vapour pressure deficit (referred to
hereafter as stress variables) that limit winegrape growth. The present study
extends the climate change impact study by Hall and Jones (2009) by
including more climate model projections; and studies by Hall and Jones
(2010), and Jones et al., (2010) by utilizing future climate analyses. The
selection of average GST for this study as the main climate criterion for
premium wine production was based on its correlations with other climate
indices that describe viticultural climate conditions. For example, the average
GST is highly correlated with GDD, Huglin’s index and biologically effective
degree days, that describe grape growing conditions in Australia (Hall and
Jones, 2010). Moreover, it has also been reported that average GST

accounts up to 60% of variations in vintage ratings (Jones et al., 2005).

6.2 Materials and methods
6.2.1 Climate data

Consistent with previous chapters of this thesis, downscaled outputs of
CSIRO Mk3.5 and MEDRES Miroc3.2 climate models were used as
representations of high and low warming climate change ranges across the
WA wine regions. Study areas, methods for climate model selection,

downscaling and GST calculations were described in Chapter 4.

6.2.1.1 Growing season temperature categories

Jones (2007) classified the winegrape GST into 4 classes: cool 13-15°C,
intermediate 15-17°C, warm 17-19°C, and hot 19-24°C. According to this
classification different winegrape varieties have different but overlapping GST

ranges for producing premium quality wine (Jones, 2007). For example, the
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cool to intermediate GST range of 14-17°C is suitable for Chardonnay, while
the intermediate to warm range GST of 16-19°C is suited to premium quality
Shiraz. Hall and Jones (2009) used the above classification, with the slight
modification of splitting the hot category into hot 19-21°C, and very hot 21-
24°C for Australian grape growing conditions. In Chapter 5 of this thesis it
was indicated that classification of GST with 1.5°C intervals were too coarse
to capture spatial differences between intra regional or in some cases
interregional GST variations. Therefore, for this study, the GST categories of
Hall and Jones (2009) were split into Lower (L) and Higher (H) sub-
categories for detailed spatial analysis across the study regions (Table 6.1).
An average GST range of more than 24°C is denoted as unsuitable for

premium wine production.

Table 6.1 Average Growing Season Temperature category

GST categories and relevant range by GST categories and ranges
Hall and Jones (2009) used for this study
Cool (13-15°C) N/AT
Intermediate (15-17°C) N/AT
Intermediate (16-17°C)
Warm (17-19°C) Warm L (17-18°C)
Warm H (18-19°C)
Hot (19-21°C) Hot L (19-20°C)
Hot H (20-21°C)
Very Hot (21-24°C) Very hot L (21-22.5°C)
Very hot H (22.5-24°C)
Unsuitable (>24°C)

L and H denotes lower and higher, respectively, 'Results of Chapter 5 indicated that the minimum
average GST for the study regions was 16.0°C, Cool and Intermediate L ranges are not used for this
study

6.2.1.2 Winter chilling

Different approaches have been used for studying chilling impacts during
dormancy on winegrape budbreak. Some have used, under controlled
conditions, minimum temperatures less than 2°C (Kliewer and Soleimani,
1972), or less than 6°C (Botelho et al., 2007) as the critical temperature
below which chill units accumulate during dormancy. Others consider a
period of at least 7 consecutive days with a mean daily temperature below
10°C (Lavee and May, 1997), or duration of minimum temperature below 5°C
(Lyons and Considine, 2007) as thresholds of winegrape chilling. It is also
reported that, in field conditions, the duration of exposure to the critical

chilling temperature, and the magnitude of subsequent warming on the next
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day following the night, all impact the chill accumulation (Allan, 2003).
Durations of exposure and actual temperature values below the chill
accumulation threshold are required for some detailed chill accumulation
models such as the Utah chill model (Lacey and Antoine, 2007).
Nevertheless, there is no quantified exact minimum threshold of chilling
requirement for winegrapes (Williams, 2000). In this study, a compromise
metric - the number of days with a minimum temperature of less than 8°C
during the June to August period - is used to assess whether winegrape

chilling requirements across WA wine regions under future climate change.

6.2.1.3 Winegrape disease pressure

Downy mildew, Powdery mildew, and Botrytis are the most common
diseases for Australian viticulture (Emmett et al., 1992). Incidences of these
fungal diseases can be promoted under warm and moist weather conditions
(Magarey et al., 1994). Therefore, any increases in temperature and humidity
will likely increase conditions for fungal disease outbreak. For this study, the
Branas Index (Bl) (Branas, 1974) was used as potential indicator of
winegrape disease pressure under future climate change. This index was
recently used for a similar purpose (Webb, 2006). The Bl index is calculated
as the sum of the products of monthly mean temperature and monthly
rainfall. To be consistent with the derivations of other climatic indices

presented in the Chapter 4, Bl was calculated from October to April.

6.2.1.4 Growing season moisture demand indicator

Vapour pressure deficit (VPD) is one of the key factors that determines the
evaporative power of the atmosphere (Allen et al., 1998).The evaporative
power of the atmosphere in conjunction with appropriate “crop” factors drives
winegrape transpiration demand and it relates to irrigation requirement. Thus,
for this study, average VPD during the growing season was examined as a
potential irrigation requirement indicator. Growing season VPD is averaged

from daily values of VPD. Daily VPD values were calculated as:
VPD = es - ea
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where, es is the saturated vapour pressure, and e, the actual vapour
pressure in the air. There are several methods to calculate the es. For this
study, simple formula recommended by World Meteorological Organization
(WMO, 2006) was used to compute the es:

e (T)=6 112 617.62 T/(243.12+T)
S .

where, T is the mean daily temperature (°C). Daily values of e, were obtained
from global climate model outputs and downscaled to fine resolution (see
Chapter 4).

6.2.2 Spatial data analysis

The level of spatial resolution represented by a pixel size in a raster map is of
great importance in detailed spatial analysis. The resolution of the
downscaled climate data used for previous chapters of this thesis was about
0.05 decimal degrees. In order to construct a more detailed spatial analysis
for this study, the original resolution was further reduced to a 0.005 decimal
degree resolution by re-interpolating the initial climate data in ArcGIS9.3
Geographic information systems (GIS) package (ESRI, Redlands, CA). By
doing this, the resultant raster map pixel sizes were reduced to about 0.5 km,
but at the expense of some data loss by the smoothing. However, the
maximum differences between the pre- and post-interpolations were small.
For example, preliminary results indicated a maximum difference of 0.04°C
between the original and interpolated average GST in hilly areas.
Interpolated raster surfaces of the climate variables were re-classified into
their different classes, and subsequently converted into feature data sets in
GIS. Areas under each climate category were obtained from the feature
datasets.
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6.3 Results
6.3.1 Changes in average GST conditions for WA wine regions

Currently warm L (17 to 18°C), warm H (18 to 19°C), and hot L (19 to 20°C)
GST categories dominate the WA wine regions and occupy about 39%, 26%,
and 18% of the total land area. Under the future climate change projections
considered here, we model considerable shifts in these categories and
proportions will likely to occur across the wine regions such that the areas
under the cooler GST categories will likely decline while those under the
warmer categories will likely increase (Table 6.2). Under low warming range,
the warm H category will likely be dominant among the regions occupying
52%, 46%, and 37% of the total area by 2030, 2050, and 2070, respectively
(Table 6.2). The area of land under the GST categories will potentially
change at a faster rate under high warming condition. About 48% of the total
area is projected to be under the hot L category by 2030, but by 2070 about
62% of the total area is likely to be under the very hot L category while over
one-fifth of the area will potentialy become unsuitable for premium wine
production (Table 6.2).

Table 6.2 Percentage of land area under average growing season temperature (GST)
categories for Western Australian wine regions under SRES A2 emission scenario

GST categories

Climate projections Intermediate  WarmL WarmH HotL HotH VeryhotL VeryhotH Unsuitable
Base 1990 0.1 39.0 25.7 17.5 8.0 9.7

MEDRES Miroc3.2 2030 7.0 51.9 16.2 11.3 13.6

MEDRES Miroc3.2 2050 45.8 20.9 14.3 17.1 1.5

MEDRES Miroc3.2 2070 371 26.2 15.3 14.9 6.5

CSIRO Mk3.5 2030 12.3 48.1 12.3 16.4 10.8

CSIRO Mk3.5 2050 4.4 54.9 17.3 13.6 9.8
CSIRO Mk3.5 2070 0.9 61.5 15.6 22.0

Ranges for GST categories: Intermediate 16-17°C, Warm L 17 to 18°C, Warm H 18 to 19°C, Hot L 19 to 20°C,

Hot H 20 to 21°C, Very Hot L 21 to 22.5°C, Very Hot H 22.5 to 24°C, Unsuitable >24°C

Changes in the GST categories due to climate change will likely vary
markedly from region to region. For example, currently almost the entire area
of the Swan District falls under the very hot L category (Figure 6.1a; Figure
6.2a). Under low warming range, the very hot H category might cover about
20% of that region by 2050, and over 80% by 2070. Under high warming
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Baseline climate Future projections

(a) 1975-2005 (b) 2030 MEDRES Miroc3.2 (c) 2050 MEDRES Miroc3.2 (d) 2070 MEDRES Miroc3.2

B intermediate 16-17 °C

I warmL17-18°C

[ |wamH18-19°C

| | HotL19-20°C

| | HotH20-21°C
B Very hot L 21-22.5°C
I Very Hot H 22.5-24 °C

I unsuitable > 24 °C

(e) 2030 CSIRO Mark3.5 (f) 2050 CSIRO Mark3.5 (g) 2070 CSIRO Mark3.5

Figure 6.1 Spatial distributions of growing season temperature categories under current and projected climate under SRES A2 emission scenario
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Figure 6.2 Changes in areas with different growing season temperature categories under current and
projected climate under A2 emission scenario. Numbers in bars indicate percentage of area under that
category

range, the entire area of the Swan District will likely fall under the very hot H
category by 2030. By 2050 the entire district potentially be unsuitable for
premium wine production as the average GST is projected to be over 24°C
(Figure 6.1a; Figure 6.2a). One-third of the Perth Hills region is projected to

be unsuitable for premium wine production by 2050, and the whole region by

155



2070 (Figures 6.1 f,g and 6.2b). Likewise, 43% of Peel and 18% of the
Geographe wine regions are projected to be outside the premium wine

growing GST category by 2070, if the high warming range is realised.

The smallest changes in the warm average GST categories are projected to
occur in the southern regions. The currently prevailing warm L GST category
is projected to be changed to a warm H category for the Manjimup,
Pemberton and the Great Southern wine regions under low warming climate
change range (Figure 6.1; Figure 6.2). Simultaneously and by contrast,
gradual warming in GST is projected to convert the entire area of the
Margaret River region, and about 75% of the Blackwood Valley region to the
hot L category by 2070, from the currently dominant warm H category (Figure
6.1; Figure 6.2). Under high warming range, the changes in the GST
categories will likely be more rapid. By 2070, the very hot L GST category is
projected to prevail for all regions between Margaret River and the Great
Southern (Figure 6.1; Figure 6.2).

