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ABSTRACT  

Annual winegrape phenology timing is largely influenced by temperatures occurring 

during the growing season. High temperatures, associated with advanced winegrape maturity 

timing, can alter winegrape composition, with a skewed sugar to acid ratio, leading to wines 

that are high in alcohol. Conversely, low temperatures delay or inhibit maturity, with grapes 

not sufficiently developing sugars, colour, and flavour characteristics. Substantial changes to 

maturity timing can also complicate vineyard and winery planning, with issues related to 

staffing, equipment, and available space for processing incoming grapes.   

Australia’s seasonal weather patterns are influenced by coupled oceanic- atmospheric 

interactions, known as large-scale climate drivers, with El Niño – Southern Oscillation 

(ENSO) and the Indian Ocean Dipole (IOD) being the two climate drivers used in this 

research. Both of these climate drivers influence temperatures across many of Australia’s 

wine regions. El Niño and IOD positive phases increase the chance of unusually hot and dry 

weather. La Niña and IOD negative phases as associated with an increased likelihood of cool, 

wet weather. These event phases can occur uniquely or in tandem due to oceanic-atmospheric 

teleconnections. When occurring together, ENSO and IOD combined events tend to have a 

stronger impact than when occurring alone.  

This thesis examined changes to winegrape maturity timing in a changing climate, 

explored the relationship between maturity timing and viticultural climatic indices, and 

evaluated the impact of ENSO and IOD on both winegrape maturity timing and viticultural 

climatic index values. No previous work has been done regarding climate driver impact on 

winegrapes in Australia.  

An important winegrape maturity data set (DOYM) was the main viticultural variable 

used in this thesis. Trends in DOYM over time were assessed, with maturity found to be 

occurring earlier in the season coincident with increasing trends in growing season 

temperatures. Trends in maturity of some cultivars were at a greater magnitude than other 

cultivars, leading to a shortening of the harvest period, or a vintage compression; however, 

this was not true for all regions and cultivars.  

In order to link DOYM with climatic variables, nine viticultural climatic indices were 

tested against DOYM data to determine which index had the best correlation to maturity 

timing. For this portion of the research, two springtime temperature indices were created and 

it was found these two indices were best correlated to maturity timing.  
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Annual DOYM and index values were then grouped by ENSO and IOD phase and 

evaluated for deviation from the mean. Research revealed that DOYM and springtime 

temperature index values do vary significantly during ENSO and IOD phases, with the 

largest deviations from the mean occurring during combined ENSO and IOD phases. The 

IOD was shown to have more impact on values than ENSO, with ENSO-only phases alone 

found to have little impact on the variables and regions studied. During combined events, 

DOYM varied by 7 to 28 days from the mean maturity date, which would have implications 

for grape quality and vineyard management. Similarly, springtime temperature index values 

during combined event phases were found to be greater than one standard deviation from the 

mean; however, impact varied by region and phase, with opposing phases not necessarily 

having an opposite but equivalent response.  

Research undertaken for this thesis was the first of its kind, exploring the 

relationships between winegrape maturity timing, viticultural climatic indices, and climate 

drivers. Methods developed and used in this thesis are applicable to studies involving other 

crops and regions worldwide. Findings presented in this thesis reveal important insights into 

how climate drivers impact winegrape phenology timing, with implications for improving 

seasonal forecasting and aiding in vineyard management.  
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1.1 Background  

Australia is known worldwide for quality wine production. In 2017, wine exports 

from Australia were worth $2.56 billion Australian dollars (AUD), with China being the 

largest market by value and the United Kingdom the largest by volume (AGWA, 2018). 

Approximately 40% of wine production in Australia is consumed domestically, with 

domestic consumption increasing by 4.2% in 2017 (AGWA, 2017). While Australia has 

long been known internationally for producing consistent wine at affordable prices, the 

premium winegrape market in Australia has seen significant growth, both in demand and 

supply. Wine production in Australia is well established, with eight states and territories, 

including the Australian Capital Territory, having acreage planted to vine. The largest 

plantings are in South Australia (66,912 hectares), where winegrape plantings account for 

nearly half of the national total. In order to produce the best quality grapes with the least 

amount of inter-vintage variation, wineries and vineyards rely on research and information 

produced by a number of well-supported wine-industry groups, such as the government-

funded and industry-funded Wine Australia, that investigate all aspects of wine and 

winegrape production. 

Winegrape production is largely shaped by the local climate and annual growing 

season weather conditions. The climate of a region determines what types of cultivars will 

thrive and produce high quality wine while annual growing season weather influences 

vintage-to-vintage variation in grape and wine quantity and quality. The greatest weather 

impacts to viticulture are related to changes in growing season temperatures (Dry et al., 

2004). Temperatures that are anomalously hot or cold can alter timing of plant growth 

phases, such as budburst, as well as influence berry composition and subsequent wine 

quality. For example, when temperatures are unusually hot during the growing season, 

sugars in the grape berry can develop too quickly relative to acid degradation (Vrsic and 

Vodovnik, 2012) and anthocyanin formation (Sadras and Moran, 2012), which can lead to 

wine that is unbalanced with high alcohol and poor color (Bonada et al., 2015). 

Anthropogenic climate change has been linked to increases in temperatures 

worldwide due to accumulation of greenhouse gases (Coumou et al., 2013, IPCC, 2014a, 

Horton et al., 2016, Mann et al., 2017). In future climate scenarios, some of Australia’s 

wine regions will likely become too warm for production, with other regions needing to 
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modify cultivars grown to accommodate warmer growing season temperatures (Webb et 

al., 2007a, Hall and Jones, 2010). Changes to plant phenology worldwide have been linked 

to climate change (Walther et al., 2002, Chambers et al., 2013), with warmer temperatures 

advancing phase timing (Parmesan, 2007, Rosenzweig et al., 2008). Specific to winegrapes, 

studies have shown correlation between warming temperatures and advancing winegrape 

phenophase timing for many regions including Europe (e.g. Duchêne and Schneider, 2005, 

Tomasi et al., 2011, Camps and Ramos, 2012, Koufos et al., 2014, Real et al., 2015), the 

United States (Nemani et al., 2001), and Australia (Petrie and Sadras, 2008, Webb et al., 

2011). Grape berry and wine quality are likely to be altered due to impacts related to 

climate change (Mira de Orduna, 2010, Schultz and Jones, 2010), stressing the need to 

further understand if and how climate change is impacting viticulture. 

In addition to climate change, large-scale climate drivers influence both temperature 

and precipitation throughout the year, including during the winegrape growing season from 

August to April. El Niño-Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) 

are two climate drivers associated with sea surface temperatures in the Pacific and Indian 

Oceans, respectively, that impact climate and weather in Australia. The active ENSO phase 

El Niño increases the chances of warm, dry weather and La Niña is associated with the 

opposite types of weather patterns, bringing cool and wet weather to Australia. Similarly, 

IOD positive (IOD+) phases cause hot, dry weather and IOD negative (IOD-) phases cause 

lower temperatures and increased precipitation. Both drivers have a neutral phase, when the 

drivers are inactive. These drivers can occur independent of one another or in tandem. 

When active, both ENSO and IOD are phase locked to months that include the winegrape 

growing season: ENSO from Austral spring through Austral autumn; IOD from Austral 

spring and into early summer. As such, these climate drivers have the potential to impact 

weather during the growing season, which in turn can impact winegrape maturity timing.  

While a substantial amount of research has been undertaken in both the climate and 

applied climate sciences regarding ENSO, the IOD and combined ENSO and IOD events 

have been comparably less researched. Specifically, no published work exists that examines 

IOD and combined events relative to viticulture, not only for Australia but for any wine 

region worldwide. This thesis explores the relationships between temperatures, ENSO, 

IOD, and viticulture in Australia.  
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1.2 Purpose and Aims of Study 

The goal of this thesis was twofold: One, to update and expand a very important 

winegrape maturity data set and determine if previously reported changes to maturity linked 

to climate change were continuing; and two, to investigate the relationship between the 

climate drivers ENSO and IOD and winegrape production in Australia. A winegrape 

maturity timing dataset was used as the main viticultural variable. The validity of 

viticultural climatic indices was assessed using the winegrape maturity data in order to 

determine a relationship between viticultural and climatic variables. Using both winegrape 

maturity and climate data, studies were developed to explore the relationship between 

temperature, winegrape maturity, and ENSO and IOD event phases. This study was the first 

of its kind to explore the theme of maturity timing relative to climate drivers and makes an 

important contribution to the field of applied climate science for viticultural research.  

 

1.2.1 Statement of the Problem 

Viticultural production has been shown to be sensitive to growing season 

conditions, especially changes to temperature. The climate drivers ENSO and IOD 

influence weather during the winegrape growing season. Currently, there is no published 

literature that addresses winegrape response to ENSO and IOD events in the Australian 

context. These climate drivers can usually be predicted before the start of the growing 

season. Knowledge of impacts can aid in mitigation and management, so as to reduce inter-

annual variability of winegrape quantity and quality. Increasing understanding of how the 

climate drivers ENSO and IOD impact viticulture in Australia is key to helping 

viticulturalists plan for the growing season.  

 

1.2.2 Research Questions 

Four main research questions were investigated for this thesis:  

 

1. Are changes to day of year of maturity (DOYM) and mean growing season temperature 

(MGST) in Australia continuing as previously reported? Are similar trends found in newly 

acquired datasets? Is there evidence of vintage compression? 
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2. Which viticultural climatic index is best related to day of year of maturity in the 

Australian context? 

 

3. Do ENSO, IOD, and combined event phases influence winegrape day of year of 

maturity? 

 

4. Do ENSO, IOD, and combined event phases have an impact on maximum springtime 

temperature index values? If so, how are the values impacted, spatially and temporally?  

 

1.3 Thesis Outline 
This thesis consists of eight chapters. This chapter (Chapter 1) has provided an 

introduction to the topic and defined the research questions. Chapter 2 reviews the relevant 

literature, introducing winegrape production in Australia (section 2.1), viticulture and 

winegrape phenology (section 2.2), the use of viticultural climatic indices (section 2.3), 

addresses climate change and phenology (section 2.4), and discusses information regarding 

climate drivers and their impact on Australian weather and climate (section 2.5). The 

literature review also served to identify gaps in already published work, which necessitated 

the studies undertaken herein.  

Chapter 3 presents the day of year of maturity dataset (DOYM) used throughout this 

thesis and addresses Research Question 1 regarding trends in DOYM and vintage 

compression. The DOYM dataset, originally compiled by Webb et al. (2011) was expanded 

and updated for use in this thesis and Chapter 3 explores how these updated data compare 

with previously collected data. Additionally, vintage compression, the shortening of the 

time between the harvest of the earliest ripening cultivar and latest ripening cultivar, was 

investigated. This chapter was submitted for publication in Australian Journal of Grape 

and Wine Research. 

Using the DOYM data reviewed in Chapter 3, Chapter 4 explored the relationship 

between viticultural climatic indices and DOYM (Research Question 2). Based on 

information gathered during the literature review (Chapter 2) showing that springtime 

temperatures are important relative to maturity timing, two indices were created based on 

springtime temperatures and commonly used indices were modified to include springtime 
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temperatures. This chapter was published as a peer reviewed journal article in the 

International Journal of Biometeorology.  

Chapters 5 and 6 use vintages classified by El Niño-Southern Oscillation and Indian 

Ocean Dipole event phases to determine if these climate drivers impact DOYM and index 

values, respectively. Both chapters were published in Agricultural and Forest Meteorology. 

Addressing Research Question 4, Chapter 5 investigates whether there is a relationship 

between climate driver phases and winegrape maturity timing. This information is 

important to viticulturalists so as to better help them prepare for the winegrape growing 

season. Chapter 6 uses the springtime temperature index shown in Chapter 4 to be best 

related to DOYM to determine if index values vary during climate driver phases and, if so, 

how do they vary spatially and temporally, which addresses Research Question 5.  

Chapter 7 provides a discussion of Chapters 2 through 6, tying together findings and 

discussing important aspects of each chapter. A conclusion section follows in Chapter 8, 

which reviews and summarises all research covered by this thesis.  
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2.1 Winegrape Production in Australia 

Winegrape production in Australia occurs in most states and territories, though the 

majority of winegrape production occurs in South Australia, New South Wales, Victoria, 

Western Australia, and Tasmania (Figure 1). Total value of the winegrape crush in 

Australia increased from $1.08 billion AUD in 2016 to $1.22 billion AUD in 2017, with 

premium wine seeing the largest increases in growth, making winegrapes an important 

agricultural commodity (Bailey, 2017). Australia is most well known for its production of 

Shiraz, a red winegrape, with Cabernet Sauvignon being the second most widely planted 

cultivar. With regard to white winegrapes, Chardonnay is planted to the largest acreage, 

though Semillon grown in the Hunter Valley of New South Wales is well known for 

expressing unique terroir. Wine regions along the Murray river in Victoria, New South 

Wales, and South Australia (e.g. Riverland) produce the bulk of winegrapes with smaller 

scale winegrape production occurring in various areas such as the Barossa Valley in South 

Australia, the Hunter Valley in New South Wales, the Yarra Valley in Victoria, Margaret 

River in Western Australia, and the Tamar Valley in Tasmania.  
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Figure 1. Wine Zones of Australia (Carlo Tech Services, 2004) 

Winegrapes are grown across a vast geographical area in Australia, encompassing 

many different climate types suitable for a wide variety of cultivars. The climates of each 

wine region are unique, due to continentality, latitude, and topography. Generally, in-land 

areas at lower elevations and latitudes have warmer climates and coastal areas, higher-

elevation areas, and higher latitude areas have cooler climates. Climates are also moderated 

by humidity, with some areas, such as the Hunter Valley, having a warm, humid climate 

during the winegrowing season and other areas, such as the Tamar Valley (cool) and 

Barossa Valley (hot) having drier climates, albeit with different temperature regimes. 

Winegrape cultivars have different climatic requirements, with some cultivars thriving in 

cool climates and others needing warm to hot climates. Understanding different climates 

and matching winegrape cultivar requirements to these climates is an important part of 

viticultural management, ensuring quality grape and wine production.  

 



 10 

2.2 Viticulture and Winegrape Phenology 

The annual growth and development of winegrapes (Vitis vinifera) is intimately 

linked with weather and climate. Grapevines respond to environmental stimuli, such as 

temperature and precipitation which dictate timing and rate of seasonal growth and 

development. Here, growth refers to the cumulative effects of plant cell multiplication and 

expansion (e.g. from a seedling to a fully grown vine) while development refers to the 

seasonal cycle of progression from the end of dormancy in the springtime to the beginning 

of dormancy in the autumn. Each phase of vine development is impacted by climate. A full 

grapevine development cycle occurs over two years. During year one, the grapevine 

produces bud primordia that are likely to remain dormant that year and then push the 

following year.  

Temperature is regarded as the most important variable for grapevine growth and 

development (Coombe, 1987, Oke et al., 2007, Jones, 2012, Chambers et al., 2013) and is 

likely to have more impact on a given vintage than viticultural practices (Keller, 2010). The 

relationship between grapevine phenology and temperature is intricately linked: Variations 

in impact of temperature are related to growth phase (Keller et al., 2005, Petrie and Sadras, 

2008, Sadras and Moran, 2013) and cultivar (Petrie and Sadras, 2008, Webb et al., 2008, 

Sadras and Soar, 2009, Sadras and Moran, 2012), with early ripening (Koufos et al., 2014) 

and white cultivars (Schultz and Jones, 2010) being more impacted by higher temperatures. 

There is a range of temperatures at which the vine operates at optimum or near optimum 

capacity; this range varies by development stage. Temperatures above and below this range 

cause the vine functions to slow or, at extreme temperatures, to cease. Because of this, it is 

important to not only consider mean temperatures when studying climate and viticulture, 

but also to look at extremes. Extreme high temperatures, generally above approximately 

30°C to 35°C, cause a number of issues in grapevines. These include a reduced rate of 

photosynthesis (Kliewer and Torres, 1972, Jackson and Lombard, 1993) and anthocyanin 

formation (Spayd et al., 2002, Schultz and Jones, 2010), as well as an increase in the rate of 

degradation of acids (Dry et al., 2004).  

Precipitation plays a role in grapevine growth and development, though to a lesser 

extent than temperature. While rain events can damage a grapevine, of greater importance 

in Australia is the amount of water available to the plant from the soil. As temperatures 
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increase, available water becomes more important due to the increase in evapotranspiration 

(Keller, 2010). Like temperature, the vine reaction to water availability has a range: There 

are upper and lower limits above and below which the vine will underperform. Decreased 

soil water content, especially during budburst and after veraison (Oke et al., 2007), can 

stress the vine (Lereboullet et al., 2013) causing negative impacts on vine development as 

well as on aromas and phenolics (Pieri et al., 2012). Conversely, deficit irrigation 

techniques can be used at certain vine stages, such as from fruit-set to veraison, to 

encourage quality fruit (AWRI, 2010). A lack of soil moisture can hasten fruit maturity 

(Webb et al., 2012). Soil water content also has a role in mitigating temperatures, with wet 

soils remaining cooler for longer and dry soils warming more rapidly with higher 

temperatures (Ramos et al., 2015). Determining how much water a vineyard needs is 

challenging, with the ideal amount of soil moisture dependent on the weather and soil type 

(Storchi et al., 2005), as well as the growth phase of the vine. For some areas, it is expected 

that precipitation may become more important than temperature due to issues with soil 

salinity (Keller, 2010) when groundwater is removed and not replenished by precipitation 

(Lereboullet et al., 2013).  

In Australia, almost all vineyards have access to irrigation water, which minimises 

the influence of rainfall. In areas of high production that have a hot climate, such as the 

Riverina and Riverlands, irrigation is regularly used to help the vines continue to 

photosynthesize even in high temperatures. In more temperate and cool regions, such as the 

Yarra Valley, irrigation is used infrequently and generally in response to an unusually hot 

and dry season. Using irrigation just prior to a heatwave has been shown to help protect 

vineyards from the impacts of extreme temperatures (Webb et al., 2010). In a changing 

climate, it is important to understand how precipitation and available water impacts the 

vineyard so that each growing season can be adequately planned in order to achieve 

optimum results. 

Both temperature and precipitation influence a vine’s development throughout the 

growing season. Temperature is a critical component of dormancy: Should the temperatures 

not get cold enough for a prolonged period of time, the vine will not go fully dormant. 

Furthermore, unseasonably warm temperatures sustained for a few days can cause the vine 

to come out of dormancy too early in the season, which may make the vine more prone to 
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frost damage. With the likelihood of increasing temperatures in Australia, some vineyards, 

such as those in the Margaret River region, may begin to have issues with full dormancy 

(Webb et al., 2012). At the end of dormancy, a grapevine proceeds through three main 

growth phases: Phase 1, budburst to flowering; Phase 2, flowering to veraison; and Phase 3, 

veraison to maturity. Each of these phases varies in length and is influenced by a variety of 

factors: Cultivar, rootstock, vineyard geography, and climate. 

Temperature is very influential during budburst (Oke et al., 2007). Budburst is 

initiated by an increase in ambient vineyard temperatures and a hot, early spring can cause 

accelerated, seasonally sustained, development in the vine regardless of temperatures later 

in the season (Keller et al., 2005, Sadras and Soar, 2009). Also implicated in this 

accelerated development is the likelihood of a compressed growing season, with veraison 

and ripening then occurring in hotter months (Keller, 2010). After budburst, leaves begin to 

form, photosynthesis begins, and vine growth becomes much more rapid. During this time, 

adequate soil moisture is important for supporting vine growth. If the previous winter was 

exceptionally dry, the vine can struggle to grow at a normal rate. Also during this period of 

growth, the vines form the latent buds that will initiate in the following year.  

Depending on the weather and cultivar, flowering occurs approximately 30 to 70 

days after budburst (Keller, 2010), with the most common amount of time between the two 

phenophases for Australian vineyards being 60 days (Dry et al., 2004). The length of the 

time between budburst and flowering is highly temperature dependent, with warmer areas 

having a shorter period of time between the two events (Martinez-Luscher et al., 2016). 

Type of grapevine cultivar also influences the time of flowering with some cultivars 

flowering relatively earlier or later than a median timeframe (Dry et al., 2004). While 

temperature is the main driver in timing and rate of flowering and cap fall, wind and rain 

are also important climatic factors during this time. Rain can delay flowering (Jones and 

Davis, 2000), while strong winds and/or rainfall can impact fruit set due to pollen disbursal 

and poor fertilization.  

Immediately after flowering, the vine experiences a surge of growth that continues 

for approximately 60 days. Along with vine growth, berry growth and development 

commence. The grape berries, including the seed, begin to form and enlarge. Initial 

chemical composition in the berry is determined during this time, including acid 
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accumulation, aromas, and phenolics. Temperature and, to a lesser degree, soil moisture 

play a role in determining the size, color, and chemical composition of the berries (Keller et 

al., 2008). Higher temperatures will accelerate berry development, where as lower 

temperatures will delay development. Low soil moisture during this time may be desirable 

from a viticultural perspective because it has been shown to improve final berry 

composition and subsequent wine quality (van Leeuwen et al., 2009).  

When the berries begin to soften and change color, it indicates that the vine has 

entered Phase 3, which includes the time of ripening, from veraison to maturity. The berry 

grows via cell expansion, sugars begin to form, and acids are degraded. Malic acid and 

tartaric acid are the two main acids in winegrapes. Both acids are formed before veraison 

and decrease after veraison with the rate of formation or decay linked to temperature 

(Schultz and Jones, 2010). Anthocyanin formation, which causes the color and tannins in 

red grape varieties, also occurs during veraison. The development of anthocyanin, a 

phenolic compound related to wine quality (Mazza et al., 1999), is critical for berry color 

and subsequent wine coloration. The optimum temperature for anthocyanin formation is 

between 21°C to 26°C (Coombe, 1987) and dappled sunlight also improves formation 

(Mazza et al., 1999). Temperatures above 30°C can cause a decline in the rate of formation 

(Schultz and Jones, 2010), with temperatures above 35°C causing anthocyanin development 

to cease and for decay to begin (Kliewer and Torres, 1972, Spayd et al., 2002). 

Additionally, with high temperatures, there is the risk of a misalignment in the formation of 

anthocyanins relative to sugar, which can lead to problems with color (low) and alcohol 

(high) (Sadras and Moran, 2012). Conversely, excessively cool temperatures can inhibit 

anthocyanin formation (Cohen et al., 2008), leading to poor color and low tannin formation. 

Too much or too little soil moisture can also affect anthocyanins (Storchi et al., 2005).  

Winegrape cultivars vary in timing of budburst and amount of heat required to fully 

ripen the fruit. Cultivars that have an early budburst and ripen early in the season, such as 

Chardonnay, Sauvignon Blanc, and Pinot Noir are called ‘early cultivars’. Conversely, 

cultivars that have a later budburst and require a longer period of time to ripen the fruit, 

pushing harvest to later in the season, are called ‘late cultivars’. Cabernet Sauvignon, 

Cabernet Franc, and Mataro are all examples of late cultivars. Generally, while cultivars 

tend to ripen early and red cultivars are later; however, there are exceptions, such as Pinot 
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Noir, which is a red cultivar that ripens early in the season. Other cultivars, such as 

Marsanne, Riesling, and Merlot are ‘mid cultivars’ that usually ripen after early cultivars 

and before late cultivars. Timing of seasonal development and ripening becomes important 

when considering how temperatures at different times of the growing season can impact the 

vine and fruit.  

Much of the published research has demonstrated a link between temperatures 

during the growing season and timing of winegrape maturity, with warmer temperatures 

hastening ripening (e.g. Petrie and Sadras, 2008, Ramos et al., 2008, Webb et al., 2011, 

Jones, 2012, Pieri et al., 2012, Webb et al., 2012, Lereboullet et al., 2013). The type of 

temperature increase that leads to earlier maturity remains under investigation and likely 

varies by location and cultivar. It has been shown that for viticultural regions in Greece, an 

increase in both the minimum and maximum temperature have lead to warmer growing 

seasons (Koufos et al., 2014), whereas an increase in minimum temperature due to warmer 

sea surface temperatures (SST), has been found to cause warmer growing season 

temperatures in coastal California (Nemani et al., 2001). Sadras & Petrie (2011) claim that 

warmer spring temperatures are causing earlier onset and thus an earlier maturity date, 

rather than an increase in rate of development due to higher temperatures.  

Along with the observation of earlier maturity with higher temperatures, is the 

observation that not all cultivars are impacted by temperatures the same way and thus some 

cultivars are ripening at about the same time, whereas other cultivars are ripening earlier. 

For example, if Chardonnay usually ripens approximately on 1 March and Cabernet 

Sauvignon usually ripens close to 1 April (in the Southern Hemisphere), but during 

unusually high temperatures Cabernet Sauvignon ripens close to 15 March, then time 

between the harvest of Chardonnay and the harvest of Cabernet Sauvignon has compressed 

by about two weeks. Growing season compression can complicate harvest logistics as well 

as cause fruit quality issues (Webb et al., 2011). There is evidence that later cultivars, such 

as Cabernet Sauvignon, are more likely to be impacted by higher temperatures and ripen 

earlier than early or mid cultivars (Vrsic and Vodovnik, 2012); however, another study 

showed early cultivars to be more impacted (Koufos et al., 2014).  
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2.3 Viticultural Climatic Indices 
Quantifying the climate of winegrape growing regions is an important aspect of 

viticultural planning to determine suitability for cultivars and for inter-annual and inter-

regional comparison. Frequently, viticultural climatic indices (VCI) are used for such a 

purpose and incorporate temperature and other climatic characteristics into a scale with 

defined categories. In regards to VCIs that focus on temperature, there are two main types; 

those based on temperature means and those based on summed degrees. Mean growing 

season temperature (MGST) is an index that uses the mean of the monthly temperatures 

from October to April inclusive in the Southern Hemisphere (April to October in the 

Northern Hemisphere) to categorize growing regions, from cold (<13°C) to hot (>24°C). 

Jones (2006) found between 13°C and 21°C to be the optimum MGST for premium 

winegrape production, with many of Australia’s wine regions falling within this range. The 

mean temperature of the warmest month (MJT), January in the Southern Hemisphere and 

July in the Northern Hemisphere, was first proposed as a simple index by Prescott (1965). 

Prescott theorized that the MJT was a reflection of the overall growing season and showed 

a relationship between growing season temperatures and the temperature of the warmest 

month. In an Australian study, Smart and Dry (1980) determined that MJT was useful in 

classifying growing regions.  

Summed degree-based indices commonly used in viticultural studies include 

growing degree days (GDD), the Winkler Index (WI), biologically effective growing 

degree days (BEDD), and the Huglin Index. The GDD index consists of summed daily 

temperature (or mean monthly temperature) above 10°C for the October to April growing 

season. A base of 10°C was shown to be the point at which vegetative growth begins in 

grapevines (De Candolle, 1883), though a study by Moncur et al. (1989) determined 4°C to 

be a base temperature more relevant to winegrapes. Gu (2016) determined that using hourly 

data to calculate GDD values was more precise than daily values; however, access to 

hourly temperature data is generally more limited than to daily temperature data. GDD has 

been shown to be functionally identical to the simpler MGST index, which would likely be 

the VCI of choice due to reduced calculations as compared to GDD (Hall and Jones, 2010, 

Jones et al., 2010, Moral et al., 2014). The Winkler Index (WI) (Amerine and Winkler, 
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1944), similar to GDD, uses the Fahrenheit temperature scale to sum temperatures above 

50°F (which is equivalent to 10°C) for the growing season, from 1 October to 30 April in 

the Southern Hemisphere. The total value is then compared to categorical values that are 

used to define the type of growing region, with Region I at the “cool” end of the spectrum 

and Region V at the “hot” end of the spectrum. These regions were later modified to 

incorporate a lower threshold for Region I and an upper threshold for Region V (Jones et 

al., 2010).  

A study investigating the limitations of the GDD index noted that an upper daily 

limit may improve resonance relative to grapevine phenological phases (Mc Intyre et al., 

1987). As such, Gladstones (1992) proposed the biologically effective growing degree day 

(BEDD) index, using a base of 10°C and setting a daily limit of 9 growing degree day units 

per day (an upper limit of 19°C per day). The Huglin index also uses a base of 10°C, with 

no upper limit, and places more emphasis on maximum temperatures as well as 

incorporates a latitude adjustment to account for additional daylight found at higher 

latitudes (Huglin, 1978).  

