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Abstract

The spatial distribution of commercial vitibule is withn narrow climatic nichegharacterised by
growing season average temperatures ofg2BC and meteorological structuresonducive toVitis
vinifera L. grape maturation and sustainable grape yielden&e change magignificantlythreaten
viticulturein some established regioifsn-situ adaptation is unviable or undesirablemay also present
opportunities elsewhereThis thesis explorgsast, present and future weather and climate rigkshe
emerging cooktlimate viticulture regions of Bgland and Wales. Aecent (2004;2013) significant
expansion(148% in viticulture areaand a shift toChardonnay and Pinot notultivation for sparkling
wine production has beeraccompanied by international recognition of high quality English wine.
Warming growing seasonbBave been touted as th&ey growth enabler howeverthe geographic

positioning of England and Wales exposes viticulturthteats frominter-annual weaher variability.

This first quantitative and qualitative analysis of viticultureneke suitability in England and Wales
considers grapgrowers perspectivédn climate change and weather variability, complemented by an
analysis of climate and weather data and their recent refeglops with wine yields and sector growth
Employing spi@al modelling tools anduzzy logicthis thesisalso establishes tke first mesoscale
assessmenbf land suitabilityfor viticulture in England and Wale&urthermore, this study examines
potential for agreeconomic diversification and presents projectedure (20212040 and 20412060
climate changampacts on wine production anduality in south-east Englandand the Champagne

region of France

Increasing bioclimatimdexvalues superficially suggest enhanaelclimateviticulture opportunities

in Ehgland and Walesut aitically mask shorter term meteorological phenomeand inter-annual

weather variability that threaten productivityThese risks appear to have increased with the recent
OKIy3aS (2 Y2NB WwaSyaaiil sy o@iheyddedambuidiokkisikitin | R R
modelled suitability parametersuggesting exposure to swptimal biophysical characteristics
However, significantportunities for sector expansion intoore suitableandmeteorologicay Wa G I 0 £ S C
areaswere identified. An economic assessment of crgpnversion potentialindicates favourable

returns for viticultue, and future climate change scenariq2021¢2040 and 20442060) indicate
growingseason warming isouth-eastEnglandout achanging rainfall distrilition that could threaten
productivity. Champagnés projected to become drier duririge critical maturation stages ande likely
repetition of growing season conditions that hded to high quality Champagne vintages vi@snd to

be low.



Knowledge ad tools developedherein are supporting the development of climate services to aid

greater resilience of the Englisind Welsh viticulture sectors to weather and climate risks.
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Preface

This thesis was undertaken at a time of significant expansion in thisElagld Welshvine production
sectorand within the context of increasing awareness about clinchatenge threats t@and opportunities

for wine production.The author recognised a need for closer examination of relationships between
weather, climate, climat changeand viticulture in thenew coolclimate viticulture regiors of England

and WalesThe sectorand those investing in it, have beerposed to a critical lack of data and analysis
from which to draw considered conclusions about viticulture viabilihe thesis aim waso make an
original contribution to knowledgén the field of climate change and viticulture that woufdorm
investment acisions, management activitiagd development opportunities. A core motivation was to
establishthe needfor weather and climateservices withinthe sector with a view to knowledge
conversion into commercial servic8he multdisciplinary work presented in thikésis forms an initial

but important contribution to that process.

During the course afesearchseveraloutputs have been realised:

9 Initial findings presented in Chapter 1, based on a literature revigare subsequently used to
contribute ta Marangon, M., Nesbitt, AandMilanowski, T., 2016. Global Climate Chaage \Wine
Safety. IrBegofiaBartdomé Sualdeaand M. Victoria MoreneArribas, edWine Safety, Consumer
Preference, and Human Healttondon.Springer mternational Publishing, pp. 116.

1 Chapters 3 and 4 substantially represent a derived publicatidashtt, A., Kemp, B., Steele, C.,
Lovett, A., and Dorling, 2016). Impact ofrecent climate change and weather variability on the
viability of UK viticulturg O2 YO AY Ay 3 S GKSNI FyR Of AYF(GS NBO:
Austrdian Journal of Grape and Winedearch(Acceptedor publication March 2016Available in
Appendix C.

1 Results from Rapters3 and 4were orally presented at the ClimWine International Symposium
(Sustainable grape and wine production in the context of climate change) in Bardéaunce: 1€
13 April 208.

1 Results from Chapters 5 will be presented orally at the International Cool Climate Wine Symposium

in Brighton, England: 2@8 May 2016.

Further researchn this field will enable development ofggieater suite of tools taid the integration of

climate resilience into coetlimate viticulture and realise adaptive capacity in warm climate regions.
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Chapter 1

Threats and opportunities for viticulture in changing climates,

and the need for analysis

Wine grape cuivar establishment, wine?(i ®1LJ3 yR (G KS LINRPRdzOGAQGAGE 27
determined by climate, to which grapevines are highly sens{i8ahultz & Jones 2010)Vine grape
cultivars(predominantlyVitis viniferal.)are suited to narrowatitudinal andclimatic bandgFigure 11)

and their climaitc sensitivity exposes viticultureegions to threats and opportunities associated with
climate changedt has been demonstrated thatimate changeould drive lanelse conversion and agro
economic activity to profoundly alter the spatial structure ofiatitture at regional and global scales
(Fraga et al2013s; Hannah et al. 2013; Webb et al. 2013; Téth & Végvari 2016)

| ]
80°Nf—- i — ! - ——{60°N
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% o |
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Figure 11: Key commerciaViticulture regions worldwide.
Contours represent the mean annual 10°C and 20°C isothesresproxy for the latitudinalimits of
GKS YlI22NAGe 2F (KS 42 NI R@srep@dent thiSwing iegodstugiedl + NB I
by Jones et al. (2004)

In hotter regions where warming climate conditions pose a threat to @rltbuitability orviticulture

viability, both short (for example: suacreen or irrigation) and longéerm (for example: cultivar

1



change) adaptatiomeasures may be considered strategies to increase resilience. However, at the
point at which in situ agptation becomes unviable or undesirabimigration to cooler areas might
present opportunities for more sustainable productidthilst there is little sign of this ocaimg on a

large scale in the short ternthere is evidence of new emerging viticultumeeas, outside of previously
defined latitudinal normsfor example Englandsée &ction 3.1), Denmark and southern Sweden
(Dangevingaarde 2015; Vinvagen 2016heemergence of these areas could providether evidence

of changing regional climatic conditions, and of their exploitation from within areas historically deemed

too cold for commercial viticulture.

To test thesehypotheses, and understand the degree to which spatial change is viable both the
biophysical, weather, andf A YI G A O adzA Gl oAt AlGe ¢ A @ipeyrodudfion Sy i A
require investigationFuture climate change impacts on viticulture tsthility, and associated spatial and
temporal dimensionstequire a modellingapproach Whilst several studies have examined potential
effectsof future climate change on thepatial structureof viticulture (Webb et al. 2013Malheiro et al.

2010; Fraga, et @2013; Hannah et al. 2013; T6th & Végvari 2Q1é)v have demonstrated the inherent
uncertaintiesassociated with climatehange modls and future climate scenarioBurthermore future

climate changend viticultureimpact studiegoredominantly relatesolelyto agronomic potentiali.e.

the potential to grow wine grape@vioriondo et al. 2013)but economic viability i€ritical, andthis is

largelydriven by wine qualityJones & Davis 2080Jones et al. 2005)

This thesis exploregcentand future suitability for viticulturefrom both agronomic and wine quality
perspectives, forEngland and Walessmerging viticulture regionst the ®ol-end of viticulture
suitabilitythat have received little viticulture climate researi attention, but which offer a new insight

into regional climate change impacts

Over the last decade England and Wales have seen a significant incre#gmilture (Section 3.1) but

no analysis of their growingeason climate and weather, biophysical suitability, future potentiaie
quality impacts,or producer perceptions of climatehange risks has been undertaken. This failure to
elucidate, in particular climatrelated threats and opportunities for viticulture in England and Wales,
presents a reearch gap indicative oéxisting investment risk. Without a considered analysis of
viticulture potential in England and Wales, from a biophysical, climate and ecorm@rspective,
investment risk remains high and the potential to exploit land and climate suitability low. England and
Wales therefore present both an interesting research driven gdy regarding viticulture suitability

and climate change, and a chancetést hypothess and tools that could inform producer and policy

sectors to deliver a more sustainable production environment.
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This chapter commences with an exploration of the symbiotic relationships between weather, climate
and viticulture that infornsuitability. Climate change and associated spatial and temporal dynamics are
subsequently introduced as potential drivers for alterations in the distribution of viticulture, globally.
Then a brief synopsis of the recent growth in English and Welsh vitieuft presented to illustratthe
impetus for this work. In &tion 2 of this chapterthe inter-disciplinary research that has been
undertaken to date, as a means of identifying past and future climate change impacts on viticulture, is
critiqgued, and thecontext and focus of thiarea of studyis dscussed and defined. FinallyecBon 3

establishes the aimsna delimitations of this study.

1.1. Weather, climate and viticulture: driers behind spatial and cultivar

distribution

Vitis viniferal., the predomhant commercial wine grape species, is very sensitive to climate conditions
and this sensitivity has been elegantly illustrated through its use as a proxy indicator of past climates, in
particular through use of harvest dates for spring and swentemperatre re-construction(Krieger et

al. 2011; Daux et al. 2012; Yiou et al. 20TRgse works demonstrate how onlglativelysmall changes

in climate conditions affect changes in wine grape phenology, harvest dates and cultivar suitability.