6.3.2 Frequency of chill days during the winter season

The patterns of changes in chill days under future climate projection are
similar for both high and low warming, but the magnitude is less under high
warming range (Figure 6.3). The largest reductions in chill days are projected
for the northern parts of the Great Southern region under both low and high
warming ranges, dropping to 50 and 30 days, respectively, from the current
70 days, by 2070. Currently about 4% of the Margaret River region has less
than 10 chilling days, but this area is projected to increase in the future to
cover about half of the region under low warming range, and the entire region
under high warming range by 2070. The western parts of the Swan District,
Peel, and coastal areas of the Pemberton and Great Southern regions are
projected to have 1 to 10 days of chilling under high warming climate change

range (Figure 6.3; Figure 6.4).
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Baseline climate Future projections

0 50 100 200

Kilometers

(a) 1975-2005

B -0
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(e) 2030 CSIRO Mark3.5 (f) 2050 CSIRO Mark3.5 (9) 2070 CSIRO Mark3.5

Figure 6.3 Spatial distributions of number of days with minimum temperature below 8°C during June to August under current and projected climate under
SRES A2 emission scenario (in Days)
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6.3.3 Disease pressure

Currently, the southwest corner of the Great Southern region has the highest
Bl index of up to 6600 units among the study regions. The lowest Bl regions
are the northern part of the Swan District, and the farther inland parts of Peel,
Geographe and Great Southern regions having 2600 to 3000 units of BI
(Figure 6.5). Under climate change, areas with currently higher Bl indices are
projected to decrease, while areas with lower Bl indices will likely increase
across the wine regions studied (Figure 6.6). The greatest decreases in Bl
are projected to occur in some parts of the northern Swan District by 1200
units, whilst the southwest of the Great Southern region is projected to have
up to 800 units less Bl under high warming climate change range by 2070,
when compared to the current climate. For example, currently a Bl index
range of 2600 to 3000 occupies about 57% of the Swan District, but it is
projected to increase up to 65% by 2070 under low warming, whilst the
majority of the area (64%) is projected to be in lower, 1800 to 2200, Bl range

under high warming range (Figure 6.6).

6.3.4 Moisture stress

The winegrape growing season average VPD currently ranges from 0.4 kPa
in the southern regions to 1.2 kPa in the northern regions. The current
distribution of VPD is projected to shift southward, but the magnitude of
change will vary between the climate warming ranges (Figure 6.7). For
instance, the maximum increase in the growing season VPD is projected to
be 0.2 kPa under low warming range whereas up to 1.0 kPa of VPD
increases are projected in northern parts of the Swan District and Perth Hills
regions by 2070 under high warming range (Figure 6.7). Overall, current
areas with low VPD range are projected to decrease, while high VPD areas
are projected to dominate under climate change (Figure 6.8). The spatial
distribution of areas of higher VPD range is projected to increase more for
the northern regions under high warming range than for the southern regions
(Figure 6.8)
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Baseline climate Future projections
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Figure 6.5 Current and projected Branas index during October to April under SRES A2 emission scenario (°C mm units)
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6.4 Discussion

For this study, average GST was used as the main climate indicator for
production of premium quality wines. In addition, the number of days under
8°C during the winter months, the Branas index, and the VPD during growing
season were investigated as indicators of climatic limitations on vineyard
management under climate change for WA wine regions. However, the risks
associated with these stress variables for viticulture are not easily
quantifiable. Therefore, throughout this chapter, the risks or stresses on
winegrape growth and management under future climate are discussed in

comparison with the conditions of those factors under current climate.

6.5.1 Trends in GST and implications for Western Australian viticulture

All of the WA wine regions are projected to have warmer winegrape growing
season conditions under projected climate change. For example, under low
warming climate change range, over 80% of the Swan District is projcetd to
have a very hot (22.5-24°C) average GST by 2050, but the GST is projected
to be even hotter under high warming range, assigning the whole region to
the very hot category by 2030, and becoming less suitable (GST >24°C) for
premium quality wines by 2050. Similar patterns are projected for the Perth
Hills, Peel and parts of the Geographe regions (Figure 6.1 and 6.2). Under
low warming range, entire areas of the Margaret River region and 75% of the
Blackwood Valley wine region are likely to shift to a hot GST category (19°C
to 20°C) by 2070, from their currently dominant warm category suggesting
possible changes in wine style suiting a hot climate. Findings of this study is
supported by the previous reports (Hall and Jones, 2009).

The potential impacts of climate change on the average GST distribution may
have significant implications for WA viticulture in terms of varietal suitability or
wine styles as winegrape quality attributes are defined by the prevailing
climate in which they grow. With high warming range, all regions from the
Margaret River to the Great Southern will likely shift to the very hot (21°C to
22.5°C) GST category by 2070. To put this in a simple perspective, the very
hot GST category projected for these regions by 2070, is equivalent to the
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GST prevalent for the western part of the Peel and the entire areas of Swan
District under the current climate. According to Wine Australia (2011), under
the current climate, the main varieties proven successful in Swan District are
Chenin Blanc, Verdelho and Chardonnay, whereas in the Great Southern
region Chardonnay, Riesling, Cabernet Sauvignon, Pinot Noir, and Shiraz
are grown successfully. It is apparent that there is little overlap in the variety
mix of these two regions. It is thus conceivable that in the future, the make up
of varieties grown in the Great Southern will likely to mirror those of the Swan
District with the attendant changes such a shift entails for regional character
and so on. Therefore, the future warming will likely require grape growers in
the WA to take adaptive measures to deal with the warmer climate to

maintain their current market position.

According to Jones (2007), the upper limit of average GSTs for premium
wine production is limited to about 20°C, while table grapes tolerate a
warmer GST of up to 24°C. In practice, winegrape cultivation is not bound by
these GST temperature limits, however, the existing literature for Australian
viticulture suggests that, in general, the quality of grapes, and thus wines is
inversely related to temperature, provided it is not limiting the ripening of
grape (Gladstones, 1992, Coombe and lland, 2004, Sadras et al., 2007c,
Webb et al., 2008b). The findings of this study also indicate that the northern
wine regions of WA may fall under a too hot GST regime unfavourable for
quality wine production and this finding is supported by other studies that
report similar results based on climate change impacts on a national scale
(Hall and Jones, 2009).

6.5.2 Potential impacts of declining chilling days

Sufficient chilling helps uniform budburst within a shorter time period (Kliewer
and Soleimani, 1972, Dokoozlian, 1999) minimising variation in subsequent
phenological phases, yield and fruit maturity. An inadequate fulfilment of the
chilling requirement is a particular concern for regions with mild winter
temperatures and future warming may exacerbate it. It has been reported

that the Margaret River region might experience later bud break due to an
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inadequate chilling requirement under climate change (Webb et al., 2007).
This is reinforced by our results that indicate 48% to 98% of the land areas of
the Margaret River wine region are projected to experience 10 or fewer days
of 8°C by 2070, respectively under high and low warming climate warming
range. Similarly, some areas (with close proximity to the coast) of the Swan
District (73%), Peel (19%), Pemberton (35%), and the Great Southern (28%)
wine regions are projected to experience 10 or fewer number of chill days
from the current 20 to 40 days by 2070 if high warming climate change range
occurs. Delayed and uneven budburst are likely to be problem in these areas

unless dormancy management tools are employed.

6.5.3 Disease pressure

Diseases such as downy mildew and powdery mildew are high common
fungal diseases in Australia and in WA wine regions (Emmett et al., 1992,
Fisher and Wicks, 2003). Increases in temperature and humidity provide for
favourable conditions for these diseases (Nicholas et al., 1994). Under both
the low and high warming climate change ranges, areas of currently higher Bl
range decrease while areas of lower Bl range increase, indicating reduced
disease pressure across the WA wine regions. The reduced Bl across the
study regions appears to be due to the relatively high decline in rainfall
compared to the increase in temperature across the wine regions. In terms of
magnitude, the biggest decreases in Bl are projected to occur in the northern
Swan District, from the current 2600-3000 units to 1800-2200 units and in the
southwest of the Great Southern region, from the current levels of 6200-6600
units to 5400-5800 units, by 2070 under high warming range (Figure 6.5).

Some wine regions of Australia are reported to have even higher Bl, for
example 8500 for Hunter Valley between the October to March period
(Webb, 2006) under the current climate. Webb also suggested possible
reduced disease pressure for Margaret River region under climate change.
Findings of this study is in agreement with above statement (Figure 6.6). The
reduced Bl across the wine regions potentially implies lower management
costs of monitoring, and spraying to deal with fungal disease, provided other

conditions are not conducive for disease development. However, as
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suggested by Chakraborty et al. (1998) potential increases in canopy growth
triggered by elevated atmospheric CO, levels may also increase disease

pressure at microclimate level.

6.5.4 Trends in VPD and its implications

The growing season VPD is projected to increase under climate change
across the study regions, together with areas under a higher VPD range.
While the increases in VPD under low warming condition are minimal (<= 0.2
kPa), increases of up to 125% (1.05 kPa) are projected under high warming
condition in some localities of the northern wine regions. The area that
experiences 2 to 2.25 kPa VPD under high warming condition is projected to
be 92% and 35%, respectively for the Swan District and Perth Hills regions
by 2070 (Figure 6.7). This amount of increase in growing season VPD can be

consequential.

The increases in VPD and its spread for WA wine regions have at least two
major implications: 1) increased irrigation demand during the winegrape
growing season, and 2) reduction in grape berry quality. More water is
transpired from the plant to the air when VPD is high (Prenger and Ling,
2002). The increased demand for irrigation during the winegrape growing
season might create serious challenges across WA wine regions as the
regions are projected to experience decreased rainfall under climate change
(Chapter 4). For example, growing season VPD (currently between 0.4 to 0.8
kPa) in the Great Southern region is projcetd to increase by up to 0.6 kPa,
while the region will likely experience drier (35% reductions in median
growing season rainfall) growing conditions under high warming range by
2070. In addition, higher VPD could cause elevated levels of pH in grape
berries due to increased potassium uptake from soil through increased
transpiration, and higher levels of pH in grapes and wines are associated

with inferior wine quality (Rankine, 1989).
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6.6 Conclusion

This study examined future winegrape growing conditions in WA wine
regions utilising average GST as the main indicator of premium quality wine
production, with additional indicators for winegrape chilling requirement,
conditions of disease pressure, and vapour pressure deficits under climate
change. If future climate change develops under high warming climate
change range of this study, entire areas of the Swan District, Perth Hills, and
parts of the Peel (43%), and Geographe (18%) regions are projected to be
less suitable (GST >24°C) for premium quality wine production in the next 60
years. Planting table grape or making fortified wines may become suitable

options for viticulture in the above regions.

The cooler southern wine regions are projected to have the GST conditions
currently experienced by the warmer Swan District. Changes in the growing
season conditions are less pronounced under low warming climate change
condition in this study, however, major areas of three wine regions (Perth
Hills, Margaret River and Blackwood Valley) are projected to shift to a
warmer category of GST, requiring the industry to adapt to the new climatic
environment. Therefore, significant challenges relating to changes in varieties
suited to warmer climate space or adaptation of management options to cope
with the impacts of warmer conditions will potentially become reality for WA

viticulture under climate change.