VCIs are frequently used for inter-regional comparison as well as to detect trends 

over time, such as in climate change research. Worldwide climatic assessments of 

winegrowing regions have been carried out using indices such as MGST, GDD, BEDD, and 

HI, comparing the results of various indices to determine which best captured observed 

climates (Jones et al., 2009). Similarly, regional spatial analysis using VCIs have been 

carried out for the Western USA (Jones et al., 2010), Spain (Moral et al., 2014), Chile 

(Montes et al., 2012), and Australia (Smart and Dry, 1980). These spatial analysis serve to 

delineate different regions and aid in deciding which cultivars to plant. For example, 

regions that are cooler, such as Tasmania, are better suited to early-ripening cultivars, such 

as Chardonnay, whereas hotter areas, such as the Barossa Valley, South Australia, area 

better for later-ripening cultivars, such as Shiraz. This understanding of the similarities and 

differences between wine regions allows for knowledge to be shared between climatically-

similar regions.  
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2.4 Climate Change and Winegrape Phenology 

Throughout the 20th century, Australia’s climate has been warming, with both land 

and sea surface temperatures increasing (CSIRO, 2015). These warming temperatures have 

been attributed, in part, to an increase in greenhouse gas concentrations related to human 

industries (Karoly and Braganza, 2005). Overall, Australia maximum temperatures have 

increased by approximately 0.06°C per decade and minimum temperatures have increased 

by about 0.12°C per decade from 1910 to 2004, which have coincided with an increase in 

frequency of hot days (over 35°C) and hot nights (20°C) (Nicholls and Collins, 2006). 

Overall, Australia has warmed between 0.4°C and 0.7°C since 1950, and it is “virtually 

certain” that the climate will continue to warm, including an increase in the frequency of 

heatwaves (IPCC, 2014b).  

Research has shown that climate change will likely impact winegrape production 

and quality for much of Australia. As temperatures become warmer, some areas such as the 

Riverina in Australia, are projected to become too hot for wine production and, as a 

consequence, areas of production will shift either to more southerly coastal areas or areas at 

a higher elevation (Webb et al., 2008, Hall and Jones, 2009). These shifts are necessitated 

by the fact that high growing season temperatures can cause negative changes in berry and 

wine composition, as discussed previously, changing the ratio of sugar to acids in the berry, 

as well as affect wine aroma and colour, ultimately altering wine style and typicity (Mira de 

Orduna, 2010). 

Climate change can also influence winegrape phenological timing, which is 

sensitive to changes in growing season temperatures. Temperatures specific to Australian 

wine regions are projected to increase by 0.2°C to 1.2°C by 2030, with models showing 

earlier budburst and harvests at these future temperatures (Webb et al., 2007b). Using 

observed phenological data for three cultivars in Australia, maturity timing was shown to 

have advanced from 0.5 to 3.0 days per year, coincident with warming temperatures (Petrie 

and Sadras, 2008). Comparably, Webb et al. (2011) showed a trend towards earlier maturity 

of winegrapes in Australia of 0.8 days per year since 1985 with the rate accelerating, on 

average, to 1.7 days per year since 1993, with earlier maturity associated with warming 

temperatures.  
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Worldwide, similar studies have been conducted using winegrape phenologic 

timing, usually maturity, to show a relationship between warmer temperatures and changes 

to timing of winegrape phases. Harvests in France were reported to be 6 days earlier per 

1°C of warming temperatures (Cook and Wolkovich, 2016), with similar results (7.7 days 

earlier per 1°C) reported in Spain (Camps and Ramos, 2012) and Italy (8 days earlier per 

1°C) (Tomasi et al., 2011). Other phenological stages have also been shown to be impacted 

by a warming climate. Warmer temperatures have been associated with an early start to the 

growing season, shortened phenophase intervals, and an earlier harvest time that occurs 

during a warmer time of the year (Jones and Davis, 2000, Duchêne and Schneider, 2005). 

Unusually warm springtime temperatures, in particular, have been found to influence 

phenological timing throughout the growing season, including harvest timing. Timing of 

budburst is directly related to springtime temperatures, and warm springtime temperatures 

can cause an early budburst and accelerated shoot and leaf development, which was found 

to be maintained for the remainder of the growing season, leading to an early harvest 

(Keller et al., 2005, Keller and Tarara, 2010, Malheiro et al., 2013, Real et al., 2015). 

Springtime temperatures are projected to warm more than temperatures during other times 

of the year in Australia (Hughes, 2003), which is likely to impact winegrape phenology 

timing. 

 

2.5 Large-Scale Climate Drivers that Influence Australia’s Wine Regions 

Australia’s weather and climate patterns are influenced by coupled oceanic-

atmospheric interactions, known as climate drivers. El Niño-Southern Oscillation (ENSO) 

and the Indian Ocean Dipole (IOD) are the two main climate drivers that were investigated 

in this research. ENSO and IOD were chosen because they have been shown to 

significantly influence the weather and climate of Australia and because they can usually be 

predicted before the beginning of the viticultural growing season. These climate drivers are 

related to changes in the coupled oceanic-atmospheric circulation called the Walker cell, or 

Walker circulation. Research that specifically looks at climate drivers and Australian 

viticulture is valuable since the various modes of ENSO, coupled or not with IOD 

modulations, account for a substantial percentage of temperature (Min et al., 2013, Fierro 

and Leslie, 2014) and rainfall (Taschetto and England, 2009, Ummenhofer et al., 2009, 



 19 

Pepler et al., 2014) fluctuation for Australia, which ultimately impact viticulture and wine. 

There are a number of other climate processes that impact Australian weather; however, 

these drivers are not necessarily active during the winegrape growing season (e.g. 

northwest cloudbands), do not impact major winegrowing regions (e.g. the Australian 

Monsoon), and/or they are not able to be predicted on a seasonal time-scale (e.g. Southern 

Annular Mode).  

  

2.5.1 The Walker Cell 
The Walker cell or Walker circulation is an oceanic-atmospheric circulation pattern 

influenced by differences in oceanic sea surface temperatures (SST) as well as atmospheric 

pressures that was first observed by Gilbert Walker (Walker, 1923) and later described by 

Bjerknes (1969). There are Walker cells in both the Pacific and Indian Oceans, as shown in 

Figure 2. In the Pacific Ocean under neutral conditions, there is one Walker cell, with an 

ascending branch (low pressure and enhanced convection) over Indonesia in the west and a 

descending branch (high pressure and diminished convection) over the eastern equatorial 

Pacific. Warm SSTs off the coast of Indonesia create warm, rising, moisture-laden air 

parcels. Because of the rising air, there is low pressure at the surface. As warm, moist air 

rises, the temperature of the air parcel drops, condensation occurs, and precipitation 

follows. When the air parcel reaches the top of the tropopause, it splits and moves eastward 

across the Pacific Ocean. The eastward moving air collides with another dry, cool air parcel 

over the eastern equatorial Pacific. This cool, dry air then sinks to the surface, creating an 

area of high pressure in the eastern Pacific, off the coast of South America. Pressure 

differences between areas of low and high pressure cause air to move from areas of high 

pressure to areas of low pressure. In the case of the Pacific Walker cell, surface winds move 

from east to west across the Pacific Ocean. Winds blowing over the sea surface drive 

surface currents, which in turn cause deeper ocean circulation currents. The surface winds 

push water from the eastern Pacific towards the western Pacific, causing the sea level to be 

higher in the western Pacific. When the water reaches Australia, it is forced to sink 

(downwelling) and as it sinks it cools and travels eastward, towards South America. When 

the water reaches South America, upwelling occurs, which brings the cool, nutrient rich 

water to the surface. At the surface, the oceanic circulation pattern continues, like a 
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conveyer belt, driven by the prevailing surface winds. Changes to the Walker cells 

connected with sea surface temperatures in both the Pacific and the Indian Ocean are 

related to El Niño-Southern Oscillation and the Indian Ocean Dipole events, respectively. 

 

 
Figure 2. The Walker Circulation cell locations, neutral conditions (Lau and Yang, 2003) 

 

2.5.2 El Niño-Southern Oscillation 

When the Pacific Walker cell weakens, it creates conditions that are conducive to an 

El Niño (EN) phase of an ENSO event (Wang, 2002). During an EN phase, a change in 

SSTs leads to a change in the configuration of the Pacific Walker cell and instead of one 

cell, two cells form, as shown in Figure 3. The ascending arm of the Walker cell moves 

towards the dateline in the central Pacific creating an area of low pressure, and a 

descending branch, an area of high pressure, is formed in the west near Indonesia. This 

reconfiguration also causes the surface winds to become very weak and change direction 

from easterly to westerly. When the surface winds slacken, warm ocean water is no longer 

moving toward Australia and instead moves from west to east toward the central and 

eastern Pacific, causing upwelling off the coast of South America to diminish. This results 

in a positive feedback loop of changed surface winds reinforcing changes in SSTs, which in 

turn reinforce the anomalous surface winds, thus creating and sustaining the conditions 

necessary for an EN event. 
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Figure 3. Walker Circulation, Neutral Conditions, top, and El Niño Conditions, bottom 

(BOM, 2012) 

When the Walker cell strengthens, it creates conditions that are conducive to a LN 

event. During a LN event, the Walker cell is in the same position as in neutral years, but the 

water in the western Pacific is much warmer than usual and the water in the eastern Pacific 

is much cooler than usual due to a strengthening of the easterly surface winds. This leads to 

enhanced convection and precipitation in the western Pacific and decreased convection in 

the eastern Pacific. 

ENSO is considered to be an important climate driver relative to fluctuations in 

Australian weather and climate. For Australia, EN phases increase the chance of dry, hot 

weather and LN events increase the chance of unusually wet, cold weather. ENSO events 

are strongly phase-locked, beginning in Austral winter, developing through spring, peaking 

in summer, and then decaying over autumn, a timeline that coincides with the winegrape 
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growing season in Australia. Events vary in length, with most events lasting nine months to 

a year; however, LN phases can span multiple years. Spatial impacts of ENSO on Australia 

vary by phase and season. ENSO has been shown to have a stronger impact on northern 

Australia (Taschetto and England, 2009) and on the east coast (Gallant et al., 2007, King et 

al., 2014) than other regions. However, LN phases are more likely to be stronger in impact 

than EN phases and usually have a larger spatial impact (Power et al., 2006, King et al., 

2013). Seasonally, ENSO phases have been shown to have the most impact on temperatures 

in Austral spring and summer, with mean maximum temperatures being, on average, 

1.17°C higher during EN phases and 1.36°C to 2°C cooler during LN phases (Arblaster and 

Alexander, 2012). Rainfall variability during ENSO phases was found to be more 

pronounced in Austral winter and spring (Risbey et al., 2009), with magnitude of impact 

being correlated to phase strength for LN but not EN (Wang and Hendon, 2007). 

Various indices are used to determine whether or not certain oceanic and 

atmospheric conditions exist that are conducive to an ENSO event. Many of these indices 

rely on SST anomalies, such as the Niño 3.4 index, while others utilize sea level pressure 

(SLP), such as the Southern Oscillation Index (SOI). The SOI is defined as the difference 

between the SLP near Darwin, Australia and Tahiti, with positive values indicating a LN 

phase and negative values indicating an EN phase (Rasmusson and Carpenter, 1982). While 

these indices can tell us the deviation of SST or SLP from the mean, a large deviation does 

not necessarily indicate a large impact on the climate. For example, the 1997 EN event was 

one of the ‘strongest’ on record, based on ENSO indices, yet weather patterns in many 

areas of Australia remained average or, in some areas, even a little more wet than normal: 

Victoria was the only exception, experiencing very dry conditions (BOM, 2015). This one 

example demonstrates that, one, it is important to consider historical climate data along 

with climate driver index information when determining the impact of past climate driver 

events and, two, that impact varies by region, necessitating that research should be 

conducted at the regional level.  
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2.5.3 Indian Ocean Dipole 

A recently described phenomenon (Saji et al., 1999, Webster et al., 1999), the IOD 

is a climate driver associated with SST anomalies in the Indian Ocean. An IOD event is 

defined by the difference in SST anomalies between two areas or ‘poles’, one off the 

eastern coast of Africa and the other off the west coast of Indonesia. This difference is used 

to formulate the Dipole Mode Index (DMI), which is used to define an IOD event (Saji et 

al., 1999). An IOD positive (IOD+) phase consists of a warm western pole and a cool 

eastern pole (Figure 4) and the opposite pattern for an IOD negative (IOD−) phase. A 

positive event causes hot and dry conditions in Australia, while a negative event supports 

cooler temperatures and enhanced precipitation (Saji and Yamagata, 2003, Min et al., 

2013). The peak of an IOD event occurs from September through November and is able to 

be predicted up to three months in advance (Shi et al., 2012), which makes it highly 

relevant to the viticultural growing season. IOD is asymmetric in strength with IOD+ 

phases being stronger than IOD− phases (Cai et al., 2009b). The IOD tends to oscillate 

about every 10 years (Behera and Yamagata, 2003), with the decades since 1950 seeing an 

increase in the number of IOD+ phases and a decrease in negative phases (Cai et al., 

2009b), leading to an increased occurrence of drought in Australia (Ummenhofer et al., 

2009).  

 
Figure 4. Locations of IOD poles used to calculate the Dipole Mode Index. Colors indicate 

SST anomalies, showing an IOD+ event (BOM, 2018) 
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For much of western and southern Australia, the IOD tends to dominate in influence 

during its peak months of September, October, and November, especially in regards to 

modulating maximum temperatures (Min et al., 2013) and rainfall (Meyers et al., 2007). 

Changes to precipitation during IOD phases have been shown to greatly impact southeast 

Australia. Major droughts in southeast Australia have been linked to a decline in IOD− 

phases and strong IOD+ phases (Ummenhofer et al., 2009). An increase in bushfires in 

southeast Australia has also been attributed to IOD+ phases (Cai et al., 2009a). Cai et al. 

(2009b) showed that there has been an increase in IOD+ phases and a decrease in IOD- 

phases mainly since 1950, leading to changes in rainfall over southeastern Australia. 

Climate models show that the occurrence of IOD+ phases will increase due to 

anthropogenic climate change, as will intensity of events, with more extreme weather 

projected for Australia (Cai et al., 2014). 

Teleconnections exist that can link IOD events with ENSO events. An IOD event 

can occur independently or in tandem with an ENSO event, which, when occurring 

together, can either enhance or diminish the impact of both (Behera and Yamagata, 2003). 

While there is some debate as to whether the IOD should be considered a self-regulating 

phenomenon, there is evidence that shows IOD events occur without a simultaneous ENSO 

event (Ashok et al., 2003, Yamagata et al., 2004), including existing mechanisms for 

independent development of an IOD phase (Fischer et al., 2005), and different and 

independent climatic impacts (Saji and Yamagata, 2003, Cai et al., 2011), which suggest 

that IOD can exist independent of ENSO. The SLP of the IOD eastern pole impacts the 

SLP at Darwin (SOI), and so when IOD and EN events occur in tandem, this strength can 

be further enhanced (Behera and Yamagata, 2003) and spatial extent of impacts can be 

altered and expanded (Cai et al., 2011). When like phases are coupled (e.g. LN and IOD−), 

more extreme weather can occur (Min et al., 2013). Ummenhofer et al. (2011) found that 

for southeast Australia, the driest conditions occurred during an EN/IOD+ phase and the 

wettest during a LN/IOD− phase, more so than if each driver had occurred independently. 

However, published work on the impacts of combined ENSO and IOD phases for Australia 

remains limited, especially at the regional level.  
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Abstract 
Background and Aims: Grapevine phenology is closely linked with growing season 

temperature. Rising temperatures related to anthropogenic climate change have the 

potential to impact winegrape maturity timing. This study updated and validated previous 

research that considered changes to winegrape maturity timing and warming growing 

season temperatures as well as added a number of new vineyard datasets. Vineyard 

compression was assessed to determine if time between harvests of different cultivars was 

shortened. 

Methods and Results: Vineyard records from 31 vineyard blocks in 13 different 

Australian wine regions in conjunction with gridded temperature data were used to assess 

changes to maturity timing and mean growing season temperatures using linear regression. 

Trends toward earlier maturity were evident as were increases to mean growing season 

temperatures for all vineyard blocks and regions considered. Trends varied in magnitude as 

well as by cultivar and region, with DOYM advancing between 0.3 and 1.6 days per year. 

Vintage compression was found to be occurring for two out of the four vineyard block sets 

studied.  

Conclusions: Winegrape maturity in Australia was found to be continuing to advance in 

line with warming temperatures, which has implications for grape composition and wine 

quality. Vintage compression was found in some cases, though varied by region and 

cultivars grown. 

Significance of Study: This study validated the trend towards earlier winegrape maturity 

with continued warming temperatures and extended a valuable phenological dataset. In 

light of record warming, earlier maturity is becoming the new norm. The method used to 

investigate vintage compression in this study is applicable to other winegrowing regions 

worldwide. 

 

Key Words: Climate change; phenology; viticulture; vineyard; warming temperatures  
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1. Introduction 

Anthropogenic climate change is well documented and has been linked to changes 

in plant phenology due to warming temperatures (Rosenzweig et al., 2008). Australia has 

experienced 0.4-0.7°C warming since 1950, with the climate of the 21st century projected as 

“virtually certain” to be warmer with more extreme events (IPCC, 2014, p.1377). 

Winegrapes (Vitis vinifera), a perennial horticultural crop, are especially suitable for use in 

long-term phenological studies to consider the impact of climate change due to their 

longevity (20+ years) and sensitivity to climatic conditions which are reflected in 

phenological timing, grape and wine composition (Jackson and Lombard, 1993).  

Timing of phenological phases of winegrapes is closely related to climatic 

conditions during the growing season (Calò et al., 1995). Temperature has been shown to 

be the most important variable relative to phenophase timing, with unusually warm 

temperatures stimulating development, hastening the timing of physiological phases 

(Coombe, 1987, Gladstones, 1992). Increases in growing season temperatures have been 

shown to advance winegrape phenologic timing, from budburst to maturity (Keller and 

Tarara, 2010). An advancement of harvest dates of −7.68 days per 1°C were reported for 

the Penedès region in Spain (Camps and Ramos, 2012), which is similar to findings in the 

Veneto region of Italy where trends toward earlier maturity was estimated at −8 days per 

1°C (Tomasi et al., 2011). Using data from 1600 – 2007, Cook and Wolkovich (2016) 

showed an advancement of −6 days per 1°C temperature increase in winegrape maturity 

and linked these changes to anthropogenic climate change. For Australian wine regions, 

Webb et al. (2011) found trends in maturity timing averaging between −0.8 and −1.7 days 

per year, commensurate with increases in mean growing season temperatures. Similarly, 

Petrie and Sadras (2008) found advancement of winegrape maturity in Australia to be 

between −0.5 and −3.1 days per year and related these advancements to increases in 

temperature.  

Data which report trends in phenology in relation to temperature change, such as 

those highlighted above, are rarely subjected to subsequent evaluation to ascertain whether 

reported trends are continuing, accelerating, or reversing. This evaluation process can 
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provide validation of initial study conclusions or, indeed, highlight how more recent 

temperature conditions have modified phenological responses.  

In conjunction with changes to maturity timing comes concerns about vintage 

compression, whereby the time between when the first and last cultivars reach maturity is 

shortened (Webb et al., 2007). Warm temperatures can hasten the time between 

phenological phases, such as from budburst to flowering, resulting in maturity occurring 

earlier in the season (e.g. Jones et al., 2005a, Bock et al., 2011, Malheiro et al., 2013). 

Generally, early-ripening cultivars, such as Chardonnay and Pinot Noir, reach maturity a 

number of weeks before later ripening cultivars, such as Cabernet Sauvignon. In a warming 

climate, greater rates of advancement of maturity timing of some cultivars may shorten the 

time between when early cultivars are harvested relative to other cultivars (Webb et al., 

2007). This vintage compression can place pressure on vineyard and winery logistics, with 

all of the grapes needing to be harvested and processed around the same time. Many 

vineyard management groups that service a large number of vineyards rely on seasonal 

workers and machines to help pick grapes according to a schedule. Should different 

cultivars all ripen around the same time, there may not be enough resources to pick the fruit 

at the optimum time, leading to sub-optimal grape composition. Similarly, in the winery, a 

bottleneck can develop whereby there are not enough staff, equipment, and tank space to 

process and ferment the grapes in a timely fashion — all of which can compromise wine 

composition (Coulter et al., 2016). 

The purpose of this study was to extend and compare results of temporal trends in 

previously collected winegrape maturity data and temperature data (Webb et al., 2011) with 

recently collected data. The winegrape maturity dataset was updated to include the vintages 

of 2010 – 2015 as well as new vineyard blocks to determine if previously reported trends 

were continuing or have modified and to ascertain if similar trends were found in newly 

acquired data. A method for assessing vintage compression was investigated.  
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2. Methods and Materials 

2.1 Vineyard Data 

Pre-harvest and harvest winegrape sampling data that measured total soluble solids 

(TSS) in degrees Baumé (°Bé) were collected and used to calculate a day of year of 

maturity (DOYM) (Table 1). DOYM was the day after 1 January that the grapes reached a 

designated TSS level. TSS level was determined by vineyard block based on designations 

made by Webb et al. (2011) and Jarvis et al. (2017) and are shown in Table 1. 

Vineyard records from 31 vineyard blocks in 13 different Australian wine regions 

were used in this analysis (Figure 1 and Table 1). Records for eight of those vineyard sites 

were used by Webb et al. (2011) and updated to 2015 for use here. Collected data from the 

majority of the vineyard sites (25/31) was at least 25 years or longer, the cut-off used by 

Webb et al. (2011) to define “long-term” data sets.  

 

Table 1. Details of vineyard block datasets used for analysis, including region, mean 

growing season temperature (MGST °C) for the years 1986-2015, cultivar, designated TSS 

to define DOYM, years of data with missing in parenthesis, and mean DOYM. Unmarked 

Region names indicate data collected as part of Jarvis et al. (2017). 

Map 
No. Region MGST 

(°C) Cultivar TSS 
(°Bé) Period Mean 

DOYM 

1 Canberra 
District 17.5 

Cabernet Sauvignon 12.0 1986-2015 (3) 90 
Pinot Noir 12.0 1986-2015 (3) 74 
Semillon 11.0 1986-2015 (5) 84 

Shiraz 12.0 1986-2015 (2) 89 

2 Hunter 
Valley 21.3 

Chardonnay 12.2 2000-2015 25 
Semillon (1) 11.0 2000-2015 35 
Semillon (2) 11.0 2000-2015 28 

3 Barossa 19.2 
Cabernet Sauvignon 13.5 1981-2015 (1) 72 

Shiraz 14.0 1979-2015 69 

4 Coonawarra 17.2 
Cabernet Sauvignon 12.5 1990-2015 (1) 89 

Merlot 12.5 1990-2015 (1) 79 
Sauvignon Blanc 11.0 1990-2015 60 

5 McLaren 18.8 Shiraz 12.0 1940-2010 (10) 76 
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Vale † 

6 Coal River 
Valley 15 

Chardonnay 11.6 1998-2015 (1) 90 
Pinot Noir (1) 11.6 1991-2015 (3) 88 
Pinot Noir (2) 11.6 1992-2015 (5) 80 

7 Central 
Victoria † 18.5 

Marsanne 10.0 1940-2015 (5) 67 
Shiraz (1) 11.0 1940-2015 (6) 70 
Shiraz (2) 11.0 1959-2015 (1) 68 

8 
King 

Valley 
Upper 

17.4 Chardonnay 11.0 1997-2015 51 

9 
King 

Valley 
Lower 

18.9 
Mondeuse 12.5 1986-2015 (1) 89 

Shiraz 12.5 1987-2015 68 

10 Mornington 
Peninsula † 16.8 

Chardonnay 11.6 1985-2015 90 
Pinot Noir 11.6 1984-2015 85 

11 Rutherglen 
† 19.5 Muscat a petits 

grains 15.0 1945-2015 (11) 72 

12 Yarra 
Valley 17.1 

Chardonnay 11.0 1977-2015 57 
Cabernet Sauvignon 12.0 1973-2015 90 

Marsanne 11.0 1973-2015 (4) 79 
Merlot 12.0 1978-2015 77 

Pinot Noir 11.6 1973-2015 60 

13 Margaret 
River † 18.9 Cabernet Sauvignon 12.0 1976-2015 (1) 67 

† Indicates datasets originally collected by Webb et al. (2011) and updated from 2010 – 

2015 by Jarvis et al. (2017) 
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Figure 1. Map showing vineyard sites used for analysis. Vineyard site numbers correspond 

to regions listed in Table 1. 

 

2.2 Temperature data used to calculate mean growing season temperature 

Gridded minimum and maximum daily temperatures data (0.05° x 0.05°) from the 

Australian Bureau of Meteorology (Jones et al., 2009) were used to calculate mean growing 

season temperatures (MGST) for each winegrowing region used in this study. MGST was 

calculated using the mean temperature for the months of October to April inclusive (Table 

1) (‘growing season’) and is the same temperature metric that was used in Webb et al. 

(2011). 

 

2.3 Trend Analysis for vineyard block DOYM and MGST 

Linear regression was used to determine temporal trends of DOYM and MGST with 

the margin of error at the 95% confidence level reported. Trends were calculated for the 

whole dataset at each vineyard as well as for the time frame of 1986 – 2015 for each region, 

to allow for a comparison of year in common between the current and original study.  
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2.4 Regional vintage compression analysis for vineyard sets 

Regions that contained at least three vineyard blocks with different cultivars located 

in blocks adjacent to one another and had at least 25 years of data (‘vineyard set’) were 

selected for the study of vintage compression. ‘Vintage compression’ is used here to 

describe a shortening of the maturity timing of later cultivars relative to the maturity timing 

of the earliest cultivar. The cultivar in the vineyard set with the earliest overall DOYM, the 

‘reference cultivar’, was used as a reference point for other cultivars. If individual 

vineyards in the vineyard set had different years of data, only years common to the 

vineyard block used as the reference cultivar were used for the vintage compression 

analysis for that vineyard set.  

Vintage compression was determined using linear regression to look for temporal 

trends. An anomaly (‘harvest date anomaly’) was determined by calculating the difference 

between the annual DOYM of the reference cultivar and annual DOYM every other 

cultivar for every year in the series. For example, if the DOYM value of the reference 

cultivar was 73 in 1990 and the DOYM of Shiraz in the vineyard set was 103, the harvest 

date anomaly for the Shiraz for 1990 would be 30. Harvest date anomaly values were then 

used in linear regression to determine if there were trends indicating vintage compression, 

with decreasing values over time of the harvest date anomaly indicating compression. . If 

the harvest date anomaly was below zero, this would indicate that a previously later 

ripening cultivar had surpassed the harvest date of earliest ripening cultivar for that 

vineyard set. Significance was set at 95% (p < 0.05) and the margin of error at the 95% 

confidence level was reported. For vineyard sets longer than 1986 – 2015 two calculations 

of trends were made, one for all years of the dataset and another for the years of 1986 – 

2015. 

 

3. Results 
3.1 Temporal trends in DOYM 

Every vineyard block included in this study showed a negative trend of DOYM over 

time, with 23/31 results being statistically significant (p < 0.05); however, trends differed in 
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magnitude (Table 2). Significant earlier trends of DOYM ranged from −0.3 days per year 

(Rutherglen, Muscat a petits grains) to −1.6 days (King Valley Lower, Mondeuse) per year. 

 

Table 2. Annual rate of change of day of year of maturity (DOYM) for all vineyard blocks. 

Margin of error at the 95% confidence level is included for each trend. Unmarked Region 

names indicate data collected as part of Jarvis et al. (2017). 

Map 
No. Region Cultivar Period DOYM                

(days per year) 

1 Canberra 
District 

Cabernet Sauvignon 1986-2015 (3) −1.1 ± 0.6* 
Pinot Noir 1986-2015 (3) −1.4 ± 0.5* 
Semillon 1986-2015 (5) −0.7 ± 0.7 

Shiraz 1986-2015 (2) −1.0 ± 0.8* 

2 Hunter 
Valley 

Chardonnay 2000-2015 −0.9 ± 1.0 
Semillon (1) 2000-2015 −0.4 ± 1.1 
Semillon (2) 2000-2015 −0.3 ± 1.0 

3 Barossa Cabernet Sauvignon 1981-2015 (1) −0.6 ± 0.5* 
Shiraz 1979-2015 −1.0 ± 0.5* 

4 Coonawarra 
Cabernet Sauvignon 1990-2015 (1) −0.7 ± 0.7 

Merlot 1990-2015 (1) −1.0 ± 0.6* 
Sauvignon Blanc 1990-2015 −1.1 ± 0.6* 

5 McLaren 
Vale † Shiraz 1940-2010 (10) −0.5 ± 0.2* 

6 Coal River 
Valley 

Chardonnay 1998-2015 (1) −1.1 ± 1.6 
Pinot Noir (1) 1991-2015 (3) −1.3 ± 0.8* 
Pinot Noir (2) 1992-2015 (5) −1.5 ± 1.0* 

7 Central 
Victoria † 

Marsanne 1940-2015 (5) −0.4 ± 0.1* 
Shiraz (1) 1940-2015 (6) −0.4 ± 0.1* 
Shiraz (2) 1959-2015 (1) −0.6 ± 0.2* 

8 King Valley 
Upper Chardonnay 1997-2015 −0.8 ± 1.1 

9 King Valley 
Lower 

Mondeuse 1986-2015 (1) −1.6 ± 0.7* 
Shiraz 1987-2015 −1.0 ± 0.6* 

10 Mornington 
Peninsula † 

Chardonnay 1985-2015 −1.3 ± 0.6* 
Pinot Noir 1984-2015 −1.5 ± 0.4* 

11 Rutherglen † Muscat a petit grains 1945-2015 (11) −0.3 ± 0.3* 

12 Yarra Valley Chardonnay 1977-2015 −0.4 ± 0.3* 
Cabernet Sauvignon 1973-2015 −0.8 ± 0.4* 
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Marsanne 1973-2015 (4) −0.8 ± 0.5* 
Merlot 1978-2015 −0.5 ± 0.4* 

Pinot Noir 1973-2015 −0.5 ± 0.2* 

13 Margaret 
River † Cabernet Sauvignon 1976-2015 (1) −0.02 ± 0.4 

* Significant trends (p < 0.05) 
† Indicates datasets originally collected by Webb et al. (2011) and updated from 2010 – 
2015 by Jarvis et al. (2017) 
 
 
3.2 Updated Long-Term Vineyards 

Eight vineyard blocks used by Webb et al. (2011) were updated to include the 

vintages of 2010 to 2015. Changes to trends in DOYM using all years of data up to 2015 

found in this study were similar to those found by Webb et al. (2011) (Figure 2). One 

vineyard block, McLaren Vale, exceeded the margin of error found by Webb et al. (2011). 