Wine grapes a predominantly grown in narrow latitudinal bands 50°N and 3@40°S shown in

Figure 11) and in specific climatic conditions, characterised by a lacktoéree heat and extreme cold

(White et al. 2006; Schultz & Jones 20MW))thin these parameters viticulturananagement, grapevine

cultivar, clone and rootstock 8eSOG A 2y X | Y R ingrasgdBse WiaedllSnd meddsdake
YSGS2NRE23A0Ft LIKSYy2YSyl IpractRdsfand¥harkeLdfedadbleathéri | 6 £ 7
and climate, at local and mescales, are considered key determinants of both cultivar and viticulture
suitability(Schultz & Jones 201@Atmospheric phenomena at these scales have dimensions of the order

of a few hundred metres to almost 1000 km and a timescale of hours to weeks, as steat@d in
Figurel.2. They form part of a continuum of atmospheric features lying between the synoptic and

microscales
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Figure 1.2 Characteristic time and space scales associated with atmospheric phenometantéd

from Sturman et al. (1999)Origional sourceSturman & Trapper (1996), after Oke (1987)

The spatial distribution omescscale atmospheric phenomena depends largely on whether they

originate as disturbances that res@ilom instabilities within synoptic weather systems, or as the result

2F GKS AYGSNI OlGAz2y 27

adzOK aeéadsSvya

gAGK GKS St

while in the latter they tend to have a geographical distribution determinedheywarying character of

the underlying surfac€Sturman et al. 1999)rhis thesis focusses primarily tre effects ofsurface

induced mesoscale and local atmospheriogasses as thesealtimately drive viticulture suitability

locally(Fraga et al. 2I2; Moriondo et al. 2013Santos et al. 208) and deliver a global patchwork of

gAYS 3ANI LIS OdzZ GAJI NA

Iy R

gAYS Wie LIS a Whieknicide 06 NA

climatic variations play an important role in wine grapewth and qudty (Jones 2005}he assumption

in this work is thathe mesoclimate data employedresents amean of themicroclimates of a given



area Therefore, growing season mestimate should matckvell with regional vine quality and quantity

for a givervintage

It is the couplindetween spatiabnd temporaldimensions of weather and climaf@dones & Davis 2000)
that signifythat global climate changeill have regional affects, which are not uniform in space or time
(Intergovernmental Panel on Climate Change 2)1@hanges to regional weather patterasid/or
climatic conditionscould impactviticulture locally,alter ¥ i NI R market2sgghentadion, and affect

the socieeconomic contributions of viticulte and wine productior{Jones & Storchmann 2001) is

not surprising therefore thabver the lasttwo decadeghere has been a marked increase in research
focussed on climate change and viticultuRelated to climate change, range of studies cover the
relationships between temperature and vine phenol@Bindi et al. 1996)Vebb et al. 2008Keller 2010;
Tomasi et al. 2011; Neethlirgg al. 2012; projected temperature change in \gtiltural regions(Webb

et al.2008 Jones & Goodrich 2008; Tomasi et al. 2011; Fraga et al. 2012; Hannah et ahb@@b&ipl
viticultural migration(Kenny & Harrise 1992 Hannah et al. 2013; Fraga et2013) impacts on wine
grape qualityparameters yields, and wine qualitfJones et al. 2005; Keller 2010; Mira de Ordufa 2010;
Tomasi et al. 2011; Neethling et al. 2018)d, the potential for viticultural adaptation to climate change
(Belliveau et al. 2006; Nicholas 2008; Diffenbaugh et al. 2011; Pigketrial. 2015)Interest has
particularly been centred on Austral{@Vebb et al. 2008Hall & Jones 2@&), Western USAJones &
Goodrich 2008; Jones et al. 201Bprdeaux and the Loire Vallglones & Davis 20@0Neethling et al.
2012) SpainRamos et al. 2008PortugalSantos et al. 2012&rageet al. 2014), GermanyUrhausen

et al. 2011) and Italy(Tomasi et al. 2011 Most of these works are subjext to review in the later
sectiors of this Chapte(Sectionl.2) to inform the direction and hypothesecentral to this thesis.
Criticallythough, whilst authors such aXu « al. (2012) Neethling et al(2012) andSturman & Quénol
(2013)have lookedclosely at localised changes (for Bumdy (France), the Loire ValléFrance)and
New Zealand respectivelif)e majority of work to date examines synoptic or masgale assessments
of climate change impacgy WSaldl 6f AAaKSRQ @A (e studies,FackbbB & A 2 v &
Cherry (1988) and Kenny & Harrisor{1992) have consideredhe potential implications of climate
change for viticulture in Englapand onlyMosedale et al(2015)haveexamined the micrescde effects

of one weather phenomenon (spring air frost) English viticultureWork has not been undertaken to
investigatethe broader relationships between weather, climate, andimate changeand viticulture
suitability across England and Walésk AlaLJQP 3t S @Sa (K2aS Ay@2t SR Ay
exposed to unceainties aboutrisksand opportunities presented by recent and future weather and
climates. Furthermore without consideredspatial and temporabuitability evaluations they remain

unable to maximise spatial or cultivar potential.



Thissectionbegins with a synopsis of the relationships between weather, climate and viticulture in
terms of phenology, berry quality traits, and spatial distribution to inform subsequent v@&a&tiors

1.1.2 and 1.1.3 introduce the subject of climate change and its potential impact on the spatial
distribution of viticulture .Sectionl.1.4 highlights recent changes in English and Welsh viticulture which

is subsequently adopted as a case study of climhéage impacts for the remainder of this thesis.

1.1.1. Weather, climate and viticulture: an intrinsic relationship

DNJ LIS OdzZ GAGEFNR YR gAYyS Wdial aJ8sultof theyunderlidgimatd, 0 S y
and variations in this climate commoniysult in changes to vintage quality and wine quantitynes et

al. 2005) Vintage variation is not a new conceptwine production, iffact it is one of the vagaries of

wine that feeds into its marketing and its value. However, where the magnituddirofite change
andlorrange2 ¥ Of AYI GS QI NAIFIoAfAGE A& o0Se2yR +y | OO0SL
and viticultural viability are required. These decisions are made more critical and more challenging by
the long lifespan ofVitis viniferalL. which iggenerally planted with a >35 year outlo@kshenfelter &
Storchmann 2014)Whilst historic climate data(>30years) may havetraditionally been deemed
sufficient to adequatelyinform spatial and cultivar establishment decisions for vineyards, existing
producers in some regions and those lookingnvest in viticulture are likely to noextract value from
climatechange informatior{Sectionl.2.1) The symbiotic nature of the relationships between weather,
climate and viticulture therefore become central to understanding and modelling spatigkamgbral

suitability under present and future climate conditions.

Climate plays a predominant role in grapevine growth, as vine physiology and phenology are determined
primarily by specific environnmtal conditions(vanLeeuwen et al. 2004; Santos et al. 2010itis
vinifera L. cultivars are characterised by an annual growth ¢cyadedepicted in Figuré.3. For the
northern hemisphere this begins with btlareak in March/April, continues witflowering in May/June,
berry growth and colouring in July/August, maturation in September/October, and culminates with leaf
fall in autumn, followed by winter dormangladstones 1992Budbreak and itdiming consstency is

tied to winter chilling (which promotes bud dormancy initiating carbohydrate reserves for the following
season(Field et al2009) and is determined by the cessation of winter dormancy (mediated by the
accumulated exposure to low temperatures) and warm spriidsncur et al. 1989; Keller 2010)
Floweringtime meanwhilecorrelates with maximum temperatures in the preceding mo(@alo et al.
1996) diurnal temperaturaangehelps determineacidity levels anthe concentration of eomatic and
colour compoundgKliewer & Torres 1972and, veraisor(the point at which berry colour changes,
representing the transition from berry growth to berry ripenirag)d harvest events are determineg b

average temperatures or heat accumulation over the growing seésmmes et al. 2005Whilst mean
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growing sason temperature highly influences grapevine physiology and fruit metabolism/composition,
intra-seasonal conditions relating to temperature variability, precipitation, solar radiation and wind can

affectphenological development, grape quality and quantity
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Figure 1.3 Vegetative and reproductive cycles and vine phenological glmgFronfFraga et al. (2012)

Temperature

Of all meeorological variables temperature is considered the key factor in viticulture viability and wine
quality (Jones etal. 2005) In general viticulture is deemed suitable within areas that have a growing
season (AprgOctober: Northern Hemisphere) average temperature (GST)qg#2€(Jones 2007)see

Table 2.%for GST equation), but high quality commercial production is mainly found within regions that
experience a GST of d&1°C (Jones 2006)Temperature is a major cause of i@ual variation inVitis
vinifera[ ® Odzf G AGF NARZ 3INI LIS ljdz-r £t AGe& GNIXAGA YR GAY
directly affected by temperaturesither viaan increase in photosynthetic efficiency during the ripening
season, especially in cool climates, or by indirect sugar concentration due to berry dehydration,
particularly in wam climates(Keller 2010) Greatersugar accumulation presents higher potential

Ff O2K2t Ay 6AySas | yR | F7FSOIgecifig, highStempératudS during y R &
the growing season generally result in juice with higher pH and lower total a¢itiiier 2010)again
affecting wine style and organoleptic quality. Temperature also plays a role in modulating the final
content of other compounds in grape berries that are essential in determining grape quality, such as

phenolics, flavour compounds and proteidiewer & Torres 1972; Gladstones 199&)general higher



temperatures lead to riper grapes in which fruity flavours tend to be predominant, rather than the green

flavours associated with methoxypyrazine found in coalenates(Harris et al2012)

Desired wine style and organoleptic qualities are therefore instrumental in selecting cultivars suited to
thermal conditions in which optimal balance and full physiological anohdustrial maturity can be

achieved.

Temperature variability

It is the average growing season thermal characteristics that are generally applied to determine cultivar
suitability, whilst climate variability within and between seasons commonly influeheeguantity and
quality of grapes produce@Ashenfelter & Storchmann 2014nter-annual variability also plays an
important role in modulating the value and availability of premium quality 8ida > +a W@Ay Gl 3
commonly associated with growing season weather conditions. Whilst a colder than average growing
season in a coddlimate can result in unripe and leguality fruit the opposite can be true in hotter
viticulture climates. Accalingly, under climate change conditions, warming temperatures may increase
the number of good vintages in cedimate wine producing regions and decrease the number of good

vintages in hot climate growing regions.

However, notwithstandinghis hypothess, historic relationships between weather conditions within a
growing season and subsequenine quality has surprisingly received litllesearchattention. This
thesistakes the opportunity to evaluate historic growing season monthly mean temperaturesamfdll
volumes for Englandndthe Champagne region of Franee, both are dominated by the sameliivars
(Chardonnay and Pinobir), to inform modelling work regarding likely repetition of these conditions in

the future.