All regions are projected to have a less number of chilling days during what
should be a dormancy period, and the areas under a low number of the
chilling days will be increased. Fungal disease pressure is likely to decline in
all regions benefiting the growers by reduced disease management costs.
However, the projected increases in VPD during the growing season will
likely create extra pressure for growers to meet the increased irrigation
demand, and this will likely be even more challenging since rainfall is
projected to decrease across the regions. Collectively, the above findings
suggest that future climate change will likely be challenging for WA wine

regions if appropriate adaptation strategies are not implemented.
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CHAPTER 7. GENERAL DISCUSSION
7.1 Introduction

Climate exerts a strong influence on winegrape development and grape
quality and, hence, changes in future climate are likely to impact on
viticulture. This thesis research was aimed at carrying out climate change
impact assessment for key berry quality attributes (anthocyanins, TA and pH)
across the Western Australian (WA) winegrape producing regions. To
achieve this overarching aim, the following key component aims were

realised in this thesis project:

1. Empirical models that relate key berry quality attributes to climate

variables were formulated for the major winegrape varieties in WA,

2. Fine spatial resolution climate surfaces were constructed for the WA
wine regions for 2030, 2050 and 2070.

3. Berry quality attribute surfaces (anthocyanin concentrations, titratable
acidity, and pH) of Cabernet Sauvignon, Shiraz, and Chardonnay
varieties were modelled across the WA wine regions under low and high
warming climate change ranges. To our knowledge no other studies have
projected direct grape quality attributes under climate change at regional
scale in Australia or elsewhere.

4. Furthermore, analyses of future climate conditions for premium wine

production for the WA wine regions were carried out.

This final chapter discusses and synthesises the findings of this study. It also
addresses contributions of this work and identifies future research into

climate change impacts on viticulture based on the outcomes of this study.

7.2 Climate and grape quality attribute relationships

Qualitative descriptions of climate influence on berry quality abound although
quantitative translations of such descriptions are relatively scarce. On the

other hand, a fuller assessment of climate (change) impacts on berry quality
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precisely requires quantitative models that are formulated ideally from directly
measured climate and berry quality data. Generation of such data however is
difficult. Some options, each with its own limitation, include carrying out a
range of controlled climate experiments or sampling along natural gradients
of climate. The controlled climate option, apart from being expensive, has the
inherent difficulty of replicating vineyard conditions while the climate gradient
potentially incorporates gradients in non-climatic factors. In this thesis, the
gradient study option was undertaken as a compromise approach towards
providing a quantitative framework that describes berry quality as a function

of climate variation.

In accord with the widely held view, the results from the climate-gradient
transect study showed reduced anthocyanins and acidity, and increased pH
in warmer sites compared to grapes from cooler sites. The sampling protocol
devised in this project enabled such qualitative descriptions to be
quantitatively formulated. Thus, in spite of the covariations of non-climatic
factors along the sampling transect, when data are examined at a common
maturity, empirical models incorporating only climatic factors explained most
(~85%) of the variations in the levels of grape anthocyanins and TA, and half
of the pH variability across sites. While at one level, these model results help
to identify climate as having an overriding influence on berry quality, at
another level the models have elucidated multilayered “interactions” that
affect the levels of berry quality attributes. For instance, as detailed in
Chapter 3, the specific climate components and the vine and/or berry
developmental stages during which these exert significant (positive or
negative) influence appear to differ among the berry quality attributes and to
some extent among the winegrape varieties examined in this work. This can
be illustrated by way of example: in Shiraz, berry anthocyanins
concentrations were primarily influenced by January average or minimum
temperatures whereas in Cabernet Sauvignon, in addition to the average
January temperatures, rainfall was also a significant factor. Further, the
direction of the rainfall effect can be positive if it occurs early in the growing
season or detrimental if incident during the berry maturation period. Such

insights may be useful as part of the “tool set” for devising informed
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adaptation strategies, e.g., when considering site selection, irrigation
management or even perhaps in choosing which variety to plant at a given
location. Moreover, the empirical models developed from this work were
useful for quantitatively assessing magnitudes of likely quality changes due
to climate change, at least for the wine regions and varieties covered in the
this study. Once again, the models can be used as part of the tools for
gauging risks in long term planning — such as whether the projected changes
in berry quality levels would be tolerable or not. Results of this work also
showed decreased accumulation rates of anthocyanins (significant for
Cabernet Sauvignon) and declines in titratable acidity decline (significant for
Chardonnay) per unit of total soluble solid (TSS) increase under warmer
conditions (Chapter 3). This type of decoupling of TSS and grape quality
attributes under warming conditions presents a challenge for production of

wines with balanced quality attributes.

7.3 Future climate conditions for Western Australian wine growing

regions

There is increasing evidence that the climate warming that has occurred to
date is due to the elevation of greenhouse gas concentrations in the
atmosphere (IPCC, 2007). Several studies have reported earlier phenological
events, shortening of winegrape growing season, earlier maturity (Jones and
Davis, 2000b, Duchéne and Schneider, 2005, Petrie and Sadras, 2008,
Tomasi et al.,, 2011, Webb et al., 2011), and increased grape and wine
quality (Nemani et al., 2001, Jones and Davis, 2000b) around the world due
to the changes in climate to date. Impact assessments under future climate
have also been carried out at varying scales, the results of which generally
indicate potential opportunities and challenges from future climate change for
viticulture depending on the current climate and future warming (Jones et al.,
2005, Webb, 2006, Hall and Jones, 2009). This underscores, the need for
detailed pictures of future climate (e.g., spatially as well as various
components of climate). For viticulture — an industry that is based on a crop

with a narrow climate niche for quality production — such information is
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critically important both to capture potential opportunities and to prepare for
challenges of climate change in a given region. In consideration of this point,
this project constructed detailed future climate surfaces for WA wine regions
at fine scale since direct outputs of global climate models are of limited use
for local or regional impact assessments due to their coarse spatial resolution
(>110 km). Future climate conditions and derivative metrics, GST, MJT,
ripening period temperature, and BEDD for Australian wine growing regions
have been constructed at national scale utilizing CSIRO Mk3.0, HadCM3,
and regional DARLAM climate models (Webb, 2006, Hall and Jones, 2009).
This thesis has built upon these recent works and has generated a variety of
temperature, rainfall and radiation (and their derivatives) indices at detailed

spatial scales and three (forward) time frames across the WA wine regions.

For the WA wine regions, the overall picture of the future climate generated
from this work shows increased temperature and heat accumulation, reduced
rainfall and increasingly dry conditions which is broadly in accord with earlier
findings (Hall and Jones, 2009, Webb, 2006). Growing season (October to
April) and grape maturity period (February to March) temperatures are
projected to increase by about 1.5°C to 4.5°C under the low and high
warming ranges by 2070, respectively. Non-growing season (May to
September) temperature is also projected to increase by up to 3°C by 2070.
Growing season heat accumulation will likely be increased about 300 to 900
units, respectively under low and high warming, during growing season by
2070. The frequency of hot days is projected to increase by up to 80 days in
the northern regions and 20 days in the southern regions by 2070 under high
warming range. Such heat waves may necessitate increased irrigation
application to mitigate potential negative impacts on berry quality (Chapter
Three), yield and canopy physiological competence. This might become a
critical limitation to viability of the industry for some water-limited regions

such as the Great Southern.

Positive impacts of warming on viticulture could be increased amount of heat
accumulation if the current region or a particular variety is limited by cold
temperatures or lacking enough heat accumulation for ripening, for example,

the cool climate viticulture in Canada (Caprio and Quamme, 2002, Shaw,
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2005). However, this type of positive effect of warming seems less relevant
for the WA wine regions, as nearly all the regions receive enough heat
accumulation for the common winegrape varieties even under current climate
conditions. Increased temperatures during grape ripening potentially imply
unbalanced grape quality composition: decreased acidity and flavour
components at given sugar levels, or too high sugar levels and low acidity
when the flavour compounds reach optimal levels if the temperature is
warmer than suitable for a particular variety to ripen (Jones, 2007). The
negative relationships between temperature and berry quality (Chapter 3)
and the projected increases in temperature (Chapter 4) for the WA wine
regions indicate potential overall negative impacts of climate change on

grape quality across the study wine regions.

Rainfall is projected to decrease across the WA wine regions under climate
change under future scenarios selected for this study. Reductions in rainfall
are projcetde to be more pronounced for spring rainfall for the Swan District
(76%), Perth Hills (72%), and the Great Southern (65%) regions under high
warming. Reduction in spring rainfall combined with the increasing
temperature and vapour pressure deficit may force grape growers to start
early irrigation and that alone will likely bring substantial challenges for some
regions, for example, in the Great Southern where water supply is entirely
dependent on rainfall and grape production is limited by water supply even
under the current climate. Winter rainfall is also projected to reduce. Declines
in winter rainfall will likely decrease the amount of water harvested from run-
off catchments. Potential early start of irrigation, combined with less reserve
water in dams, might create a serious water shortage situation later in the
growing season, which is crucial for grape quality development as shown in
Chapter 3.

7.4 Projected grape maturity and quality under climate change

Grape quality is the main determinant of wine quality when other factors such
as wine making practices are similar. Yet, there are no studies that

quantitatively assess climate change impacts on directly measured quality
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attributes of grape. To date studies of climate (change) effects on grape and
wine quality used surrogate measures such as vintage ratings or price as
indicators of quality. These indicators are useful for assessing climate
influences for grape and wine quality based on historical relationships;
however, these are prone to criticism due to their indirect link to objective
measures of grape or wine quality. Empirical models linking grape quality
with climate (Chapter 3) and climate projections (Chapter 4) enabled
projections of key quality attributes of major winegrape varieties of WA wine
regions. The fine resolution of the downscaled climate data allowed
construction of grape quality surfaces such that not only inter-regional but

also intra-regional differences could be evaluated quantitatively.

Grape quality reduction is projected to be higher in the warmer northern wine
regions than in the southern districts. Results of this study suggest that
relative reductions in current median Cabernet Sauvignon anthocyanin
concentrations at common (22 °Brix total soluble solid) maturity will
potentially be almost two fold (33%) higher for the northern districts by 2070,
than the reductions (18%) in the cooler southern regions. Patterns of decline
in median Shiraz anthocyanin levels are similar to that of Cabernet
Sauvignon; however, the reduction is less, up to 18% and 11% respectively

for the warmer and cooler regions by 2070 under high warming range.

Cabernet Sauvignon and Shiraz median TA levels are projected to drop by
12% and 15% by 2070 for the warmer Swan District and Peel regions
compared to current levels under high warming range. In this study,
Chardonnay median TA is projected to drop by as much as 42% in the
warmer Swan District by 2070 under high warming climate change. The
relative TA declines for the cooler southern regions are less for Chardonnay
(~28%) and Cabernet Sauvignon (~4%), but similar Shiraz (14%) under high
warming range. Impacts of low warming climate change range on median TA
levels at common maturity were small with a maximum decline of 6% for

Chardonnay for the Great Southern region by 2070.

Effects of decreasing berry anthocyanin concentrations and TA will likely be

expressed in wine quality. Grape berry anthocyanin is formed in the vineyard;
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therefore, it is unlikely that significant grape colour adjustments can be made
at the winery level. On the other hand, reductions in berry acidity, can be
adjusted by using acid additions during winemaking, but it will involve extra
cost. Wines with added acidity will likely be of less quality compared with
naturally balanced wines (Gladstones, 1992). Therefore, reductions in grape
anthocyanin concentrations and acidity levels due to climate change
potentially cause decreased wine quality, but the decline will largely depend

on the magnitude of future warming.