The Mornington Peninsula Chardonnay vineyard block showed a slowing in DOYM rate of 

change (Figure 3, while all of the other blocks maintained or exceeded rates of change 

found by Webb et al. (2011) (e.g. Central Victoria, Shiraz 2, Figure 4), though these results 

were within the margin of error reported by Webb et al. (2011). The Cabernet Sauvignon 

block in the Margaret River changed from having a slightly positive trend in DOYM (Webb 

et al., 2011) to having a slightly negative trend when updated to 2015 (Figure 5); however, 

this trend was not statistically significant (p < 0.05) in either study. 
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Figure 2. Comparison of temporal trends of DOYM reported here (‘Current Study’) with 

those found in Webb et al. (2011) for the same vineyards. Data indicated here as ‘Current 

Study’ includes the vintages of 2010 to 2015 in addition to all previous years. Significant 

trends (p < 0.05) are indicated by an asterisk.  
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Figure 3. Linear regression for the Mornington Peninsula Chardonnay block. Black circles 

indicate data collected by Webb et al 2011, with the black line showing the trend in data for 

the years of 1985 – 2009. Grey circles indicate full data set reported in this study (‘Current 

Study’) with the grey line showing the trend in data for the years of 1985 – 2015.  
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Figure 4. Linear regression for the Central Victoria Shiraz 2 block. Black circles indicate 

data collected by Webb et al 2011, with the black line showing the trend in data for the 

years of 1959 – 2009. Grey circles indicate full data set reported in this study (‘Current 

Study’), with the grey line showing the trend in data for the years of 1959 – 2015. 
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Figure 5. Linear regression for the Margaret River Cabernet Sauvignon block. Black 

circles indicate data collected by Webb et al 2011, with the black line showing the trend in 

data for the years of 1976 – 2009. Grey circles indicate full data set reported in this study 

(‘Current Study’), with the grey line showing the trend in data for the years of 1976 – 2015. 
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respectively), indicating that there may not have been sufficient years of data to determine 

statistical significance.  

MGST trends for the 30-year period from 1986 to 2015 were calculated to provide a 

baseline by which to compare all regions. The rate of MGST was more rapid for this time 

period than for the longer time series that corresponded to years of DOYM. For example, 

the trend in MGST for McLaren Vale was +0.01°C per growing season when all years in 

the DOYM time series were considered (1913-2015), whereas the slope was greater, 

+0.04°C per growing season, when only the years of 1986-2015 were used.  

 

Table 3. Temporal trends in mean growing season temperature (MGST) for each unique 

duration of years of each vineyard block included in this study (Trend MGST) and for the 

time period of 1986-2015. Margin of error at the 95% confidence interval and level of 

significance are included for each trend. Unmarked Region names indicate data collected as 

part of Jarvis et al. (2017). 

 

Region Years Trend MGST Trend MGST 
1986-2015 

Canberra District 1986-2015 0.04 ± 0.03* 0.04 ± 0.03* 

Hunter Valley 2000-2015 0.02 ± 0.07 0.02 ± 0.02 

Barossa 
1981-2015 0.02 ± 0.02* 

0.04 ± 0.03* 
1979-2015 0.02 ± 0.02* 

Coonawarra 1990-2015 0.04 ± 0.03* 0.03 ± 0.03* 

McLaren Vale † 1913-2015 0.01 ± 0.005* 0.04 ± 0.02* 

Coal River Valley 

1998-2015 0.01 ± 0.04 

0.02 ± 0.02* 1991-2015 0.03 ± 0.03* 

1992-2015 0.03 ± 0.03* 

Central Victoria † 

1939-2015 0.02 ± 0.01* 

0.05 ± 0.03* 1940-2015 0.02 ± 0.01* 

1959-2015 0.02 ± 0.01* 
King Valley 

Upper 1997-2015 0.03 ± 0.05 0.04 ± 0.03* 

King Valley 1986-2015 0.04 ± 0.03* 0.04 ± 0.03* 
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Lower 1987-2015 0.04 ± 0.03* 

Mornington 
Peninsula † 

1985-2015 0.03 ± 0.02* 
0.04 ± 0.03* 

1984-2015 0.03 ± 0.02* 

Rutherglen † 1945-2015 0.01 ± 0.01* 0.05 ± 0.03* 

Yarra Valley 

1977-2015 0.02 ± 0.02* 

0.04 ± 0.02* 

1973-2015 0.02 ± 0.02* 

1973-2015 0.02 ± 0.02* 

1978-2015 0.02 ± 0.02* 

1973-2015 0.02 ± 0.02* 

Margaret River † 1976-2015 0.01 ± 0.02 0.03 ± 0.03* 
* Significant trends (p < 0.05) 

† Indicates datasets originally collected by Webb et al. (2011) and updated from 2010 – 

2015 by Jarvis et al. (2017) 

 

Table 4 shows a comparison of average MGST for 1976-2005 (Webb et al., 2011) 

and 1986-2015 for the five regions common to both studies. Four out of the five regions 

showed an increase in MGST while one showed a decrease (Central Victoria). Changes to 

MGST between the two baseline periods were the largest for Rutherglen, with a increase in 

MGST of 0.8°C. 

 

Table 4. Comparison of mean growing season temperatures (MGST °C) reported by Webb 

et al. (2011) for the baseline 1976-2005 and MGST used in this study with an updated 

baseline of 1986-2015. 

Region MGST (°C) 
1976-2005 

MGST (°C) 
1986-2015 

Mornington Peninsula 16.6 16.8 
McLaren Vale 18.4 18.8 
Margaret River 18.6 18.9 

Rutherglen 18.7 19.5 
Central Victoria 18.9 18.5 
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3.4 Vintage Compression 

Based on selection criteria for vintage compression analysis, which required at least 

three vineyard blocks of different cultivars in the same area with at least 25 years of data, 

four regions were selected for testing: Canberra District, Coonawarra, Central Victoria, and 

Yarra Valley (Table 5). Evidence of vintage compression was mixed, with some vineyard 

sets showing a trend towards compression and other sets having non-significant 

compression (p < 0.05), no compression, or even trends away from compression (e.g. 

Canberra District Semillon, Table 5). 

 

Table 5. Vintage compressions trends for all years of data for the vineyard sets selected for 

testing and for the longer data sets, trends from 1986 – 2015. 

Region Variety Trend DOYM        
All Years 

Trend DOYM        
1986 – 2015 

Canberra District 
Cabernet Sauvignon 0.3 ± 0.4  −"

Semillon 0.7 ± 0.6* −"
Shiraz 0.3 ± 0.6 −"

Coonawarra Cabernet Sauvignon 0.4 ± 0.6 −"
Merlot 0.1± 0.5 −"

Central Victoria Shiraz 1 −0.1 ± 0.1* −0.4 ± 0.3* 
Shiraz 2 −0.1 ± 0.1 −0.5 ± 0.3* 

Yarra Valley 

Cabernet Sauvignon −0.6 ± 0.4* −0.7 ± 0.5* 
Marsanne −0.5 ± 0.7 −0.4 ± 1.2 

Merlot −0.1 ± 0.3 −0.3 ± 0.4 
Pinot Noir −0.2 ± 0.2* −0.1 ± 0.2 

Significant trends (*p < 0.05) 
 

Both the Central Victoria (Figure 6) and Yarra Valley (Figure 7) vineyard sets 

showed evidence of compression. For Central Victoria, the two Shiraz blocks show a 

reduction in the harvest date anomaly relative to the Marsanne block (the reference 

cultivar). When all years in the vineyard set data were considered (1940 – 2015), the only 

significant (p <0.05) trend was for the Shiraz 1 block. However, for the time period of 1986 

– 2015, both blocks showed significant compression relative to the Marsanne block and the 

rate of compression was greater for both as compared to the rate found using all years in the 

data. 
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Figure 6. Vineyard set from Central Victoria, which included two Shiraz blocks and a 

Marsanne block that was used as the reference cultivar (solid black line at 0). Two time 

periods were used: All years in the data set (thick solid lines) and 1986-2015 (dot-dash 

lines). The ‘Harvest Date Anomaly’ is the year-by-year difference in number of days 

between the DOYM of Marsanne (the reference cultivar) and the other cultivars. 

The Yarra Valley vineyard set also demonstrated vintage compression (Figure 7). 

At this site, the DOYM of four different cultivars (Cabernet Sauvignon, Marsanne, Merlot, 

and Pinot Noir) were compared to the DOYM of Chardonnay, which was used as the 

reference cultivar, using the harvest date anomaly variable. While trends for all cultivars 

were negative, only two, Cabernet Sauvignon and Pinot Noir, were significant (p < 0.05) 

when all years (1977 – 2015) were considered; however, only the trend for Cabernet 

Sauvignon was significant for the years of 1986 – 2015 (Table 5).  

-15

-10

-5

0

5

10

15

20

25

19
45

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

Vintage

H
ar

ve
st

 D
at

e 
A

no
m

al
y

Cultivars
Shiraz 1 All Years
Shiraz 2 All Years
Shiraz 1 1986-2015
Shiraz 2 1986-2015



 50 

 
 
Figure 7. Vineyard set from Yarra Valley, which included Cabernet Sauvignon, Marsanne, 

Merlot, and Pinot Noir with the Chardonnay block used as the reference cultivar (solid 

black line at 0) for all years considered (1977 – 2015). The ‘Harvest Date Anomaly’ is the 

year-by-year difference in number of days between the DOYM of Chardonnay (the 

reference cultivar) and the other cultivars. 

There was no observable vintage compression for the Coonawarra vineyard block 

set, which consisted of Cabernet Sauvignon and Merlot with Sauvignon Blanc used as the 

reference cultivar (Figure 8). The cultivars did not demonstrate any reduction in harvest 

date anomaly relative to the reference cultivar, indicating that time to maturity has not 

consistently shortened relative to Sauvignon Blanc. Positive trends were found for both 
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Cabernet Sauvignon and Merlot (Table 5); however, neither trend was significant (p < 

0.05). 

 
Figure 8. Vineyard set from Coonawarra, which included Cabernet Sauvignon and Merlot, 

with the Sauvignon Blanc block used as the reference cultivar (solid black line at 0). The 

‘Harvest Date Anomaly’ is the year-by-year difference in number of days between the 

DOYM of Sauvignon Blanc (the reference cultivar) and the other cultivars.  

Similar to Coonawarra, there was no vintage compression for the vineyard block set 

located in the Canberra Region (Figure 9). From 1990 to 2015, Cabernet Sauvignon, 

Semillon, and Shiraz showed no clear trend towards compression over time in DOYM as 

compared to Pinot Noir. Rather, all cultivars showed a positive trend with the number of 

days increasing between maturity of Pinot Noir (reference cultivar) and the other cultivars, 

with the positive trend for Semillon shown to be significant (p < 0.05). 
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Figure 9. Vineyard set from Canberra Region, which included Cabernet Sauvignon, 

Semillon, and Shiraz, with the Pinot Noir block used as the reference cultivar (solid black 

line at 0). The ‘Harvest Date Anomaly’ is the year-to-year difference in number of days 

between the DOYM of Pinot Noir (the reference cultivar) and other cultivars. 
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4. Discussion 
Trends towards earlier maturity and warmer growing season temperatures were 

found for all vineyard blocks in this study, supporting results found in Webb et al. (2011). 

Magnitude of trends varied by region and cultivar, indicating that changes over time were 

not uniform. Studies such as the one presented here are important for reviewing the impacts 

of climate change to determine if previously reported impacts are ongoing, accelerating, or 

have otherwise changed. A new methodology used to assess vintage compression revealed 

that only select regions and cultivars showed trends towards compression relative to the 

earliest ripening cultivar.  

Overall, trends towards earlier maturity were found to be consistent with those 

reported by Webb et al. (2011). Six of the eight vineyard blocks had rates of change that 

differed from those reported in the assessment by Webb et al. (2011), with five of the eight 

blocks showing an acceleration in advancement (Figure 2, e.g. McLaren Vale) and one, a 

decrease (Mornington Peninsula Chardonnay, Figure 3), though the majority (7/8) of these 

changes were within the margin of error. The greatest trends in DOYM (−1.4 to −1.6 days 

per year) were found in different cultivars and in different climatic regions (Table 2), 

indicating that there was no consistency for these factors in relation to changes in DOYM. 

Rates found here were less than those reported by (Petrie and Sadras, 2008), which ranged 

from −0.5 to −3.1 days per year; however, a shorter time period was used in this study 

(1993 – 2006), which could account for the differences. Webb et al. (2011) also found that 

if a shorter period of time was used (1993 – 2009) rates of DOYM advancement increased. 

Vrsic and Vodovnik (2012) found all types of cultivars (early, mid, and late ripening) were 

ripening earlier concomitant with an increase in temperatures since 1980 for vineyards in 

Slovenia. Koufos et al. (2014) found a trend towards earlier maturity with warming 

temperatures for a spatially diverse set of vineyards in Greece, however impact was 

spatially dependent and varied by cultivar, with late-ripening cultivars seeming to be less 

impacted.  

In this study, the Margaret River region showed a trend towards early maturity 

(−0.02 days per growing season, Figure 5), however it was not significant (p < 0.05). This 

differs from Webb et al. (2011) who found a positive trend in DOYM for this region (+0.1 

days per growing season), though the trend was not significant. The average MGST for this 
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region (Table 4) has increased by 0.3°C since the study done by Webb et al. (2011), which 

may account for this change in rate of DOYM. This example highlights the importance of 

reassessing studies focused on climate change, with new insight provided here using 

updated data. 

Earlier ripening, represented as the decrease in DOYM found here, has been 

attributed to a combination of factors including warmer growing season temperatures, 

lower soil moisture, and lower yields (Webb et al., 2012). Temperature has been shown to 

be best correlated to winegrape phenology and maturity timing, with warm temperatures 

encouraging more rapid development (Jackson and Lombard, 1993). Here we showed an 

increase in MGST, which could be related to earlier DOYM. Jarvis et al. (2017) tested the 

correlation of maturity timing relative to climatic indices and MGST was shown to be 

correlated to DOYM for vineyard blocks in Australia, indicating a link between MGST and 

DOYM. However, the relationship between temperature variables and maturity timing is 

not necessarily linear, with extreme temperatures, both hot and cold, delaying ripening 

(Coombe, 1987). Similarly, changes to soil moisture can both hinder (too wet) and hasten 

(dry) ripening (Ramos et al., 2015). However, the Margaret River region, for example, has 

experienced significant drying due to a decrease in precipitation (Delworth and Zeng, 

2014), yet, as presented here, has seen little to no advancement of maturity timing, 

indicating that factors other than soil moisture likely have a greater influence over maturity 

timing. Crop load, or the amount of fruit per vine, also changes rate of ripening (Webb et 

al., 2012). If a vine is over-cropped (too much fruit), ripening will be delayed. If a vine is 

under-cropped (too little fruit), ripening will occur at a more rapid rate. While changes to 

crop load can influence maturity timing, Petrie and Sadras (2008) found that earlier 

maturity was unrelated to trends in yield in Australia. 

Vineyard and winery operations can be impacted by earlier maturity. With earlier 

maturity timing, the grapes are likely to be picked during a warmer time of the year, which 

can compromise fruit quality (Webb et al., 2007). This was evident in Alsace, France, 

where warming temperatures have led to an earlier start to the growing season, an earlier 

harvest with ripening occurring during a warmer time of the year, and a change to wine 

typicity which was associated with warmer temperatures (Duchêne and Schneider, 2005). 

In the winery, grapes with higher TSS from ripening in hotter vintages can lead to stuck 
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fermentations (Coulter et al., 2016) and wines that are higher in alcohol (Godden and 

Gishen, 2005). 

Delayed pruning until after budburst has been investigated as a possible solution to 

counter earlier vintages (Petrie et al., 2017). Apical buds will push before basal buds, so 

pruning after apical bud burst removes the initial growth and forces the vine to develop 

lower buds, which takes time, thus delaying budburst. Using Sangiovese in Italy, delayed 

pruning was shown to postpone harvest timing, lower TSS in grapes, maintain higher 

acidity, and also have positive effects on anthocyanins and phenolics (Frioni et al., 2016). 

Petrie et al. (2017) also found an improvement in berry composition with delayed pruning, 

along with the benefit of delayed maturity; however, the berry composition benefits of 

delayed pruning varied by season and cultivar. Applying the technique of delayed pruning 

is a possible management strategy for vineyards where earlier maturity or vintage 

compression compromise production. 

All trends in mean growing season temperatures found here were positive, 

indicating a warming growing season though time. The repercussions of warming MGSTs 

on winegrape growing depends on the magnitude of warming, current climatic conditions 

of a given region, and other climatic and non-climatic factors such as desired wine style. 

With continued warming temperatures, there are likely to be shifts in areas suitable for 

quality wine production (Schultz and Jones, 2010). Hall and Jones (2010) performed spatial 

analysis of growing season temperatures in Australia under different future climatic 

conditions and found that many northern areas will become too warm for winegrape 

production, including the Hunter Valley which was estimated to become unsuitable for 

quality wine production as early as 2030. Inland areas in Australia, especially, are expected 

to see declines in wine quality due to increasing temperatures (Webb et al., 2008). 

Conversely, areas in cool climates that are only able to fully ripen fruit in warm years (e.g. 

areas of Tasmania) may benefit from an increase in MGST, allowing more consistent 

ripening. This trend has also been documented in Europe, where colder regions previously 

considered marginal for wine production showed improved winegrape quality linked to 

warmer seasons (Lisek, 2008).  

In addition to shifts in areas of production, warming temperatures will cause 

changes to berry and wine composition and typicity, including concentrations of sugars, 
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acids, and flavonoids (Mira de Orduna, 2010). Wine styles that help define a certain area 

rely on a specific climate (Jones, 2012). A cultivar grown in a cool climate will have a 

different flavor profile to one grown in a warm climate. For example, Chardonnay from the 

Mornington Peninsula will have higher acids and lower alcohol than a Chardonnay from 

the Hunter Valley, which is likely to have more tropical flavors, be higher in alcohol, and 

have a more unctuous mouthfeel. In a warming climate, the Mornington Peninsula 

Chardonnay used in this example may change in flavor and texture, loosing its unique 

characteristics. Such a scenario has been reported for traditional cultivars in Germany, 

where a warming growing season was shown to have altered the ratio of sugar to acid in the 

winegrapes, resulting in changes to wine flavor (Bock et al., 2011). Additionally, fruit from 

cultivars that prefer a cooler climate, such as Pinot Noir, may decrease in quality with an 

increase in MGST if grown in an area already marginal for that cultivar (Jones et al., 

2005b). Wine scores have been linked to growing season temperatures, with wine scores 

found to have a positive relationship with MGST to a certain threshold, above which 

temperatures were too warm for quality wine production (Jones, 2006). 

If changes to maturity dates advance more for one cultivar than another, especially 

late cultivars relative to early cultivars, vintage compression can occur. A novel approach 

to assessing vintage compression was used in this study, providing information about 

direction of compression trend (positive or negative) and statistical significance of trend 

relative to a designated reference cultivar, which was selected based on the earliest cultivar 

to ripen during the growing season. This methodology could be applied to other wine 

growing regions and cultivar sets.  

Vineyard block sets in the regions of Central Victoria and Yarra Valley showed 

trends toward vintage compression, with later ripening cultivars, such as Cabernet 

Sauvignon, ripening earlier relative to the reference cultivar, such as Chardonnay. Both 

vineyard management and winery teams would be impacted by this compression, needing 

to pick and process multiple cultivars in a shorter amount of time than at the start of the 

dataset in 1982. In regards to the temporal changes to the harvest date anomaly for Pinot 

Noir relative to the reference cultivar Chardonnay, both are early ripening cultivars which 

would be expected to ripen around the same time.  
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The other two vineyard block sets in the Coonawarra and Canberra regions did not 

show any trend towards vintage compression and indeed had trends away from the 

reference cultivar, indicating that these cultivars, by the end of the data set in 2015, were 

being picked later relative to the reference cultivar than at the beginning of each dataset. 

Based on trends in DOYM showed in Table 2, this finding of no compression for the 

vineyard set from Coonawarra was expected because the trend of DOYM for Cabernet 

Sauvignon was not statistically significant and the DOYM trends for Merlot and Sauvignon 

Blanc were nearly identical (−1.0 and −1.1 days per year, respectively). As such, it follows 

that there was no indication of vintage compression for the Coonawarra block set. In the 

Canberra vineyard set, Pinot Noir had the largest trend in DOYM over time (−1.4 days per 

year, Table 2) as compared to the other cultivars. Thus, since Pinot Noir had the greatest 

trend, there was no vintage compression relative to this cultivar. This research supports 

findings by Webb et al. (2011) who also found vintage compression to be dependent on 

region and mix of cultivars. Petrie and Sadras (2008) reported finding a narrowing window 

of ripening and their initial results were supported by a follow up study (Petrie and Sadras, 

2016). While evidence exists that vintage compression is an issue (Coulter et al., 2015), 

further studies with additional regions and cultivars are needed to confirm findings. 

 

 

5. Conclusion 
This study extended and re-analysed a long-term viticultural database for Australian 

winegrowing regions that included 31 vineyard blocks representing a variety of 

economically important cultivars in 13 different regions in order to determine if temporal 

trends in DOYM reported in Webb et al. (2011) using data up to the 2009 vintage were 

continuing from 2010-2015. Earlier DOYM was reported for all vineyard blocks included 

in this study, along with positive trends in MGST. Evidence of vintage compression was 

found for two out of four vineyard block sets, indicating that vintage compression may vary 

regionally and based on cultivars considered. This study highlighted the importance of 

updating and verifying previously used databases so as to assess the ongoing impacts of 

climate change. 
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Abstract Historical temperature data and maturity records
were analyzed for 45 vineyard blocks in 15 winegrowing
regions across Australia in order to evaluate the suitability
of common viticultural indices to estimate date of grape
maturity. Five temperature-based viticultural indices (mean
January temperature, mean growing season temperature,
growing degree days, biologically effective degree days,
Huglin Index) along with four springtime temperature
indices (mean and maximum temperature summations for
September, October, and November; growing degree days
and biologically effective degree days modified to include
September) were compared to maturity data in order to
investigate index relationship to observed maturity timing.
Daily heat summations for the months of September,
October, and November showed the best correlation to
day of year of maturity, suggesting that springtime temper-
atures are important relative to the timing of grape maturi-
ty. Mean January temperature, a commonly used index,
had the poorest correlation with day of year of maturity
of all the indices included in this study. Indices that includ-
ed the month of April had poorer correlation than indices
that shifted the months included in the growing season to
be from September to March inclusive. Calculated index

values for the past 30 years for every region included in
this study showed increasing temporal trends to various
degrees, indicating that all regions studied are experiencing
warming temperatures during the growing season. These
results emphasize the need to reevaluate viticultural indices
in the context of a changing climate.
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Introduction

The annual growth of Vitis vinifera grapevines is intimately
linked to seasonal weather conditions (Due et al. 1993;
Jackson and Lombard 1993; Dry et al. 2004). Grapevines
respond to environmental stimuli which influence phenophase
initiation and timing, including bud burst, flowering, veraison,
and grape maturity. Temperature is regarded as the most im-
portant climatic variable affecting grapevine growth (Winkler
1974; Coombe 1986; Jackson and Lombard 1993; Oke et al.
2005; Jones 2012) and has more influence on a given vintage
than viticultural practices (Keller 2010). Variations in impact
of temperature are related to phenophase (Keller et al. 2004;
Petrie and Sadras 2008; Sadras and Moran 2013) and variety
(Webb et al. 2008; Sadras and Soar 2009; Sadras and Moran
2012).

Grape maturity occurs at the culmination of the growing
season with designation of ripeness being dependent on de-
sired style of wine. Timing of grape maturity is mainly
temperature-driven (Due et al. 1993; Bock et al. 2011;
Malheiro et al. 2013), with final grape composition and sub-
sequent wine quality linked to growing season temperatures
(Jones et al. 2005; Blanco-Ward et al. 2007; Vrsic and
Vodovnik 2012). Too much heat during the growing season
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can cause grapes to ripen earlier in the season and have higher
sugar but low acidity, leading to an unbalanced wine (Mira de
Orduna 2010). Conversely, too little heat can delay or even
prevent ripening, leading to wines with low alcohol and poor-
ly developed flavor profiles (Jackson and Lombard 1993).
Timing of maturity thus has a direct relationship with wine
quality.

Winegrape varieties differ in regard to temperature require-
ments needed to fully ripen the grapes (Jones and Davis
2000). Varieties like Cabernet Sauvignon and Shiraz need
more heat to fully ripen the grapes and are therefore better
suited to warmer climates as compared to varieties like Pinot
Noir and Chardonnay which have a lower heat requirement
and thrive in cooler climates. Viticultural indices utilize cli-
mate data to assess the weather conditions of a growing area.
This information could then be paired with varietal heat and
ripening requirements to inform vineyard development deci-
sions as well as track how a growing region’s climate changes
over time. A viticultural index that does not correctly reflect
seasonal growing conditions could hamper efforts to produce
premium grapes and wine.

To validate the accuracy of viticultural indices, studies have
combined viticultural index calculations with observed phe-
nological data. Ramos et al. (2008) considered northeast
Spain, correlating index values with grapevine phenology data
and showed a tendency towards earlier phenological events
with warmer growing season temperatures. For study sites in
Greece (Koufos et al. 2014) and Serbia (Ruml et al. 2016),
research compared various temperature and index values to
recorded harvest dates. Both of these studies found a negative
relationship between harvest date and index values.

In order to identify areas suitable for viticultural use, stud-
ies used viticultural indices to spatially define different climate
types within wine growing regions (Moral et al. 2014) as well
as for larger areas, such as the Western United States (Jones
et al. 2010). With the purpose of worldwide application,
Tonietto and Carbonneau (2004) developed a multicriteria in-
dex to identify and classify climate regimes suitable for viti-
culture with follow-up studies applying this index to growing
regions in Spain (Blanco-Ward et al. 2007) and Chile (Montes
et al. 2012). Smart and Dry (1980) produced a viticultural
index based on the study of Australia’s winegrowing regions,
extensively researching spatial climate variability of the re-
gions. Additional Australian studies have utilized viticultural
indices to spatially define winegrowing regions based on his-
torical climate data (Hall and Jones 2010), as well as future
temperature projections (Hall and Jones 2009).

Recent reports show that much of Australia has experi-
enced warming trends in the past decade (CSIRO 2015), in-
cluding in winegrape growing areas (Petrie and Sadras 2008;
Webb et al. 2008). These trends are similar to those reported
for viticultural regions in Greece (Koufos et al. 2014), Spain
(Camps and Ramos 2012), Italy (Tomasi et al. 2011), France

(Duchêne and Schneider 2005), Germany (Bock et al. 2011),
Poland (Lisek 2008), Serbia (Ruml et al. 2016), and the west-
ern USA (Nemani et al. 2001; Jones and Goodrich 2008).
Warmer growing season temperatures directly impact grape-
vine phenology for timing of phenophase onset, phenophase
duration, and maturity. Studies have shown a link between
warm springtime temperatures and accelerated development
of grapevines during the growing season (Sadras and Petrie
2011; Malheiro et al. 2013; Rogiers et al. 2014; Clarke et al.
2015). For much of Australia, springtime temperatures are
increasing at a more rapid rate than temperatures during other
times of the year (Whetton and Hennessy 2001; CSIRO
2015).Warming springtime temperatures can hasten bud burst
(Keller et al. 2004), which can lead to earlier maturity during a
warmer time of the year (Duchêne and Schneider 2005).