Extreme temperatures

AlthoughsomeVitis viniferal.cultivarscan tolerate minimum winter (dormant period) terapatures of

as low as20°C (Davenport et al. 2008¥pring ar frosts that injure developing shoots and buds, and
frosts after budburst that reduce yield, are among the most common detrimental effects of minimum
temperature extreme®n wine grapevinesSpring air frosts in particular pose a significant econonkc ris
to vineyards as, due to the perennial nature of grape vitiesy can lead to crop lesn both the present

and followingyear of productio(Trought et al. 1999)Coolclimate wine producing regions (those with

a GST of X35°C (Figurel.4) are particularly expose to the risk of latefrost events when the

advancement of budburst occurs in response to increased springnajreieatures(Molitor et al. 2014y,



Mosedale et al. 2015)A range of methods to protect vines from cold air accumulation and frost are

available, but their employment and success rate has not been evaluated.
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Figurel.4: Grapevine Climate/Maturity Groupinggéadopted from Jones (2008)

Extreme maximum temperatures in summer can cause substantial heatage by inhibiting
photosynthesis and causing sunbyMoutinho-Pereiraet al. 2007) Since red wines more than whites
depend on skirderived components such as pigments and tannins, reds are more affected than whites
because the skin is the part of the berry that is most sensitive to heat da(@igdstones 1992)Nine
grapevines that experia® severe heat stress can exhibignificant decline in productivity, due to
stomatal and mesophyll limitations in photosynthesis, as well as injuries under other physiological
processegMoutinho-Pereiraet al.2004) Although this thesiocusses on the cooler end of viticulture
suitability, extreme heat remains a potential push factor for migration, and a potential risk to cool

climate suitable cultivars.



Precipitation

Wine grape quality and quantity are affected by water availability and precipitéhitmutinho-Pereira

et al. 2007; Makra et al2009) Water stress at budburst and shoot/inflorescence development can lead

to poor shoot growth, poor flower cluster and berry set developmgtiardie et al 1976) ultimately
leadngto lower yields.Conversely, high humidity during early development stages can overstimulate
vegetative gowth, leading to dense canopies and a higher likelihood of disease pressures. Water stress
at flowering results in low leaf area, limiting photosynthesis, increasing flower abortion, and causing
cluster abscissiofJones & Davis 208 During flowering and maturation, moderately dry and stable
atmospheric conditions are considered favourable for kgghlity winegJones & Davig000s; Nemani

et al. D01;Ramos et al. 2008yWhen vines are irrigated water supply can be adjusted to meet the vines

needs, but in large viticultural areas suchlasse inEurope irrigation is not yet practiced.

At the other end of the precipitation scale both extreme ppétation and hail can have devastating
SFTFSO0Ga 2y (KS ,OfRNBY(H (XS F2y 02 s6@NHLIESF NAQ KI N
defoliation before adequate reserves have been accumulated, thus negatively impacting development
the following gring, and leading to a decrease in bud fruitfulness and produdtland et al. 2011)

High precipitation volumes at flowering can disrupt the process and affect fruit set, again leading to

lower yields(Jones & Davis 20@p

Radiation

Sunlight andsolar radiation energy play a particularly beneficial role during berry ripening and
maturation where sugar and phenolic contentedavoured bysunshine(Gladstones 192). Berry
temperature has been found to increase linearly with exposure to incident(&hart & Sinclair 1976;
Bergqvistet al. 2001) which contributes positively to increased phenolic concentrations, particularly
tannins(Downey et al. 2006; Kemp etal. 201{1)2 €  NJ N} RAF dA2y |0 G&® S| NJ
provides energy through photosynthetic processes for grvapegrowth Whilst the exact quantification

of sunshine magnitude and phenolic concentrations remains undetermined for a range of cultivars it is
the case that links between sunshine and temperature indicate that areas with greater solar radiation

exposureare likely to be more favourable ditis viniferal. cultivation.

Wind

Wind can negatively affect yield and quality. Windy conditions can disrupt flowering, lower vineyard
temperatures(Jones & Davis 20@pand impact vine canopy stetures causing shading and reduced
photosynthesis. Conversely breezes are regarded as beneficial in providing air movement and reducing

disease instanc€Skelton 2014)
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Climate

The nature, temporal occurrence and patterns of weather eiidical towine grape poduction, quality

and quantity The integration of a given set of meteorolagliconditions,typically a 36/ear period
(World Meteorological Organization 201&)to a climate nornallows for a descriptor of the mean and
inter-annual variability of growingeason conditions for a given location. Gitles previously identified
importance of intraseasonal weatherconditions it is therefore perhaps surprising that climatic
suitability or viticulture is commonly defined through thermal based bioclimatic indices that categorise
cultivar suitability through an averaging of growing season tempera{fmesxampleKenny & Harrison
(1992)¢ Europe;Tonietto & Carbonnea(2004)¢ Europe;Duchénef SchneiderZ005)¢ AlsaceHall &

Jones (2010 ¢ Australia; orAnderson et al(2012)¢ New Zealan These metrics, discussed further in
Section 1.2.2,place numerical or descriptive envelopes around summed or averagedodaiipnthly
growingseason tenperatures to expressuitability ranges. However, thehermally averaged or
summed nature of bioclimatic indices results in only crude indicators of suitability which do not allow
for an assessment of intrannual variabilityor critical hourly or daily timecale events such as frosts,
which are known to threaten productivity. Furthermore, where restricted to thermal phenomena they
exclude other meteorological events that can affect suitability, at both regional and lodak.sca
Additionally, their aggregated I 4 dzNB Yl a1 a WaSltazylrftAadaeqQ GKIFIG Aa
meteorological conditions that contribute to both cultivar suitability, wine quality and wine style.
Ultimately theyare empirically based indiaarts that assume a strong relationship between observed
cultivar occurrence and suitability. As such they are ofmesvaluation and critique as they are not
Foaz2fdziS Ay GKSANI WOfIFaaAFAOIGA2YQ 2F gKI G R2S:

This synopsis of the relationships between weather, climate and viticulture illustrates both the
complexity and the importance of selecting and evaluating meteorological and climate data to ascertain
viticulture suitability at a given spatial and tenmpbscaleFurther, it informs the selection and analysis

of weather and climatelata in this workto better understand localised impacts on viticulture in England
and Wales, and to help model spatial suitability and risk both now and under future clehateye

scenarios.

1.1.2. Climate change

The temperature of the earth is essentially controlled by the balance betwadiationalheat energy

from the sun andadiatioral heatlos§ N2 Y (G KS 3INRdzyR® 2 KSNB KSI G SyS
atmosphere greenhouse gass (GHG), such as carbon dioxidesj@@turally trap or absorb some of it

FYR NIRAFGS AlG o6FO1 G26FNRa SFNIKZI AYyONBlFaiAy3d
raises the average temperature of the pkrfrom about-18°C toa more habitable 1% (Dessler&
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Parson2010) Historically the earth has egpienced clanges in its climatewhich over the last million
@SINAR KIFa 0SSy RNAGSY LINBR2YAylylGate oe& 7Tt dzOdd
progression of ice ages and intglacial period¢Desslei& Pasror2010) The last ice age ended about
18,000 years ago. However, since the industrial revolution at the end of thariBearlyl 9" centuries,

GHG concentrations have increased in the atmosphere and these have enhanced the greenhouse effect
l'yR NBadzZ 6§SR Ay OKFy3ISa (2 GKS SFENIKQa Of AYIl G
anthropogenic, that is to say through a@eéstation and burning of fossil fuels such as coal and gasoline

that contain carbon, by mankindntergovernmental Panel on Climate Change 2)1Blethane (Ch)

that is released from industry and agriculture, Nitrous OxidgO{Nmnainly from agriculture, and lew
atmosphere ozone (£§), a byproduct of smog as well as other industrial cheats related to air
conditioning and refrigeratioftogether account for about 80% as much greenhouse warming as CO

(Dessle& Parsor2010)

In 2013 The Intergovernmental Panel on Climate Change (IPCC) concluded that globally averaged
combined land and ocean surface temperatureadslhowed a warming of 0.85°C over the pe@80;

2012, assming a linear trendIntergovernmental Panel on Climate Change 2018he UK has se

warming occur faster than the global average: at 0.23°C and 0.28°C per decade in winter and summer
respectively, since 196Met Office 2014). Records ab show that pogt1910 the eightvarmest years

in the UK have all occurred since 2@t Office 2015h)Furthermore, and perhaps more importantly,

a range of computer models aligned to future see@dnonic scenarios and Representative
Concentration Pathways (RCPs) indicate that changes in climate are projected to continue unless
significant mitigation occurgzan Vuuren et al. 2011Anthropogenic GHG emissions are mainly driven

by population size, economic activity, lifestyle, energy use, land userpatttechnology and climate

policy, and the RCPs which are used for making projections lmas#tese factors, describdifferent

21st century pathways of GHG emissions and atmospheric concentrations, air pollutant emissions and
land use. The RCPs incladstringent mitigation scenario (RCP2.6), two intermediate scenarios (RCP4.5
and RCP6.0) and one scenario with very high GHG emissions (RCP8.5). Scenarios without additional
eFFT2NIa G2 02 yakias tAlyy SS YAGSAIZNIEZ 4004 tviednRRP6ID 2nd LI G F
RCP8.5. RCP2.6 is representative of a scenario that aims to keep global warming likely below 2°C above
pre-industrial temperatures(Intergovernmental Panel on Climate Chang@l4) Depending on
economic and political actns regarding energy, resource use and climate change mitigation in the near
future, mean projections for change in globally averaged temperatures at the end of the century range
from 1¢4°C, above a 1982005 baseline. These projections and #ssociatednodel uncertaintiesn

them are shown in Figure5, andare furtherillustrated in Figurdl..6a.
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Figure 1.5Global average surface temperature change from 2006 to 2100 as determined by-multi
model simulations. All changes are relative to 13@®05. Tine series of projections and a measure
of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). The mean and
associated uncertainties averaged over 202100 are given for all RCP scenarios as coloured
vertical bars at the right handide of each panel. The number of Coupled Model Intercomparison
Project Phase 5 (CMIP5) models used to calculate the mudiilel mean is indicatedReproduced

with kind permission from the IPCC (2014)