Results of modelled winegrape maturity dates and grape quality indicate
asymmetric advancement of grape maturity and uneven changes of
winegrape quality across the WA wine regions due to climate change.
Cabernet Sauvignon, Shiraz and Chardonnay maturity at 22 °Brix TSS
maturity are projected to be 6 to 7 weeks earlier by 2070 in the cooler
southern regions under high warming, while the same varieties will likely
reach this maturity level about four weeks earlier in the warmer northern
regions. These asymmetric changes; smaller in warmer regions and larger in
cooler regions in grape maturity under climate change are in agreement with
the modelling results by Hall and Jones (2009) despite differences between

the models used.

7.5 Climate change impacts on premium wine producing conditions

Environmental conditions, climate, geology and topography, all contribute to
the unique characteristics of wine style in a given region (terroir). Of the
environmental conditions, climate is acknowledged as the most important
determinant of winegrape growth and grape quality. It is thus probable that
climate change might alter existing premium wine production and wine styles.
Average growing season temperature was selected for this study as main
metric for assessing suitability of climate for premium wine productions

across the WA wine regions under climate change due to:

1. its common applications for similar studies in the past, and
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2. its close relationships with other main climate variables defining the

climate suitability for viticulture.

Additionally, other climatic conditions that can affect viticulture such as
winegrape chilling requirements during dormancy (number of days with
minimum temperature less than 8°C during dormancy), disease pressure
(Branas index) and potential irrigation requirements (vapour pressure deficit)
under climate change are examined to assess how the different regions will
fare. Increases in the growing season temperature are likely to cause most of
the regions to adopt warmer climate varieties, while some regions might be
less suitable for producing premium quality wine. For example, by 2070
entire regions of Swan District, Perth Hills, and some parts of Peel (43%) and
Geographe (18%) regions will likely be less suitable for premium wine
production under high warming assumption in this assessment. Currently the
Swan District, and northern parts of Perth Hills regions have average growing
season temperature range of 21 to 22.5°C, but by 2070, this range is
projected to cover entire areas of the Margaret River, southern parts of
Geographe, Blackwood, Pemberton, Manjimup, and the Great Southern
regions under the high warming scenario. Under the climate projections
examined here, there is a clear indication of varietal suitability challenges for
the currently planted varieties in those regions and the need of adapting to

the changing climate.

The above findings are similar with other research reports that used different
criteria to examine climate suitability for winegrape varieties under climate
change. For example, Kenny and Harrison (1992) used latitude temperature
index as climate suitability index for winegrape varieties and reported that
some parts of Southern Europe may become unsuitable for some winegrape
varieties due to temperature increase, while other areas in Eastern and
Northern Europe may become viable for winegrape production due to climate
change. It is also reported that premium wine producing areas of the USA will
drop by up to 81% at end of this century due to combined effects of
increasing temperature and heat accumulation, temperature variability and
frequency of hot days with maximum temperature over 35°C (White et al.,
2006).
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Meantime, other factors brought about by climate change, such as
decreasing occurrences of cold nights, and elevated vapour pressure deficit
during the growing season, may force grape growers to take additional
measures such as dormancy breakers or revised water management in

accordance with the changing climate.

7.6 Contribution of this study to this field of research

This study provides spatially detailed projections of various climate variables
across the WA wine regions for the next 60 years. Projections of climate
variables which include temperature, rainfall, radiation, vapour pressure
deficit at fine spatial resolutions could be useful for the industry to further
develop a comprehensive understanding of climate change and its adaptive
capacity across the studied wine regions. Projections for 2030 can be useful
for the industry to incorporate adaptation strategies in their planning horizon,
while 2050 and 2070 projections are useful for consideration of longer term
potential impacts of climate change on viticulture. Projected grape quality
attribute surfaces, which is new in this field of study, also provide a clear
indication on the directions and magnitudes of climate change impacts on

grape quality across the study regions in the near and distant future.

7.7 Future research
7.7.1 Modelling of winegrape phenology

Winegrape phenology is dynamic, it primarily depends on prevailing weather
and the future warming is likely to alter it. Thus, use of calendar based
climate variables for projecting winegrape response to future climate change
is a clear limitation of this type of study. One of the possible ways of
overcoming this problem is to develop parameterised models, either
statistical or process based, that accurately predict the phenology under

climate change.
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7.7.2 Modelling of water balance

Increased temperatures and vapour pressure deficits across the WA wine
regions are likely to drive irrigation demand higher, which creates extra
pressure for growers with limited water supply for irrigation. As such, studies
on water budget and irrigation demand under climate change are of great
importance for some of the Western Australian wine regions, for example the
Great Southern region, due to their dependency on rainfall, which is
projected to reduce in the future. Such studies will help the wine industry to
identify appropriate adaptations, such as improved water management, or

new varieties with better water use efficiency, to future climate change.

7.8 Concluding remarks

As projected in this study, Cabernet Sauvignon, Shiraz, and Chardonnay
maturities are projected to advance asymmetrically across the WA wine
regions. Some of the current warmer northern regions in WA may no longer
be suitable for producing premium quality wines under climate change. The
currently, cool southern regions are projected to have the growing season
temperature condition that are currently predominant for the warmest
northern regions indicating substantial challenges for managing current
varieties or need for changing to warmer climate varieties. Moreover, grape
quality attributes, colour and acidity, of dominant winegrape varieties for the
WA wine regions are likely to decrease under climate change. Taken
together these findings indicate increased pressure from climate change on
WA viticulture, but the extent will be heavily dependent on the degree of the

future climate change.

178



REFERENCES

ABS 2010. Australian wine and grape industry. Canberra: Australian Bureau
of Statistics.

ADAMS, D. O. 2006. Phenolics and ripening in grape berries. American
Journal of Enology and Viticulture, 57, 249.

ALEXANDER, L. V., HOPE, P., COLLINS, D., TREWIN, B., LYNCH, A. &
NICHOLLS, N. 2007. Trends in Australia’s climate means and
extremes: a global context. Australian Meteorological Magazine, 56, 1-
18.

ALLAN, P. 2003. Winter chilling in areas with mild winters: Its measurement
and supplementation. VIl International Symposium on Temperate
Zone Fruits in the Tropics and Subtropics. Pietermaritzburg, South
Africa.

ALLAN, P. & HUNT, B. 1999. Climate change modelling for the southern
region of Western Australia, Melbourne, CSIRO Atmospheric
Research, Aspendale.

ALLEN, R. G., PEREIRA, L. S., RAES, D. & SMITH, M. 1998. Crop
evapotranspiration-Guidelines for computing crop water requirements,
Rome, FAO.

ANDERSON, K., FINDLAY, C., FUENTES, S. & TYERMAN, S. 2008.
Viticulture, wine and climate change. In: GARNAUT, R. (ed.) The
Garnaut Climate Change Review: final report. Department of Climate
Change, Commonwealth of Australia.

ASHENFELTER, O. 2008. Predicting the Quality and Prices of Bordeaux
Wine. The Economic Journal, 118, 174-184.

BATES, B., CHARLES, S. & HUGHES, J. 1998. Stochastic downscaling of
numerical climate model simulations. Environmental Modelling and
Software, 13, 325-331.

BATES, B. C., HOPE, P., RYAN, B., SMITH, I. & CHARLES, S. 2008. Key
findings from the Indian Ocean Climate Initiative and their impact on
policy development in Australia. Climatic change, 89, 339-354.

BAZZAZ, F. 1990. The response of natural ecosystems to the rising global
COzlevels. Annual Review of Ecology and Systematic 21, 167-196.

BECKER, N. 1985. Site selection for viticulture in cooler climates using local
climatic information. International Symposium on Cool Climate
Viticulture and Enology. Oregon State University: Oregon State
University Technical Publication.

BELLI, N., MITCHELL, D., MARIN, S., ALEGRE, |., RAMOS, A. J., MAGAN,
N. & SANCHIS, V. 2005. Ochratoxin A-producing fungi in Spanish
wine grapes and their relationship with meteorological conditions.
European Journal of Plant Pathology, 113, 233-239.

BENESTAD, R. 2004. Empirical-statistical downscaling in climate modeling.
Eos, 85, 417-422.

BERGQVIST, J., DOKOOZLIAN, N. & EBISUDA, N. 2001. Sunlight exposure
and temperature effects on berry growth and composition of Cabernet
Sauvignon and Grenache in the Central San Joaquin Valley of
California. American Journal of Enology and Viticulture, 52, 1-6.

179



BINDI, M., FIBBI, L., GOZZINI, B., ORLANDINI, S. & MIGLIETTA, F. 1996.
Modelling the impact of future climate scenarios on yield and yield
variability of grapevine. Climate Research, 7, 213-224.

BINDI, M., FIBBI, L. & MIGLIETTA, F. 2001. Free air CO; enrichment (FACE)
of grapevine (Vitis Vinifera L): Il. Growth and quality of grape and wine
in response to elevated CO, concentrations. European Journal of
Agronomy, 14, 145-155.

BOTELHO, R. V., PAVANELLO, A. P., PIRES, E. J. P., TERRA, M. M. &
MULLER, M. M. L. 2007. Effects of chilling and garlic extract on bud
dormancy release in Cabernet Sauvignon grapevine cuttings.
American Journal of Enology and Viticulture, 58, 402-404.

BOULTON, R. 1980. The relationships between total acidity, titratable acidity
and pH in grape tissue. Vitis, 19, 113-120.

BRANAS, J. 1974. Viticulture, Montpellier, Imp. Dehan.

BURNHAM, K. P. & ANDERSON, D. R. 2002. Model selection and
multimodel inference: a practical information-theoretic approach,
Springer Verlag.

BUTTROSE, M., HALE, C. & KLIEWER, W. 1971. Effect of temperature on
the composition of'Cabernet Sauvignon'berries. American Journal of
Enology and Viticulture, 22, 71-75.

CAFFARRA, A. & ECCEL, E. 2011. Projecting the impacts of climate change
on the phenology of grapevine in a mountain area. Australian Journal
of Grape and Wine Research, 17, 52-61.

CAHILL, K. N. 2009. Global change in local places: Climate change and the
future of the wine industry in Sonoma and Napa, California. PhD
thesis, Stanford University.

CAPRIO, J. & QUAMME, H. 2002. Weather conditions associated with grape
production in the Okanagan Valley of British Columbia and potential
impact of climate change. Canadian Journal of Plant Science, 82, 755-
763.

CHAKRABORTY, S., MURRAY, G., MAGAREY, P., YONOW, T., O'BRIEN,
R., CROFT, B., BARBETTI, M., SIVASITHAMPARAM, K., OLD, K. &
DUDZINSKI, M. 1998. Potential impact of climate change on plant
diseases of economic significance to Australia. Australasian Plant
Pathology, 27, 15-35.