The objective of this study was to investigate the relation-
ship of climate indices to grape maturity based on numerous
short- and long-term maturity data sets and evaluate viticul-
tural index trends over the past 30 years. The breadth of this
data enabled significant insight into the evaluation of index
functionality relative to date of maturity.

Materials and methods

Multiple long- and short-term data sets of maturity dates for
V. viniferawere sourced from wine regions across Australia in
order to facilitate a comprehensive assessment of day of year
of maturity (DOYM) relative to viticultural indices. Grape
DOYM was determined for 45 vineyard blocks representing
11 varieties in 15 different growing regions from pre-harvest
sampling of grapes. The regions included in this study are
shown in Fig. 1 with the region names labeled with numbers
that correspond to the BMap No.^ columns in Tables 1 and 2.
Timeframes of records varied, the longest data set spanning
from 1913 to 2015 (McLaren Vale).

Grapematurity records were collected fromwineries across
Australia for use in this research. In the lead up to grape
harvest, grapes are sampled at regular intervals to determine
ripeness. For each vineyard plot, estimates of soluble solid
concentration (SSC, °Baumé) were made using a refractome-
ter or a hydrometer. SCC levels used to represent grape matu-
rity for this research were designated per vineyard block based
on the final level that was recorded most frequently, as this
indicates the approximate time the grapes were picked
(Table 1). Desired wine style dictated the ripeness goal of
the grapes by the winery, thus grapes of the same variety
(e.g., Chardonnay) may have different designated SCC levels
in this research due to the style of wine varying by winery.
Parts of these data were an expansion of data sets previously
collected by Webb et al. (2011). For five out of the 15 regions
in this study, data up to the 2009 vintage used DOYM values
determined byWebb et al. (2011). These data were updated by
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the authors to 2015 where available. For consistency, when
incorporating data from Webb et al. (2011), the updated vin-
tages of 2010 to 2015 were set to the SSC levels used previ-
ously, as shown in Table 1.

DOYM was estimated from pre-harvest measurements of
SSC using the following procedure:

& If measured SSC matched designated SSC, that day was
used.

& If the recorded SSC was ±0.1°Baumé (°Bé) of the desig-
nated SSC, the DOYM was adjusted ±1 day.

& If at least two SSC measurements were recorded that
spanned the designated level, linear regression using only
the values on either side of the designated SSC was per-
formed to determine DOYM.

& If two or more SCC °Bé readings were recorded
that did not include the designated sugar level, all
values were used in linear regression to determine
DOYM.

& If there was only one SCC °Bé reading recorded and it was
not the designated sugar level, the DOYM was adjusted
based on Ripening Rate (°Bé week−1) according to Webb
et al. (2011).

Climate data

Gridded daily maximum/minimum temperature data
(0.05° × 0.05°) for Australia from 1913 to 2015 was used to
extract temperature data for each location (Jones et al. 2009).
Other Australian studies have used this data set for similar
analyses (Hall and Jones 2010; Darbyshire et al. 2011; Webb
et al. 2011; Zheng et al. 2012). Precipitation data and indices
that required precipitation data (e.g., Dryness Index) were not
used in this study due to the possible effects of vineyard irri-
gation confounding the results. For each vineyard location,
temperature-based metrics were determined to provide an
overview of each location as well as to allow for comparison
between regions. Descriptive statistics and mean index values
were determined using the 30-year period from 1986 to 2015.
This was done in keeping with the structure of a climate nor-
mal, where a 30-year time frame is the global standard for
mean indices (Hall and Jones 2010).

Calculating index data

Five commonly used temperature-based viticultural indices
were chosen for analysis in this study: (1) mean January

Fig. 1 Map of vineyard sites included in study. Sites are labeled with site name and a designated BMap No.^, corresponding to Tables 1 and 2
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temperature (MJT) (Prescott 1965); (2) mean growing
season temperature (MGST) (Jones 2006); (3) growing
degree days (GDD) (Amerine and Winkler 1944); (4)
biologically effective degree days (BEDD) (Johnson
and Thornley 1985; Gladstones 1992); and (5) Huglin
Index (HI) (Huglin 1978). Two additional indices were
created for testing based solely on springtime tempera-
tures. Daily mean and maximum temperatures for the
months of September, October, and November were
summed to create SONmean and SONmax, respectively.
Additionally, modifications to GDD and BEDD indices
were made to include September temperatures. All indi-
ces are based on temperature data, and their calculations
are shown in Table 2.

Two indices used in this study, MJT and MGST, were
based on mean temperatures. Mean January temperature
came into use when Prescott (1965) showed a good relation-
ship between mean growing season temperature and temper-
ature of the warmest month, which was designated as January
in the Southern Hemisphere (Smart and Dry 1980). Prescott
did include the caveat that MJT should be used as a general
descriptor by averaging the MJT over a period of years, as
opposed to defining individual growing seasons, although it
has been used in annual time series assessments related to
winegrape quality parameters (Webb et al. 2008; Pangzhen
et al. 2015). Mean growing season temperature (MGST) is a
commonly used index (Hall and Jones 2009; Hall and Jones
2010; Webb et al. 2012; Lereboullet et al. 2014) and is

Table 1 Wine regions and
varieties used in study, including
range of years of data with
number of missing years,
designated SSC, and mean
DOYM

Map no. Region Variety Years of data SCC (°Baumé) Mean DOYM

1 Canberra District Cabernet Sauvignon 1986–2015 (3) 12.0 90.18
1 Canberra District Pinot Noir 1986–2015 (3) 12.0 73.61
1 Canberra District Semillon 1986–2015 (5) 11.0 83.84
1 Canberra District Shiraz 1986–2015 (2) 12.0 89.01
2 Hunter Valley Chardonnay 2000–2015 12.2 25.06
2 Hunter Valley Semillon (1) 2000–2015 (1) 11.0 34.47
2 Hunter Valley Semillon (2) 2000–2015 11.0 28.11
2 Hunter Valley Semillon (3) 2000–2015 11.0 25.34
2 Hunter Valley Shiraz 2000–2015 (1) 12.5 42.59
3 Barossa Valley Cabernet Sauvignon 1981–2015 (1) 13.5 72.22
3 Barossa Valley Shiraz 1979–2015 14.0 69.48
4 Coonawarra Cabernet Sauvignon 1990–2015 (1) 12.5 89.26
4 Coonawarra Merlot 1990–2015 (1) 12.5 79.47
4 Coonawarra Sauv. Blanc 1990–2015 11.0 60.20
5 Eden Valley Shiraz 1973–2009 (2) 13.5 104.49
6 McLaren Vale Shiraz 1913–2010 (10) 12.0 75.88
7 Coal River Valley Chardonnay (1) 2003–2014 (1) 11.6 88.43
7 Coal River Valley Chardonnay (2) 1998–2015 (1) 11.6 90.32
7 Coal River Valley Pinot Noir (2) 2003–2015 (1) 11.6 86.01
7 Coal River Valley Pinot Noir (2) 1992–2015 (5) 11.6 79.53
7 Coal River Valley Pinot Noir (3) 1991–2015 (3) 11.6 88.00
7 Coal River Valley Pinot Noir (4) 2006–2015 11.6 83.84
8 Derwent Valley Pinot Noir 2008–2015 11.6 63.50
9 Tamar Valley Chardonnay (1) 2008–2015 11.6 82.86
9 Tamar Valley Chardonnay (2) 2008–2015 11.6 86.40
9 Tamar Valley Chardonnay (3) 2003–2015 11.0 77.58
9 Tamar Valley Pinot Noir (1) 2008–2015 11.6 76.58
9 Tamar Valley Pinot Noir (2) 2008–2015 11.6 85.71
9 Tamar Valley Pinot Noir (3) 2003–2015 (1) 11.0 80.20
10 Central Victoria Marsanne 1939–2015 (5) 10.0 66.98
10 Central Victoria Shiraz (1) 1940–2015 (6) 11.0 69.82
10 Central Victoria Shiraz (2) 1959–2015 (1) 11.0 68.13
11 King Valley Chenin Blanc 1988–2013 11.5 67.94
11 King Valley Mondeuse 1986–2015 (1) 12.5 88.55
11 King Valley Shiraz 1987–2015 12.5 67.78
11 King Valley - Upper Chardonnay 1997–2015 11.0 51.04
12 Mornington Peninsula Chardonnay 1985–2015 11.6 89.52
12 Mornington Peninsula Pinot Noir 1984–2015 11.6 84.57
13 Rutherglen Muscat 1945–2015 (11) 15.0 71.97
14 Yarra Valley Cabernet Sauvignon 1973–2015 12.0 90.23
14 Yarra Valley Chardonnay 1977–2015 11.0 56.58
14 Yarra Valley Marsanne 1973–2015 (4) 11.0 79.42
14 Yarra Valley Merlot 1978–2015 12.0 77.25
14 Yarra Valley Pinot Noir 1973–2015 11.6 59.83
15 Margaret River Cabernet Sauvignon 1976–2015 (1) 12.0 67.33
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evaluated as the average of the mean daily temperature of the
seven-month growing season, which in the Southern
Hemisphere is 1 October to 30 April. Ideal MGST tempera-
tures for producing premium wine grapes were found to be
between 13 and 21 °C (Jones 2006).

The additional indices used, GDD, BEDD, HI, and both
SON indices, were based on a heat summation method, where
every day above a certain temperature accrues heat units. The
GDD index sums daily effective heat above 10 °C to calculate
the amount of heat units incurred over a growing season

Table 2 Index data information and equations. Variables in equations are Tmax, Tmin, and Tmean for daily maximum, minimum, and mean temperatures
(°C), respectively

Index Acronym Equation

Mean January temperature MJT
¼ ∑

31 JAN

1 JAN
Tmean

! "
=31

! "

Mean growing season temperature MGST
¼ ∑

30 APR

1 OCT

TmaxþTmin
2

# $

Growing degree days GDDO-A

GDD0−A ¼ ∑
30 APR

1 OCT
max Tmax þ Tminð Þðð½ =2Þ −10Þ ; 0&

GDDS-M

¼ ∑
31 MAR

1 SEP
max Tmax þ Tminð Þðð½ =2Þ −10Þ ; 0&

GDDS-A

¼ ∑
30 APR

1 SEP
max Tmax þ Tminð Þðð½ =2Þ −10Þ ; 0&

Biologically effective growing
degree days

BEDDO-A

¼ ∑
30APR

1 OCT
min max TmaxþTminð Þ

%%h
2Þ−10; 0ÞK þ TRadj;9&

where

TRadj ¼ −0:25 Tmax−Tmin−13½ &½ ; Tmax−Tmin½ & > 13 0; 10 < Tmax−Tmin½ & < 13 −0:25
Tmax−Tmin−10½ & ; Tmax−Tmin½ & < 10&

K = 1.1135k − 0.13520†

BEDDS-M

¼ ∑
31 MAR

1 SEP
min max TmaxþTminð Þ

%%h
2Þ−10; 0ÞK þ TRadj;9&

where

TRadj ¼ −0:25 Tmax−Tmin−13½ &½ ; Tmax−Tmin½ & > 13 0; 10 < Tmax−Tmin½ & < 13 −0:25
Tmax−Tmin−10½ & ; Tmax−Tmin½ & < 10&

K = 1.1135k − 0.13520†

BEDDS-A

¼ ∑
30 APR

1 SEP
min max TmaxþTminð Þ

%%h
2Þ−10; 0ÞK þ TRadj;9&

where

TRadj¼ −0:25 Tmax−Tmin−13½ &½ ; Tmax−Tmin½ & > 13 0; 10 < Tmax−Tmin½ & < 13 −0:25
Tmax−Tmin−10½ & ; Tmax−Tmin½ & < 10&

K = 1.1135k − 0.13520†

Huglin heliothermal index HI
¼ ∑

31 MAR

1 OCT
max Tmean−10þTmax−10ð Þ

2 ; 0
h i

k

where k is the latitude coefficient, ranging from 1.02 at 40° to 1.06 at 50°

Mean spring temperature
summation

SONmean

¼ ∑
30 NOV

1 SEP
Tmean

Maximum spring temperature
summation

SONmax

¼ ∑
30 NOV

1 SEP
Tmax

†BEDD K adjustment is based on HI K coefficient (Hall and Jones 2010)
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(Amerine and Winkler 1944). This index has a long history,
thought to have originated in France with René de Réaumur in
1735 (De Réaumur 1735) and was applied specifically to vi-
ticulture by Alphonse de Candolle in the late 1800s (De
Candolle 1883). Candolle recognized that vegetative growth
began once temperatures reached about 10 °C, and thus only
months with mean temperatures above this threshold were
included in the growing season (De Candolle 1883). As such,
the growing season for viticulture came to be defined as April
to October in the Northern Hemisphere and October to April
in the Southern Hemisphere. Mc Intyre et al. (1987) studied
GDD relative to observed phenological stages and found that
the accuracy of the GDD index would be improved by an
upper limit. The BEDD index (Gladstones 1992) is based on
GDD with a base temperature of 10 °C and incorporated an
upper limit of 19 °C. A maximum temperature of 19 °C was
selected as it was shown to be most related to ripening dates
and because studies indicated that rate of development pla-
teaus at approximately this temperature (Gladstones 1992;
Gladstones 2011). BEDD also has a diurnal temperature range
adjustment (TRadj), where if the temperature range
(Tmax − Tmin) is above 13 °C or below 10 °C, an amount is
calculated based on the temperature range and then either
subtracted or added, respectively, from the BEDD daily total.
A latitude coefficient is also incorporated in BEDD to adjust
for the longer day length at higher latitudes. The Huglin
Heliothermal Index (Huglin 1978) was developed in northern
Europe and utilizes GDD as well as including maximum tem-
perature and latitude variables. The combination of daily max-
imum temperature helps take into account warm afternoons,
and the latitude variable accounts for the additional daylight
received by areas between 40 and 50° north and south of the
equator. Unlike the other indices, HI includes only the six
months from 1 October to 31 March, eliminating the month
of April. Jones et al. (2010) compared HI values from a six- or
seven-month time period and found that the longer time span
did not produce any meaningful differences in classification.
Calculations for the SON indices simply sum the daily mean
temperature (SONmean) or the daily maximum temperature
(SONmax) for the months of September, October, and
November, with no upper or lower temperature thresholds
imposed.

Statistical analysis

Pearson’s correlation (R2) and linear regression were per-
formed to identify relationships between index values and
DOYM. The R2 values were then ranked from highest to low-
est for each regression. The top R2 value was designated
Bbest^ correlated, and the second highest value was designat-
ed Bwell^ correlated. The lowest value was noted as Bleast^
correlated. Regression analyses were performed using the sta-
tistical software package R, version 3.1.2 (R Development

Core Team 2014), the maps were created with ArcGIS® and
ArcMap™ software, version 10.2.2 (ESRI 2014), and graphic
figures were made in MiniTab™, version 17.3.1 (Minitab
2010).

Results

DOYM data from each vineyard block was compared to index
results (Table 3) using Pearson’s correlation (R2). Themajority
(86%) of the indices showed a statistically significantly
(P < 0.05) correlation to DOYM.

Indices that include the month of September had higher
correlation to DOYM than indices excluding this month.
SONmax and SONmean indices had the highest number of
Bbest^ or Bwell^ correlated results. Fourteen of the 45 sites
had Bbest^ correlation with SONmax, the highest number of
Bbest^ results of all of the indices. An additional nine sites
were Bwell^ correlated with SONmax, though two of these
results did not have significant P values. SONmean had Bbest^
correlation for 12 of the 45 sites and was Bwell^ correlated for
10 of the 45 sites. After the two SON indices, BEDDS-M had
the third overall highest number of sites with Bbest^ correla-
tion (6/45). GDDS-M had 15 of the 45 sites Bwell^ correlated to
DOYM.

The two blocks with the highest correlation values were
both planted to Chardonnay. DOYM of the Yarra Valley
Chardonnay plot was Bbest^ correlated to SONmax

(R2 = 0.81, P < 0.01), and DOYM of the Coal River Valley
Chardonnay (2) plot was Bbest^ correlated to SONmean

(R2 = 0.80, P < 0.01). Linear regressions of DOYM compared
to the indices SONmean, SONmax, MJT, and MGST for these
two Chardonnay vineyards are shown in Fig. 2. Though both
sites had amaritime influence, the Yarra Valley site was warm-
er both throughout the growing season (MJT = 19.77 °C,
MGST = 17.12 °C) and during springtime (SONmean = 1265
heat units, SONmax = 1773 heat units). This is contrasted with
the Coal River Valley, which had aMJTof 17.25 °C,MGSTof
15.10 °C, and lower values for both SON indices
(SONmean = 1136 heat units, SONmax = 1576 heat units).
Overall, the mean temperatures in the Yarra Valley were ap-
proximately 2 °C warmer than the Coal River Valley, which
was reflected in mean DOYM (Yarra Valley DOYM = 56.58,
Coal River Valley DOYM = 90.32) and SON index R2 values
that were 11 (SONmean) and 12% (SONmax) higher in the
Yarra Valley.

Indices which were expanded to include September tem-
peratures performed better than those that did not include this
month. GDDS-M showed better correlation to DOYM than
GDDO-A or GDDS-A with 26 out of 45 blocks being better
correlated with GDDS-M. Fifteen blocks showed better corre-
lation to GDDS-A than either GDDS-M or GDDO-A. Similarly,
for 33 of the blocks, BEDDS-M had a higher correlation to
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Table 3 The correlation coefficient (R2 ) and levels of significance for vineyard block DOYM vs. index. BBest^ correlations are highlighted in green,
Bwell^ correlations are in yellow, and Bleast^ are in red. *P < 0.05; **P < 0.01

State Region Variety MJT MGST GDD    
O-A

GDD    
S-A

GDD      
S-M

BEDD     
O-A

BEDD   
S-A

BEDD    
S-M

HI SON 
mean

SON 
max

NSW Canberra 
District

Cabernet 
Sauvignon 0.22** 0.43** 0.44** 0.45** 0.48** 0.33** 0.33** 0.43** 0.48 0.50** 0.45**

NSW Canberra 
District Pinot Noir 0.32** 0.64** 0.64** 0.67** 0.70** 0.51** 0.55** 0.65** 0.65** 0.67** 0.61**

NSW Canberra 
District Semillon 0.10 0.23** 0.24** 0.24** 0.23* 0.21* 0.22* 0.25* 0.21* 0.21* 0.14

NSW Canberra 
District Shiraz 0.25** 0.38** 0.37** 0.38** 0.39** 0.13 0.14* 0.19* 0.47** 0.25** 0.31**

NSW Hunter 
Valley

Chardonna
y 0.01 0.03 0.02 0.04 0.04 0.00 0.05 0.05 0.05 0.26* 0.38**

NSW Hunter 
Valley

Semillon 
(1) 0.08 0.12 0.11 0.14 0.14 0.01 0.05 0.05 0.17 0.31* 0.23

NSW Hunter 
Valley

Semillon 
(2) 0.19 0.22 0.21 0.27* 0.27* 0.00 0.06 0.06 0.23 0.15 0.14

NSW Hunter 
Valley

Semillon 
(3) 0.18 0.27* 0.26* 0.32* 0.32* 0.05 0.10 0.10 0.35* 0.31* 0.40**

NSW Hunter 
Valley Shiraz 0.01 0.06 0.06 0.08 0.08 0.01 0.01 0.01 0.16 0.23* 0.51**

SA Barossa 
Valley

Cabernet 
Sauvignon 0.03 0.30** 0.31** 0.31** 0.32** 0.25** 0.34** 0.32** 0.34** 0.54** 0.62**

SA Barossa 
Valley Shiraz 0.04 0.23** 0.24** 0.24** 0.24** 0.22** 0.28** 0.23** 0.25** 0.33** 0.40**

SA Coonawa
rra

Cabernet 
Sauvignon 0.18* 0.34** 0.35** 0.39** 0.41** 0.24** 0.29** 0.32** 0.45** 0.46** 0.50**

SA Coonawa
rra Merlot 0.34** 0.54** 0.55** 0.57** 0.62** 0.31** 0.34** 0.42** 0.70** 0.51** 0.59**

SA Coonawa
rra

Sauvignon 
Blanc 0.21* 0.61** 0.61** 0.64** 0.61** 0.55** 0.60** 0.58** 0.61** 0.70** 0.68**

SA Eden 
Valley Shiraz 0.02 0.12* 0.12* 0.13* 0.14* 0.05 0.06 0.07 0.17* 0.24** 0.35**

SA McLaren 
Vale Shiraz 0.08** 0.22** 0.22** 0.27** 0.30** 0.33** 0.38** 0.45** 0.21** 0.39** 0.27**

TAS
Coal 
River 
Valley

Chardonna
y (1) 0.45* 0.48* 0.47* 0.53** 0.54** 0.51** 0.55** 0.55** 0.41* 0.40* 0.21

TAS
Coal 
River 
Valley

Chardonna
y (2) 0.20 0.21 0.20 0.25* 0.23* 0.25* 0.31* 0.30* 0.17 0.80** 0.74**

TAS
Coal 
River 
Valley

Pinot Noir 
(1) 0.07 0.33 0.31 0.41* 0.55** 0.34* 0.42* 0.59** 0.35* 0.46* 0.21

TAS
Coal 
River 
Valley

Pinot Noir 
(2) 0.07 0.41** 0.41** 0.47** 0.50** 0.44** 0.52** 0.56** 0.42** 0.62** 0.57**

TAS
Coal 
River 
Valley

Pinot Noir 
(3) 0.15 0.33** 0.33** 0.41** 0.31** 0.34** 0.44** 0.44** 0.31** 0.62** 0.56**

TAS
Coal 
River 
Valley

Pinot Noir 
(4) 0.40* 0.02 0.04 0.02 0.01 0.01 0.00 0.07 0.00 0.50* 0.14

TAS Derwent 
Valley Pinot Noir 0.02 0.15 0.15 0.23 0.29 0.10 0.12 0.26 0.16 0.70** 0.39

TAS Tamar 
Valley

Chardonna
y (1) 0.30 0.43 0.45 0.53* 0.62* 0.32 0.42 0.61* 0.51* 0.31 0.15

TAS Tamar 
Valley

Chardonna
y (2) 0.41 0.36 0.35 0.41 0.56* 0.19 0.23 0.42 0.52* 0.52* 0.61*

TAS Tamar 
Valley

Chardonna
y (3) 0.37* 0.43* 0.43* 0.48** 0.55** 0.38* 0.41** 0.46** 0.47** 0.36* 0.64**

TAS Tamar 
Valley

Pinot Noir 
(1) 0.09 0.43 0.39 0.51* 0.59* 0.28 0.43 0.61* 0.44 0.34 0.04

TAS Tamar 
Valley

Pinot Noir 
(2) 0.33 0.24 0.24 0.25 0.21 0.38 0.37 0.37 0.10 0.64* 0.20

TAS Tamar 
Valley

Pinot Noir 
(3) 0.37* 0.35* 0.36* 0.39* 0.50** 0.28 0.30 0.40* 0.53** 0.23 0.32

VIC Central 
Victoria Marsanne 0.19** 0.36** 0.37** 0.37** 0.41** 0.26** 0.27** 0.34** 0.42** 0.39** 0.36**

VIC Central 
Victoria Shiraz (1) 0.20** 0.49** 0.49** 0.53** 0.55** 0.33** 0.37** 0.43** 0.54** 0.54** 0.57**

VIC Central 
Victoria Shiraz (2) 0.20** 0.52** 0.52** 0.55** 0.58** 0.30** 0.34** 0.42** 0.61** 0.59** 0.64**

VIC King 
Valley

Chardonna
y 0.23* 0.60** 0.63** 0.63** 0.58** 0.62** 0.58** 0.53** 0.60** 0.59** 0.63**

VIC King 
Valley

Chenin 
Blanc 0.23** 0.55** 0.54** 0.56** 0.55** 0.31** 0.33** 0.40** 0.55** 0.49** 0.50**

VIC King 
Valley Mondeuse 0.35** 0.48** 0.48** 0.50** 0.53** 0.23** 0.25** 0.32** 0.56** 0.51** 0.57**

VIC King 
Valley Shiraz 0.24** 0.70** 0.68** 0.69** 0.60** 0.51** 0.50** 0.44** 0.63** 0.61** 0.62**

VIC
Morningt

on 
Peninsula

Chardonna
y 0.31** 0.58** 0.59** 0.49** 0.67** 0.60** 0.44** 0.69** 0.58** 0.59** 0.56**

VIC
Morningt

on 
Peninsula

Pinot Noir 0.24** 0.42** 0.42** 0.64** 0.52** 0.36** 0.65** 0.49** 0.43** 0.44** 0.45**

VIC Ruthergle
n Muscat 0.07* 0.34** 0.35** 0.38** 0.40** 0.19** 0.22** 0.25** 0.44** 0.33** 0.38**

VIC Yarra 
Valley

Cabernet 
Sauvignon 0.28** 0.25** 0.25** 0.27** 0.25** 0.25** 0.27** 0.28** 0.24** 0.31** 0.28**

VIC Yarra 
Valley

Chardonna
y 0.25** 0.65** 0.66** 0.68** 0.68** 0.58** 0.59** 0.65** 0.70** 0.76** 0.81**

VIC Yarra 
Valley Marsanne 0.19** 0.14* 0.13* 0.17** 0.14 0.16** 0.22** 0.19** 0.10* 0.30** 0.25**

VIC Yarra 
Valley Merlot 0.43** 0.55** 0.56** 0.58** 0.56** 0.47** 0.51** 0.52** 0.55** 0.52** 0.53**

VIC Yarra 
Valley Pinot Noir 0.30** 0.55** 0.56** 0.60** 0.59** 0.50** 0.56** 0.59** 0.53** 0.62** 0.60**

WA Margaret 
River

Cabernet 
Sauvignon 0.24** 0.21** 0.21** 0.37** 0.27** 0.34** 0.25** 0.42** 0.20** 0.35** 0.20**

* = P<0.05, ** = P<0.01

Int J Biometeorol

68



DOYM than BEDDO-A or BEDDS-A, with 28 out of the 45
results being statistically significant (P < 0.05).

Mean January temperature showed the least correlation
with DOYM, with 26 of 45 vineyards ranking this index low-
est, with 17 out of the 26 results being statistically significant
(P < 0.05). This held true across different locations and vari-
eties. BEDDO-A had the second highest amount of Bleast^
correlated rankings (9 out of 45), though only two of these
results were statistically significant (P < 0.01).

Mean index values for the time period of 1985 to 2015
were calculated for each vineyard location (Table 4) to allow
for comparison between sites.

Index trends for every vineyard block were positive, except
for BEDDO-A in the Hunter Valley, though magnitude varied
by site and variety, as shown in Table 5. Eighty-six percent of

the trends were statistically significant (P < 0.05). Canberra
District, Central Victoria, and Rutherglen had higher rates of
change relative to other sites. Canberra District had the highest
rates of change for BEDDS-M (+5.20 heat units/yr) and both
SON indices (SONmean + 5.55 heat units/yr; SONmax + 9.70
heat units/yr). Trends in Central Victoria were high for MJT
(+0.09 °C/yr), MGST (+0.05 °C/yr), and HI (+12.00 heat
units/yr). Similarly, Rutherglen had high rates for MJT,
MGST, both GDD indices and HI. The three regions in
Tasmania, the Coal River Valley, Derwent Valley, and Tamar
Valley, had the least increase, with many of the values not
being statistically (P > 0.05) significant. Margaret River and
Hunter Valley regions also had many low trend rates, though
only 50%were statistically significant at P < 0.05. The Hunter
Valley was the only location to have a negative index value
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Fig. 2 Yarra Valley Chardonnay and Coal River Valley Chardonnay (2), relationships and linear trends between DOYM and indices SONmean, SONmax,
MJT, and MGST. R2 values can be found in Table 5
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(BEDDO-A, −0.21 heat units/yr), though it was not statistically
significant (P > 0.05).

Discussion

Indices that included the month of September, especially in-
dices that summed springtime temperatures, exhibited the best
correlation to DOYM. Phenological research undertaken in
Serbia had similar results, with harvest dates being most close-
ly correlated to springtime temperatures, specifically maxi-
mum temperatures during bud break and flowering (Ruml
et al. 2016). Malheiro et al. (2013) linked springtime temper-
atures to advancement in phenology for the remainder of the
season, with April temperatures being significantly correlated
to harvest timing. In modeling the relationship between
temperature and harvest sugar content, Orlandi et al. (2015)
found mean maximum April temperatures related to sugar
levels at harvest for grapes in Italy and speculated that this
was due to warm springtime temperatures advancing fruit set.