Temperature changes are likely to affect agmmnomt activity temporally and spatially, in both the UK
and globally. Through this work both recent and future potential impacts on viticulture suitability in
England and Walesre examined in relation to temperature. However, as summarisefdationl.1.1
temperature is no the only atmospheric parametethat affects viticulture viability or suitability.
Amongst other variablesrpcipitation and wateravailablity are also critical. Changes in precipitation
are notprojected tobe spatially uniform under cliate change scenarios, the high latitudes and the
equatorial Pacific are likely to experience an increase in annual mean precipitation under the RCP8.5
scenariodue to the increased specific humidity of the warmer troposphere as well as increased
transportof water vapour fronthe tropics(Intergovernmental Panel on Climate Chag2@d4) In many
mid-latitude and subtropical dry regions, mean precipitation will likely decrease, while in many mid
latitude wet regions, mean precipitation will likely increase enthe RCP8.5 scenario (Figuréb).
Extreme precipitation events overost of the midlatitude land masses and over wet tropical regions
will very likely become more intense and more frequentgtgovernmental Panel on Climate Change
2014).
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RCP2.6 RCP8.5
(a) Change in average surface temperature (1986-2005 to 2081-2100)
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(b) Change in average precipitation (1986—2005 to 2081-2100)

Figurel.6: Change in average surface temperatu(®)(a) and change in averagerpcipitation (%)

(b) based on multimodel mean projections for 20&2100 relative to 19862005 under the RCP2.6

(left) and RCP8.5 (right) scenarios. The number of models used to calculate themuadgl mean is
indicated in the upper right corner of eagbanel. Stippling (i.e., dots) shows regions where the

projected change is large compared to natural internal variability and where at least 90% of models
agree on the sign of change. Hatching (i.e., diagonal lines) shows regions where the projected

changeis less than one standard deviation of the natural internal variability. Reproduced with kind

permission from the IPCC (2014)

Climate change, at global and regional scales, will largely determine the future of viticulture suitability,
both spatially andemporally.The narrow climatic envelopes in which wine grape cultivars have been
observed to perform besfJones 2006put Vitis vinifera L. at a greater potential sk from climatic
variations andchange than crops with a broader geographic rardewever, climate change has not
been evidenced as a linear yeam-year continuum of temperature or precipitation alteration and as
such the nonlinearity of changing climates is an important consideration in assessing viticultural
vulnerability that has not received much attention in viticulture climate reskaectionl.2). In

practice it is the number of good or badas®ns ovela given period that is likely to have a greater

14



0SFNRY3I 2y @GAGAOdZ GdzNB DAt oAt AGEeY GKIYy GKS I @S
period (Kenny & Harrison 1992)n this thesis therefore both intraand interannual variability of
temperature and precipitation are given greater attention as it is hypothesised timvithstanding

changes tathermal or precipitation averageshese fators are equally valuable in decision making

regarding spatial suitability for a 890 year lifespan of wine grapevine.

As well as variability across mean temperature and precipitation the probability of extreme events
occurring under climate changemditions increases where the average of temperatures or rainfall rises
(Beniston et al. 2007)n particular this is likely to affect the number of extreme hot ddyett in some
areas could negatively affect viticulture, especially where extreme heat coincides with critical periods
such as maturation and harvest. Sch{@00)and Jones et a{2005)both found that in some southern
Europe wine producing regioffiisture anticipatedchanges innter-annual variability and extreas may
increase the variability ofields, with detrimental effects on the whole winemaking sector, andine
guality. Conversely extreme fge events in spring may redudmit importantly, under warming
conditions grapevine phenology has been seen to adva(\sebb et al. 2011)giving rise to greater

risks from earlier frosts. This has recently been demonstrated askanriEngland biylosedale et al.
(2015) Whilst extreme heat could cause problems for wine producers in England and Wales it is the
latter subject of frost risk that is given greater attention in this thesis, mainly becausejdesnced in

Chapters 3 and 4, spring frost in particular has been shown to affect wine yields.

1.1.3. The spatial distribution of viticulture: a global change perspective

The spatial and cultivar distribution of longer established wine producing region® afdhd, often
0SNYSR -AIXNGE R2X RA A fFNBStE& FddNROdzSR G2 OSyddzNR
(Jones 2012)However, hereitsho® 06S y2GSR GKI i GKSNB fARRH O3 @
research to indicatél K & Odzf A QI NAE FFNBE LI I yGSR Ay W2LIWGAYI
historic dynamics have as much to do with cultivar positioning as climatioisgtion. Nevertheless,
gKAfAaG FT2N) 0KS Y2aid HIZNE RDK S 35 HE fogitRidey it aBIWa o Wy
latitudinal and climatic bandd={gure 11), recent research suggests that under future climate change
scenarios higher latitude regis may have increasing viticultural suitabilf§tock et al. 208 Jones

2007; Hall & Jones 2008chultz & Jones 201@®) the Southern Emisphere there is not much room for
poleward migration due to lined land mass. In the Northernerhispherefuture warmer climates may

be beneficial for mangxsting regions in central and western Europe, such as Alsace, Champagne,
Bordeaux, Bourgogne, Loire Valley, Mosel, and Rheif§tack et al. 2005; Malheiro et al. 2010;
Neethling et al. 2012)and for new regions toutedas potentially having increasddture suitability,

includingEngland and Wald&enny & Harrison 1992;r&ga et al2013).
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Small degrees of migratory shifts in viticulture could be said to be evidenced through vineyards beyond
the 30c5C° latitude bandsin small pockets of North America, Northern Europe, Canada and New
Zealand. These areas tend to be pspabsed to weather and climate risks, such as frosts or cool grewing
season temperature@owell 2014and expansion intohtem, or further poleward areas, requires either

0KS aLI GALE ARSYGATFAOIGAZ2Y 2F Of-ONAVAODOSQYSYRENE
changing climate conditions that wprogressivelyaccommodate the commercial production Wftis

vinifera L. In this thesis both of these options are explored.

1.1.4. The growing English and Welsh wine production industry: a climate change indicator?

Two emerging and rapidly expanding wine producing regions, previously referred to, are loosely defined
as Englad and Wales. They are distinct politically and as wine producing areas, each with individual
options for Protected Designation of Origin (PDO) and Protected Geographical Indication (PGI) schemes
(United Kingdon Vineyards Association 201Bjtablished wine producing regions exist imet
Champagne region of France and the iRbhand Mosel regions of Germany, which until recently have
marked the northern limits of commerci&8uropean viticulture. However a receimcrease in wine
production in England and Wales has resulted in Englant\&aies becoming two of the most northerly
established commercial viticultural regions in Eur¢geeSection3.1). Others include Eastern Denmark

and Southern SwedefDanskevingaarde 2015; Vinvagen 2016)

Evidence points to the existence of vineyards in southern England during the Medieval Warm Period
(~1000¢ 1200 AD)Gladstmes 1992; Selley 20Q4and to their potential existence in Roman Britain
(Selley 2004). Their presence is mainly attributed to suitable climatic conditions, in particular to
accompanying air temperatur¢éGladstones 1992; Selley 2004ndeed duringa period of lower
temperature, he Little Ice Age(1300;1850; Dessler & Parson 201@)neyard numbers in the UK
declined The subsequent revival of English and Welsbulture began in the early 195@sd growth

in the sectoraccelerated from the mid990s. Despite recent sector expansi@ee &ction 3.1)there

has been no research into growth drivers, and surprisingly little analysis or commentiuy scale and
distribution of English and Welsh ietilture. Section 3.1 of this thesis presents results from

investigations and analysis of recent sector growth, from which this study can be placed in context.

The relationship between this growth industry, climate change and other contributory facasreidt
been examined until now. Indeed the suitability of England and Wales for viticulture has not been
exploredby the research communitfyom a climatic or biophysical perspective. Criticallyghiena facie

opportunities presented by warming climatioraditions have not been studied for the growing season,
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and the threats and opportunities presented by climate change for viticulture in England and Wales have
not been elucidated. Without research into these areas, assumptions regarding the potential for
poleward migration of viticulture cannot be tested, and the relative degree of suitability for viticulture

Ay o0A2LKeaAOrfte adAadGrofS WwWySgQ INBla OFyyz2a o
opportunity to evaluate viticulture adaptation pential, when representedas migration and to
AYy@SaGA3IrGS NRala F2NI I WySgQ GAGAOdZ GdzZNBE NBIAA ¢

1.2. Climate change impacts on viticulture: producé&pgerspectives, modelling
recent and future change, mapping spatiglitability, and gaps in the

literature

Questions about the impact of climate change on viticulture and wine production are typically answered
through empirical investigations into the effects of recent climate change on grapevine phenology, yield,
berry and wine quality; and, extrapolation of these relationships under modelled future conditions.
However, the perceptions of climathange risk held by wine producers, and the interaction between
their views on impact and those of observed or modelled threaid opportunities have received little
research attentionSectionl.2.1 explores the work that has been undertaken in this area, as a means
of informing the engagement with producers undertaken a# pé this thesis, detailed int@pters 2

and 3. Presenand future climate¢ cultivar suitability assessments have predominantly been
undertaken through the employment of one or more bioclimatic indices, the nature and value of which
are examined further irgection 1.2.2 and in Bapters 4 and 5 Where these hAve been employed to
spatially map risks or opportunities for viticulture, under present or future conditions, the outcomes
offer varying degrees of information relevant to suitability assessments and risk anal$sigidn1.2.3
existing spatial suitabity researchis critiqgued to inform methodological processes outlined in Chapter
2, and applied in Chapter, Where a suitability model for England and Wales is preser@edtionl.2.4

of this chapteris devotedio an analysis of observedrolate changempacts on viticultural regions.

This summary of findings both provides the impefos this work and allows for climate change
projections presented in Chapter,8o be aligned withviticulture impacts. A critique of future climate
change and viticultire research teadate (Sectionl1.2.5) informs theanethods adopted in this thesi®

model climate change.
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1.2.1. Producers§perspectives of climate change

Research regarding potential changes to the spatial or cultivar distribution of viticulture under climate
change scenarios rarely takes into account opportunities for buffering provided through climate change
FRFELIGEFGAZ2Y S 2N gAYyS LINPRdAzZOSNEQ LISNELISOGAGSa 2y
potential, is partly determined by the latter dlreats, opportunities and capacity for adaptation are
likely to be determined by producers understanding, experiences and perception of risk. Threats to and
opportunities for viticulture associated with climate change can be presented through observegesha

and modelled processes which illustrate impact. However, the perception of clohatege effects on
agro-economic activity are not often independent of human operators or the degree to which their
business is resilient to events or change. In otherds assumptions of weather and climate risks made
independently of the producer may be very different to those of the prodsitieemselves. Only by

dzy RSNAR Gl YRAY 3 LINPRdIzZOSNDE LISNOSLIiA2ya 2F Of AYLl GS

determined, and adaptive capacity illuminated.