CHALMERS, Y., DOWNEY, M., KRSTIC, M., LOVEYS, B. & DRY, P. 2010.
Influence of sustained deficit irrigation on colour parameters of
Cabernet Sauvignon and Shiraz microscale wine fermentations.
Australian Journal of Grape and Wine Research, 16, 301-313.

CHARLES, S., BATES, B., WHETTON, P. & HUGHES, J. 1999. Validation of
downscaling models for changed climate conditions: case study of
southwestern Australia. Climate Research, 12, 1-14.

CHLOUPEK, O., HRSTKOVA, P. & SCHWEIGERT, P. 2004. Yield and its
stability, crop diversity, adaptability and response to climate change,
weather and fertilization over 75 years in the Czech republic in
comparision to some European countries Field Crops Research, 85,
167-190.

CHRISTENSEN, J. H., HEWITSON, B., BUSUIOC, A., CHEN, A., GAO, X,
HELD, R., JONES, R., KOLLI, R., KWON, W., LAPRISE, R.,
MAGANA RUEDA, V., MEARNS, L., MENENDEZ, C. G., RAISANEN,

180



J., RINKE, A., SARR, A. & WHETTON, P. 2007. Regional climate
projections In: SOLOMON, S., QIN, D., MANNING, M., CHEN, Z.,
MARQUIS, M., AVERYT, K. B., TIGNOR, M. & MILLER, H. L. (eds.)
Climate Change, 2007: The Physical Science Basis. Contribution of
Working group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, New York:
University Press, Cambridge.

COLLINS, D., DELLA-MARTA, P., PLUMMER, N. & TREWIN, B. 2000.
Trends in annual frequencies of extreme temperature events in
Australia. Australian Meteorological Magazine, 49, 277-292.

CONDE, C., SILVA, P., FONTES, N., DIAS, A. C. P,, TAVARES, R. M.,
SOUSA, M. J., AGASSE, A., DELROT, S. & GEROS, H. 2007.
Biochemical changes throughout grape berry development and fruit
and wine quality. Structure, 1, 1-22.

CONRADIE, W. 1981. Seasonal uptake of nutrients by Chenin Blanc in sand
culture: Il. Phosphorus, calcium and magnesium. South African
Journal of Enology and Viticulture, 2, 7-13.

COOMBE, B. 1987. Influence of temperature on composition and quality of
grapes. Acta Horticulturae, 206, 23-35.

COOMBE, B. 1988. Climate and viticulture in Australia. In. COOMBE, B. &
DRY, P. (eds.) Viticulture. Adelaide: Winetitles.

COOMBE, B. 1992. Research on development and ripening of the grape
berry. American Journal of Enology and Viticulture, 43, 101-110.

COOMBE, B., DUNDON, R. & SHORT, A. 1980. Indices of sugar-acidity as
ripeness criteria for winegrapes. Journal of the Science of Food and
Agriculture, 31, 495-502.

COOMBE, B. G. & ILAND, P. 2004. Grape berry development and winegrape
quality. In: DRY, P. R. & COOMBE, B. (eds.) Viticulture. Adelaide:
Winetitles.

COOMBE, B. G. & ILAND, P. G. 1987. Grape berry development. . In:
T.H.LEE, ed. Sixth Australian Wine Industry Technical Conference,
1987 Adelaide. Winititles, 50-54.

CORTELL, J. M. & KENNEDY, J. A. 2006. Effect of shading on accumulation
of flavonoid compounds in (Vitis vinifera L.) Pinot noir fruit and
extraction in a model system. Journal of Agricultural and Food
Chemistry, 54, 8510-8520.

CSIRO. 2006. Marine and atmospheric research report forthe Australian
Greenhouse Office, Department of the Environment and Heritage.
Available:
http://www.greenhouse.gov.au/impacts/publications/pubs/risk-
scenarios.pdf [Accessed 25, June 2007].

CSIRO & BOM 2007. Climate change in Australia-Technical report.
Melbourne.

DAFWA. 2006. Wine from Western Australia: at a glace [Online]. Perth.
Available: http://www.agric.wa.gov.au/PC_92719.html?s=1915957070
[Accessed 24, March 2011].

DE ORDUNA, M. 2010. Climate change associated effects on grape and
wine quality and production. Food Research International, 43, 1844-
1855.

181



DEVLIN, R. & WITHAM, F. 1983. Plant physiology, Boston, Wadsworth
Publishing.

DFAT 2008. About Australia, the Australian wine industry. Canberra:
Department of Foreign Affairs and Trade.

DOKOOZLIAN, N. 1999. Chilling temperature and duration interact on the
budbreak of'Perlette'grapevine cuttings. HortScience, 34, 1054-1056.

DOWNEY, M., DOKOOZLIAN, N. & KRSTIC, M. 2006. Cultural practice and
environmental impacts on the flavonoid composition of grapes and
wine: a review of recent research. American Journal of Enology and
Viticulture, 57, 257-268.

DOWNEY, M. O., HARVEY, J. S. & ROBINSON, S. P. 2004. The effect of
bunch shading on berry development and flavonoid accumulation in
Shiraz grapes. Australian Journal of Grape and Wine Research, 10,
55-73.

DRY, P. 1983. Recent advances in Australian viticulture. In: Advances in
Viticuture and Oenology for Economic Gain, The Fifth Australian Wine
Industry Technical Conference 1983 Perth. The Australian Wine
Research Institute 9-21.

DRY, P. 1988. Climate change and the Australian grape and wine industry.
The Australian Grapegrower and Winemaker, 300, 14-15.

DRY, P. & SMART, R. 1988. Vineyard site selection. In. COOMBE, B. &
P.DRY (eds.) Viticulture. Adelaide: Winetitles.

DUCHENE, E. & SCHNEIDER, C. 2005. Grapevine and climatic changes: a
glance at the situation in Alsace. Agronomy for Sustainable
Development, 25, 93-99.

EASTERLING, D., MEEHL, G., PARMESAN, C., CHANGNON, S., KARL, T.
& MEARNS, L. 2000. Climate extremes: Observations, modelling and
impacts. Science, 289, 2068-2074.

EASTERLING, W., MEARNS, L., HAYS, C. & MARX, D. 2001. Comparision
of agricultural impacts of climate change calculated from high and low
resolution climate change scenarios: part Il. accounting for adaptation
and CO; direct effects. Climatic Change, 51, 173-197.

EASTERLING, W. E., ROSENBERG, N. J., LEMON, K. M. & MCKENNEY,
M. S. 1992. Simulations of crop responses to climate change: effects
with present technology and currently available adjustments (the
'smart farmer' scenario). Agricultural and Forest Meteorology, 59, 75-
102.

EMMETT, R., HARRIS, A., TAYLOR, R., MCGECHAN, J., COOMBE, B. &
DRY, P. 1992. Grape Disease and Vineyard Protection. In. COOMBE,
B. G. & DRY, P. R. (eds.) Viticulture, Practices. Adelaide: Winetitles.

FERRINI, F., MATTII, G. & NICESE, F. 1995. Effect of temperature on key
physiological responses of grapevine leaf. American Journal of
Enology and Viticulture, 46, 375-379.

FISHER, D. & WICKS, T. J. 2003. Powdery mildew in wine grapes in
Western Australia, Perth, Dept. of Agriculture, Western Australia.

FONTOIN, H., SAUCIER, C., TEISSEDRE, P. & GLORIES, Y. 2008. Effect of
pH, ethanol and acidity on astringency and bitterness of grape seed
tannin oligomers in model wine solution. Food Quality and Preference,
19, 286-291.

182



FRANCIS, I. & NEWTON, J. 2005. Determining wine aroma from
compositional data. Australian Journal of Grape and Wine Research,
11, 114-126.

FRANCIS, L., HOJ, P., DAMBERGS, R., GISHEN, M., BARROS LOPEZ, M.,
GODDEN, P., HENSCHKE, P., WATERS, E., HERDERICH, M. &
PRETORIUS, I. 2005. Objective measures of grape quality—are they
achievable? Australian & New Zealand Wine Industry Journal, 20, 12-
18.

FREEMAN, B. M., LEE, T. H. & TURKINGTON, C. R. 1980. Interaction of
irrigation and pruning level on grape and wine quality of Shiraz vines.
American Journal of Enology and Viticulture, 31, 124-135.

GALO, A., TOMASI, D., CRESPAN, M. & COSTACURTA, A. 1996.
Relationship between environmental factors and the dynamics of
growth and composition of the grapevine. Acta Horticulturae,
Strategies to Optimize Wine Grape Quality, 427, 217-232.

GLADSTONES, J. 1992. Viticulture and Environment, Adelaide, Winetitles.

GODWIN, D., WHITE, R., SOMMER, K., WALKER, R., GOODWIN, I. &
CLINGELEFFER, P. 2002. VineLOGIC- a model of grapevine growth,
development and water use. In: DUNDON, C., R. HAMILTON, R.
JOHNSTONE, AND & PARTRIDGE, S. (eds.) Managing Water.
Adelaide: Australian Society of Viticulture and Oenology Inc.

GRANGER, O. E. 1980. Climatic Variations and the California Raisin
Industry. Geographical Review, 70, 300-313.

GREGORY, G. 1988. Development and status of Australian viticulture In:
COOMBE, B. & DRY, P. (eds.) Viticulture. Adelaide: Winetitles.

GRIFONI, D., MANCINI, M., MARACCHI, G., ORLANDINI, S. & ZIPOLI, G.
2006. Analysis of Italian wine quality using freely available
meteorological information. American Journal of Enology and
Viticulture, 57, 339-346.

GUIDONI, S., FERRANDINO, A. & NOVELLO, V. 2008. Effects of seasonal
and agronomical practices on skin anthocyanin profile of Nebbiolo
grapes. American Journal of Enology and Viticulture, 59, 22-29.

GWRDC. 2009. WA industry looks at new strategies. R&D at work [Online].
[Accessed 12 December, 2010].

HALE, C. & BUTTROSE, M. 1974. Effect of temperature on ontogeny of
berries of Vitis vinifera L. cv Cabernet Sauvignon. Journal of the
American Society for Horticultural Science, 99, 390-394.

HALL, A. & JONES, G. 2009. Effect of potential atmospheric warming on
temperature based indices describing Australian winegrape growing
conditions. Australian Journal of Grape and Wine Research, 15, 97-
119.

HALL, A. & JONES, G. 2010. Spatial analysis of climate in winegrape-
growing regions in Australia. Australian Journal of Grape and Wine
Research, 16, 389-404.

HANSEN, J. W., CHALLINOR, A., INES, A.,, WHEELER, T. & MORON, V.
2006. Translating climate forecasts into agricultural terms: advances
and challenges. Climate Research, 33, 27-41.

HASELGROVE, L., BOTTING, D., HEESWIJCK, R., H@J, P., DRY, P.,
FORD, C. & LAND, P. 2000. Canopy microclimate and berry
composition: The effect of bunch exposure on the phenolic

183



composition of Vitis vinifera L cv. Shiraz grape berries. Australian
Journal of Grape and Wine Research, 6, 141-149.

HAYHOE, K., CAYAN, D., FIELD, C. B., FRUMHOFF, P. C., MAURER, E.
P., MILLER, N. L., MOSER, S. C., SCHNEIDER, S. H., CAHILL, K. N.
& CLELAND, E. E. 2004. Emissions pathways, climate change, and
impacts on California. Proceedings of the National Academy of
Sciences of the United States of America, 101, 12422-12427.