For two of the indices, GDD and BEDD, values were cal-
culated for the traditional growing season months of October
to April as well as for the months of September to April and
September to March. Index performance was improved by
incorporating September and removing April, thus shifting
the range of months. This indicates that September

temperatures are likely to be important when evaluating grape
maturity timing. Research performed in Australia (Sadras and
Petrie 2011), Portugal (Malheiro et al. 2013), Serbia (Ruml
et al. 2016), and the USA (Keller and Tarara 2010) concerning
impact of springtime temperatures on phenology support this
finding. For many Australian vineyards, bud break occurs in
September (Dry et al. 2004) and harvest occurs before or early
in the month of April (Webb et al. 2011). Including the month
of April in an index does not improve the index, as evidenced
by the results presented here.

Springtime temperatures, especially maximum tempera-
tures, influence the timing of bud break as well as rate of
growth throughout the season (Due et al. 1993; Bock et al.
2011; Urhausen et al. 2011). Shiraz (Sadras and Soar 2009),
Cabernet Sauvignon (Keller et al. 2004), and Chardonnay
vines (Petrie and Clingeleffer 2005), when given a heat treat-
ment at bud burst, exhibited accelerated development that en-
abled more rapid shoot growth, longer internodes, and greater
leaf area, all of which enhanced vine vigor. Increased vine
growth related to warm springtime temperatures continued
for the remainder of the growing season, regardless of irriga-
tion schemes (Keller and Tarara 2010; Sadras and Moran
2013). Working with Pinot Noir and Riesling in Australia,
Hendrickson et al. (2004) found that vines grown in cooler
springtime temperatures had significantly less shoot growth
later in the season. Timing of grape maturity has been shown
to be relative to the timing of earlier phenophases (Jones and

Table 4 Mean index results for all regions in this study, 1986–2015. MJT and MGST values are in °C, and all other values are in heat units

Map no. Region MJT
(°C)

MGST
(°C)

GDDO-A

(heat units)
GDDS-M

(heat units)
BEDDO-A

(heat units)
BEDDS-M

(heat units)
HI (heat units) SONmean

(heat units)
SONmax

(heat units)

1 Canberra District 21.30 17.49 1596 1512 1329 1250 2094 1209 1796

2 Hunter Valley 24.14 21.32 2400 2319 1785 1704 2748 1664 2307

3 Barossa Valley 22.21 19.10 1928 1817 1485 1389 2379 1383 1966

4 Coonawarra 20.01 17.19 1525 1442 1233 1167 2044 1248 1805

5 Eden Valley 21.18 18.05 1708 1615 1332 1252 2216 1299 1892

6 McLaren Vale 21.27 18.79 1862 1766 1564 1482 2173 1412 1886

7 Coal River
Valley

17.25 15.10 1089 1029 1097 1034 1492 1136 1576

8 Derwent
Valley

17.23 15.08 1085 1028 1061 1003 1524 1135 1596

9 Tamar Valley 17.61 15.58 1183 1096 1195 1110 1532 1145 1557

10 Central
Victoria

21.90 18.46 1794 1692 1410 1319 2302 1300 1902

11 King Valley
Lower

22.98 18.91 1888 1795 1401 1325 2471 1314 1968

11 King Valley
Upper

21.22 17.39 1578 1500 1251 1184 2139 1180 1779

12 Mornington
Peninsula

18.76 16.78 1435 1338 1411 1318 1658 1251 1601

13 Rutherglen 23.74 19.49 2009 1898 1453 1361 2573 1338 2009

14 Yarra Valley 19.77 17.12 1511 1431 1309 1236 1936 1265 1773

15 Margaret River 20.84 18.89 1883 1763 1648 1559 2119 1416 1819
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Davis 2000), indicating that early bud burst may lead to early
maturity. Furthermore, with warming conditions, there is more
potential for additional carbohydrate storage after harvest, es-
pecially if the grapes are ripening and being picked earlier in
the season, which can lead to an earlier budburst the following
season as well as more rapid initial growth (Hall et al. 2016).

The two highest correlation (R2) values were for
Chardonnay plots, one located in the Yarra Valley and the other
in the Coal River Valley. Both plots were Bbest^ and Bwell^
correlated to the SON indices, SONmax and SONmean. These
two Chardonnay plots were from two climatically different
growing regions, intermediate and cool respectively, and had
significantly different DOYM values, with Yarra Valley
Chardonnay reaching designated maturity on the 57th day of
the year and the Coal River Valley Chardonnay (2) on the 90th
day of the year. Regardless of this large difference in DOYM,
both sites were well-correlated with the SON indices, indicat-
ing that springtime temperatures were related to DOYM. A
study by Watt et al. (2008) found Chardonnay to be sensitive
to springtime temperatures, which was the case in this study as
well. The difference in DOYM timing could be due to higher
temperatures in both springtime and throughout the growing
season, with SONmax having an additional 200 heat units over
three months and MGST about 2 °C warmer for the Yarra
Valley. In Italy, Tomasi et al. (2011) showed that a 2 °C
difference in growing season temperature dramatically
changed the length of time between bud break and harvest,
and that Chardonnay was especially sensitive to this change
in temperature. Chardonnay can be grown in a variety of cli-
mates, from cool to warm, with wine made from Chardonnay
being stylistically diverse (Jones 2012), though higher growing
season temperatures have been shown to compromise total
acidity in earlier ripening varieties (Vrsic and Vodovnik
2012). Chardonnay is considered to be an Bearly^ variety,
meaning that growth starts early in the season relative to other
varieties. In line with the current study, other early maturing
varieties were shown to be more sensitive to changes in GST
than late varieties (Tomasi et al. 2011; Koufos et al. 2014;
Ruml et al. 2016), although an Australia-based study had the
opposite finding (Webb et al. 2007). Both the Yarra Valley and
the Coal River Valley have MGSTs within the optimum range
for Chardonnay, approximately 14 to 17.2 °C, though Yarra
Valley temperatures were closer to the top of the MGST range
for quality Chardonnay production (Jones 2006).

Mean January temperature exhibited the poorest correla-
tion with DOYM, with over 57% of vineyard plots having it
as the lowest ranking index. This held true across different
regions and varieties. MJT has long been considered an im-
portant and relevant index for grape ripening (Smart and Dry
1980). Similar to these results, studies comparing MJT to
harvest showed no correlation between the two (Marta et al.
2010; Ruml et al. 2016). In Australia-specific studies, Webb
et al. (2008) found MJT to be a significant, well-correlated

variable relative to wine quality, although Pangzhen et al.
(2015) showed no correlation between MJT and rotundone,
a wine compound associated with peppery flavors in Shiraz.
Given the results of this study, it may be prudent to reconsider
using MJT in the Australian context.

Other indices included in this study, MGST, GDDO-A,
BEDDO-A, and the HI, were inconsistent in regard to correla-
tion to DOYM. Jones (2006) was able to show a relationship
between wine quality and MGST, indicating that MGST may
be a useful index for some aspects of production. Research
involving heat summation indices, such as GDD and BEDD,
found they were not directly relatable to phenology (Due et al.
1993; Jones et al. 2010), but may be helpful in modeling timing
of phenophases (Real et al. 2015) o r assessing vintage rankings
(insert Salinger et al 2015 reference here, i.e. (Salinger et al.
2015). In this study, correlation betweenDOYMand the HI had
mixed results, with some sites showing good correlation and
others poor correlation. The latitude adjustment incorporated
into the HI was not relevant for the majority of sites in this
study since 32 of the 45 vineyards in this study were located
above 40°S, which could contribute to the poorer correlation
exhibited between the HI and DOYM. The HI proved well-
adapted to spatially defining areas suited for viticulture in
Galicia, Spain (Blanco-Ward et al. 2007) and Chile (Montes
et al. 2012), though these studies considered HI in conjunction
with other indices (Tonietto and Carbonneau 2004) and were
based solely on climate data sets without reference to maturity
date or wine quality parameters. Jones et al. (2010) suggested
that HI may be the best index to use when looking at the impact
of climate change and also advises the use of MGST, possibly
with the addition of a latitude adjustment. Research presented
here indicates that neither HI nor MGST would be the best
index to use in assessing a viticultural area in Australia, at least
for studies that focus on grape maturity timing.

Index trends for the time period of 1986–2015 were posi-
tive except for one indicating that growing season tempera-
tures are increasing, a finding that supports previous studies
(Petrie and Sadras 2008; Webb et al. 2011). Stronger trends
were found for continental climates (e.g., Canberra District,
Central Victoria, Rutherglen) than for maritime climates (e.g.,
all Tasmanian sites, Margaret River). This finding follows that
of other studies which reported more rapid warming for the
interior of Australia as compared to coastal regions (Whetton
and Hennessy 2001; Webb et al. 2008) and the largest differ-
ence in index values being between continental and coastal
sites (Hall and Jones 2009; Hall and Jones 2010). The
Canberra District vineyard sites, located in a relatively cool,
continental climate area, showed the most rapid rate of in-
crease for both SON indices (SONmean and SONmax), indicat-
ing that this area may be experiencing more rapid temperature
changes, especially in springtime, than other areas. Likewise,
Rutherglen, a hot, continental region, had strong trends for the
SON indices. Both Rutherglen and Canberra District are
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considered continental climates, albeit at opposite ends of the
temperature spectrum, suggesting that temperatures in conti-
nental climates may be increasing at a faster rate than other
coastal regions, regardless of whether the region is classified
as Bhot^ or Bcool.^Webb et al. (2008) predicted that a number
of winegrowing areas in Australia may become unsuitable for
quality wine production in the future, with the majority of
these areas having a continental climate. These findings sup-
port the likelihood of more rapidly warming growing season
conditions for continental wine regions than for coastal mari-
time climates.

The three Tasmanian regions (Coal River Valley, Derwent
Valley, and Tamar Valley) as well as theMargaret River region
and Hunter Valley had the smallest rates of increase all of the
indices, indicating that these locations may be warming more
slowly than other regions. These sites all experience a mari-
time influence, with the Tasmanian sites being significantly
cooler than the Margaret River and Hunter Valley sites.
Margaret River is the only site located in Western Australia,
and other studies (Webb et al. 2007; Webb et al. 2012) have
found the Margaret River area to be anomalous in regard to
warming temperatures and grapevine phenology, with bud
burst and DOYM projected to happen later in the season
(Webb et al. 2011). Research conducted in Greece (Koufos
et al. 2014) showed the opposite, with overall temperatures
on island (maritime) winegrowing areas increasing at a faster
rate thanmainland (continental) sites, indicating that continen-
tal versus coastal warming may differ worldwide.

Conclusion

Warming temperatures have been linked to anthropogenic cli-
mate change (IPCC 2014) and are likely to continue, which
has implications for winegrowing regions worldwide (Marta
et al. 2010). Australian specific research supports this conclu-
sion for increases in temperature (CSIRO 2015) and also
shows that springtime temperaturesmay bewarming at a more
rapid rate than temperatures at other times of the year
(Whetton and Hennessy 2001). This research found correla-
tion between springtime temperatures and DOYM for many
of the 45 vineyard sites included in this study. With the likely
advance of springtime temperatures, it is necessary to review
index performance in order to assess whether timeframe mod-
ifications are needed to enhance results relative to observed
grapevine phenophases and ripening. The results of this re-
search suggest that it may be beneficial to base indices on
September to March, rather than on October to April for
vineyards in Australia, with similar changes potentially bene-
ficial for other winegrowing regions worldwide where grape-
vine phenology has been shown to be sensitive to spring
temperatures.
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A B S T R A C T

Seasonal timing of winegrape maturity is influenced by weather conditions. Significant changes to day-of-year-
of-maturity (DOYM), both earlier and later than average, causes logistical problems during harvest, impacting on
grape and wine quality. Shifts in climate circulation patterns resulting from atmospheric teleconnections to
changes in sea surface temperature (SST) anomalies associated with El Niño-Southern Oscillation (ENSO) and
Indian Ocean Dipole (IOD) events can alter seasonal weather across Australia. Events tend to peak in the austral
spring (IOD) and summer (ENSO), when vine and berry development is susceptible to anomalous weather. To
investigate the impacts of ENSO and IOD on the Australian winegrape growing sector, SST data and annual grape
maturity data from a variety of wine growing regions were collected and analysed. Mean DOYM values during
IOD events were significantly (P < 0.05) different for the largest number of vineyard blocks, with IOD positive
(IOD+) events linked to earliest mean DOYM and IOD negative (IOD−) events linked to latest mean DOYM.
ENSO and IOD combined events (ENSOIOD) had the largest difference between earliest mean DOYM and latest
mean DOYM (42 days). Results for ENSO only grouped events were mixed, with no clear pattern emerging. This
finding suggests that the IOD had more impact on DOYM than ENSO and that the IOD superseded the ENSO
signal in combined events for the regions included in this study. The results indicate that improved seasonal
forecasting of IOD, ENSO, and combined events would allow the Australian winegrape sector to better plan for
changes to timing of grape maturity and associated impacts on grape and wine quality, vineyard management,
and harvest logistics.

1. Introduction

The winegrape industry plays an important role in Australia’s
economy, with Australian wine sales totaling $5.1 billion, including an
export value of $2.1 billion in 2016 (AGWA, 2017). Final winegrape
composition as well as wine quality reflects weather conditions during a
growing season, with unusual weather able to compromise quality
(Mira DE Orduna, 2010), impacting the financial investment of growers
and lowering export value. Anomalous temperature and precipitation
(Winkler, 1974; Due et al., 1993), such as those that occur during large
scale climate driver events, have been shown to impact winegrape de-
velopment during a growing season more so than other factors, such as
vineyard management (Keller, 2010).

The climate drivers El Niño-Southern Oscillation (ENSO) and the
Indian Ocean Dipole (IOD) are tropical climate modes whose influence
extends to the mid-latitudes, impacting seasonal weather in Australia.
ENSO is a relatively well documented phenomena (Mcbride and

Nicholls, 1983; Ropelewski and Halpert, 1987), while the IOD is a more
recently identified type of climate driver (Saji et al., 1999; Webster
et al., 1999). Both events are composed of two opposing phases and a
neutral (N) phase. El Niño (EN) and IOD positive (IOD+) events cause
anomalously hot and dry conditions (Taschetto et al., 2011) whereas La
Niña (LN) and IOD negative (IOD−) events support lower temperatures
and increased precipitation (Ummenhofer et al., 2011). Teleconnec-
tions exist that can link ENSO with the IOD, allowing these events to
occur independently or in tandem (Behera and Yamagata, 2003; Cai
et al., 2011; Fierro and Leslie, 2014). When like-events coincide (e.g.
EN and IOD+), more extreme weather can occur (Min et al., 2013).
However, no two ENSO or IOD events are the same, with impact
varying spatially and temporally, as well as in strength (Mason and
Goddard, 2001; Keim and Verdon-Kidd, 2009; Risbey et al., 2009b).
ENSO has stronger influence on northern Australia (Taschetto and
England, 2009) and the east coast (King et al., 2014), while seasonal
weather variation of western (Ummenhofer et al., 2008) and
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southeastern Australia is more closely related to the IOD (Cai et al.,
2009a). ENSO events develop and decay within 9–12 months
(Rasmusson and Carpenter, 1982), typically beginning in austral au-
tumn, developing through winter, peaking in late spring and early
summer and then decaying over late summer, with LN events able to
persist over multiple years (Okumura and Deser, 2010). IOD events are
shorter in duration than ENSO events, developing in winter, peaking in
austral spring and quickly decaying thereafter (Yamagata et al., 2004).
While both types of climate drivers influence Australian weather pat-
terns, Fierro and Leslie (2014) found that November to April tem-
perature variation for southeast Australia was more linked to ENSO,
while from May to October temperature variations were more related to
IOD events, with the peak of an IOD event occurring from approxi-
mately August to November (Meyers et al., 2007).

The winegrape growing season in Australia occurs from Austral
spring though autumn (August to April), a time that coincides with the
development and peak of ENSO and IOD events. Hot and dry condi-
tions, such as those experienced during EN and IOD+ events, can
hasten development leading to a shortened growing season as well as
adding pressure to irrigation sources (Webb et al., 2007). Alternately,
cool, wet conditions, like those found during LN or IOD− events, can
delay grape maturity causing grapes to ripen later in the season. Van
Leeuwen et al. (2004) found that over 50% of seasonal variation of rate
of ripening, yield, and winegrape composition was weather related.
Timing of grape maturity has implications for final grape berry com-
position and wine quality (Jackson and Lombard, 1993 ). Rapid devel-
opment of the grape berry during hot conditions can cause higher sugar
concentration, lower acidity (Conde et al., 2007; Mira DE Orduna,
2010) and hinder anthocyanin development (Sadras and Moran, 2012),
the chemical responsible for color in red wines. Subsequent wines will
be high in alcohol and possibly have altered wine flavor and aroma
(Godden and Gishen, 2005; Bonada et al., 2015). Delayed ripening

during cool, wet weather can foster conditions for mould or insufficient
sugar accumulation which can lead to an unbalanced wine (Jackson
and Lombard, 1993 ). Additionally, large changes to expected or mean
day of maturity has implications for vineyard management and winery
logistics (Webb et al., 2011).

A number of studies focusing on the impact of climate drivers on
agricultural yields in Australia have been conducted. Wheat yields were
linked to changes in precipitation during ENSO events (Nicholls, 1985),
with impact of event varying by region (Potgieter et al., 2005). For
southern Australia, Hayman et al. (2010) found an increased chance of
drought during an EN event, altering wheat yields, though, again, the
effect was spatially dependent. Likewise, sugarcane yields for northern
Australia were linked to precipitation anomalies during ENSO years,
however for other regions the results were less conclusive (Kuhnel,
1994). Viticultural research has focused on variations in wine quality as
an indication of ENSO impact. In Spain, wine quality was associated
with ENSO, with higher rated vintages occurring during or one vintage
after an EN event (Rodó and Comín, 2000). Similarly, wine quality in
Portugal increased relative to southern oscillation index (SOI, an index
used to measure the atmospheric pressure between Tahiti and Darwin,
which can indicate an ENSO event) values in August (Esteves and
Manso Orgaz, 2001), though work in Italy showed no correlation be-
tween SOI and wine quality (Grifoni et al., 2006). For research con-
ducted in the western United States, no correlation was found between
ENSO events and wine quality (Jones and Goodrich, 2008). In the
Southern Hemisphere, work in New Zealand revealed that ENSO events,
both EN and LN, impact mean annual temperature, with changes to
temperature caused by these events influencing viticulture (Sturman
and Quénol, 2013 ). However, no such research has been conducted for
viticulture in Australia and the IOD has not been considered in Australia
or globally in terms of potential impact on winegrape maturity.

The objective of this study was to investigate relationships between

Fig. 1. Map of south eastern Australia showing wine regions (green) and location of vineyards used in this study. Bracketed is vineyard reference number used in Tables 1–6. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

C. Jarvis et al. $JULFXOWXUDO�DQG�)RUHVW�0HWHRURORJ\���������������²���

���78



DOYM and ENSO and IOD to determine if these climate drivers impact
winegrape DOYM. The study presented here is the first of its kind to
explore these relationships in the Australian context and the first
globally to explore the potential combined influence of ENSO and IOD.

2. Materials and methods

2.1. Data sources

2.1.1. Vineyard day of year of maturity
Historical vineyard block records of day-of-year-of-maturity

(DOYM) were analysed for 45 winegrape vineyard blocks in 15 dif-
ferent winegrowing regions in Australia (Fig. 1). DOYM was defined as
the number of days after 1 January when the winegrapes reached a
defined soluble solids concentration (SCC) measured in degrees Baumé
(°Bé), approximating harvest levels. Sixteen different winegrape vari-
eties were included in this study, nine white varieties and seven red,
with each vineyard block containing one type of grape variety. Data
consisted of 27 long-term blocks, with DOYM time series data ranging
from 19 years to 75 years in length, and 18 short-term blocks, all of
which contained 17 years of data (Table 1). These data were originally
coalesced by Webb et al. (2011) and further updated and expanded by

Jarvis et al. (2017).

2.1.2. ENSO and IOD events
ENSO events were classified as EN, LN, or N based on the multi-

variate ENSO Index (MEI) (Wolter and Timlin, 2011) and analysis
provided by the Australian Bureau of Meteorology (BOM) (BOM,
2017a). The Bureau data integrated ENSO indices, such as the SOI and
SST analyses, along with a climatological review of Australian weather
patterns to provide data that was Australian-specific (C. Ganter, BOM,
pers. comm, 13 July 2015). For ENSO-only classification, all vintages in
which an EN or LN event occurred were classified as such, regardless of
whether or not an IOD event occurred during the same vintage.

IOD years were determined using HadISST v1.1 SST analysis
(Rayner et al., 2003) to determine monthly values of the Dipole Mode
Index (DMI) (Saji et al., 1999). IOD analysis for this research focused on
the months of August through November (ASON), when IOD events
develop and peak and which are also crucial months for grapevine
development. Similar to Cai et al. (2009b), for this study the threshold
of IOD event designation was if the monthly DMI value was equal to or
greater than 0.75 of the standard deviation and included at least four
months from June to December with at least three of those months
being included in ASON. These values were then cross-checked against

Table 1
List of vineyard blocks, including vineyard number corresponding with map locations shown in Fig. 1, wine region, winegrape variety in each block, years of data with number of missing
years in parenthesis, designated soluble solids concentration (SSC) used in this study, mean DOYM, minimum DOYM, maximum DOYM, and the standard deviation of DOYM.

Map No. Region Vineyard Block Years of Data SCC (°Bé) Mean DOYM Min. DOYM Max. DOYM S.D. DOYM

1 Canberra District Cabernet Sauvignon (CS) 1986–2015 (3) 12 90 53 120 17
Pinot Noir (PN) 1986–2015 (3) 12 74 50 109 16
Semillon (SEM) 1986–2015 (5) 11 84 63 115 15
Shiraz (SZ) 1986–2015 (2) 12 89 61 139 20

2 Adelaide Hills Chardonnay (CH) 1993–2009 11 65 46 89 11
3 Barossa Valley Cabernet Sauvignon (CS1) 1981–2015 (1) 13.5 72 39 93 14

Cabernet Sauvignon (CS2) 1993–2009 11 62 32 88 15
Chardonnay (CH1) 1993–2009 11 43 26 72 12
Chardonnay (CH2) 1993–2009 11 45 24 75 14
Chardonnay (CH3) 1993–2009 11 45 27 67 11
Chardonnay (CH4) 1993–2009 11 44 28 72 11
Grenache (GR) 1993–2009 12 79 53 107 14
Riesling (R1) 1993–2009 10 53 35 77 10
Riesling (R2) 1993–2009 11 57 35 72 11
Riesling (R3) 1993–2009 10 48 30 68 11
Semillon (SEM) 1993–2009 11 54 32 74 12
Shiraz (SZ) 1979–2015 14 69 25 103 18

4 Coonawarra Cabernet Sauvignon (CS) 1990–2015 (1) 12.5 89 70 119 13
Merlot (M) 1990–2015 (1) 12.5 79 58 106 12
Sauvignon Blanc (SB) 1990–2015 11 60 38 89 13

5 Eden Valley Shiraz (SZ) 1973–2009 (2) 13.5 105 76 128 13
6 Langhorne Creek Chardonnay (CH) 1993–2009 11 52 36 70 10

Grenache (GR) 1993–2009 13 85 68 98 10
Malbec (MB) 1993–2009 12 69 52 92 10
Shiraz (SZ1) 1993–2009 13 83 66 110 13
Shiraz (SZ2) 1993–2009 13 73 45 98 15

7 Riverland Colombard 1993–2009 11 65 29 92 18
Muscat Gordo (MG) 1993–2009 12 72 23 111 17

8 McLaren Vale Shiraz (SZ) 1940–2010 (10) 12 67 33 92 16
9 Central Victoria Marsanne (MAR) 1940–2015 (5) 10 67 40 105 14

Shiraz (SZ1) 1940–2015 (6) 11 70 30 105 15
Shiraz (SZ2) 1959–2015 (1) 11 68 33 97 16

10 King Valley Lower Chenin Blanc (CH) 1988–2013 11.5 68 41 91 14
Mondeuse (MON) 1986–2015 (1) 12.5 89 59 131 20
Shiraz (SZ) 1987–2015 12.5 68 40 109 16

11 King Valley Upper Chardonnay (CH) 1997–2015 11 51 33 84 13
12 Mornington Peninsula Chardonnay (CH) 1985–2015 11.6 90 59 135 18

Pinot Noir (PN) 1984–2015 11.6 85 62 131 18
13 Rutherglen Muscat (MUS) 1945–2015 (11) 15 72 28 113 22
14 Yarra Valley Cabernet Sauvignon (CS) 1973–2015 12 92 58 136 19

Chardonnay (CH) 1977–2015 11 57 40 78 11
Marsanne (MAR) 1973–2015 (4) 11 79 50 150 20
Merlot (M) 1978–2015 12 77 45 104 15
Pinot Noir (PN) 1973–2015 11.6 60 40 83 11

15 Margaret River Cabernet Sauvignon (CS) 1976–2015 (1) 12 67 43 104 13
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events listed by the BOM (BOM, 2017b) to validate that IOD events
selected using the DMI corresponded to observed changes in weather
patterns for Australia. If an IOD event met the aforementioned criteria,
a vintage was classified as such for IOD only events, even if an ENSO
event co-occurred.

ENSO and IOD event years were determined for the vintage years
from 1950 to 2015. ENSO and IOD combined events (ENSOIOD) were
classified according to Table 2 with only those combinations listed used
for analysis. The combination of EN/IOD− did not occur at anytime
during the time series used. Among the scientific community, there is
no one internationally sanctioned way to define ENSO and IOD events.
Categorisation of ENSO and IOD years using the methodology outlined
above, which focused on the months of ASON is in good agreement with
other studies using the HadISST 1.0 dataset, with major events being
captured (e.g. Meyers et al., 2007; Risbey et al., 2009b; Ummenhofer
et al., 2011; Werner et al., 2012).

2.2. Data analysis

2.2.1. Calculating DOYM
DOYM data analysis required standardisation of DOYM to a desig-

nated SSC measurement by vineyard block to allow for interannual
comparison of rate of development at a common unit. This necessitated
SCC designation on a per-block basis, with the designated level related
to desired wine style for that vineyard block. As such, SCC varied be-
tween blocks and are listed in Table 1. For example, the designated SCC
of Barossa Valley Chardonnay, a white wine, was set at 11°Bé since it
was a lighter style of wine and the designated SCC for Shiraz also from
the Barossa was set at 14°Bé, since the Shiraz is a more robust, red wine.

Methodology to calculate DOYM followed Jarvis et al. (2017).
Briefly, if the SSC records collected included a measurement of the
designated SCC, the day of measurement was used as the DOYM for that
vintage. If the specific designated SCC level was not observed, linear
regression using other values for that vintage was used to determine the
DOYM. If only one value was measured during a particular vintage and
it was not the designated SCC, the mean ripening rate for that vineyard
block (based on other vintages of that block) along with the single re-
corded vintage value was used to determine DOYM. The DOYM data
were not detrended for this study. Many of the DOYM data sets were

short (N years< 20), and there is precedence for not detrending short-
term data sets (Cullen et al., 2009).

2.2.2. Vintage year description and calculation
Vintages were categorised based on the occurrence of an ENSO and/

or IOD event during the winegrape growing season. In Australia, the
winegrape growing season begins in springtime of year ‘x’ and con-
tinues until late summer or autumn of year ‘x + 1′. For example, a
winegrape growing season that began in 2015 would be harvested in
2016. For the purposes of this study, the ‘vintage year’ in this example
would be 2016. For consistency with DOYM results, an ENSO or IOD
event was classified according to its associated vintage year. In our
example, if an ENSO or IOD event occurred anytime from August to
December of 2015 or January to April 2016, it was classified as a 2016
event, as 2016 is the vintage year of that grape harvest.

2.2.3. Statistical analysis
Analysis of variance (ANOVA) was performed for ENSO only, IOD

only, and ENSO and IOD combined (ENSOIOD) events using DOYM
data to determine if the mean values of DOYM differed during ENSO,
IOD, and ENSOIOD events. Statistical significance was assessed using p-
values. ANOVA results that were statistically significant (p < 0.05)
were then subjected to Tukey’s post-hoc test to establish which group
means differed significantly.

Short-term vineyard block DOYM datasets were not used for
ENSOIOD analysis since the years in the time series (1993–2009) did
not contain any instance of a LN/IOD− event and only one occurrence
each of an EN/N event and N/IOD+ event, leaving only five categories
out of eight for comparison in ANOVA. Short-term data sets were only
used for analysis with ENSO or IOD unique events.

All data processing and statistical analysis were performed in R (R
Development Core Team, 2014) and ArcGIS was used for mapmaking
(ESRI, 2014). Figs. 2 and 3 required the use of R package ‘ggplot2′
(Wickham, 2009).

3. Results

3.1. Classification of ENSO and IOD years

The vintage years of 1950–2015 were classified according to the
above methodology presented in Section 2.1.2 for categorising ENSO
and IOD years and the groupings are shown in Table 3.