Where the limited research in this direction has been conducted questionnaires or interviews have
commonly been undertaken with a sample of growers to better understand their perceptions of risk and
their respaise mechanismsBelliveau et al(2006) ¢ Okanagan Valleyicholas(2008) ¢ California,
Battaglini et al(2009)¢ France, Germany and Italyereboullet et al(2013)¢ Roussillion region of
France and McLaren Vale in Australia, Rigkering et al2015)¢ Ontario, all presentesearch into risk
perception and adaptation capacity in this way. All found that the majority of those who rdspdio
surveys viewed climate change or warming as a potential stress to produatibough in Ontario
Pickering et al. (20)5found that more respondents believed climate change would have positive
impacts for the region than negative. Interestingly lidilas (2008) found that producers in California
were accustomed to responding to different weather events and climate variability andhtfedtthere

was a disconnect between their focus on dayday or seasoito-season weather conditions and the
reseach focus on future potential impacts of climate change. This disconnect was also established by
Battaglini et al. (2008) in their survey of wine produ€pesceptions of climate change. Here 80% of the
255 producers who responded indicated that they weethreats associated with climate change as

KI gAy3 AYONBlI £S5R 2DISNE Qb KSdzli | @NHz@ A £ £ &8 GKS | dzi K
by their survey could not determe the extent to which a particulawveather eventg as opposed to

longer term trendsc¢ impacted these perceptions (Battaglini et al. 2008). Perceived climate change
threats to production were related to increasing pest and disease pressures, excessive rain, more
frequent periods of drought, and higher weather extremes. Yetvdh Belliveau et al. (2006) climate

change risks identified by Battaglini et al. (2008) were largely restricted to specific weather events that

18



had historically caused yield and quality reductions, rather than the average of thermal conditions that

hadbeen correlated by producers to higher quality production.

With regards to climate change adaptation Battaglini et al. (2008) and Pickering et al. (2013) found that
there was a demand for information on adaptation strategies, but interestiBglyagliniet al. (2008)

found a slight majority (52%) of respondents indicated that they would not change cultivasponse

to climate change. Meanwhile ermany over 50% of growers indicated that they are already planning
and would continue to plan to use wecultivars as a response to climate change, an outcome that may
provide a small insight into perceivepatial threat varianceor sociepolitical dimensions to cultivars

that the study did not investigate.

These few studis demonstrate how rarely stakelder engagement has occurred in vifiitire-climate

research butrevedl KS o0SySTAGA 2F Ay O2 NLI2 NI i AyyidlerdtaN®riBkdzO S NI
and producerfocus at a local vineyard scale, and to facilitate planning for change and adaptatio
throughout the lifespan oYitis viniferal. (Lereboullet et al. 2013). This thesis draws on thesenfisdi
through a first survey of English and Welgime producers to better understand their perceptions of
weather, climae and climate change risks upwhich subsequent research is bas@geSectiors2.2.1
and320 @ ! RRAGA2ylFffe& FTAYRAYy3Ia FTNRY (KSasS g2N}] axz |
GKS WKSNB IyR y26Q 2F LINPRdAzOGAZ2Y HAGK Gha@A il I (
guided this thesis to focus on past, present, and future conditions. Recent and present conditions are
presumably core drivers behind the expansion of viticulture in England and Wales, and where this
research translates into tools to help producersritify climatically suitable production areas, it is this

focus that underpins applications.

Climate change adaptation is not exglicitaken into account in th@pproachadopted through this
thesis,and although it is recognised that strategies existrtiigate heat in vineyards, where it is the
case that there is insufficient heat during the growing season, outdoor viticulture potential can be
AaSOSNBf& O2YLINBYAASR® LG Aa GKAA WwWwoz2idzva SYR

viticulture in England and ¥les, and therefore with which thisork is concerned.

1.2.2. Bioclimatic indices as tools for climate suitability and climate change impact modelling
Assessing temporal and spatial suitability for viticulture, viticulture zoning, amgbadng viticulture
regions is commonly aided by the application afdiimatic indices (Kenny Elarrison 1992Tonidto &
Carbonneau 20Q4Dudhéne & Schneider 2005Hall & Jones 2010Anderson et al. 2012 These are

utilised as indicators of commerciatigulture ard cultivar suitability (Hall &ones 2010X-owever, the
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applicability of bioclimatic indices to model suitability in the England or Wales hagexdbuslybeen
evaluated. Furthermore, their strengths and weaknesses require discusimform their potential

deployment

All bioclimatic index equations that are subsequently employed in this thesiseckound in Chapter 2,
Table 2.1.

Bioclimatic indices, as applied to viticulture, were instigated through the woknoérine & Winkler
(1944) who constructed a simple summation of Growing Degree Days (GDD) to help categorise
Californian viticulture regions by cultivar and thermal accumulation over the growing seaB@nisG
calculated as a summation of the daily meamék+ Tmin/ 2) temperature above a base of D) for

the period Apri¢October (Northern Emisphere). The 10°C base temperature is the minimum threshold
considered necessary for grapevines to initiateitltirowing cycl§Amerine & Winkler 1944put its

ability to adequately distinguish cultivar suitability has been questioned. In ¥@8@ur et al.analysed

rates ofbud-breakand leaf apearance of cuttings from 10 dormant cultivars grown in temperature
controlled environments. These were used to estimate basepemature for each cultivaBudbreak
ranged from temperatures of 0c4.6°C (mean 3.%C) and leaf appearance fronrg&C (mean 71°C),
indicating the 10C base of GDD is somewhat arbitrary and does not accurately define the thermal
conditions in which cultivars initiate growth. This conclusion has been further supported by research
into two Vitis viniferaL. cultivars: Riesling anblliller-Thurgau, grown in 13 northern European
vineyards. HeréNendel 2010yiscovered that average parangs for predicting buébreak wereless
accurate than using sitgpecific temperature measurements, where thresholds for-boebk ranged
between 5.£6.9°C. These findgs do not affect the use of s as a comparator of thermal
accumulation during the growingeason between viticulture areas, or for the purpose of zoning, but

they do bring into qustion their reliability forestablishing cultivar suitability.

The GDD index was modified by Glads®(E92) to include, a) an upper limit of°Cabove which he
suggests no physiological activity occurs, b) a correction factor for latitude to account for variances in
solar radiation, and c) a diurnal temperature range (DTR) adjustment (upward if thiss BT®C and
downward if <10°C). The resultinglex was termed the Biologically Effective Degree Days (BEDD) index.
This slightly more complex index was developed for and employed in Australian viticulture regions
(Gladstones 1992and provides a tool that potentially more accurately delineates between cultivar and

spatial sui@bility, yet retains the limitationassociated with a base of AD.

In both the case of GDD and BEDD daily temperature data is requireddoonpehe calculations.
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Before Gladstones workuglin (1978) developal the Huglin Index (HI), see Talild, sometimes
referred to as the Heliothermal Index, which is similar to the BEDD index but accounts for maximum
temperatures during the growing seasas these could be considered to be better predictors of plant
growth, because this is the time duringhweh photosynthesis occsi(Hall & Jones 2010Vnlike the
degree day indices the Hl is calcelhusing only ApgSeptember (Northern Hemisphere) or Octoger
March (Southern Bimisphere) as Huglin asserted that because vine growth is so limited during the last
month before harvet (October or April) its temperature is not a contributory factor to maturation. Jones
et al. (2010) noted that comparisons between the HI calculated forduibber and AprgSeptember

are highly correlated (r > 0.95) for many regions, indicatingtti&aexclusion of the last growing season
month does not materially affect the bioclimatic classifications. The HI accounts for both day
length/latitude, and mean and maximum temperatures, both which have a strong influence on grape
development and qualitfJones & Davis 208D Indeed the relatively long ddgngths at higher
latitudes contribute to higher levels of insolation during the growinggakwhich partially compensate

for lower averagetemperatures, and in doing so lead to a northward extension of the viticultural
suitability (Malheiro et al. 2010)High HI values indicate suitable areas for grapevine cultivars with late
maturation, whlst low values are more likely to indicate appropriateness for early maturing cultivars.
By way of illustration, Jones et al. (2005) found a high positive correlation between HI and later season

phenological events (véraison and harvest).

Other less commonly applied bioclimatic indices for viticulture were developedJagkson & Cherry
(1988)and Kenny & Harrisorl992) who used a Latitude Temperature Index (LTI) (a calculation of Mean
Temperature of the Warmest Month (MTWM) x latitug&0, although later adjusted by Kenny & Shao
(1992) to 7%; Tonietto & Carbonneau (2004ho advocated the Cool Night Index (CI), calculated as the
minimum air temperature in te month preceding harvest, andho used the Dryness Index (Dl),
developed to estimate potential soil water availability during the growing season. The MTWM alone has
also been advocated as a reliable indicator of viticulture sditplfiSmart & Dry 1980as has Mean
Temperature of the Coldest Month (MTCM) which again arbitrarily distinguishes cultivar suitability
(Jackson & Giiry 1988) Jackson & Cherry (1988) assessed GDD (with different base temperatures),
MTWM, MTCM, and the LTI in Australia and New Zealand as they were of the opinion that index values
generated for Europe or the US were not adequate in evaluating thairigegpotential of districts in

New Zealand or Southern Australia. They concluded that LTI and GDD (with a higher base temperature)
gavestronger correlations, and GBD ¢ A G K KAIKSNI 6l asSa FINB o6S0GdGSNI
Ot AYL G4SQ O duplél GagvlirNEminerF\BadElaiSeEAngevine, Reichensteiner, Muilierrgau,

Pinot gris, Pinot noir, Pinot meunier, Chardonnay, Bacchus, and Riesling), whilst lower bases separated
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groupings with cultivars such as Cabernet Sauvignon, Cabernet Franc, Maltatc, Sauvignon blanc,
Semillon Grenache, Shiraz, and Zinfandel, found in warmer regions. Of interest they noted that some of
these varietals found in warmer conditions can often be grown in colder regions but seldom reach the
same qualityTheir work vas the first piece of research that assessed the viticulture climate in the UK,
NEII NRSR -OftAaY G S@QONBfIA2Y 6AGK | [¢L 2F foyng |
Madelaine Angeime, Reichensteiner, Perle, Sgho dzZNH SNE ¢ NA 2 Y MHIS-Thirgau.t & | O
However, meteorological data for the UK was limited to station data from Kew and Plymouth, not
necessarily representative of viticultural production areas. Following on from their Werkgy & Shao

(1992) also compared GDD and LTI, andhdothat GDD produces a shift south in suitable area of
cultivation that would indicate the Champagne region was the most northerly suitable region for
viticulture. However, they also noted that grapes were being grown in the UK and concluded that the

adjuged LTI gave a more realistic northern limit for viticulture suitability.