HAYMAN, P., MCARTHY, M. & GRACE, W. 2009. Assessing and managing
the risk of heatwaves in SE Australian wine regions. Australian and
New Zealand grapegrower and winemaker, 22-24.

HENNESSY, K. J., WHETTON, P. H.,, MCGREGOR, J. L., KATZFEY, J. J.,
PAGE, C. M. & NGUYEN, K. 1998 Fine resolution climate change
scenarios for New South Wales- Annual Report 1997-98. CSIRO
Atmospheric Research consultancy report for NSW EPA.

HERDERICH, M. & SMITH, P. 2005. Analysis of grape and wine tannins:
Methods, applications and challenges. Australian Journal of Grape
and Wine Research, 11, 205-214.

HOPE, P. K. 2006. Projected future changes in synoptic systems influencing
southwest Western Australia. Climate Dynamics, 26, 765-780.
HOUGHTON, J., DING, Y., GRIGGS, D., NOGUER, M., VAN DER LINDEN,

P., DAI, X., MASKELL, K. & JOHNSON, C. 2001. IPCC, 2001: Climate
Change 2001: The Scientific Basis. Contribution of Working Group | to
the Third Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge, United Kingdom, New York, USA,
Cambridge University Press, 881, 9.

HUGHES, L. 2003. Climate change and Australia: trends, projections and
impacts. Austral Ecology, 28, 423-443.

IDSO, K. & IDSO, S. 1994. Plant responses to atmospheric CO, enrichment
in the face of environmental constraints: a review of the past 10 years
research. Agricultural and Forest Meteorlogy, 69, 153-203.

ILAND, P. & BRUER, N. 2004. Monitoring the winemaking process from
grapes to wine techniques and concepts, Patrick lland Wine
Promotions Pty.

ILAND, P., BRUER, N., EDWARDS, G., WEEKS, S. & WILKES, E. 2004.
Chemical analysis of grapes and wine: techniques and concepts,
Adelaide, Patrick lland Wine Promotions PTYLTD.

IOCI 2002. Climate varibility and change in south west of Western Australia
Indian Ocean Climate Initiative.

IOCI 2005. Indian Ocean climate initiative stage 2: report of phase 2 activity.
In: RYAN, B. & HOPE, P. (eds.) Indian Ocean Climate Initiative.

IOCI 2006. Indian Ocean climate initiative stage 2: report of phase 2 activity.
In: RYAN, B. & HOPE, P. (eds.) Indian Ocean Climate Initiative.

IPCC 2000. Special Report on Emission Scenarios - A special report of
Working Group Il of the Intergovernmental Panel on Climate Change,
Cambridge, United Kingdom and New York, NY, USA Cambridge
University Press.

IPCC. 2001. The Scientific Basis of Climate Change. Summary for
Policymakers.Intergovernmental Panel on Climate Change. [Online].
Available: www.unep.ch/ipcc [Accessed 15, August 2010].

184



JACKSON, D. & LOMBARD, P. 1993. Environmental and management
practices affecting grape composition and wine quality-A review.
American Journal of Enology and Viticulture, 44, 409-430.

JACKSON, D. & SPURLING, M. 1988. Climate and viticulture in Australia. In:
COOMBE, B. & DRY, P. (eds.) Viticulture Adelaide Winetitles.

JACKSON, R. 2000. Wine science: principles, practice, perception, San
Diego, Academic Press.

JACOMETTI, M., WRATTEN, S. & WALTER, M. 2007. Understory
management increases grape quality, yield and resistance to Botrytis
cinerea. Agriculture Ecosystems and Environment, 349-356.

JAILLOUX, F., WILLOCQUET, L., CHAPUIS, L. & FROODEFOND, G. 1999.
Effects of weather factors on the release of ascocpores of Uncinula
necator, the cause of grape powdery mildew, in the Bordeaux region.
Canadian Journal of Botany, 77, 1044-1051.

JEFFREY, S., CARTER, J., MOODIE, K. & BESWICK, A. 2001. Using spatial
interpolation to construct a comprehensive archive of Australian
climate data. Environmental Modelling & Software, 16, 309-330.

JONES, G. 2006. Climate change and wine: Observations, impacts and
future implications. Wine Industry Journal, 21, 21-26.

JONES, G. & DAVIS, R. 2000a. Climate influences on grapevine phenology,
grape composition, and wine production and quality for Bordeaux,
France. American Journal of Enology and Viticulture, 51, 249-261.

JONES, G. & DAVIS, R. 2000b. Using a synoptic climatological approach to
understand climate-viticulture relationships. International Journal of
Climatology, 20, 813-837.

JONES, G., DUFF, A., HALL, A. & MYERS, J. 2010. Spatial Analysis of
Climate in Winegrape Growing Regions in the Western United States.
American Journal of Enology and Viticulture, 61, 313.

JONES, G. & STORCHMANN, K. 2001. Wine market prices and investment
under uncertainty: an econometric model for Bordeaux Crus Classés.
Agricultural Economics, 26, 115-133.

JONES, G. V. 2007. Climate change and the global wine industry. In:
Thirteenth Australian Wine Industry Conference, 2007 Adelaide. 1-8.

JONES, G. V., WHITE, M. A., COOPER, O. R. & STORCHMANN, K. 2005.
Climate change and global wine quality. Climatic change, 73, 319-343.

JORDAN, R., ZIDDA, P. & LOCKSHIN, L. 2007. Behind the Australian wine
industry's success: does environment matter? International Journal of
Wine Business Research, 19, 14-32.

KABUBO-MARIARA, J. & KARANJA, F. K. 2007. The economic impact of
climate change on Kenyan crop agriculture: A Ricardian approach.
Global and Planetary Change, 57, 319-330.

KATZ, R. W. & BROWN, B. G. 1992. Extreme events in a changing climate:
variability is more important than averages. Climatic Change, 21, 289-
302.

KELLER, M., ARNINK, K. J. & HRAZDINA, G. 1998. Interaction of nitrogen
availability during bloom and light intensity during veraison. I. Effects
on grapevine growth, fruit development, and ripening. American
Journal of Enology and Viticulture, 49, 333-340.

185



KELLER, M., TARARA, J. & MILLS, L. 2010. Spring temperatures alter
reproductive development in grapevines. Australian Journal of Grape
and Wine Research, 16, 445-454.

KENNY, G. & HARRISON, P. 1992. The effects of climate variability and
change on grape suitability in Europe. Journal of Wine Research, 3,
163-183.

KENNY, G., WARRICK, R., MITCHELL, N., MULLAN, A. & SALINGER, M.
1995. CLIMPACTS: An integrated model for assessment of the effects
of climate change on the New Zealand environment. Journal of
Biogeography, 22, 883-895.

KERR, R. A. 2005. Millennium's hottest decade retains its title, for now.
Science, 307, 828.

KLIEWER, W. 1977. Influence of temperature, solar radiation and nitrogen on
coloration and composition of Emperor grapes. American Journal of
Enology and Viticulture, 28, 96-103.

KLIEWER, W. & ANTCLIFF, A. 1970. Influence of defoliation, leaf darkening,
and cluster shading on the growth and composition of Sultana grapes.
American Journal of Enology and Viticulture, 21, 26-36.

KLIEWER, W. & TORRES, R. 1972. Effect of controlled day and night
temperatures on grape coloration. American Journal of Enology and
Viticulture, 23, 7T1-77.

KLIEWER, W. & WEAVER, R. 1971. Effect of Crop Level and Leaf Area on
Growth, Composition, and Coloration of Tokay Grapes. American
Journal of Enology and Viticulture, 22, 172-177.

KLIEWER, W. M. 1966. Sugars and organic acids of Vitis vinifera. Plant
Physiology, 41, 923-931.

KLIEWER, W. M. & SOLEIMANI, A. 1972. Effect of Chilling on Budbreak in
Thompson Seedless and Carignane Grapevines. American Journal of
Enology and Viticulture, 23, 31-34.

KOUNDOURAS, S., MARINOS, V., GKOULIOTI, A., KOTSERIDIS, Y. &
VAN LEEUWEN, C. 2006. Influence of vineyard location and vine
water status on fruit maturation of nonirrigated cv. Agiorgitiko (Vitis
vinifera L.). Effects on wine phenolic and aroma components. Journal
of Agricultural and Food Chemistry, 54, 5077-5086.

LA ROSA, W. V. 1955. Maturity of grapes as related to pH at harvest.
American Journal of Enology and Viticulture, 6, 42-46.

LACEY, K. & ANTOINE, M. 2007. Winter chilling recorded in Western
Australia. Farm note [Online]. [Accessed 03 September, 2011].

LAKSO, A. & KLIEWER, W. 1975. The influence of temperature on malic
acid metabolism in grape berries: |. Enzyme responses. Plant
Physiology, 56, 370-372.

LANDAU, S., MITCHELL, R., BARNETT, V., COLLS, J., CRAIGON, J. &
PAYNE, R. 2000. A parsimonious, multiple-regression model of wheat
yield response to environment. Agricultural and Forest Meteorology,
101, 151-166.

LANDSTEINER, E. 1999. The crisis of wine production in late sixteenth-
century central Europe: climatic causes and economic consequences.
Climatic Change, 43, 323-334.

186



LAVEE, S. & MAY, P. 1997. Dormancy of grapevine buds facts and
speculation. Australian Journal of Grape and Wine Research, 3, 31-
46.

LE TREUT, H., SOMERVILLE, R., CUBASCH, U., DING, Y., MAURITZEN,
C., MOKSSIT, A., PETERSON, T. & PRATHER, M. 2007. Historical
overview of climate change. In. SOLOMON, S., QIN, D., MANNING,
M., CHEN, Z., MARQUIS, M., AVERYT, K. B., TIGNOR, M. &
MILLER, H. L. (eds.) Climate Change 2007: The Physical Science
Basis. Contribution of Working Group | to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge, New York: Cambridge University Press.

LEEUWEN, C. V. & SEGUIN, G. 2006. The concept of terroir in viticulture.
Journal of Wine Research, 17, 1-10.

LOBELL, D. B., FIELD, C. B., CAHILL, K. N. & BONFILS, C. 2006. Impacts
of future climate change on California perennial crop yields: model
projections with climate and crop uncertainties. Agricultural and Forest
Meteorology, 141, 208-218.

LUO, Q., BELLOTTI, W., WILLIAMS, M. & BRYAN, B. 2005. Potential impact
of climate change on wheat yield in South Australia. Agricultural and
Forest Meteorology, 132, 273-285.

LYONS, T. J. & CONSIDINE, J. A. 2007. Modelling meso-climate in Margaret
River. Australian and New Zealand Grapegrower and Winemaker,
524, 65-69.

MAGAREY, P., WACHTEL, M. F. & EMMETT, R. W. 1994. Disease
management overview /n: NICHOLAS, P., MAGAREY, P. &
WATCHEL, M. (eds.) Diseases and Pests-Grape Production Series
Number 1. Adelaide: Winetitles.