3.2. DOYM relationship to ENSO and IOD

Analysis by ENSO grouping yielded the lowest percentage of sig-
nificant results (p < 0.05) (Table 4) out of the three groups reviewed,

Table 2
ENSO and IOD matrix of combinations used for analysis.

ENSO IOD+ Neutral IOD−

El Niño EN/IOD+ EN/N nil
Neutral N/IOD+ N/N N/IOD−
La Nina LN/IOD+ LN/N LN/IOD−

Margaret River CS
Rutherglen MUS

King Valley Upper CH
King Valley Lower MON

Central Victoria SZ2
Central Victoria SZ1

Central Victoria MAR
Riverland MG

Riverland COL
Langhorne Creek SZ2
Langhorne Creek GR
Langhorne Creek CH
Barossa Valley SEM

Barossa Valley R2
Barossa Valley CH4
Barossa Valley CH3
Barossa Valley CH2
Barossa Valley CH1
Barossa Valley CS1

-10 0 10 20

IOD-

Fig. 2. Anomaly of mean DOYM during IOD+ and IOD−
events from mean DOYM during Neutral years (indicated here
as ‘0′) for vineyard blocks with significant correlation
(p < 0.05) with DOYM.
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indicating that mean DOYM of most of the vineyard blocks were not
quantifiably different during EN, LN, or neutral events. Mean DOYM
when grouped by ENSO had the smallest day range, with the earliest
mean DOYM occurring 17 days earlier than mean latest DOYM. Fur-
thermore, there was no clear pattern of response, with earliest mean
DOYM for different vineyard blocks occurring in both LN and EN years
and neutral years having the latest overall mean DOYM. The majority of
vineyard blocks that were impacted were white varieties (Chardonnay,
Riesling, Muscat Gordo, Marsanne, and Chenin Blanc), with only one
red variety represented (Grenache). These results were not spatially
grouped.

IOD events had the greatest overall number of vineyard blocks with
different means (19 out of 45) at p < 0.05 significance level, with
three additional sites at p < 0.1 significance level (Table 5). When
assessed with Tukey’s post-hoc test, IOD+ and IOD− were grouped
separately (i.e. had significantly different means) for all sites, with IOD
+ having the mean earliest DOYM and IOD− events having the mean
latest DOYM. The average difference of DOYM between the means of
the earliest and latest events was 24 days. There was no noticeable
difference to this mean when blocks were separated into red and white
varieties (± 3 days of overall mean).

Anomaly mean DOYM during IOD+ and IOD− events as compared
to neutral years are shown in Fig. 2 for sites at p < 0.05. Mean
anomaly DOYM values for IOD− years (15.1 days) were greater than
those found during IOD+ years (−9.4 days).

3.3. DOYM relationship to ENSOIOD

When grouped by ENSOIOD events (EN/IOD+, N/IOD+, EN/N, N/
N, LN/N, N/IOD−, LN/IOD−, LN/IOD+), six out of the 28 long-term
vineyard blocks were correlated (p < 0.05) with DOYM (Table 6).

For ENSOIOD combined event results with p < 0.05, both mean
earliest and latest DOYM for included an IOD event, either alone
(IOD−) or in tandem with an ENSO event. The majority of sites had the
earliest mean DOYM occur during a LN event combined with an IOD+

event and the latest event occurring during an IOD− event, either alone
or combined with a LN event. As illustrated in Fig. 3, deviation of mean
DOYM during ENSOIOD events from mean DOYM during N/N years
was not consistent for every vineyard block, with some blocks having a
larger deviation during warm events (EN and IOD+) and others during
cool events (LN and IOD−). The overall mean difference between the
earliest and latest mean DOYM for ENSOIOD groupings was 42 days.
This was the largest spread in DOYM of the three different groups.

4. Discussion

This study considered changes to DOYM in Australian vineyards in
relation to ENSO and IOD events, independently and as combined
events. The results indicate that the IOD had more influence over
DOYM either as a unique event or combined with ENSO, than ENSO
events alone. Consistency among results when grouped by IOD event
was evident, with IOD+ events having the earliest mean DOYM and
IOD− events, the latest. Variation in DOYM during IOD events were
likely related to changes to weather experienced in Australia during
these events. Southeast Australia, the major Australian winegrowing
region, where the majority of the sites in this study were located, has
been found to be predominantly impacted by the IOD (Ashok et al.,
2007; Cai et al., 2009b). Major droughts characterised by both dimin-
ished precipitation and anomalously high temperatures in southeast
Australia have been attributed to IOD+ events, rather than any impact
from ENSO events (Ummenhofer et al., 2009). In a study looking at
severe bushfire seasons in southern Australia, Cai et al. (2009a) found
that IOD+ events create hot, dry springtime conditions, more so than
EN events. IOD− events, conversely, have been linked to an increase in
both above average precipitation (Ummenhofer et al., 2011) and ex-
treme rainfall events (King et al., 2014), along with lower overall
temperatures and reduced incidences of high temperatures during
spring (Min et al., 2013).

DOYM during ENSO events was less variable than for the other two
climate driver groupings (IOD, ENSOIOD). The average difference

Central Victoria SZ1 Central Victoria SZ2 King Valley Upper CH

Barossa Valley CS Barossa Valley SZ Central Victoria MAR

-20 0 20 -20 0 20 -20 0 20

LN/IOD+
LN/IOD-

LN/N
N/IOD-
N/IOD+

EN/N
EN/IOD+

LN/IOD+
LN/IOD-

LN/N
N/IOD-
N/IOD+

EN/N
EN/IOD+

Fig. 3. Anomaly of mean DOYM anomaly during
ENSOIOD events from N/N years (indicated here as
‘0′) for vineyard blocks with significant correlation
(p < 0.05) with DOYM.

Table 3
Vintage year groupings of ENSO, IOD, and ENSOIOD events from 1950 to 2015. The number of years in each grouping is listed in parenthesis at the bottom of each grouping.

IOD+ Neutral IOD-

El Niño 1964, 1973, 1983, 1988, 1992, 1995,
1998, 2007, 2016 (9)

1952, 1958, 1966, 1970, 1978, 1987, 2003, 2010 (8) nil (0)

Neutral 1962, 1968, 1984, 2004, 2013 (5) 1953, 1954, 1963, 1967, 1969, 1977, 1979, 1980, 1982, 1985, 1986, 1991, 1994,
1996, 2002, 2005, 2006, 2014, 2015 (19)

1959, 1960, 1961, 1981, 1990,
1993, 1997 (7)

La Niña 1950, 2008, 2009, 2012 (4) 1951, 1956, 1971, 1972, 1974, 1976, 1989, 1999, 2000, 2001 (10) 1955, 1957, 1965, 1975, 2011 (5)

C. Jarvis et al. $JULFXOWXUDO�DQG�)RUHVW�0HWHRURORJ\���������������²���

���81



between the earliest and latest mean DOYM was the smallest of all of
the three groupings, indicating that while ENSO events may impact
DOYM, the impact is less than ENSOIOD events combined or IOD events
alone. Additionally, there was no clear pattern as to relationship of
DOYM to event type (EN, LN, or neutral). Both EN and LN events re-
corded the earliest mean DOYM and for the majority of the sites, neutral
years had the latest mean DOYM. These results indicate that there may
not be a clear pattern or consistency to how ENSO events impact
DOYM. ENSO climatology for Australia is relatively well studied
(Karoly, 1989; Power et al., 1999) and it is understood that EN and LN
cause different and opposite weather patterns. However, ENSO events
can vary in strength and strength of impact is not necessarily related to
SOI values or SST anomalies (Cai et al., 2010; King et al., 2013). For
example, the 1997 EN event was one of the strongest on record based
on ENSO indices, yet weather patterns in many areas of Australia re-
mained average or, in some areas, slightly wetter than normal. The
state of Victoria in southeast Australia was the only exception, experi-
encing very dry conditions during that event (BOM, 2017a). DOYM
data for the eight vineyard blocks with significant correlation
(p < 0.05) to ENSO spanned from 1988 to 2015. Australia-specific
BOM analysis of impact of ENSO events revealed that four EN events
and five LN events during this time period were classified either as
having a ‘very strong’ or ‘strong’ impact on Australian weather (BOM,
2017a). These classifications indicate that at least four EN events and
five LN events should have caused weather typically associated with

those phases for Australia, however earlier mean DOYM during EN and
delayed mean DOYM during LN were not evident in these results.
Findings presented here indicate that changes to temperature and
precipitation during these events may not have been sufficient to sig-
nificantly impact DOYM or that grouping solely by ENSO does not
adequately capture the impacts of ENSO on DOYM.

Analysis of ENSOIOD combined events revealed that IOD plays an
important role in influencing mean DOYM during combined events. All
significant correlations between DOYM and ENSOIOD events included
an IOD element, but not necessarily an ENSO element. Similar to
findings presented here, research conducted with Australian wheat
yield response to IOD and ENSO revealed that IOD events had more
impact on yield than ENSO events, with IOD seemingly the main in-
fluence during combined events (Yuan and Yamagata, 2015). The re-
sults of this study showed that both the earliest and latest groups for
four of the six blocks consisted of a LN event combined with an IOD+
or IOD− event, respectively. The latest mean DOYM groups in this
analysis, LN/IOD− and IOD− alone, were expected results since both
types of events cause wet, cool weather that can delay grapevine de-
velopment. A climate-based study by Cai and Van Rensch (2013) also
found impacts of LN/IOD− combined events to be similar in magnitude
to those found during IOD− only events. LN and IOD+ events, when
occurring separately, cause opposite weather conditions, yet findings
here show very early DOYM during LN/IOD+ combined events, which
may be due to ENSOIOD events not necessarily having the impact of the

Table 4
Vineyard blocks with significant correlation (p < 0.1) with DOYM when grouped by ENSO, including earliest and latest DOYM group, earliest and latest mean DOYM, and p-value.
Results between p < 0.1 and p < 0.05 significance level are italicized.

Map Number Vineyard Location Vineyard Block Earliest DOYM Group Mean Earliest DOYM Latest DOYM Group Mean Latest DOYM p-Value

2 Adelaide Hills CH A1 LN 58.2 Neutral 71.8 0.060
3 Barossa Valley CH2 LN 35.1 Neutral 53.7 0.039

CH3 LN 39.5 Neutral 51.3 0.083
CH4 LN 34.2 Neutral 51.5 0.016
GR LN 70.7 Neutral 88.3 0.020
R1 LN 45.6 Neutral 59.3 0.027

6 Langhorne Creek GR EN 73.2 Neutral 88.9 0.035
7 Riverland MG LN 55.9 Neutral 77.9 0.027
9 Central Victoria MAR EN 60.2 LN 70.8 0.048
10 King Valley Lower CB EN 57.4 Neutral 75.0 0.030
11 King Valley Upper CH EN 36.4 Neutral 57.9 0.018

Table 5
Vineyard blocks with significant correlation (p < 0.1) with DOYM when grouped by IOD, including earliest and latest DOYM group, earliest and latest mean DOYM, and p-value. Results
between p < 0.1 and p < 0.05 significance level are italicized.

Map No. Region Vineyard Block Earliest DOYM Group Mean Earliest DOYM Latest DOYM Group Mean Latest DOYM p-Value

1 Canberra CS IOD+ 79.4 IOD− 103.0 0.058
3 Barossa Valley CS1 IOD+ 64.4 IOD− 88.8 0.002

CH1 IOD+ 35.9 IOD− 61.5 0.013
CH2 IOD+ 37.3 IOD− 70.5 0.005
CH3 IOD+ 37.2 IOD− 62.9 0.004
CH4 IOD+ 38.8 IOD− 61.5 0.040
R2 IOD+ 50.3 IOD− 71.2 0.001
SEM IOD+ 45.0 IOD− 61.1 0.050

4 Coonawarra CS IOD+ 86.0 IOD− 102.4 0.086
6 Langhorne Creek CH IOD+ 48.7 IOD− 68.1 0.040

GR IOD+ 77.5 IOD− 87.4 0.030
SZ2 IOD+ 62.3 IOD− 91.0 0.032

7 Riverland COL IOD+ 53.0 IOD− 90.8 0.019
MG IOD+ 55.0 IOD− 89.5 0.011

9 Central Victoria MAR IOD+ 55.9 IOD− 74.0 0.000
SZ1 IOD+ 60.3 IOD− 79.2 0.002
SZ2 IOD+ 61.2 IOD− 81.4 0.006

10 King Valley Lower MON IOD+ 81.1 IOD− 110.0 0.047
11 King Valley Upper CH IOD+ 44.1 IOD− 75.2 0.005
13 Rutherglen MUS IOD+ 57.3 IOD− 85.8 0.008
14 Yarra Valley CH IOD+ 51.5 IOD− 63.8 0.067
15 Margaret River CS IOD+ 61.6 IOD− 79.5 0.032
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sum of their parts (Ummenhofer et al., 2011). Additional instances of
LN/IOD+ events are required to further inform these findings. Other
research has noted that the specific mechanisms whereby ENSO and
IOD influence one another through oceanic-atmospheric teleconnec-
tions remains elusive (Izumo et al., 2010). Results found here indicate
that the IOD+ signal overrides the LN signal or that there is another
mechanism whereby LN enhances the IOD+ events in relation to
winegrape response.

Climate studies looking at ENSO and IOD impact on seasonal
variability have found that the strongest weather anomalies occur
during combined events (Meyers et al., 2007; Ummenhofer et al., 2009;
Pepler et al., 2014), with the greatest impact being on springtime
conditions (Cai et al., 2011). Springtime temperatures, from September
to November, are critical for final DOYM (Due et al., 1993; Jarvis et al.,
2017). Unusually warm and dry spring conditions, which are more
likely to occur during EN and/or IOD+ events, have been linked to
earlier bud break, with a more rapid rate of growth and development
for the remainder of the growing season, regardless of later tempera-
tures (Keller et al., 2004; Keller and Tarara, 2010). LN and IOD−
events, conversely, cause above average precipitation and lower tem-
peratures during springtime (Risbey et al., 2009a) can delay grapevine
growth (Jackson and Lombard, 1993) and damage new buds, reducing
the efficiency of flowering and set (Dokoozlian, 2000). Considering
timing of other phenological phases, such as bud break, relative to
climate drivers would aid in interpretation of DOYM results; however,
data for this study was limited to DOYM due to lack of records of other
phenological phases for the vineyard sites included in this study. Min
et al. (2013) found that in addition to an increased chance of anomalous
temperature and precipitation during ENSO and IOD events, came an
increased chance of extreme events, such as heat waves. An increased
likelihood of extreme conditions, especially high temperatures and
drought, has implications for grape and wine quality, beyond advancing
DOYM. Extreme high temperatures, especially when coupled with
drought, can cause berry sunburn, berry shrivel, and leaf burn, all of
which will alter and impair berry ripening (Martinez-Luscher et al.,
2015). When irrigation water is unavailable or inadequately applied,
heat stress can be especially severe and result in crop loss (Webb et al.,
2010). Other preventative measures, such as maintaining a large
grapevine canopy to minimise sun damage to the fruit, require suffi-
cient pre-knowledge of the likelihood of climate driver events, so that
vineyard management plans can be adjusted at the start of the growing
season.

While harvest timing varies from vintage to vintage, harvest logis-
tics (e.g. scheduling harvest workers and equipment) and winery pro-
duction (e.g. tank and barrel space) could be impacted by variance of
DOYM, especially in the case of a large deviation of DOYM from the
mean or if some varieties show a stronger response in DOYM to a cli-
mate driver event. For example, using data from this study, the mean
DOYM of Riesling in the Barossa Valley was 53 (mean of all years). This
Riesling did not have a significant change of DOYM during ENSOIOD
events. However, Barossa Valley Cabernet Sauvignon did show a
change of mean DOYM from 72 (mean of all years) to a DOYM of 53
during LN/IOD+ years. As such, scheduling for harvest and

fermentation of Riesling and Cabernet Sauvignon during ENSOIOD
years may occur simultaneously, which could cause logistical issues in
both the vineyard and the winery. This phenomena of vintage com-
pression was noted by Webb et al. (2011) in the context of climate
change, though changes to weather patterns caused by ENSO and IOD
events appear to have similar seasonal and vintage impacts. This po-
tential for large changes to DOYM of some varieties but not others
during climate driver events could encumber vineyard planning and
winery logistics and requires further study.

Given the results presented here, improvement of seasonal fore-
casting of climate drivers, especially IOD, would be useful in viti-
cultural management in Australia as both ENSO and IOD are frequently
able to be predicted before the start of the winegrape growing season.
The coupled ocean-atmosphere model, Predictive Ocean Atmosphere
Model for Australia (POAMA), has been shown to predict the IOD peak
from September to November with good accuracy given a four month
lead time (Shi et al., 2012), with predictions made further out being less
accurate (Zhao and Hendon, 2009). POAMA skill of prediction is in-
creased during ENSO and IOD events (Hudson et al., 2011, Cottrill
et al., 2013), though underestimates the strength or likelihood of ex-
treme weather during these events (White et al., 2014). Prior knowl-
edge of climate driver events, including the probability of extreme
temperatures and precipitation, would be beneficial to winegrape
growers so that steps, such as additional irrigation and canopy man-
agement, can be taken to help mitigate negative impacts.

5. Conclusion

This is the first study to investigate how winegrape DOYM in
Australia varies during climate driver events as well as the first study
globally to consider the combined impacts of ENSO and IOD on wine-
grape maturity. Findings here indicate that IOD events played a role in
variation of DOYM, though combined ENSOIOD events appeared to
have an overall stronger impact. More emphasis on IOD seasonal
forecasting would benefit vineyard management since these events can
usually be predicted before the start of the winegrape growing season,
allowing changes to be made to viticultural planning. Future research
with additional vineyard block data over a larger geographical area
would be useful to further understanding of the spatial impact of ENSO
and IOD events on winegrape rate of maturity.
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Vineyard blocks with significant correlation (p < 0.1) with DOYM when grouped by ENSOIOD, including earliest and latest DOYM group, earliest and latest mean DOYM, and p-value.
Results between p < 0.1 and p < 0.05 significance level are italicized.

Map No. Region Vineyard Block Earliest DOYM Group Mean Earliest DOYM Latest DOYM Group Mean Latest DOYM p-Value

3 Barossa Valley CS1 LN/IOD+ 53.0 LN/IOD− 92.8 0.032
SZ LN/IOD+ 37.5 N/IOD− 84.0 0.011

9 Central Victoria MAR LN/IOD+ 47.6 LN/IOD− 83.3 0.000
SZ1 LN/IOD+ 46.7 LN/IOD− 81.8 0.018
SZ2 LN/IOD+ 46.7 LN/IOD− 89.4 0.013

11 King Valley Upper CH EN/IOD+ 33.4 N/IOD− 84.4 0.005
14 Yarra Valley PN LN/IOD+ 44.7 LN/IOD− 74.0 0.098
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A B S T R A C T

Seasonal variations in winegrape production are intimately connected with growing season weather, with
unusually hot or cold temperatures impacting grape and subsequent wine composition. El Niño-Southern
Oscillation (ENSO) and the Indian Ocean Dipole (IOD) phases impact weather across Australia, particularly at
the start of the Southern Hemisphere winegrape growing season; however, impacts are spatially and temporally
variable. Temperature-based viticultural climatic indices (e.g. daily maximum springtime temperature) sum-
marise growing season conditions, which allows for inter-annual and inter-regional comparison of conditions
and can be used to assess changes to temperature that occur during ENSO and IOD events. This analysis in-
vestigated variations in values of a viticultural index, summed daily maximum springtime temperature
(SONmax), relative to ENSO-only, IOD-only and ENSO and IOD combined events (ENSOIOD), with the objective
of determining whether or not SONmax values changed during the winegrape growing season. Representative
sites in 18 viticultural regions in Australia that included a range of climates were selected for analysis. Regional
SONmax response to ENSO, IOD, and ENSOIOD event phases was variable. Opposing phases of an event (e.g. IOD
positive and IOD negative phases) differed in spatial impact and strength of impact, with some regions re-
sponding disproportionately to opposing phases. SONmax values recorded during ENSOIOD event phases showed
the most deviation from the mean, suggesting combined ENSOIOD events caused greater SONmax anomalies than
either an ENSO or IOD event alone; however, the magnitude of the anomalies differed between regions and
varied by phase. Cluster analysis by event phase showed that while some regions consistently had a similar
variance of SONmax values relative to other regions, different regions were inconsistent in response. Regional
correlation strength and direction (positive or negative) was also related to event and phase, with response to
warm and cool phases being non-equivalent. This highlights that impacts of opposing phases are not equal-but-
opposite in strength and also vary regionally. Improving regional understanding of impact and prediction for
ENSO, IOD, and particularly ENSOIOD would therefore be useful for seasonal planning of viticultural man-
agement, as these events can often be predicted before the start of the winegrape growing season in Australia.

1. Introduction

Winegrape growing in Australia occurs across a geographically large
area, including diverse climates and topographies. Different regional
climates allow for a wide variety of winegrape cultivars to be success-
fully grown for quality wine production. Winegrape phenology is lar-
gely influenced by weather during the growing season (Coombe, 1987),
which occurs in Australia from approximately September to April, and
is particularly sensitive to changes in temperature (Jackson and
Lombard, 1993; Dry et al., 2004; Petrie and Sadras, 2008). Variations in

annual wine quality and quantity, and therefore value, are a reflection
of these fluctuations (Jackson and Lombard, 1993; Webb et al., 2008).
Unusually warm weather during the growing season can cause annual
grape development to occur at a more rapid rate, leading to early
maturity during a warmer time of the season (Webb et al., 2011), which
impacts wine flavour and composition (Godden et al., 2015). If the
grapes develop too quickly due to high temperatures, the ratio of sugar
to acids in the grapes becomes skewed towards sugar accumulation and
acid loss (Vrsic and Vodovnik, 2012), causing subsequent wines to be
unbalanced and high in alcohol (Dry et al., 2004). Additionally, with
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high temperatures, formation of anthocyanins relative to sugars is al-
tered, which can lead to problems with colour and tannin structure
(Sadras and Moran, 2012). Conversely, excessively cool temperatures
can delay berry development, inhibiting sugar and anthocyanin for-
mation (Cohen et al., 2008), impacting wine quality (Spayd et al., 2002;
Schultz and Jones, 2010).

Viticultural climatic indices (VCI) have been developed to link cli-
matic conditions to cultivar requirements as well as to delineate wine
regions and determine areas suitable for planting. The majority of VCIs
are based on daily or monthly temperature statistics during the wine-
growing season (e.g. Amerine and Winkler, 1944; Huglin, 1978;
Gladstones, 2011), though some indices incorporate other climatic and
environmental conditions, such as precipitation (Hidalgo, 2002) and
soil moisture (Tonietto and Carbonneau, 2004). Jarvis et al. (2017)
examined correlations between several VCI and day of grape maturity
by year in Australia. Their proposed springtime index that summed
daily maximum temperatures from September through November
(SONmax) performed best of all VCI analysed. This is likely due to
maximum springtime temperatures encouraging early and additional
growth, which is maintained throughout the growing season (Keller and
Tarara, 2010), thus impacting timing of winegrape maturity.

Much of Australia’s climate is modulated by coupled oceanic-at-
mospheric connections known as climate drivers that are related to sea
surface temperature anomalies (SSTA) in the tropical regions of the
Pacific and Indian Ocean basins. El Niño-Southern Oscillation (ENSO)
(Rasmusson and Carpenter, 1982), associated with SSTA in the Pacific
Ocean, is considered to be the predominant climate driver impacting
seasonal weather for a vast proportion of the Australian continent
(McBride and Nicholls, 1983; Karoly, 1989; Halpert and Ropelewski,
1992). The Indian Ocean Dipole (IOD) (Saji et al., 1999; Webster et al.,
1999), a phenomenon similar to ENSO but associated with the Indian
Ocean basin, also causes seasonal changes to Australian weather.

ENSO consists of two opposing phases, El Niño (EN) and La Niña
(LN), and a neutral phase. During the EN phase, atmospheric highs
predominate over Australia due to a shift in the Walker Cell circulation
associated with the Pacific Ocean basin, bringing warm, dry weather.
Conversely, LN brings cool, wet weather due to a strengthening of
easterly trade winds associated with a canonical Walker Cell. The im-
pact of LN on Australian climatology has been found to be both overall
stronger and more related to Pacific SSTA than EN impacts, for which
strength of SSTA is not necessarily indicative of impact (Power et al.,
2006). No two EN or LN events are exactly alike, with variations de-
pendent on strength and location of SSTA, which are related to oceanic
and atmospheric circulation patterns. The duration of ENSO events
tends to be about one year, starting in the Austral winter, peaking in
late spring and early summer, and decaying through autumn. However,
LN events occasionally span multiple years, with multi-year events
having more than one peak stage.

The IOD is associated with the Indian Ocean basin and is similar in
climatology to ENSO. IOD positive phases (IOD+), like EN phases,
bring warm, dry weather and IOD negative phases (IOD−), similar to
LN, the opposite (Saji and Yamagata, 2003). IOD events are shorter in
duration than ENSO events for both phases (Shi et al., 2012). Impacts
on air temperature during IOD events were demonstrated to be stron-
gest during Austral spring (Saji et al., 2005), coinciding with the peak
time of the IOD event (Saji and Yamagata, 2003; Meyers et al., 2007), as
well as the start of the Australian winegrape growing season.

Basin heat exchange between the Pacific and Indian Oceans occurs
via deep channels in the Indonesian Thoroughflow, with easterly trade
winds pushing water from the Pacific Ocean into the Indian Ocean
(Vialard, 2015). Teleconnections between the two basins allow ENSO
and IOD events to occur in tandem and as individual events (Behera and
Yamagata, 2003; Yamagata et al., 2004), though the exact mechanism
for this linkage remains in debate. Commonly, like-events (i.e. EN and
IOD+ or LN and IOD−) will occur simultaneously, though the unlike
phase combination of LN and IOD+ has occurred in recent decades.

These combined like-events frequently have impacts differing in
strength and spatial extent than when occurring uniquely, with more
extreme weather observed during combined events (Ashok et al., 2007;
Ummenhofer et al., 2009).

The connection between climate drivers and impact on winegrape
production has been mostly considered in the European context, with
the North Atlantic Oscillation (NAO) and ENSO being the most re-
searched climate drivers relative to winegrape phenology and quality.
Across winegrowing regions in Europe, Santos et al. (2012) found that
changes to inter-annual variability of growing season temperatures
were more related to climate drivers than localised, short-term weather
conditions. Similarly, research showed that atmospheric-forcing related
to climatic circulation impacted grapevine phenology in the Bordeaux
region, France (Jones and Davis, 2000). For the Rías Biaxas region in
northwestern Spain, vintage variability in wine quality was found to be
linked with EN events, though influence from the NAO was not sig-
nificant in regards to wine quality (Rodó and Comín, 2000) but was
shown to be connected to grapevine phenology (Lorenzo et al., 2013).
Wine quality was linked to the Southern Oscillation Index (SOI), which
is used to indicate ENSO events, for the Dao region in Portugal (Esteves
and Manso Orgaz, 2001). However, no link was found between SOI
values and Italian wine quality, though a relationship with the NAO
was evident (Grifoni et al., 2006). Outside of Europe, ENSO research
involving wine quality in the western United States showed little con-
nection with ENSO phases (Jones and Goodrich, 2008). In the Southern
Hemisphere, impact of ENSO phases on wine growing was shown to be
regionally dependent in New Zealand, largely due to within-region to-
pographical differences (Sturman and Quénol, 2013). To date in the
published literature, no other studies have considered the combined
influence of climate drivers in regards to winegrape production.

Focusing on Australia’s wine regions, this study aimed to bridge the
gap between climate science and winegrape responses by improving
understanding of regional impacts of climate driver events on SONmax

values, which are associated with timing of winegrape maturity. This
study had two main aims: (1) To establish if SONmax values for 18 wine
regions in Australia varied significantly during different climate driver
phases and (2) to determine if there were spatial variations in the re-
gional response of SONmax values relative to climate driver phase. This
study provides the first Australia analysis at a regional-scale of the re-
lative impact of different phases of ENSO, IOD, and combined events
and provides methodology and analysis by which to assess spatial and
temporal impact of combined ENSO and IOD events on an agricultural
commodity.

2. Materials and methods

2.1. Data sources and preparation

2.1.1. Temperature data
Vineyard sites were selected to represent 18 winegrape growing

regions in Australia. Gridded temperature maximum and minimum
data (0.05°× 0.05°) for September 1949 to November 2014 inclusive
(Jones et al., 2009) were used to source daily temperatures at each
vineyard site. This gridded temperature data set has been used in
Australian research for comparable studies (Hall and Jones, 2010;
Darbyshire et al., 2011; Webb et al., 2011; Jarvis et al., 2017).