More recently Jones (2005) developed one of the most widely used bioclimatic indices, the Growing
Season Average Temperature (GST). This simple algorithm calculates averageatatymperatures
summed for the growing season (Northererrisphere: AprdOctober).GST is easier to calculate than
GDD but is functionally identicénderson et al. 2012)Jones (2005) classified cultivar suitability based
on observed instances of edilishment in several wine producing regions of the world, i.e. the
classifications attributed to GST are based on empirical observation. Tivaicalimaticenvelopes for

these olservedinstancescan be seen in Figufde4.

There have been recent attertgpto develop indices that provide uniform climatic descriptofgrape
growing regions worldide. These, such as the Mu@riteria Classification (MCC) indices developed by
Tonietto & Carbonneau (2004hich combines the HI, Cl and Dldstinguish 3&different climatic
types, providebroad areas of climate classifications incorporating minimum, maximum, and mean air
temperature, mean wind speed, solar radiation, sunshine hours and potential evapotranspiration.
Although the MCGdvances the complexitpf thermalbased indices, its limited by difficulties in
obtaining homogenous suitable time series of required deten which to calculate resultdt has been

used byBlanceWard et al(2007)and Jones et al. (2009) but has not been adopted further. Malheiro et
al. (20D) also developed a composite index (Compl) based on the limiting thresholds of three
OAZOfAYLFGAOD % YRAIGERMY) and & & & NP U K5 N A B100) whikiBvialuates & L Y
the potential risk of grapevine exposure to diseases such asyloniidew by integratingrecipitation

in its definition. Itwas later amended by Fraga et al. (2012) but again subsequent uptake has been

limited.
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The value of bioclimatic indices as metrics for cultivar and spatial suitability has been subjecteb limit
critiqgue. The indices discussed above have all been applied in different regions, for different timescales,
using different spatial resolutions, and driven by both observed and modelled climate data. Often they
are not catulated from highresolution daa and are not applied at scales which resolve the range of
climatic processes likely to influence sidgional climateagriculture relationshipgJackson & Cherry
1988; White et al. 2006 Furthermore bioclimatic indices are commonly calculated using climate station
datafrom a limited number of stationwhich seldom depict the spatial variation of climate found within
winegrowing regions (Jones &. 2009). Data interpolation has been ug&tbriondo et al. 2011; Jones

& Alves 2012put these usecertain assumptions and generate biased predictions. Even when employed
using spatially representative and accurate data bioclimatic indices are limited in their evaluation of
cultivar suitability as theiclassification envelopes are restricted to observed occurrence of cultivar
establishment within such bands. Under both present and future climate conditions the physiological
adaptation potential of grapevine cultivars is not represented through biotiiniadices(Jones &
Storchmann 200\Vebb et al. 2008Tomasi et al. 2011Additionally, where conclusions about climate
change and viticulture are drawn from bioclimatic irefichey do not allow for an illustration of the
capacity of viticulture to be adapted to climate changes through vineyard maregetachniques
(Webb et al. 2008

The lack of homogeneity in data and use of bioclimatic indices makes comparing resealtsdificult

and raises questions about the suitability of their application in both spatial and climate change
suitability modelling. They are in essence crude measures of suitability that may mask or overstate true
viticulture potential in a specifiocation. As such, in this wotke employment obiocimatic indices is
limited to GST, GDD and the HlI, applied in Chaptefsdd 5,with the sole aim of representing spatial

and temporal variability of growing season average thermal conditions, aslopiall & Jones (2010)

in Australia. Where they are applied to models of viticulture potential they are used as analogues, and
with the assumption that largebioclimatic values present increased opportunity, where the bottom
SYR 2Ot WO2 8§ éxpldvell. 6 S A

Other indices such as the Cool Night Index that provides an estiofaipening stage (Tonietto &
Carbonneau 2004), the Latde Temperature Index (KennyShao 1992), Biologically Effective Degree
Days (Gladstones 1992), and nypliramete or multi-index methods are not employed in this work

because their comparative values are limited by less globally available data (Jones et al. 2010).
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1.2.3. Mappingyviticulture suitability

Bioclimatic indices are often employed as one means of evaluatingtid suitability where the spatial
suitability of land for viticulture, under present or future climate conditions, requires analysis. Other
variables that help determine spatial suitability include biopbgisfactors, namely topographgoil and

land wse, and meteorological and climate phenomena covering precipitation, temperature, temperature
extremes, temperature variability, solar radiation, and wind exposilinese two latter metorological
variables are likely to have a physiological effect on graipes but are rarely considered in climatic

suitability evaluationgJones & Davis 20@p

Viticulture ¢ climate studies tedate (seeSectionl.2.5) which have concentrated on the impact of future
climate change on the spatial didtution of viticulture, have examined primarily the potential for
viticulture dispersion in relation only to climate. That is to say they have examined where may be
climatically suitable under a range of future conditions. Yet doing so only presents plet piCture.
Viticulture is not only reliant on suitable climatic conditions, but also on establishment in appropriate
biophysical locations. Elevation, aspect, slope, land cover, and soil characteristics are important factors
when considering suitabilitgnd all require alignment before spatial suitability can be determined. In
20KSN) 62NRa 2dzald o0SOFdzaS &a2YSOKSNB A& Of AYFGAC
indicateit is appropriate for commercial viticulture. In this thesis effordsé been made to address this
critical issue by combining both climatic and biophysical data into a viticulture suitability map for
England and Wales. To do so shetability parameters bbiophysical and climatic variablased to be

known. These arsummarised here with parameters employed in mapping viticulture suitability in
England and Walepresented inChapter 2, along with the datasets employed and methods of

integrating them into a suitability model.

Soll

Soil texture, its porosity and permeahil has a major impact on vine nutrient and water availability,
which in turn influences vine growtfvanLeeuwen et al. 2004;iéid et al.2009) As such it has been
chosen as a suitability indicator in several studleseuwen et al. 2004;i¢ld et al. 2009; Fraget al.

2014) including this one. Very small particles that make up clay soils lead to poor drainage but facilitate
good water holding @pacity and can favour vine root development, whereas sandy soils are coarse and
well drained with low water retention capacifipe AndrésdDe Prado et al. 2007} .oamy soils have
relatively even proportions between particles and are typically well drained with sufficient nutrient
retention for viticulure. The ability of a soil to drain is a major attribute required for viticulture in all
climates(Lanyon et al. @04), well drained soils generally warm up quicker (temperature affects the size

and function of the root system) and induce lower levels of humidity, reducing the risk of mildews and
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other disease pressurdsanyon et al. 2004; Davenport & Stevens 20B@jthermore, well drained soils

are also likely to support better accessibility to machinery. On the other hand, too little water availability
can lead to excessive vine water défitress that negatively affects growth, and can lead to soil cracking
and wind erosion that negatively affect soil structure. Soil pH is one of the most important determinants
of soil fertility through its influence on the solubility of metal ions eigrogen, calcium, magnesium,
iron, manganese, copper and zinc, its effect on the supply of nutrient cations and anions, and its
influence on microbes present in s@Riches et al. 2013%rape cultivars and rootstocks vary in their
tolerance to very acid soil$imelrick 1991)ut in general vines do not perform well when soil pH is
<5.0;5.5 due to stunted shoot and root growth attributable to increased concentrations of
exchangeable aluminiurfLanyon et al. 2004)ith soils >8.0 pH, availability of metal ions is reduced
(Lanyon et al. 2004). These high sail yalues are also associated with boron toxicity and elevated
concentrations of very fine carbonates that can cause severeiticieced chlorosis (iron deficiency)
(Lanyon et al. 2004). It is generally accepted that soil pH should be betwegh®f6r ogimum vine
growth and soil microbial compositiq€ass 8Maschmedt 1998; Lanyon et al. 2004; Jones et al. 2004;
Riches et al. 2013)he cycling of soil organic matter is important becauset association with
nutrients (Nitrogen, Phosphorus and Sulphur) and the beneficial contributions that it makes to soil
chemical, physical and biological propertieanyon et al. 2004However, threshold values for organic
matter content are very limited and isidifficult to generalise what organic matter levels are adequate
for viticultural soil{White 2010)In grapevines, nutrient and water uptake occur mgstithinthe 0.5¢

1.0m soil profileand compact and shallow soils can limit root growth bgtalicting access to oxygen,

water and nutrient§Jackson & Lombard 1993)

Elevation

Elevation suitabilityfor viticulture is restricted by decreasing tempeuaies at higher altitudes and a
greater potential for wind exposurevhere surrounding terrain does notfafd shelter (Gladstones

1992) Cooler temperatures can reduce vine growth and retard maturafilones & Hellman 2002)
Cooler temperatures can also increase air frost risk where adequate cold air drainage is not available. In
marginal climates such as England and Wedkseaing temperatures and wind exposure at higher

elevations could signdantly affect production (seee$tion 2.4.4).

Aspect

At higher latitudes (in the Northerndthisphere) south facing slopes have greater direct solar radiation

gain potential(Coombe& Dry2004; Jackson 2014ue to their reduced angle of incidence (the angle
0SG6SSy GKS adzyQa o6SFY |yR |y pe)Ypaddulgily tiiing thda y S |
ripening period when the sun is higher in the sky, and are deemed favourable for vin¢gasdon
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2014) They are also conducive to reducing the lag phase during which a site heats up and dries out after

a cold nigh{Jackon 2014)

Slope

The angle of slope also affects the quantity of diffuse radiation but ideal slopes forturgcake
considered to be §15%and within this range angle was considered unlikely to have any significant
effect on difuise radiation captue (Jones 2004) The potential for mechanical vineyardanagement
activity becomes limited on slopes above 1(J¥ckson 2014)nd erosion rik increasesbelow 1% there

is an increased risk of cold air accumiglatand potential frost damage.

Landcover

Existing landcover gfotential vineyards can provide an indication of viticulture suitability, i.e. if the land
is already used for arable productionfworticulture there is an indication that it could possess suitable
attributes. Alternatively if the land was dedicated to urban development or encompassed water features
it is unlikely to represent such opportunitin this thesisan attempt was made to denit potential
biophysically suitable areas to those already classified as arable, horticulture or grassleSdction
2.4.4.