MAKRA, L., VITANYI, B., GAL, A., MIKA, J., MATYASOVSZKY, I. &
HIRSCH, T. 2009. Wine Quantity and Quality Variations in Relation to
Climatic Factors in the Tokaj (Hungary) Winegrowing Region.
American Journal of Enology and Viticulture, 60, 312-321.

MALL, R., LAL, M., BHATIA, V., RATHORE, L. & SINGH, R. 2004. Mitigating
climate change impact on soybean productivity in India: a simulation
study. Agricultural and Forest Meteorology, 121, 113-125.

MATO, I., SUAREZ-LUQUE, S. & HUIDOBRO, J. F. 2005. A review of the
analytical methods to determine organic acids in grape juices and
wines. Food Research International, 38, 1175-1188.

MEEHL, G. A., STOCKER, T. F., COLLINS, W. D., FRIEDLINGSTEIN, A.,
GAYE, A. T., GREGORY, J., KITOH, A., KNUTTI, R., MURPHY, J. &
NODA, A. 2007. Global climate projections. In. SOLOMON, S., QIN,
D., MANNING, M., CHEN, Z., MARQUIS, M., AVERYT, K. B.,
TIGNOR, M. & MILLER, H. L. (eds.) Climate Change 2007: The
Physical Science Basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge, New York: Cambridge University Press.

MENDELSOHN, R., NORDHAUS, W. D. & SHAW, D. 1994. The impact of
global warming on agriculture: a Ricardian analysis. The American
Economic Review, 84, 753-771.

187



MORI, K., GOTO-YAMAMOTO, N., KITAYAMA, M. & HASHIZUME, K. 2007.
Loss of anthocyanins in red-wine grape under high temperature.
Journal of Experimental Botany, 58, 1935-1945.

MORI, K., SUGAYA, S. & GEMMA, H. 2005. Decreased anthocyanin
biosynthesis in grape berries grown under elevated night temperature
condition. Scientia Horticulturae, 105, 319-330.

MORIONDO, M. & BINDI, M. 2007. Impact of climate change on the
phenology of typical Mediterranenan crops. Italian Journal of
Agrometeorology, 3, 5-12.

MPELASOKA, F., HENNESSY, K., JONES, R. & BATES, B. 2008.
Comparison of suitable drought indices for climate change impacts
assessment over Australia towards resource management.
International Journal of Climatology, 28, 1283-1292.

MPELASOKA, F. S. & CHIEW, F. H. S. 2009. Influence of rainfall scenario
construction methods on runoff projections. Journal of
Hydrometeorology, 10, 1168-1183.

MULLINS, M., BOUQUET, A. & WILLIAMS, L. 1992. Biology of the
grapevine, Cambrdige, Cambridge Univ Press.

MYERS, R. 1986. Classical and Modern Regression with Applications.
Virginia Polytechnic Institute and State University. Duxbury Press,
Boston Massachusetts PNS Publications.

NARCCAP. 2011. The A2 Emissions Scenario [Online]. Available:
http://www.narccap.ucar.edu/ [Accessed 21 December, 2011].

NEMANI, R., WHITE, M., CAYAN, D., JONES, G., RUNNING, S.,
COUGHLAN, J. & PETERSON, D. 2001. Asymmetric warming over
coastal California and its impact on the premium wine industry.
Climate Research, 19, 25-34.

NICHOLAS, P., MAGAREY, P. & WACHTEL, M. 1994. Diseases and Pests,
Adelaide, Winetitles.

NICHOLLS, N. 2004. The changing nature of Australian droughts. Climatic
Change, 63, 323-336.

NICHOLLS, N. & COLLINS, D. 2006. Observed climate change in Australia
over the past century. Energy & Environment, 17, 1-12.

ORTIZ, R., SAYRE, K. D., GOVAERTS, B., GUPTA, R., SUBBARAO, G.,
BAN, T., HODSON, D., DIXON, J. M. & IVAN, O. M. 2008. Climate
change: Can wheat beat the heat? Agriculture, Ecosystems &
Environment, 126, 46-58.

OUGH, C. & ALLEY, C. 1970. Effect of 'Thompson Seedless' Grape Maturity
on Wine Composition and Quality. American Journal of Enology and
Viticulture, 21, 78-84.

PARRY, M. L., ROSENZWEIG, C., IGLESIAS, A., LIVERMORE, M. &
FISCHER, G. 2004. Effects of climate change on global food
production under SRES emissions and socio-economic scenarios.
Global Environmental Change, 14, 53-67.

PEARCE, I. & COOMBE, B. 2004. Grapevine phenology. In: DRY, P. R. &
COOMBE, B. G. (eds.) Viticulture. Adelaide: Winetitles.

PERKINS, S., PITMAN, A., HOLBROOK, N. & MCANENEY, J. 2007.
Evaluation of the AR4 climate models’ simulated daily maximum
temperature, minimum temperature, and precipitation over Australia
using probability density functions. Journal of Climate, 20, 4356-4376.

188



PETRIE, P. & SADRAS, V. 2008. Advancement of grapevine maturity in
Australia between 1993 and 2006: putative causes, magnitude of
trends and viticultural consequences. Australian Journal of Grape and
Wine Research, 14, 33-45.

PITTOCK, A. B. 2003. Climate change: an Australian guide to the science
and potential impacts, Australian Greenhouse Office.

PRENGER, J. & LING, P. 2002. Greenhouse Condensation Control,
Understanding and Using Vapor Pressure Deficit (VPD). Ohio State
University Extension Fact Sheet AEX, 804-01.

RAMOS, M., JONES, G. & MARTINEZ-CASASNOVAS, J. 2008. Structure
and trends in climate parameters affecting winegrape production in
northeast Spain. Climate Research, 38, 1-15.

RANKINE, B. 1989. Making Good Wine: a manual of winemaking practice for
Australia and New Zealand, Melbourne, Macmillan.

RANKINE, B., FORNACHON, J., BOEHM, E. & CELLIER, K. 1971. Influence
of grape variety, climate and soil on grape composition and on the
composition and quality of table wines. Vitis, 10, 33-50.

REYNOLDS, A. G., WARDLE, D. A., HALL, J. W. & DEVER, M. 1995. Fruit
maturation of four Vitis vinifera cultivars in response to vineyard
location and basal leaf removal. American Journal of Enology and
Viticulture, 46, 542-558.

RISTIC, R., DOWNEY, M., ILAND, P., BINDON, K., FRANCIS, 1.,
HERDERICH, M. & ROBINSON, P. 2007. Exclusion of sunlight from
Shiraz grapes alters wine colour, tannin and sensory properties.
Australian Journal of Grape and Wine Research, 13, 53-68.

ROBINSON, S. & DAVIES, C. 2000. Molecular biology of grape berry
ripening. Australian Journal of Grape and Wine Research, 6, 175-188.

RUHL, E. 1992. Effect of supply and relative humidity on ion uptake and
distribution on two grapevine rootstock varieties. Vitis, 31, 23-33.

SADRAS, V., SOAR, C. & PETRIE, P. 2007a. Quantification of time trends in
vintage scores and their variability for major wine regions of Australia.
Australian journal of grape and wine research, 13, 117-123.

SADRAS, V., STEVENS, R., PECH, J., TAYLOR, E., NICHOLAS, P. &
MCCARTHY, M. 2007b. Quantifying phenotypic plasticity of berry
traits using an allometric-type approach: A case study on
anthocyanins and sugars in berries of Cabernet Sauvignon. Australian
Journal of Grape and Wine Research, 13, 72-80.

SADRAS, V. 0., SOAR, C. J. & PETRIE, P. R. 2007c. Quantification of time
trends in vintage scores and their variability for major wine regions of
Australia. Australian Journal of Grape and Wine Research, 13, 117-
123.

SALINARI, F., GIOSUE, S., ROSSI, V., TUBIELLO, F., ROSENZWEIG, C. &
GULLINO, M. 2007. Downy mildew outbreaks on grapevine under
climate change: elaboration and application of an empirical statistical
model. EPPO Bulletin, 37, 317-326.

SALINARI, F., GIOSUE, S., TUBILELLO, F. N., RETTORI, A., ROSSI, V.,
SPANNA, F., ROSENZWEIG, C. & GULLINO, M. 2006. Downy
mildew (Plasmopara viticola) epidemics on grapevine under climate
change. Global Change Biology, 12, 1299-1307.

189



SCHNABEL, B. J. & WAMPLE, R. L. 1987. Dormancy and cold hardiness in
Vitis vinifera L. cv. White Riesling as influenced by photoperiod and
temperature. American Journal of Enology and Viticulture, 38, 265-
272.

SCHULTZ, H. 2000. Climate change and viticulture: a European perspective
on climatology, carbon dioxide and UV-B effects. Australian Journal of
Grape and Wine Research, 6, 2-12.

SERRANO MEGIAS, M., NUNEZ DELICADO, E., PEREZ LOPEZ, A. &
LOPEZ NICOLAS, J. 2006. Study of the effect of ripening stages and
climatic conditions on the physicochemical and sensorial parameters
of two varieties of Vitis vinifera L. by principal component analysis:
influence on enzymatic browning. Journal of the Science of Food and
Agriculture, 86, 592-599.

SHAW, A. 2005. The Niagara Peninsula viticultural area: A climatic analysis
of Canada's largest wine region. Journal of Wine Research, 16, 85-
103.

SINGH, B. & STEWART, R. 1991. Potential impacts of a CO2 induced
climate change using the GISS scenario on agriculture in Quebec.
Agriculture, Ecosystems and Environment, 35, 327-347.

SINTON, T. H., OUGH, C. S., KISSLER, J. J. & KASIMATIS, A. N. 1978.
Grape juice indicators for prediction of potential wine quality. I.
Realtionship between crop level, juice and wine composition, and wine
sensory ratings and scores. American Journal of Enology and
Viticulture, 29, 267-271.

SIVILOTTI, P., BONETTO, C., PALADIN, M. & PETERLUNGER, E. 2005.
Effect of soil moisture availability on Merlot: from leaf water potential to
grape composition. American Journal of Enology and Viticulture, 56, 9-
18.

SMART, R. & DRY, P. 1980. A climate classification for Australian viticultural
regions. Australian Grapegrower and Winemaker. Annual Technical
Issue, 196, 8-16.

SMART, R. E. 1985. Principles of grapevine canopy microclimate
manipulation with implications for yield and quality. A review.
American Journal of Enology and Viticulture, 36, 230-239.

SMART, R. E., SMITH, S. M. & WINCHESTER, R. V. 1988. Light quality and
quantity effects on fruit ripening for Cabernet Sauvignon. American
Journal of Enology and Viticulture, 39, 250-258.

SOAR, C., SADRAS, V. & PETRIE, P. 2008. Climate drivers of red wine
quality in four contrasting Australian wine regions. Australian Journal
of Grape and Wine Research, 14, 78-90.

SOMERS, T. C. & EVANS, M. E. 1974. Wine quality: Correlations with colour
density and anthocyanin equilibria in a group of young red wines.
Journal of the Science of Food and Agriculture, 25, 1369-1379.

SPAYD, S., TARARA, J., MEE, D. & FERGUSON, J. 2002. Separation of
sunlight and temperature effects on the composition of Vitis vinifera
cv. Merlot berries. American Journal of Enology and Viticulture, 53,
171-182.