2.1.2. Viticultural climatic index calculation
The viticultural climatic index SONmax expressed as heat units in

degree Celsius (HU°C) was determined for each year for the vineyard
sites used in this study. This index is the summation of daily maximum
temperatures for the months of September, October, and November
(Jarvis et al., 2017).

2.1.3. ENSO and IOD event classification
ENSO and IOD event years from 1949 to 2014 were classified as
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detailed in Jarvis et al. (2018) which was based on the multivariate
ENSO index (MEI) (Wolter and Timlin, 2011) and Dipole Mode Index
(DMI) (Saji et al., 1999). When ENSO and IOD events occurred in
tandem (ENSOIOD), there were eight possible phase combinations: EN/
IOD+, ENSO-Neutral and IOD+ (N/IOD+), EN and IOD-Neutral (EN/
N), ENSO-Neutral and IOD-Neutral (N/N), LN and IOD-Neutral (LN/N),
ENSO-Neutral and IOD− (N/IOD−), LN/IOD−, and LN/IOD+. The
combination of EN and IOD− did not occur during this time frame and
was therefore not used in analysis. Categories were not further divided
in anyway (e.g. based on event strength) since further division these
groups would render statistical analysis useless due to an insufficient
sample size for testing.

2.2. Statistical analyses to evaluate impact of climate driver events on
SONmax

2.2.1. Variance of SONmax values during climate driver events
Analysis of variance (ANOVA) was performed to determine if mean

SONmax values differed when separated into discreet phases for ENSO
(EN, N, LN), IOD (IOD+, N, IOD−) and ENSOIOD (EN/IOD+, N/IOD
+, EN/N, N/N, LN/N, N/IOD−, LN/IOD−, LN/IOD+). Statistical
significance for ANOVA results was assessed at the 95% level. Results
significant at this level were further evaluated with Tukey’s post-hoc
test to determine which means were significantly different.

2.2.2. Assessing regional response of SONmax to climate driver phase
Agglomerative hierarchical cluster analysis using Ward’s minimum

variance method was performed to determine which regions had a si-
milar response during climate driver events. Each analysis consisted of
one type of ENSO, IOD, or ENSOIOD event phase and SONmax values by
region. The combination of LN/IOD+ was not used for this analysis as
there were not enough years of data. Dendrograms showed cluster
groupings along with p-values indicating strength of cluster relationship
with red and green numbers showing two types of p-values: ‘au’ (ap-
proximately unbiased) calculated from multiscale bootstrap resam-
pling; and ‘bp’ (bootstrap probability) calculated by normal bootstrap
resampling. p-values, generated by multi-scale bootstrap resampling, at
p < .05 were surrounded with a red box, indicating statistical sig-
nificance. The R package ‘pvclust’ (Suzuki and Shimodaira, 2015) was
used for this analysis.

Once cluster analysis was complete, regions that occurred regularly
in pairs in the analysis were noted. The same regional cluster could
occur a possible number of 13 times: Three phases each for ENSO and
IOD, plus seven different phases of ENSOIOD events (LN/IOD+ was not
included). A cluster was noted as a pair if there were only two regions
left at the end of the branch of the dendrogram. This allowed the au-
thors to determine which pairs of regions clustered with regularity.
These data were then used for mapping the number of times each re-
gional pair occurred as an exclusive cluster.

Correlation matrices using Pearson’s correlation coefficient (r) were
calculated for SONmax values based on ENSO, IOD, and ENSOIOD phase
in order to determine the nature of the relationships between the re-
gions. LN/IOD+ was not used for this analysis due to insufficient years
of data. Graphical representations of the matrices ordered the regions
according to hierarchical clustering analysis. R packages ‘Hmisc’
(Harrell and Dupont, 2017) and ‘corrplot’ (Wei and Simko, 2016) were
used for matrix development and graphical representation, respec-
tively.

Analyses described above were performed using both detrended and
non-detrended SONmax data and climate driver indices data. Using de-
trended data did not change the conclusions of this study. However,
because the focus of this study was determining the relationship of
climate drivers between wine regions, results using the non-detrended
data were reported here so that the climate change signal was main-
tained.

3. Results

3.1. Regional SONmax variation during climate driver phases

For each region, average SONmax values for 1949 to 2014 are shown
in Table 1. Regions are arranged from highest to lowest mean SONmax.

Maps displaying temperature deciles during EN and LN (Fig. 1) and
IOD+ and IOD− (Fig. 2) phases show that the spatial extent of decile
boundaries differed depending on phase, with some areas more im-
pacted by one phase than another. For example, temperature deciles for
the Margaret River and Swan Valley sites (Western Australia) were
average (Deciles 5 and 6) during an IOD− phase and in Decile 9 during
an IOD+ phase. Across Australia during warm phases (EN and IOD+),
above average deciles showed an opposite spatial pattern, with above
average deciles for EN phase concentrated on the eastern side of Aus-
tralia and for IOD+ phases on the western side. However, cool phases
(LN and IOD−) both had lower than average deciles for southeastern
Australia.

ANOVA testing revealed that deviation of SONmax values from the
mean varied for each region by climate driver event and phase. For the
three types of climate driver events (ENSO, IOD and ENSOIOD), mean
positive deviations in SONmax for all sites were greater than mean ne-
gative deviations.

When assessed for ENSO phases (Fig. 3), eight out of 18 regions had
significant results (p < .05). This was the lowest number of significant
results out of the three event types. Deviation from mean SONmax values
was the smallest for the ENSO-only phases, at −35 and +68 HU°C for
LN and EN, respectively. For two regions, the Mornington Peninsula
and Coal River Valley, Neutral years had the lowest mean SONmax va-
lues, though these results were not statistically significant (p < .05).

All regions had a significant response (p < .05) for differences
between mean SONmax values when assessed by IOD phases (Fig. 4),
with deviations from the overall mean greater than for ENSO events but
less than for ENSOIOD. When averaged across all regions, deviations
from mean SONmax were −62 and +73 HU°C for IOD− and IOD+
phases, respectively. Two sites, Swan Valley and Margaret River, both
had their lowest mean values during Neutral IOD phase years, as
compared to all other sites that had lowest mean values during IOD−
phase years. However, for these two sites, there was only a 2 HU°C
difference between the mean SONmax for Neutral years and the mean
SONmax for IOD− phase years. These findings support those shown in
Fig. 2, where deciles for the Swan Valley and Margaret River sites are

Table 1
Latitude and longitude coordinates of sites representative of wine growing regions, mean
SONmax values, and standard deviations for each site used in this study.

Region Coordinates Average SONmax

(HU °C)
Standard
Deviation

Hunter Valley 32.8°S, 151.3°E 2262 105
Riverland 34.2°S, 140.0°E 2214 117
Riverina 34.3°S, 146.1°E 2155 131
Swan Valley 31.9°S, 116.0°E 2134 85
Rutherglen 36.0°S, 146.5°E 1969 127
King Valley Lower 36.5°S, 146.4°E 1933 118
Barossa Valley 34.6°S, 138.9°E 1917 115
Central Victoria 36.8°S, 145.1°E 1868 107
McLaren Vale 35.2°S, 138.6°E 1846 97
Eden Valley 34.5°S, 139.1°E 1842 119
Margaret River 33.8°S, 115.0°E 1783 71
Coonawarra 37.2°S, 140.8°E 1771 94
Yarra Valley 37.7°S, 145.4°E 1748 86
King Valley Upper 36.7°S, 146.3°E 1747 112
Canberra Region 35.0°S, 149.0°E 1745 127
Mornington

Peninsula
38.4°S, 145.0°E 1582 72

Coal River Valley 42.7°S, 147.5°E 1557 68
Tamar Valley 41.2°S, 146.9°E 1531 56
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near average (Deciles 5 and 6) during the IOD− phase.
There was a significant effect (p < .05) of ENSOIOD event and

phase on SONmax for 17 out of 18 vineyard regions (Fig. 5) with the
exception being the Hunter Valley. The largest anomalies in SONmax

occurred during LN/IOD− and LN/IOD+ events, except for the Hunter
Valley, Swan Valley, Margaret River, and Tamar Valley regions. In
particular, the Swan Valley and Margaret River regions had their lowest
values during LN events, which is supported by data shown in Fig. 4
that indicates the IOD-Neutral phase for these regions had a lower
average mean SONmax than IOD− phase. For these two regions, during
cool phases the LN signal was stronger than the IOD− signal, which
was the opposite of findings for other regions. For other regions (14 of
the 18 regions), both the mean lowest and mean highest SONmax values
occurred when opposing IOD phases paired with a LN phase. For re-
gions where LN/IOD+ had the greatest SONmax positive anomaly, the
values for EN/IOD+ were added to S. 1 to show the difference between
the means of the two phases. Data for EN/IOD+ was included here as
other analyses presented here report EN/IOD+ phase results. For the
Hunter Valley, the greatest mean SONmax anomaly occurred during an
EN phase and for the Swan Valley and Tamar Valley, the greatest
anomaly occurred during an EN/IOD+ phase, thus for these three re-
gions only one phase is shown for the positive anomaly. Further LN/
IOD+ event phases are needed to confirm the results presented here,
however, it is clear that IOD+ phases combined with an ENSO phase
(either EN or LN) were associated with higher than average SONmax

values.
When averaged across all regions, deviations from mean SONmax

were − 94 and +128 HU°C for LN/IOD− and LN/IOD+ events, re-
spectively. For the ENSOIOD phase with the highest values (LN/IOD+),
14 of the 18 sites had SONmax values at least one standard deviation
above the mean (Table 1) and during the opposing phase (LN/IOD−),
five out of 18 sites had SONmax values at least one standard deviation
below the mean. This was the only event type where anomalies ex-
ceeded one standard deviation.

3.2. Regional response to climate driver phases

Cluster analysis (Fig. 6) revealed which sites have similar or dis-
similar variance of SONmax values relative to climate driver phase, with

Fig. 1. Maximum temperature deciles for September, October, and November during EN (left) and LN (right) events.

Fig. 2. Maximum temperature deciles for the months of September, October, and November during IOD+ (right) and IOD− (left) events.

Fig. 3. Mean largest positive and negative SONmax anomalies during ENSO-only events,
with colour indicating phase type during which anomalies occurred. Level of significance
is indicated as follows: ** is p < .01; * is p < .05.
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closely grouped clusters indicating a similar response of SONmax values
to a given phase. Cluster analysis was performed for all events and
phases with the exception of LN/IOD+ phase, as this phase lacked
sufficient data to support cluster analysis. Dendrograms showing IOD

phase cluster analysis are shown in Fig. 6.
Inconsistent responses in SONmax between phases of the same cli-

mate driver were found, with regions shifting in cluster grouping and
dendrogram branch location depending on climate driver phase. Cluster
analysis for each phase of the same event type (e.g. EN, N, LN) pro-
duced clusters that differed by phase, leading to different regional
cluster groupings, indicating that opposing phases of a climate driver
did not show equal but opposite spatial variation. This supports find-
ings shown in Figs. 1 and 2, which showed that spatial extent of max-
imum temperature deciles was phase dependent and opposing phases
had different extents. For example, during IOD+events (Fig. 6),
Margaret River and the Swan Valley are clustered together with the
Hunter Valley on the left side of the dendrogram, with the Mornington
Peninsula grouped with Yarra Valley on the far right side of the den-
drogram. For IOD− events, however, the position of the Hunter Valley
in the dendrograms shifts to be more closely clustered with the Mor-
nington Peninsula and Yarra Valley. This indicates that the variance of
SONmax values for the Hunter Valley differed relative to other regions,
depending on the IOD phase. In other words, because a region exhibited
similar SONmax variation during one phase, it did not necessarily mean
that they had a similar variance during the opposing phase.

Certain cluster pairs occurred frequently (Fig. 7) such as the Barossa
Valley/Eden Valley, which were clustered together for every phase of
every event, Margaret River/Swan Valley, clustered for all phases ex-
cept N/IOD+ (data not shown), and King Valley Lower/King Valley
Upper, which were clustered together except those phases that included
an IOD− element. Some regions, notably the combinations of Barossa
Valley/Eden Valley/McLaren Vale and Rutherglen/King Valley Lower/
King Valley Upper, also appeared in triplet with regularity (indicated by
a yellow circle in Fig. 7). Other regions, such as the Hunter Valley,
Riverland, Coal River Valley, and Coonawarra, were rarely clustered
with other sites or frequently shifted clusters (e.g. Fig. 6). The analyses
showed that regions that were spatially close were not always grouped
together, such as Margaret River and Swan Valley during N/IOD+

Fig. 4. Mean largest positive and negative SONmax anomalies during IOD-only events,
with colour indicating phase type during which anomalies occurred. Level of significance
is indicated as follows: ** is p < .01; * is p < .05.

Fig. 5. Mean largest positive and negative SONmax anomalies during ENSOIOD events,
with colour indicating phase type during which anomalies occurred. Level of significance
is indicated as follows: ** is p < .01; * is p < .05.

Fig. 6. Cluster analysis results for SONmax values separated
into IOD phases: (a) IOD+, (b) Neutral, and (c) IOD−. Red
boxes indicate results significant at p < .05. Red and green
numbers are two types of p-values, approximately unbiased
(au) and bootstrap probability (bp). (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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phases, during which the Swan Valley was clustered with the Tamar
Valley, a spatially distant region.

Correlations (R2) between regional SONmax values were determined
for each phase of ENSO (S. 2), IOD (S. 3), and ENSOIOD (Fig. 8) events.
While the cluster analysis showed which regions varied in a similar way
during a given phase, the results from the correlation analysis revealed
the nature of those relationships. Correlation results were overall po-
sitive, indicating the sites tended to vary in the same way during a given
phase; however, the strength of relationships differed depending on
phase. Strong positive correlation coefficients (R2 > 0.95) were found
between sites frequently grouped in the cluster analysis (e.g. Barossa
Valley and Eden Valley; Fig. 7). Negative correlations were also found,
demonstrating that during some phases (e.g. EN/IOD+) one region
(e.g. Hunter Valley) would have SONmax values increasing while values
from another region (e.g. Tamar Valley) were decreasing, showing an
opposite response to climate driver phase. However, these two regions
had a positive correlation for the LN/IOD− phase. This example is
reflected in the cluster analysis (data not shown) where during the EN/
IOD+ phase, Tamar Valley and Hunter Valley occur at opposite sides of
the dendrogram and during the LN/IOD− phase, the two regions were
located on the same branch. These findings highlight that relationships
between regions varied by phase and that opposing phases did not
necessarily produce equal-but-opposite SONmax variation. Negative
correlation occurred most frequently for the relationship between the
sites in Western Australia (Margaret River and Swan Valley) and sites in
the other parts of the continent. The Hunter Valley on the east coast of
Australia also exhibited negative correlation relative to other sites.
However, none of these negative correlations were significant at
p < .05.

4. Discussion

The greatest impacts on SONmax values for the Australian viticulture
regions considered in this study were associated with ENSOIOD phases;
however, strength of impact of opposing phases was non-equivalent for
all event types and varied by region. For the majority of significant
responses during ENSOIOD phases, LN/IOD− had the mean lowest and
LN/IOD+ had the mean highest SONmax anomaly. These results suggest

that IOD supersedes the ENSO signal, as the impacts reflect those as-
sociated with the IOD element. However, Swan Valley and Margaret
River region exhibited a different response in SONmax variation during
ENSOIOD event phases (Fig. 5). For these regions, the ENSO signal
appears to be more important during the cool phase (LN), although IOD
dominates during the warm phase (IOD+). While few other studies
have considered the impact of combined events in the Australian con-
text, Ummenhofer et al. (2011) showed that the most extreme dry and
wet years occurred during combined events, EN/IOD+ and LN/IOD−
respectively, with weather during combined events deviating from the
average. When considered separately, the IOD signal tended to override
the ENSO signal for southeast Australia in regards to impact on max-
imum springtime temperatures (Min et al., 2013), long-term drought
(Ummenhofer et al., 2009), and for winter rainfall on the Eastern sea-
board (Pepler et al., 2014). Yuan and Yamagata (2015) also found that
the IOD signal was stronger than the ENSO signal in regards to how
wheat yields were impacted by climate driver events, with the IOD
having a greater impact on yield variability.

The significant changes to SONmax from the overall mean during
ENSOIOD and IOD events have implications for viticulture. Jarvis et al.
(2017) showed significant correlation between SONmax and day of
grape maturity for vineyard sites across Australia. Unusual springtime
SONmax values were linked with the rate of grapevine phenology, either
hastening (high values) or delaying (low values) winegrape maturity.
More generally, maximum springtime temperatures have been shown to
be important to the timing of winegrape maturity due to impacting the
timing of grapevine bud break (Due et al., 1993). Bud break in grape-
vines is initiated by an increase in ambient vineyard temperatures and a
hot, early spring, which here would be reflected in anomalously high
SONmax values, can cause accelerated, seasonally sustained develop-
ment in the vine regardless of conditions later in the season (Sadras and
Soar, 2009; Keller and Tarara, 2010). Cooler springtime temperatures,
which here would be represented by anomalously low SONmax values,
significantly slows development, reducing shoot growth, which impacts
the remainder of the growing season (Hendrickson et al., 2004).

Fewer significant results (p < .05) along with relatively small value
deviation for SONmax when grouped by ENSO-only phases suggests that
ENSO had lesser impact on index values than IOD or ENSOIOD events.

Fig. 7. Discreet cluster pair links that occurred in
hierarchical clustering analysis, with the maximum
possible value being 13. Colour and line width in-
dicate frequency of occurrence. Yellow circles shows
sites regularly grouped in triplet. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The ENSO phenomena has been widely researched in the Australian
context (e.g. Allan, 1988; Power et al., 2006; Risbey et al., 2009b;
Ashcroft et al., 2016) and has long been considered an important source
of seasonal weather variability for agricultural production. Results here
indicate that IOD events, both alone and when combined with ENSO,
play a more decisive role in influencing SONmax values than ENSO
alone, a finding which is supported by other research. Jarvis et al.
(2018) showed similar results, finding day of winegrape maturity to be
least influenced by ENSO phases, with IOD and ENSOIOD phases
having more impact on maturity. As such, this finding indicates that
improving understanding of IOD and ENSOIOD impacts on Australia’s
wine regions could be of greater value to viticulturalists than focusing
on ENSO-only predictions.

Impact of opposing phases of both ENSO (Power et al., 2006) and
IOD (Ummenhofer et al., 2011) events has been shown to be asym-
metrical in strength, which is supported by results found here. This
uneven impact of climate driver phases is known in climate science;
however, this is not discussed in any published literature regarding
viticulture or more broadly for agriculture. Findings of this research
indicate that equal-but-opposite phase response is not always a correct
assumption, with some regions responding to one phase but not the
opposite, or spatially similar regions responding differently from one

another for the same phase. For example, during the IOD− phase of
IOD-only events, the Mornington Peninsula site was positively corre-
lated with the Hunter Valley (S. 3) and both sites shared a branch in the
cluster analysis dendrograms (Fig. 6). However, during the opposing
phase, IOD+, there was no correlation between the Mornington Pe-
ninsula and the Hunter Valley and the sites were clustered differently.
The binary nature of the naming of climate driver events (i.e. positive
and negative IOD) likely adds to misinterpretation that opposite impact
occurs with opposite phases. As revealed by results here, opposing
phases, especially during combined ENSOIOD events, cannot be re-
duced simply to the opposite impacts, albeit differing in strength. Ra-
ther, each phase of an climate driver event, whether occurring alone or
in tandem, has its own characteristics, with impacts that vary not only
in strength, but also spatially, temporally, and by thermal anomalies.
Hoerling et al. (1997) also questioned the use of a linear scale for cli-
mate driver events (in their case, ENSO), noting that oceanic-atmo-
spheric connections are inherently non-linear, with each phase having
different locations of SSTA, which alters Walker Cell and wave train
genesis locations. Reframing ENSO, IOD, and ENSOIOD events as oc-
curring along a spectrum rather than as discreet phases would provide a
more descriptive context in which to communicate impact, especially
regional impact, of these types of events. As evidenced here, spatial
extent of climate driver impact is complex and phase-dependent and
therefore requires language that goes beyond binary.

Based on cluster and correlation analysis, vineyard site response
was spatially diverse, depending on the climate driver phase. This was
expected due to the inclusion of geographically diffuse sites; however,
some sites with spatial proximity had inconsistent results relative to
other sites in the same area. For example, cluster analysis showed that
the Coonawarra region did not consistently cluster with any other re-
gion or regions, even regions that were geographically close, such as
McLaren Vale. Rather, the Coonawarra region was more frequently
clustered with regions in Victoria (Central Victoria and Yarra Valley)
and Tasmania (Coal River Valley) (Fig. 7). Spatial differences in impact
observed in this study could be due to a variety of factors including
microclimates, topography, continentality of regions, and shorter-term
weather patterns endemic to a given area. Unfortunately, there is lim-
ited climatic analysis available at the regional level that examines the
impact of ENSO, IOD, and especially ENSOIOD events for agriculture in
general and viticulture in particular. Climate driver assessments are
often conducted for large areas, such as “southeast Australia”, which
covers about 25% of the Australian continent (e.g. Risbey et al., 2009a;
Ummenhofer et al., 2009; Ummenhofer et al., 2011; Fierro and Leslie,
2014). Given the results here, climate driver analysis at such a broad
scale may have minimal application for regional viticultural areas. This
finding has implications for viticultural planning, with inappropriate
grouping of regions based on spatial proximity misinforming manage-
ment response, potentially leading to adverse production outcomes.
Equally, these results illustrate that sites that are geographically distant
could share management strategies. Furthermore, performing analysis
at a regional level has been shown to be of significantly more use to
viticulturalists than lower resolution analysis (Dunn et al., 2015),
highlighting the importance of conducting research at an appropriate
scale.

Similar in concept to climate analogues used in climate change re-
search (Webb et al., 2013; Dunn et al., 2015), presenting climate driver
information in the context of ‘vintage analogues’ would be a way to
improve uptake and usefulness of climate driver forecasts. Impacts of
past climate driver event phases could be assessed on a regional basis
and then summarised for growers. When future seasonal forecasts
predicted a given climate driver phase, viticulturalists could then refer
to past ‘vintage analogues’ for guidance as to what climate variations to
expect and how those variations impacted growing season conditions.
This approach would enable viticulturalists to review what advanta-
geous actions they or managers from regions with a similar response
took during a vintage impacted by a climate driver phase and apply

Fig. 8. Correlation of SONmax to climate driver events: (a) EN/IOD+, (b) N/IOD+, (c)
EN/N, (d) N/N, (e) LN/N, (f) N/IOD−, and (g) LN/IOD−. Strength of correlation is
indicated by shading and circle size and colour indicates a positive (blue) or negative
(red) relationship. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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those actions to predicted seasonal conditions. For example, both ENSO
and IOD can usually be predicted before the start of the winegrape
growing season and if viticulturalists know that high SONmax values
occur during a LN/IOD+ phase, they can, for example, ensure vineyard
soil is fully saturated before the peak of the phase to help avoid vine
stress and they can utilise pruning methods that help delay bud break.
Vineyards, like other perennial horticultural crops, have a long life
cycle, with many vineyards having optimum production from 5 to 30
years after planting. As such, vintage analogues would be useful for
viticulture because there are decades of previous vintages from which
to draw information. This compares to grain crops that are replanted
each year. Research presented here clearly shows variety in regional
response by climate driver phase and also provides a foundation on
which to build the ‘vintage analogues’.

5. Conclusion

Findings presented here highlighted the non-binary phase response
of SONmax values relative to climate driver phases for winegrowing
regions in Australia. Use of a multiple types of statistical analysis was
an important and novel part of this research which revealed that
SONmax values do vary by climate driver phase (ANOVA analysis), that
regions vary relative to one another (cluster analysis), and that the
nature of the relationships between regions also varies by phase (cor-
relation analysis). This suite of analyses provided a more comprehen-
sive picture of how climate driver phases impacted SONmax values for
Australia’s wine regions and provides a methodology that can be re-
plicated for other countries and agricultural fields.

While much work has been conducted in understanding the me-
chanisms behind and impact of ENSO and IOD events for broad areas,
less research has occurred in the applied science and agricultural space,
offering sector-specific interpretation of likely regional impacts from
these events. The greatest anomalies in SONmax values were related to
ENSOIOD phases for most viticultural regions included here, with ENSO
phases eliciting a minimum response. This finding suggests that fore-
casting of climate drivers can be used to inform vineyard management
plans. However, the magnitude of anomalies varied between regions
and phases indicating that improving understanding of regional re-
sponse for ENSO, IOD, and especially ENSOIOD combined events,
would help ensure climate driver information received by viticultural-
ists is applicable to their region. Future research that focuses on iden-
tifying ‘vintage analogues’ would likely support use and utility of cli-
mate driver forecast reports in viticultural decision making.
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6.8 Supplementary data 

 

 
S. 1 Mean largest positive and negative SONmax anomalies during ENSO/IOD events, with 
colour indicating phase type during which anomalies occurred. EN/IOD+ phase is shown 
layered over LN/IOD+ phase for regions where these two phases had the greatest positive 
anomalies. Level of significance is indicated as follows: ** is p < 0.01; * is p < 0.05. 
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S. 2 Correlation of SONmax to 
ENSO events: (a) EN, (b) 
Neutral, (c) LN. Strength of 
correlation is indicated by shading 
and circle size and colour 
indicates a positive (blue) or 
negative (red) relationship. 
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S. 3 Correlation of SONmax to IOD 
events: (a) IOD+, (b) Neutral, (c) IOD−. 
Strength of correlation is indicated by 
shading and circle size and colour 
indicates a positive (blue) or negative 
(red) relationship. 
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7.0 General Discussion 
 

This thesis was the first to explore the impacts of the large-scale climate drivers 

ENSO and IOD on viticultural and climatic variables for vineyards in Australia. The 

research revealed that IOD and ENSO/IOD combined events impact viticulture and 

springtime temperatures significantly more than ENSO events – a finding that is highly 

relevant to improving seasonal forecasting for viticulture and represents an important 

contribution to the field of applied climate science. Novel methods of investigating the 

variation in spatial impacts of climate drivers were proposed along with the initial 

development of a new and unique viticultural-climate model. Techniques for assessing 

climate driver impact described herein are able to be replicated for other winegrowing 

regions worldwide. Three publications in highly rated academic journals with a fourth 

submitted attest to the importance of this research. A critical winegrape maturity data set 

was developed and used extensively in this research, with maturity values found to reflect a 

changing climate as well as the seasonal impact of climate drivers. This research not only 

provides an understanding of how climate drivers impact winegrape maturity and 

springtime temperatures for Australia’s wine regions, but also provides the foundation for a 

seasonal forecasting platform for viticulture. 

An updated and expanded day of year of maturity (DOYM) dataset originally 

compiled by Webb et al. (2011) was used to address questions regarding impact of ENSO 

and IOD on Australian viticulture in this thesis. The progression of answers to the research 

questions was thus: 

 

1. Are changes to day of year of maturity (DOYM) and mean growing season temperature 

(MGST) in Australia continuing as previously reported? Are similar trends found in newly 

acquired datasets? Is there evidence of vintage compression? 

Trends toward earlier maturity were found for all vineyard blocks studied, though 

the rate of change of maturity varied by block. Results of the vintage compression analysis 

were mixed, with further research using additional blocks needed to confirm findings. 
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2. Which viticultural climatic index is best related to day of year of maturity in the 

Australian context?  

Springtime temperature indices, SONmean and SONmax, were shown to have the best 

correlation to the greatest number of vineyard blocks, outperforming other, commonly 

used, viticultural climatic indices. Once this was established, the best viticultural index 

(SONmax) was then used to address possible difference in seasonal weather that occur 

during ENSO and IOD events (Chapters 5 and 6).  

 

3. Do ENSO, IOD, and combined event phases influence winegrape day of year of 

maturity? 

Addressing these questions established that DOYM does indeed vary during ENSO 

and IOD events, especially during IOD phases and combined event phases. DOYM was 

found to be either significantly earlier or later than average during certain events.  

 

4. Do ENSO, IOD, and combined event phases have an impact on maximum springtime 

temperature index values? If so, how are the values impacted, spatially and temporally?  

Understanding that the selected index (SONmax) had a relationship with DOYM and 

that DOYM varied during ENSO and IOD events, the selected index was then used to 

determine how index values varied during ENSO and IOD events, both by phase and by 

region. Similar to results found for question 3, IOD and combined event phases showed the 

greatest deviation in SONmax values. Variation in SONmax values were found to be spatially 

and temporally variable, with opposite climate driver phases having a non-equivalent 

response for some regions.  

 

Addressing these four questions and considering the total results from them enabled 

this thesis to provide an in-depth look at the relationship between climate drivers and their 

impact on winegrape maturity timing in Australia. Findings that emerged from this research 

are outlined and discussed below. The conclusions presented here advise future areas of 

research. 
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7.1 Research Findings and Original Contributions 
This research made significant original contributions regarding the application of 

climate science to viticulture in Australia and includes the first published works, globally, 

to look at the impact of the combined climate drivers ENSO and IOD on both winegrape 

maturity timing and viticultural climate index values. IOD and combined phases were 

shown to influence both DOYM and viticultural climate index values for the majority of 

regions and vineyard blocks included in this study, with ENSO-only phases having a 

minimum impact.  