Defining and integrating thesdifferent variables into a modelled approach to assessing suitabildy is
challenging proces dependentupon appropriate data availability and modelling expertise. The
potential value of such an approach is that it delivers an accessible suitability model for interpretation
and applications in investment, risk, and policy. Perhaps surprisingfy, Ivmited effort has been
directed to such work regarding viticulture, globally, and none has been undertaken to help identify

present and future opportunities and risks across England and Wales.

Geographic Information Systems (GIS) have been usedafm combined biophysical and climatic
suitability for viticulture in Romaniérimia et al. 2011and Oregon(Jones et al. 2006)n both these
cases the suitability assessments were undertaken using a Boolean logic approach, i.e. logical true/false,
rule-based approaches that use a series of logical operators and, in cases weighting factors to
RAAONAYAYLFGS REGE @It dzS | yR sRtBRALYSNI WRdA I oyAREOR (i
restrictive (risk averse) when overlaying multiple datasets because if a single criterion fails to meet its
threshold anaredd & SEOf dZRSR® / 2y @SNE St & G6AGK GKS dzyAazy
area could be chosen as long as a single criterion meets its threfRoihdano et al. 2015)n reality
environmental factors that contribute to suitability for viticulture are not discrete but individually and
O2tt SOGA@GSte AAGS + NIy3IS 2F adaAGroAfAGE GAGKZ2C
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Throuwgh this work viticulturesuitability moclling is advanced using a widinge of datg Table 2.2and

the application of Fuzzy Logic as a means of demonstrating the range of suitability in England and Wales.
Decisions regarding biophysical and climatidadility in England andVales canot be based on
regressiorbasedpredictions as these require quantitativelationships between variables, and these
have not been objectively established. Reliance on expert opinion for the same means can lead to
disagrement and subjectivity around critical characteristics, their relative elegiof importance and

the weightings that should be applied to them. Compounding these challenges is the imprecision
characterising natural resource data (Braimoh et al. 2004 the need for multicriteria decision
analysis to be integrated into a modelled approach tdtahility. To help addrestghese issues the
interrogation of spatially representative data che urdertaken using Fuzzyodic In a fuzzy set the
concept of membeship is not definitive because all members have degrees of association between 0
and 1(Malczewski 2004)Whilst the adrent of computerised Glénablesthe digital representation of
information and permits the representation, manipulation, and display of geographical phenomena
owing to the characteristics of the mapping methodolognd uncertainty regarding suitability
parameters of the phenomenoheing mappedit is often difficult to be absolutelgertain of whatis

where, and how suitable it isn set theory the membership of an element in a particular set is defined
by a characteristic function. Nefuzzy classification uses characteristic functions that result in a location
being classified as either a membef @ set or not.However, percent slopefor example, can be
calculated in ArcGIS from a Digital Terrain Model, usairgharacteristic function that says that all
locations where the percent slope is between 5 and 10% will be classified as suitabéevButh value

of percent slope specificallgoes a location go from being suitable to not suitable? The applied
characteristic function (or rulgjnplies that locéions with a percent slope of 10.01 are classed as not
suitable while locations with 9.99 arAdditionally the rule suggests that there is equal suitability for a
slope of 5% as there is for a location with a slope of 10%. This assumption may not reflect reality. This is
the fundamentalproposition upon which fuzzy set theory is basedotimer words, the characteristic
function indexes the degree to which a locatisraimember of a set with largealues denoting higher
degrees of set membership. Sugliunction is referred to asrmembership function. The set defined by

such a membership functias a fuzzy set.

Fuzzy Logic has been used in land suitability assessments for crops such gBrammh et al. 2004)

and to aid in spatial planning for optimal positioning of technologies such as photovoltaigCteltabi

& Gastli 2011)but there is no evidence of it having been used in viticulture suitability assessments.
Several land evaluation approaches exist, qualitative approaches, parametric or ppasessmoeéls,

but land evaluation procedures focus increasingly on the use of quantitative procedures to enhance the
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gualitative interpretation of land resource survefBraimoh et al. 2004)Where suitability parameters
for viticulture are defined and delimited, fuzzy loglierefore presents a valuable todor integrating

data and nodelling risk, ad isapplied in this work.

1.2.4. Observed climate change in viticulture regions

Analysis by Jones et al. (2005) of @K Aj Ri& twheirégidns worldwidaising a1950;1999 gride:d
monthly mean temperature data seffrom the Global Historical Climatag Network (\2) andstation
records of monthly and annual mean airnmperature showed that average winter and summer
temperatures had increased by 1.26 and 2@8espectivelywith a greater increase for regions imet
northern hemisphereHowe\er, the warmingthey observed was not uniforracross the regions with
greater magitudes in the western U.S. and Europe, thanChile, South Afré&g and Australia. The
greatest warming they found waa the Iberian Peninsula, SoutheRrance, and parts of Washington
and California where temperatures had increase@.5°C.Of the 27 regionsthey examinedl8 also
showed an increas@ inter-annual growing seasotemperature variability, with evidence in some
regions that night temperatures have increased more than day teatpess possibly impacting grape
guality and phenolic charact€édones 2006)Temperature increase coteded strongly with advanced
phenological stages of vine and grape development, and Jones et al. (2005) concluded that grapevine
phenology had showanaverage of §10 days advancemeiper 1°C of warming. Duchéne & Schneider
(2005), Seguin & de Cortazar (2005) and Tomasi et al. (2011) also evidenced recBat (@)
increased temperatures leading to earlier and shorter periods betweenhpedk and hevest for a
range of cultivars in Alsace, Bordeaux and Italy respectii2elghéne &Schneider(2005) found days
with mean temperature above 2CQin the Alsace regiohave increased by mie than one day per year
duringthe period 19722002 They also founudburst and flowering events occurred about two weeks
earlier in 2003 compared to 1965, and that theriod betweerflowering and veraison shrunk by 8 days
with veraison occurringlmost 23 days earliefomasi et al. (2011) found bumeak was on averag?.9
days earlier and veraison 3.2 days earlier J¥€ ihcrease in temperature; and, flowering, veraison and
harvest dates &d advanced by 1329 days over thd964¢2009 periodIn Australia Webb et al. (2011)
assessedlistorical trendg25¢ 115 years itkength)in winegrape maturity dates from vingrds located

in geographically diverse viticultugrowing regionsA trend toearlier maturitywas observedhat was
statistically significarfior 35 of 44 vineyard blocks, for the period 1¢2809.Whereearlier maturation
and harvest occuthe potential for higher alcohatontentincreases, as dsthe risks of warmer fruit
and potential microbial spoilagéMarangon et al. 2016Higher alcohol levels may not meet market

requirements.
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As well as findings concerning average annual and growing season trendgulture regions, in
warmer areas such as the Douf@ortugal)and CalifornigUSAhigher numbers of acute heat stress
events and a reduction in cold spells have been obseiMedhani et al. 2001tones et al. 2005; Sturman
& Quénol 2013)Significantly Sturman & Quéol (2013) examinedecent trends in air temperature in
New Zealand vineyard areamce 194kand found, in Marlborogh and other vineyards areas in eastern
New Zealandan increase in temperatureange, with both rising maximurtemperatures as found
elsewhereanddeclining minimum temperaturesiot observed in other studies of major vineyard areas
They concluded thatheseobservedchanges wereclosely linked to largescale changes in atmospheric
circulation via the SoutherAnnular Modeand SoutherrOscillation.Thdr results show thathe impact

of globalwarming can haveignificant regional variens, particulaly over areas otomplex terrain

such as New Zealand.

These observed changes serve to indicate the impact of recent climate change on established viticulture
regions, and the potential risks of further change. Yet, whilst most research to date is cethedth
existing and warmeeproduction regions, this thesis focussed on potential opportunities and risks in

new emerging regions, based on both recent change and future scenarios.

1.2.5. Future climate projections for viticulture and wine quality

Climate chage predictions andprojections for the 21st century may have significant impacts on
viticulture and wine quality. Changes in temperature and precipitation patterns may modify spatial
suitability (Malheiro et al. 2010), future phenological timinggepb etal. 2008, and affect both pest

and disease pressures, and the chemical composition of grape berries

There have been numerous studies into projected climate change on viticulture within existing
viticulture regions Early projections of the impact ofimate change on viticulture suggested that in
Europe growing seasons should lengthen and that precipitation would increase inottie and
decrease in theauth (Lough et al. 1983)This research also found strong relationships between wine
quality (vintage ratings) and climate, indicatingathvintage quality, especially in Bordeaux and
Champagne, should improve under the simulated futghenates. Spatial modellingas indicated
potential geographical shifts and/or expansion of viticultural regions with parts of southern Europe
becoming toohot to produce higkguality wines and northern regions becoming viable once again
(Kenny & Harrison 1992; Fraga et 2013). Other studies of the impacts of climate change on grape
growing and wine production reveal greater pest and disease pressure due to milder winters, changes

in sea level potentially altering the coastal zone influences on viticultural climates, and theteéffiect
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increases in COnight have on grape quality and the texture of oak wood which is used for making wine
barrels(Schultz 2000; Tate 2001)

The common apachin these studieshas been to use one or more bioclimatic indices to illustrate
change in climate as eitheliaeartrend or as a comparator between one to thréme periods. Future
conditions have been presented from results derived commonly figshone or two climate modis
and one or two greenhouse gas emisssaenarios. Both the spatial and temporal ssadé studies vary,

as dothe bioclimatic indices appliedndthe meteorological data source, acrostudies.