STORCHMANN, K. 2005. English weather and Rhine wine quality: An
ordered probit model. Journal of Wine Research, 16, 105-120.

190



SUPPIAH, R., HENNESSY, K., WHETTON, P., MCINNES, K., MACADAM,
I., BATHOLS, J., RICKETTS, J. & PAGE, C. 2007. Australian climate
change projections derived from simulations performed for the IPCC 4
th Assessment Report. Australian Meteorological Magazine, 56, 131-
152.

SWEETMAN, C., DELUC, L., CRAMER, G., FORD, C. & SOOLE, K. 2009.
Regulation of malate metabolism in grape berry and other developing
fruits. Phytochemistry, 70, 1329-1344.

TARARA, J., LEE, J., SPAYD, S. & SCAGEL, C. 2008. Berry temperature
and solar radiation alter acylation, proportion, and concentration of
anthocyanin in merlot grapes. American Journal of Enology and
Viticulture, 59, 235-247.

TATE, A. 2001. Global warming's impact on wine. Journal of Wine Research,
12, 95-109.

TOMASI, D., JONES, G. V., GIUST, M., LOVAT, L. & GAIOTTI, F. 2011.
Grapevine Phenology and Climate Change: Relationships and trends
in the Veneto region of Italy for 1964-2009, American Journal of
Enology and Viticulture, 62, 329-339.

TONIETTO, J. & CARBONNEAU, A. 2004. A multicriteria climatic
classification system for grape-growing regions worldwide. Agricultural
and Forest Meteorology, 124, 81-97.

TUBIELLO, F. N. & EWERT, F. 2002. Simulating the effects of elevated CO2
on crops: approaches and applications for climate change. European
Journal of Agronomy, 18, 57-74.

TUBIELLO, F. N., SOUSSANA, J. F. & HOWDEN, S. M. 2007. Crop and
pasture response to climate change. Proceedings of the National
Academy of Sciences, 104, 19686-19690.

WEBB, L., WHETTON, P. & BARLOW, E. 2007. Modelled impact of future
climate change on the phenology of winegrapes in Australia.
Australian Journal of Grape and Wine Research, 13, 165-175.

WEBB, L., WHETTON, P. & BARLOW, E. 2008a. Climate change and
winegrape quality in Australia. Climate Research, 36, 99-111.

WEBB, L., WHETTON, P. & BARLOW, E. 2008b. Modelling the relationship
between climate, winegrape price and winegrape quality in Australia.
Climate Research, 36, 89-98.

WEBB, L., WHETTON, P. & BARLOW, E. 2011. Observed trends in
winegrape maturity in Australia. Global Change Biology.

WEBB, L., WHITING, J., WATT, A., HILL, T., WIGG, F., DUNN, G., NEEDS,
S. & BARLOW, E. 2010. Managing Grapevines through Severe Heat:
A Survey of Growers after the 2009 Summer Heatwave in South-
eastern Australia. Journal of Wine Research, 21, 147-165.

WEBB, L. B. 2006. The impact of projected greenhouse gas-induced climate
change on the Australian wine industry. PhD thesis, University of
Melbourne.

WEBB, L. B. & BARLOW, E. 2008. Viticulture In: STOKES, C. & HOWDEN,
S. M. (eds.) An overview of climate change adaptation in Australian
primary industries: impacts, options and priorities. CSIRO

WHETTON, P. 2001. Climate Change Projections for Australia. CSIRO
Atmospheric Research Report. Aspendale, Victoria.

191



WHETTON, P., MCINNES, K., JONES, R., HENNESSY, K., SUPPIAH, R.,
PAGE, C., BATHOLS, J. & DURACK, P. 2005a. Australian climate
change projections for impact assessment and policy application: a
review. CSIRO Marine and Atmospheric Reserch Papers(Series), 2-6.

WHETTON, P., MCINNES, K., JONES, R., HENNESSY, K., SUPPIAH, R.,
PAGE, C., BATHOLS, J. & DURACK, P. 2005b. Australian climate
change projections for impact assessment and policy application: a
review. CSIRO Marine and Atmospheric Reserch Papers 001.

WHITE, D. H., HOWDEN, S. M. & NIX, H. A. 1996. Modelling agricultural and
pastoral systems under environmental change. Ecological Modelling,
86, 213-217.

WHITE, M., DIFFENBAUGH, N., JONES, G., PAL, J. & GIORGI, F. 2006.
Extreme heat reduces and shifts United States premium wine
production in the 21st century. Proceedings of the National Academy
of the United States of America, , 103 11217-11222.

WILLIAMS, L. E. 2000. Bud development and fruitfulness of grapevines.
Raisin Production Manual. Oakland: University of California Division of
Agriculture and Natural Resources Publication.

WINKLER, A. 1974. General Viticulture, Berkeley, Los Angeles, London,
University of California Press.

WMO, WMO 2006. Guide to meteorological instruments and methods of
observation.

WOLFE, D., SCHWARTZ, M., LAKSO, A., OTSUKI, Y., POOL, R. &
SHAULIS, N. 2005. Climate change and in spring phenology of three
horticultural woody perennials in Northeast USA. International Journal
of Biometeorology, 49, 303-309.

YAO, F., XU, Y., LIN, E., YOKOZAWA, M. & ZHANG, J. 2007. Assessing the
impacts of climate change on rice yields in the main rice areas of
China. Climatic Change, 80, 395-409.

ZHANG, X. C. 2005. Spatial downscaling of global climate model output for
site-specific assessment of crop production and soil erosion.
Agricultural and Forest Meteorology, 135, 215-229.

Every reasonable effort has been made to acknowledge the owners of
copyright material. | would be pleased to hear from any copyright owner who
has been omitted or incorrectly acknowledged.

192



APPENDICES

Appendix 1. Relationships between measured (logged) and interpolated temperatures. Stright line represents 1=1 situation where
each measured and interpolated temperatures matches. This pattern is maintained across all different sites, but this graphs shows

Peel and Pemberton sites data as an example..
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Appendix 2. Changes in grape quality attributes during véraison at the sampling sites

Cabernet Sauvignon Shiraz Chardonnay
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Accumulation of total soluble solids up to a maturity of 22.0 °Brix during véraison for Cabernet Sauvignon, Shiraz, and Chardonnay.
Sampling sites were represented by the names of the localities along a natural climate gradient in Western Australia.

Cabernet Sauvignon anthocyanin Shiraz anthocyanin
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Accumulation of anthocyanin concentrations (mg/g) during véraison for Cabernet Sauvignon and Shiraz. Sampling
sites were represented by the names of the localities along a natural climate gradient in Western Australia.
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Cabernet Sauvignon Shiraz Chardonnay
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Changes in titratable acidity (in g/L) during véraison for Cabernet Sauvignon, Shiraz, and Chardonnay. Sampling sites
were represented by the names of the localities along a natural climate gradient in Western Australia.
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Cabernet Sauvignon Shiraz Chardonnay
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Changes in pH levels during véraison for Cabernet Sauvignon, Shiraz, and Chardonnay. Sampling sites were
represented by the names of the localities along a natural climate gradient in Western Australia.
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Appendix 3. Projected titratable acidity surfaces at total soluble solids (TSS) of 22 °Brix maturity under climate change

Baseline climate
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Modelled Cabernet Sauvignon titratable acidity at TSS of 22 °Brix maturity. Sum of growing degree days, diurnal range, and rainfall during
growing season were used as independent climate variables for this model.
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Baseline climate Future projections
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Modelled Shiraz titratable acidity at TSS of 22 °Brix maturity. Mean maximum temperature during ripening period was used as
independent climate variable for this model.
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Baseline climate Future projections

1975-2005 2030 Miroc3.2 2050 Miroc3.2 2070 Miroc3.2
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Modelled Chardonnay titratable acidity at TSS of 22 °Brix maturity. Mean minimum temperature during ripening period, number of

days with maximum temperature >25°C during growing season, and November radiations were used as independent climate variables
for this model.
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Baseline climate Future projections
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Modelled Chardonnay titratable acidity at TSS of 22 °Brix maturity. Sum of diurnal range during growing season and mean minimum
temperature during ripening period were used as independent climate variables for this model.
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Appendix 3. Surfaces of influential climate variables used for grape quality attributes modelling at 22 °Brix total soluble maturity

Influential Climate ~ Base 1975-2005 MEDRES MEDRES MEDRES CSIRO Mk3.5 CSIRO Mk3.5 CSIRO Mk3.5
variables average climate Miroc3.2 2030 Miroc3.2 2050 Miroc3.2 2070 2030 2050 2070

DR_OF

Rn_GSgh,

Tmx_RPshz

DR_OF=0ctober to February period diurnal range, Rn_GSgy,=Rainfall during Shiraz growing season, Tmx_RP¢,,=mean maximum temperature during
Shiraz ripening period. Numbers on legend bar indicate the highest and lowest values of the variables.
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Influential Climate ~ Base 1975-2005 MEDRES MEDRES MEDRES CSIRO Mk3.5 CSIRO Mk3.5 CSIRO Mk3.5
variables average climate Miroc3.2 2030 Miroc3.2 2050 Miroc3.2 2070 2030 2050 2070

Tmin_RPgchar

D25_GSchar

I 25.3 MJ/m?

Rad_Nov

I 21.4 MI/m?

Tmn_RP¢a=mean minimum temperature during Chardonnay ripening period, D25 _GS.,,=number of days over with maximum temperature over 25°C
during Chardonnay growing season, Rad_Nov=average daily radiation in November. Numbers on legend bar indicate the highest and lowest values of the
variables.
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Influential Climate ~ Base 1975-2005 MEDRES MEDRES MEDRES CSIRO Mk3.5 CSIRO Mk3.5 CSIRO Mk3.5
variables average climate Miroc3.2 2030 Miroc3.2 2050 Miroc3.2 2070 2030 2050 2070

DR_Feb

Rad_Oct

DR_GSchar

DR_Feb, DR_GS.,=diurnal range in February and Chardonnay growing season, Rad_Oct=average daily radiation in October. Numbers on legend bar
indicate the highest and lowest values of the variables.
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Influential Climate ~ Base 1975-2005 MEDRES MEDRES MEDRES CSIRO Mk3.5 CSIRO Mk3.5 CSIRO Mk3.5
variables average climate Miroc3.2 2030 Miroc3.2 2050 Miroc3.2 2070 2030 2050 2070

Tav_Dec

GDD_GSchar

Tav_RPchar

Tav_Dec, Tav_RP.,~=average temperature for December and Chardonnay ripening period, respectively, GDD_GS.,=growing degree days during
Chardonnay growing season. Numbers on legend bar indicate the highest and lowest values of the variables.
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Influential Climate ~ Base 1975-2005 MEDRES MEDRES MEDRES CSIRO Mk3.5 CSIRO Mk3.5 CSIRO Mk3.5
variables average climate Miroc3.2 2030 Miroc3.2 2050 Miroc3.2 2070 2030 2050 2070

VPD_Oct

MJT

28.0 MJ/m*

Rad_Dec

23.8 MJ/m?*

VPD_Oct=vapour pressure deficit in October, MJT= mean January temperature, Rad_Dec=average daily radiation in December. Numbers on legend bar
indicate the highest and lowest values among the wine regions.
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