An important contribution of the research in this thesis was a deeper understanding 

of the value of viticultural climatic indices in representing DOYM. Through this research, 

the development of a springtime temperature index was formulated and found to out-

perform commonly used indices (e.g. mean growing season temperature, growing degree 

days). This research on springtime temperatures relative to both climate drivers and DOYM 

highlighted that changes to the months used for indices are useful and relevant to Australian 

viticulture, especially in the context of unusually warm springtime temperatures during 

climate driver phases. Use of a springtime index includes the months when the IOD usually 

peaks and when ENSO phases are active. As such, these springtime temperature indices are 

able to capture climate signals from ENSO and IOD and can be incorporated into a 

seasonal forecast for viticulture.  

This research indicated that combined climate driver phases have the most impact 

on both DOYM and SONmax index values, especially the phases of LN/IOD+ (early DOYM 

and high SONmax values) and LN/IOD− (late DOYM and low SONmax values). EN/IOD+ 

phases were also linked to earlier DOYM and higher index values, albeit to a lesser extent 

than LN/IOD+ phases. However, for the years of data included in this study, there were 

only four LN/IOD+ phase events, with three of those events taking place since 2000. 

Because of this, additional years of LN/IOD+ phases are needed to confirm the results 

presented in this thesis. Even without including the LN/IOD+ phase, anomalous values of 

metrics included in this thesis during combined events were greater than ENSO and IOD 

phases occurring alone. 

Research presented in this thesis showed that opposite phases of ENSO and IOD 

differed both in strength of impact and spatial extent. Generally, the opposing phases of 
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these climate drivers are discussed in equal but opposite terms. The confusion likely arises 

from the binary naming of the climate drivers: El Niño (the boy) vs. La Niña (the girl); IOD 

positive vs. IOD negative. The most striking example found in this thesis was that of the 

Margaret River region in Western Australia. This region was strongly impacted by IOD+ 

phases, but IOD− phases had little or no impact. In communicating these findings to 

growers, care must be taken to stress that opposite phases do not have opposite-but-equal 

impact and that impact will vary from region to region. 

 

7.1.1 Advancement of winegrape maturity continuing for winegrowing regions in 

Australia with variable evidence of vintage compression 

Chapter 3 introduced the viticultural variable day of year of maturity (DOYM) and 

addressed the research questions: Are changes to DOYM and mean growing season 

temperature in Australia continuing as previously reported?; Are similar trends found in 

newly acquired datasets?; and, Is there evidence of vintage compression?  

This chapter established DOYM as a variable and the methodology used to calculate 

DOYM, which can be applied to other wine regions worldwide. An important dataset 

originally compiled by Webb et al. (2011) was updated to include the vintages of 2010 to 

2015. An additional 23 vineyard block DOYM data sets were collected for a total of 31 

vineyard blocks in 13 different regions. Updating and maintaining this dataset and ones like 

it is of the utmost importance for the Australian wine industry due to an overall lack of 

coordinated and systematic data collection. Viticultural datasets that include a quantifiable 

variable, such as DOYM, are critical to scientific research as many other aspects of 

viticulture phenology data lack rigour in determination. 

The Webb et al. (2011) paper established that winegrape maturity was advancing 

and growing season temperatures were increasing for wine regions across Australia. This 

work outlined the link between anthropogenic climate change and advancement of DOYM. 

Revisiting this work using updated and expanded data was an important step in evaluating 

ongoing trends in climate change. This work is especially relevant given that climate 

change skeptics point to a ‘warming hiatus’ starting after 2000 as evidence that global 

warming is not occurring (Trenberth and Fasullo, 2013). No indication of a warming hiatus 
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was found in this work, with trends towards earlier maturity and warming growing season 

temperatures continuing. Re-evaluating previous climate change work through an updated 

and expanded data set is an critical part of corroborating previous findings and bolstering 

evidence of the ongoing impacts of climate change.  

Vintage compression, whereby the growing season is shortened due to later 

cultivars ripening earlier in the season, is currently an important topic in Australian 

viticulture; however, few studies have been undertaken that explore this complex topic. 

Here, the findings of vintage compression were mixed – there was no clear pattern found 

among data sets used. This could be for a variety of reasons including: One, that cultivars 

included in vineyard block sets tended to ripen around the same time; two, that the earliest 

ripening cultivar was tending towards earlier ripening at a greater rate than later cultivars; 

and three, vintage compression may be occurring in some areas and cultivars to a different 

degree than other areas and cultivars. More data is needed to reach any conclusions. While 

there is anecdotal evidence (Coulter et al., 2016), vintage compression has proved difficult 

to quantify, due in part to few data sets and the complexity of ripening rates. 

Chapter 3 was important for establishing DOYM as a variable, for expanding a very 

important data set, for substantiating previous findings, and for adding to the literature on 

vintage compression. DOYM was used exclusively in this thesis and establishing the 

methodology for calculating DOYM was an important aspect of this chapter. Furthermore, 

very few studies that follow up on previously reported findings relating phenology to 

climate change have been conducted and, as such, this chapter adds to that body of 

literature.  

 

7.1.2 Relationship between viticultural climatic indices and grape maturity 

timing in Australia 

Chapter 4 evaluated commonly used viticultural climatic indices relative to 

observed DOYM to determine which indices were best related to this metric and addressed 

the question: Which viticultural index best correlates with observed DOYM in Australia? 

All indices selected used temperature variables. Rainfall data was not used for any aspect of 

this thesis due to the confounding effects of irrigation and a lack of irrigation data for each 
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vineyard block. Though rainfall can impact growing season conditions and rate of maturity, 

impacts of temperature have been shown to be more important relative to phenologic 

timing (Jackson and Lombard, 1993). No research has investigated index correlation 

against observed Australian winegrape maturity.  

In addition to traditional indices (e.g. mean growing season temperature (MGST), 

growing degree days (GDD)), two springtime temperature indices were developed due to 

evidence in the literature showing a link between springtime temperatures and maturity 

(e.g. Keller and Tarara, 2010, Rogiers et al., 2014, Clarke et al., 2015). The two indices, 

SONmean and SONmax, summed the mean and max daily temperatures, respectively, for the 

months of September, October, and November. Research presented in Chapter 4 showed 

that these springtime temperature indices had a stronger relationship with DOYM than 

other, more commonly used indices, including MGST, mean January temperature, GDD, 

biologically effective growing degree days (BEDD), and the Huglin Index. Specifically, 

SONmax and SONmean indices showed the best overall correlation with DOYM for the most 

(26/45) vineyard blocks used in the study. Additionally, when the indices GDD and BEDD 

were shifted to include the months of September to March instead of October to April, 

correlation was improved. This indicates that temperatures in the springtime (September) 

showed better correlation to DOYM than temperatures later in the growing season (April). 

Trends towards earlier harvests (as presented in Chapter 3) mean that many grapes are 

picked before April, which is another reason shifting the months used to be September to 

March may have improved correlation. 

The importance of springtime temperatures relative to winegrape phenology was 

highlighted in the literature review. Multiple studies show a strong link between springtime 

temperatures (usually mean or maximum temperatures) and phenological phases such as 

budburst and maturity (e.g. Keller et al., 2005, Malheiro et al., 2013, Rogiers et al., 2014), 

which was supported by findings here. However, no viticultural climatic index existed that 

incorporated springtime temperatures, with indices for the southern hemisphere generally 

counting October as the first month in the growing season even though for most regions in 

Australia, budburst occurs in September (or even August) (Dry et al., 2004, Hall et al., 

2016).  
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The literature showing the link between springtime temperatures and maturity 

supported the development of the SON indices used in Chapter 4, as well as testing indices 

modified to include the month of September. DOYM was most strongly related to 

maximum temperatures in September, October, and November, foregoing the need to 

include other months and simplifying calculations, if the goal of the index is to estimate 

DOYM. Further testing of the SON indices is needed to determine if they show good 

correlation to any other phenological phases (e.g. flowering and veraison) and if they can 

be used to delineate winegrowing regions in a meaningful way. Developing heat unit (°C) 

categories that correspond to SON values will allow for inter-regional and international 

comparison and requires further work. Reviewing and updating traditional climatic indices 

as new scientific data and research becomes available is an important task so as to keep 

indices relevant and useful, especially in a changing climate. 

In addition to unusually warm springtime temperatures stimulating early growth, 

recent studies have shown that with warmer growing season temperatures and earlier 

harvests, grapevines continue photosynthesis after harvest, leading to additional 

carbohydrate storage in the vine (e.g. Due et al., 1993, Malheiro et al., 2013, Cook and 

Wolkovich, 2016). The vine can use these reserves at the start of the growing season, 

encouraging above average growth, which can lead to earlier phenophases, including 

maturity (Hall et al., 2016). As such, the springtime temperature index may be improved by 

including some measure of temperatures occurring directly after harvest, though additional 

research is needed to confirm this. 

While performing the data analysis for this chapter, it became apparent that many 

published works used an incorrect formula to determine BEDD values. The error was with 

the diurnal temperature adjustment segment of the formula. Other published works 

incorrectly adjusted the DTR upward if the DTR was greater than 13°C and downward if it 

was below 10°C (e.g. Hall and Jones, 2010, Jones et al., 2010, Moral et al., 2014). This is 

exactly opposite of how the index should be calculated. As Gladstones (1992) who 

developed the BEDD states: “…for every 1°C wider range than 13°C the effective mean 

[is] reduced by 0.25°C, while for every 1°C narrower range than 10°C, it increased by 

0.25°C”. When the BEDD was first calculated for this chapter, it was calculated 

incorrectly. This incorrect calculation actually had significantly better results when 
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correlated to DOYM than when the correct calculation was used. When BEDD was 

incorrectly calculated using the months of September to March, the correlation was actually 

better than any other index tested. However, when calculated correctly, the BEDD index 

correlation with vineyard blocks was somewhat in the middle of the spectrum, being neither 

best nor worst for the majority of blocks. BEDD, correctly calculated, using the months of 

September to March had better correlation to the vineyard blocks than using the months of 

April to October. 

The findings presented in Chapter 4 have implications both for Australian 

viticulture, as well as for viticulture worldwide. It is important to review climatic indices in 

a changing climate, as metrics that were once applicable may have changed. For Australia, 

understanding the relationship between index and winegrape maturity will help guide 

plantings in regions such as Tasmania, that are becoming warm enough, due in part to 

anthropogenic climate warming (Hall and Jones, 2010), to support quality winegrape 

production. Worldwide, other regions have reported finding a relationship between 

springtime temperatures and harvest date (e.g. Malheiro et al., 2013, Real et al., 2015), 

indicating that we may need to re-think which months and which climate variables (e.g. 

Tmax vs. Tmean) are included in viticultural climatic indices. Research presented in 

Chapter 4 shows that the uptake of springtime temperature index may be valuable addition 

to other commonly used viticultural climatic indices.  

 

7.1.3 Influence of El Niño-Southern Oscillation and the Indian Ocean Dipole on 

winegrape maturity in Australia 

Using the DOYM data set developed in Chapter 3, Chapter 5 considered the 

following question: Does DOYM differ significantly during ENSO, IOD, and combined 

(ENSO/IOD) events? Analysis revealed that DOYM values did indeed vary significantly, 

especially during IOD-only phases and combined event phases, and minimally during 

ENSO-only events. This research was the first of its kind to consider Australian winegrape 

maturity timing relative to climate driver event phases and highlighted the importance of 

the IOD and combined ENSO/IOD event phases in determining winegrape DOYM. During 

combined events, DOYM was shown to vary by over 40 days between earliest and latest 
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mean climate driver phase, an amount that would have implications for vineyard 

management.  

During the course of this research, it became evident that limited work had been 

done in combining climate driver work with viticulture, especially for Australia. A study by 

Jones and Goodrich (2008) focused on vineyards in the western United States, the first to 

research ENSO combined with the Pacific Decadal Oscillation in relation to wine quality, 

found that wine quality was indeed impacted, especially during ENSO combined with 

warm PDO phases (positive impact) and neutral ESNO combined with cool PDO phases 

(negative impact). However, little applied climate research is available that considers the 

IOD and combined ENSO and IOD events. While the IOD phenomena itself has been 

heavily research since its discovery in 1999 (Saji et al., 1999, Webster et al., 1999), few 

reports have been published applying this work to agricultural or viticultural fields for 

Australia. The majority of the current work in the agricultural sector has focused 

exclusively on ENSO phases (Potgieter et al., 2005, Hayman et al., 2010), with few 

including IOD phases as well (Yuan and Yamagata, 2015). However, IOD-centric studies 

(e.g. Cai et al., 2009a, Ummenhofer et al., 2011, Min et al., 2013) have shown that IOD has 

a greater impact for the areas that include Australia’s wine regions than ENSO events (i.e. 

southeast and southwestern Australia). Because the IOD can usually be predicted before the 

start of the viticultural growing season, furthering understanding of IOD impact is 

important for the viticultural industry.  

Surface and subsurface sea surface temperatures in the Indian Ocean have been 

warming (Alory and Meyers, 2009) especially since the 1950s, with IOD+ phases 

increasing in frequency and strength (Ihara et al., 2008). This warming has been linked to 

an increase in greenhouse gases and is projected to continue, with the number of extreme 

IOD+ phases likely to rise (Cai et al., 2014). As evidenced in Chapter 5, IOD+ phases were 

correlated to advancement of DOYM. With projected warming, it is important to further 

understand the impacts of IOD phases, both alone and combined with ENSO phases, so as 

to help prepare for possible increases in number of IOD+ phases associated with 

anthropogenic climate change. Methodology and research described in Chapter 3, regarding 

the advancement of DOYM and vintage compression, would be useful in assessing impacts 
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related to an increase in number of IOD+ event phases, including an evaluation of vintage 

compression, during these phases. 

Among the scientific community, there is no one internationally designated way to 

define ENSO and IOD events. As such, authors studying climate drivers usually detail how 

they defined the event. For example, Cai et al. (2014) uses upwelling as the basis for ENSO 

and IOD classification. Building on the methodology used by Meyers et al. (2007), 

Ummenhofer et al. (2009) define an event based on upwelling as well as atmospheric 

circulation. For categorizing ENSO phases, Ummenhofer et al. (2011) suggested using 

Nino3.4 index values exclusively. Trenberth (1997) developed the multivariate ENSO 

index, which is based on six variables, including sea level pressure, surface winds, and air 

temperature, to define ENSO phases. Wolter and Timlin (2011) defined IOD phases 

according to the canonical work by Ihara et al. (2008), which defined the Dipole Mode 

Index based on SST anomalies, and added the further caveat of only defining a year as an 

event if its values were in the upper 25% of the distribution. Similarly, Saji et al. (1999) 

based IOD classification on the DMI, but used the cut-off of 0.7 of the standard deviation 

from the mean, above and below which were IOD+ and IOD− events, respectively. While 

this is a brief summary of the various ways authors have decided to define ENSO and IOD 

event phases for their research, it demonstrates that there is no one agreed to method by 

which to determine phase years. As outlined Chapter 5, the methods for defining ENSO and 

IOD used have precedence (Cai et al., 2009b) and were in good agreement with other 

studies.  

Chapter 5 established the importance of IOD and combined events in impacting 

DOYM, more so than ENSO events. While IOD climate research has been undertaken for 

Australia and climatic impacts are relatively well understood, IOD remains less discussed 

than ENSO, especially in viticulture (Mr. Adrian Englefield, pers. comm., 19 Sept. 2017). 

Results found here indicate that more emphasis should be placed on IOD and combined 

events relative to ENSO-only, and that there is scope for the development of seasonal 

climate forecasts for viticulture to be developed.  
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7.1.4 Spatial variation in springtime temperature index values during ENSO and 

IOD events shows non-equivalent phase response for viticultural regions in 

Australia 

Chapter 6 investigated the questions: Do viticultural climate index values differ 

significantly during ENSO, IOD and combined events? If so, how to they vary? This 

chapter used the SONmax index developed in Chapter 4 to explore these questions. SONmax 

was chosen as it was significantly correlated to DOYM for the majority of regions 

investigated and because ENSO and IOD events are active in regards to impacts for 

Australia during this time.  

Three different statistical techniques were used in the analysis for Chapter 6: 

ANOVA, cluster analysis, and correlation matrices. ANOVA, used in Chapter 5 for a 

similar analysis, established that there were, in fact, statistically significant difference in 

SONmax values, especially during IOD events alone and combined events. SONmax values 

varied significantly by event phase for 8 out of 18 regions during ENSO phases, for all 

regions during IOD phases, and for 17 out of the 18 regions during combined phases. 

SONmax anomalies were greatest during combined phases and least during ENSO phases. 

These findings are similar to those found in Chapter 4, where it was shown that DOYM 

values differed more during combined events and IOD event phases, and to a lesser degree 

during ENSO phases. Given the results in Chapter 4, showing good correlation between 

SONmax and DOYM, and in Chapter 6 showing changes to SONmax values during IOD and 

combined event phases, there should be more emphasis on IOD phases and combined event 

phases in seasonal forecasting for viticulture. 

Once it was recognized that the index values differed by event phase, the next 

question addressed was: How do they vary by event phase and by region? In order to 

accomplish those tasks, hierarchical agglomerative cluster analysis and correlation analysis 

were performed. Results from cluster analysis showed that with each phase considered, 

cluster groupings changed. While some sites were frequently clustered, regardless of event 

type or phase, other sites were clustered with different regions for each event phase. 

Correlation analysis supported cluster analysis results and showed that regional response 

was unique, depending on phase, with relationships between sites varying in strength 

depending on event and phase. Negative correlations between regions were found, though 
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none were statistically significant. Negative correlations would indicate that at one site 

during a given phase, SONmax values were increasing relative to another site where values 

were decreasing for the same event/phase. These findings showed that regions did not have 

an opposite-but-equal impact to opposing event phases, nor equivalent relationships with 

other regions for the same phase type. For example, SONmax for the Margaret River region, 

on the western coast of Australia, was strongly impacted by the IOD+ phase and minimally 

during the IOD−. This response could be compared to that of Rutherglen, located in 

southeastern Australia, where IOD+ and IOD− phases had approximately the same impact 

on SONmax values. These findings have implications for seasonal forecast development 

since the forecast will need to be made at the regional level in order to have effective 

impact on viticultural management decision making.  

Findings here that considered IOD or ENSO/IOD combined events in the 

viticultural context were unable to be compared to previous, similar findings simply 

because the research presented in this thesis was the first of its kind. Hopefully, future 

research, some of which is suggested and outlined at the end of this chapter (section 7.3), 

will address these shortfalls.  

This chapter is especially important because it is the first work to address difference 

in phase response at the wine region level and to find that regional response was variable. 

While a number of other studies consider ENSO and IOD impacts on Australia (though far 

fewer address combined events), the scale used in the majority of research is not fine 

enough to capture the impacts and relationships found here. The three-pronged statistical 

approach allowed for the topic to be fully explored, including spatially and temporally, and 

is reproducible for other regions and industries. Furthermore, the knowledge gained from 

this study can be used to develop a seasonal climate forecast for viticulture and also to 

inform seasonal forecasts for other, similar industries. 

 

7.2 Future Research 
Over the course of this research, a number of avenues of questioning became 

evident. Literature in the ENSO and IOD combined event space is fairly sparse, especially 

as applied science, and there are many options for future research.  



 112 

 

1. Do Central Pacific and Eastern Pacific ENSO events impact Australia’s wine regions 

differently? 

Recent ENSO research has led to the finding of two distinct types of ENSO events: 

Central Pacific (CP) ENSO and Eastern Pacific (EP) ENSO (Kao and Yu, 2009). As the 

name implies, CP El Niño (EN) events are characterised by sea surface temperature 

anomalies (SSTA) in the central Pacific, near the dateline, rather than further to the east as 

is typically found during EP ENs (Kao and Yu, 2009). EP ENSO are the canonical ENSO 

events, with SSTA that develop off the western coast of South America and then spread 

westward. CP ENs have been shown to have a much greater impact on Australia than EP 

ENs due to changes in the Walker circulation (Wang and Hendon, 2007). Similarly, the 

location of SSTA during La Niña (LN) events differs between EP and CP types.  

In the past 25 years, the number of CP events relative to EP events has increased 

(Ummenhofer et al., 2017). The cause of this has been hypothesized, generally, as being 

related to a change in the background state of the Pacific Ocean (Yu et al., 2012, Yeh, 

2009, McPhaden et al., 2011), which has seen an increase in SSTs, especially in the central 

equatorial Pacific. Australian climate variability, especially precipitation, has been linked 

more closely with CP ENSO events (McPhaden et al., 2011). This is due to the location of 

the largest SSTA during a CP event being located further west, at the dateline, and thus 

closer to Australia. During a CP EN event, the western cell of the anomalous two cell 

Walker circulation is moved farther to the west, putting the ascending branch significantly 

closer to Australia, enhancing the Australian high (Hengyi et al., 2007, Yeh, 2009). This 

shift can cause a decrease in precipitation, thus increasing the likelihood of drought 

(Hengyi et al., 2007). There is evidence that the traditional Walker circulation cell over the 

Pacific Ocean is weakening (Yeh, 2009), which may also promote increased frequency and 

strength of CP EN events.  

Regional impact also varies both spatially and temporally depending on the type of 

ENSO event (Vecchi et al., 2006, Yu et al., 2012). Gallant et al. showed that CP events 

impact the Murray Darling Basin significantly more than EP events (Taschetto and 

England, 2009). Gallant et al. (2012) found evidence that CP EN phases have their own 

type of impact on Australia’s wheat yields, with work by Potgieter et al. (2005) also 
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showing CP events to have a different impact on wheat yields than EP events. As such, 

researching possible viticultural variation in impacts related to CP and EP ENSO events 

would be useful so as to better inform viticultural management as well as improve 

interpretation of seasonal forecasts.  

 

2. Is there a relationship between ENSO and IOD and wine scores for Australian wine?  

Wine scores have been used as a proxy for determining if climatic conditions 

influence wine quality (e.g. Grifoni et al., 2006); however, no such research exists for the 

Australian wine industry. Climate drivers have been shown to impact wine quality in Spain, 

with the year of or the year after an EN event having consistently higher wine scores (Rodó 

and Comín, 2000). Similarly, phases of the North Atlantic Oscillation have been linked to 

timing of phenophases in Italy (Marta et al., 2010) and wine scores for the Dão region, 

Portugal (Esteves and Manso Orgaz, 2001). Using a system developed by Jones et al. 

(2005), regionally aggregated Australian wine scores, separated by cultivar, could be used 

to determine if there is any relationship between ENSO or IOD phases and wine quality, as 

reflected by wine scores. Since ENSO, IOD, and combined events have been shown to 

impact phenological timing as well as have significant impact on viticultural climatic 

indices, investigating impact on wine scores is a logical next step.  

 

3. Further development of SON indices, including categorical thresholds and testing with 

international data. 

The springtime temperature indices were created for testing against DOYM values 

to determine if there is a relationship between mean and maximum springtime temperatures 

and DOYM. The literature, as discussed in Chapter 2, supports such a relationship, though 

no viticultural climatic index existed that focused on springtime temperatures. While both 

SON indices (mean and maximum) showed a good relationship with DOYM (Chapter 4), 

the values of the indices were not broken into thermal categories (cool to hot), as was done 

for other common viticultural climatic indices (e.g. mean growing season 

temperature/Winkler Index). Because of this, SON index values presented in this thesis 

were able to be used to discern vintages with significantly high or low values on a per-
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region basis, but there is no established categorical system by which to compare regional 

values. Establishing categorical thresholds for SON index values would be a first step in 

further understanding when changes to SON values become relevant for a given region. 

 

4. Developing a seasonal forecast for viticulture for Australia  

Findings presented in this research can be used to develop a seasonal forecasting 

tool for viticulture in Australia. At present, there is no seasonal forecast generated for the 

viticultural industry in Australia – rather, growers rely on general forecasts. The Australian 

Bureau of Meteorology’s current seasonal forecasting system, Predictive Ocean 

Atmosphere Model for Australia (POAMA), has it’s highest skill for the months of 

September, October, and November (Zhao and Hendon, 2009), a time found in this 

research to be related to DOYM. The findings presented in this thesis could be used to 

inform development of a seasonal forecast for viticulture based on forecast generation by 

POAMA. This type of forecast could be used by growers to better plan the growing season.  

 

5. Investigation of the impacts of climate drivers for wine regions in other parts of the 

world or for other horticultural/agricultural sectors using methodologies developed as a 

part of this thesis. 

The impacts of ENSO and the IOD are experienced across much of the globe, 

including in important wine growing regions in Europe, South America, South Africa, and 

the USA. Studies involving the impacts of these climate drivers, as well as others such as 

the North Atlantic Oscillation, could use methodologies outlined in this thesis to inform 

research. Methodologies could also be adapted to other horticultural and agricultural 

industries, both domestically and abroad, and could lead to improved management and 

improve seasonal forecasting.  
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Chapter 8. 

Conclusions 
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The stated goals of this thesis were to explore the relationship between winegrape 

maturity, viticultural climatic indices, and large-scale climate drivers. Each analysis chapter 

of this thesis made important and original contributions to the combined field of viticulture 

and applied climate science.  

Findings presented in Chapter 3 confirmed that DOYM is continuing to advance 

concurrent with warming growing season temperatures, which are likely linked to 

anthropogenic climate change. The implications of this finding are that viticulturalists will 

have to adapt to climate change and warming temperatures, with management options 

ranging from simple adaptations, such as adding shade cloths or adjusting pruning 

schedules, to more transformative options, such as the planting of heat-tolerant cultivars or 

the relocation of vineyards to cooler climates. Vintage compression, related to advancing 

DOYM, appears to be related to region and types of cultivars grown; however, follow-up 

studies are required to confirm findings here, with outcomes able to inform viticultural 

planning.  

The use of the DOYM dataset for this thesis highlights the importance of collecting 

and maintaining phenological datasets for use in viticultural studies. Without this dataset, 

research described herein would have been impossible. While collecting data for the 

expansion of the DOYM dataset, it became apparent how few vineyards and wineries 

maintain detailed records, especially long term (20+ years) records, thus limiting the scope 

of many viticultural studies. Maturity data that includes a measured unit, such as Baumé or 

Brix, along with a date are especially important in viticultural research as the measurement 

of many other phenological events lacks rigorous methods and are therefore difficult to 

accurately quantify. As demonstrated in chapters 3, 4, and 5, winegrape DOYM is an 

excellent phenological variable to use for climate studies, due to the longevity of 

grapevines and, as mentioned, the ability to objectively quantify DOYM.  

Chapter 4 investigated the relationship between DOYM and commonly used 

viticultural climatic indices. Based on recent scientific findings showing a relationship 

between springtime temperatures and maturity timing, two new springtime temperature 

indices (SON) were created. The SON indices were shown to have the best correlation to 

DOYM for the greatest number of vineyard blocks. This finding revealed the importance of 

reviewing indices relative to observed viticultural data and revisiting indices as new 
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findings and data become available, so as to ensure their relevancy and accuracy in a 

changing climate. An important and useful aspect of the SON indices is that they are able to 

be employed at the beginning of the growing season to provide information and forecasts 

about the current growing season. All other existing indices only provide metrics at or after 

the end of the season. 

  Chapters 5 and 6 used a classification of ENSO and IOD event phases to explore 

relationships with maturity and SONmax index variables. This research was the first to 

investigate these topics and made important contributions to knowledge in applied climate 

science for viticulture. In Chapter 5, DOYM was found to vary significantly from the mean 

during ENSO and IOD combined event phases and during IOD phases, with little to no 

change in DOYM during ENSO-only phases. Similarly, using the SON maximum 

temperature variable established in Chapter 4, Chapter 6 investigated how SON values 

varied during ENSO and IOD phases. As with DOYM, SON values showed the greatest 

deviation from the mean during combined event phases and for IOD phases, with ENSO-

only phases having minimal variation. While the majority of previously published work 

focused on ENSO events and impacts, findings here highlighted the importance of 

combined phases and IOD phases. Both studies showed a non-equivalent response for 

opposing phases, both in spatial distribution and strength of impacts, highlighting the 

importance of undertaking research at the appropriate scale (here, regional). These key 

findings not only inform seasonal viticultural management, but also have implications for 

the development of a seasonal climate forecast for viticulture.  

In conclusion, the findings gleaned from works published as a part of this thesis 

contribute to the field of applied climate science and viticulture and are important and 

relevant for end-users, such as viticulturalists. Recommendations and areas of future 

research were made with the goal of keeping the viticultural industry, both domestically 

and internationally, at the forefront of climate driver research and informing seasonal 

forecasting for viticulture. 
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