The single model and scenarib?AJNB I OK (12 WY2RStftAy3aQ OfAYIGS OKI
demonstrated through Jones et al. (2005), referred to previously, who employed the Hadley Centre
globalclimate model (HadCM3) ara Special Report on Emissions ScefSRESA2 emgsiors scenario
(Different future SRES scenarios includegbid economic growth (A1B); regionally oriented economic
development (A2); and global environmental sustainability (B1) (Intergovernmental Panel on Climate
Change 2007)for 27 of the worl@ W0 BNy S LINRPRdzOAy3 NBIAZ2yad ¢KS
19501999 and 20062049 periods. Using th approach, Jones et al. (2005howed projected
temperature changes and that many wine producing regions may already be at or near their optimum
growing seaon temperatures for high quality wine production, suggesting furttesnperature
increases could be detrimental. Similar findings were made by White et al. (2006), in their focus on the
Wedern United States (US)sihg one regional climate mod@gRegCM3j~25 kmresolution) forced by

one SRES scenario ey concluded that by the late 21st century premium wine grape production
areas in the Western US could decrease by up to 81%. They also concluded that changes in the frequency
of extreme temgratures mg have greater impadhan changesn mean climate. Criticallyn neither

case was the relationshigetween climatic conditonsand A yS  Wljdzt t A& Q O2y aA RSN

Using threeemissionscenarios and the CSIRO MK3.0 GCM for 2030, 2050 andH207& Jone§2008
compared projected future conditions in Australia with 18ZQ@00 daily mean temperatures extracted
from 238 meteorological stations and interfated over winegrape growing areas. They found an
averageprojected temperature increase, across all three emissions scenafio€C by 2030, 1€ by
2050 and 2.3C by 2070, and concluded that by 2070 there could be large parts of Australia inaggopr
for viticulture. In 2012ahes et al. also used three SRE&narios (B2, A1B and B2), to drive the HadCM3
climate model to project future climate possibilities within the Douro region of Portugal, for 2020, 2050
and 2080, from a950¢2000climate pefod derived from the2 2 NI Bdbél davléasdeveloped by
Hijmans et al(2005) The WorldClim dabasewas createdhrough weatherstation datainterpolated

using athin-plate smoothing spline algorithm implemented in the ANUBN packageusing latitude,

30



longitude, and elevation as iegendent variables. The statiatata is interpolated to a 30 arc second
spatial resolution; which isquivalent to about 0.86 kfat the equator and less elsewhere, but is close

to 1 km in a midatitude area Theresulting highresolutiongridded data set provides monthly maximum
temperatures, minimum temperatures, angrecipitation for 195Q2000, represnting the highest
resolution available at the global scale fgpatial climate analyse$rojected temperature changes
ranged from 0.§1.4°C by 2020, 1@B.3°C by 2050 and 2¢5.1°C by 208@vhich would classif$4% of

existing viticultural areasiatheW+ SNE | 230 Q Of | & & A €S\(2D05)i(Rigurg DAIRG A A Ty
et al. (2012) projected a decrease in precipitation during the growing seafsb®;42% by 2080 and

projectedless rainfall and greater variability in the occurrence of heat wavé@g@mnse rainfalls.

The key limitations to these works, further addressedSattion 1.2.6, stem from the methods of
deriving a projection from 43 emissionsscenari®, but for onlya singleclimate model. Doing so
prevents any bias or uncertainty assateid withthe model from being representedt is also now the

case that theemissionsscenari@ used in thesevorks has been replaced with more dp-date
Representative ConcentratidhathwaygRCPsfvan Vuuren 20101 When combined with the fact tha
theseworksRA R y2{0 | d4aSaa LINGRtzOBng#EQactsIs MdRagiva Gapasity 2 F
of the wine production process to mitigate hear rainfall risks, theyave only limited value as climate

impact assessments.

Within the last fiveyears ttere has been foupieces of research concerning climate change and
viticulture that have adopte@ multimodel ensemi® approach to consider multiple projections for the

potential distribution of viticultureunder climatechangescenarios.

Santos et al(2012a) useda multrmodel (16 simulations from transient model experin®nGlobal
Climate Model/Regional Climate Mod@CM) ensembleto examinethe Douo region of Portugal to
assess potential imp&e of future climate changeret in this case they only applied the A1B scenario
(now replaced). They used model output statistto fit the RCM data to observational data, thus
calibrating their model. Their model ensemble demonstrated that springtime warming may lead to
earlier budburst under a future warmer climate, which may affect wine qualite authors in this study
recognised the novelty in viticulture climate modelling that applying large multiodel GCM/RCM

ensemble with calibrated data delivered.

Webb et al(2013)compared current and future climate among key global wine producing regions using
an ensemble H23 climate moded, using a process known as pattern scaling &eetionl.2.7) . Along

with Fragaet al. (2013) for Portugd and subsequently for Europé@raga et al2013b), the work by
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Webb et al. (2013) perhaps provides one of the more interesting approachesodelling future
viticulture ¢ climate change. Not only do theyapture uncertainty by incorporating model ensembles

0 H 0o Dthey&lsbaalculated climatology comparisons (temperature and precipitation) for the global
warming equivalents 0D1°C, D2°C andD3°C from a 1981999 baseline periodCRU TS 3.10.01:
Mitchell & Jone$2005) for growing season monthssing time Bcesand emissiorscenarios 2030A1B,
2070A1B and 2070A1FThese scenarios havnow been superseded (Intergovernmental Panel on
Climate Change 2013bTheir presentation of futureclimatologies uses output frorall 23 Coupled
Model Interconparison Project Rase 3 projec{CMIP3) climate mode(#1eehl et al. 2007)Within the

work they also evaluated inteannual variability, estimated from the standard deviation of ird@nual
variability in the baseline period. This more involved and complex approach allowed them to
demonstrate uncertainty within models and across a range of climatic variables relevant to viticulture,
and incorporate dynamics, such aariability that islikely to affect yiéd and potentially quality. They
found warming projected for all regions, greater in Northern Hemisphere continental regions and lower
for Southern Hemisphere and coastal regions. Projections of annual precipitation varied, with the
median result from mode indicating a wetter climate for higher latitude regions, such as New Zealand,
Mosel Valley and North Oregon and Shandong in China, while Southern European, Australian and South
African winegrowing regions had a projected drier climatet, notwithstanihg the value that using
model ensembles brought to this work, the authors themselves recognise limitations in spatial
resolution. Their modelled projections were at a scale ofc200km resolution and therefore provided

a coarse estimate of regional impgac

Fraga etal. (2013) used a slightly smallek6-member ensemble of modedfransient experiments
(conducted with coupled atmospheimmcean models (AOGCMs), which link, dynamically, detailed
models of the ocean with those of the atmosphgmgererated bythe ENSEMBLES projagatder single

GHG emission scenaifa1B)and for two future periods (20XR040 and 20442070) to assess climate
change projectias for six bioclimatic indice©ver southern Europe, they concluded a projected
warming combined withevere dryness during the growing season with expected detrimental impacts
on grapevine development and wine quality. Over central Europe they found an expected warming and
the maintenance of moderately wgrowing seasons over most of central Europbeyalso concluded

that new winenaking regions may develaver northern Europe and higher altitude areas. Lastly they

projected an enhanced inteannual variability over most of Europe.

Another more recenstudythat deviated from the norm of applyinnly bioclimatic indices to illustrate
modelled changeunder climate change projectionsasreported by Hannah et al. (20)3They used

1971¢2000 WorldClim data (at 1 km resolution) to assess recent viticulture suitability and Z2ms0L
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projections for future sitability driven by 17 globatlimate models (GCMs)ownscaledrom CMIP5
under two Representative Concentrati®athways RCPs). This was the first viticultyrelimate study

to employ the RCPused in the IPCC AR&erestingly, rather thafjustemploying bioclimatic indices to
model potential global chages in climatic suitability foviticulture (and impacts on terrestrial and
freshwater ecosystem conservatipthey ugd the consensus of multiple wine grape suitability models
representing a range ohodellingapproachesTheycombined GS{to assess temperature) ar@DD(to
determine ripening time)with a Maximum Entopy (MaxEntclimatec distribution model (also knen

as species distributioomodel, niche model, or bioclimatic envelope modelhe MaxEnt climate
distribution model takes as input @et of layers or environmentalariables (e.g., elevation,
precipitation),as well as a set of occurrenloeations, and produces a rdel of climatic suitability for a
species, in this caséitis viniferaL. Occurrence points (N = 1,128} viticulture were derived froma
georeferenced global datasef viticulture sitesHere it should be noted that as part of this thesis the
data set of occurrence points was examined and intergsgimo vineyards in Elend or Wales were
found. This suggests that it was not fully representative of global viticulture distribuftosbioclimatic
predictor variables used itheir MaxEnt models included; dtal precipitation ingrowing season;
precipitation seasonitly (codficient of variation); nean maximum temperaire of the warmest month

during the growing season; andgan diurnal range Sty Y2y i Kf & YI EAYdzy b

Through these multiple techniques Hannah et al. (2G48)cluded that suitability is projected to dine

Y A

in many traditional winegproducing regions (e.g., the Bordeaux and Rhone valley regions in France and

Tuscany in Italy) and increase in more northern regions in North America and Europe, under RCP 8.5 and

RCP 4.5. Current suitability was projectedomretained in smaller areas of current wipeoducing
regions, especially at upper elevations and in coastal areas. They identified a potemi&2tecrease

in existing viticultural areas by 2050, depending on emission scenarios used.

However, projeted changes bydannah et al. (20)3were based on thelimate ¢ suitability index
compiled from grapevine maturity groupings asfided by Jones et al. (2005gésFigurel.4). These
groupings were constructed from empirical observations collected in premvinegrowing areas and
are not based on grapevine physiological mitidg. I is therefore very difficult to establish precise

upper limits of suitability, by cultivar.

A morerecent viticultureg climate study, regarding the future of wimggape groving regions in Europe,
also employed a MaxEnt approadhith & Végvarf2015)used HadCMand Commonwealth Scientific
and Industrial Research Organization MKSIRO MKgJimate models to obtain potential changés

climatic suitability for growing wingrapes.Each of these modglwas constrained witBRES scenarios
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Al1B A2, and B1Theyuseda suite of over 20 climatic indicasich indicateda loss of suitable land area

in Portugal, Spain, France and Itand ashiftin viticulture suitability northward. The projected range

until 2050 was found to bdynamic, implyinghat adaptations such as changing of grape cultivar and
selection or modification of grapevine management could be necessaen inregions which remain
suitable in the futureMost interestingly, with relevance to the area of study this thesis icemed

with: England and Waleggsults presented by 6th & Végvarf2015) stated that nearly all of the south

east and soutkcentral England were not currently suitable for viticulture but may becomenster all

three emission scenaripby 2050 Yet, 3 illustraed in Section3.1 ¢ Figure 3.2these areas currently
dominate wine grape production. Furthermore, other areas in England and Wales, in which vineyards
currently exist, were not shown to become suitable under the scenarios examined by Do8ge

factors cast some doubt on the credibility of their findings.

Here, as with Hannah et al. (20)13the database of current viticulture locations, used to drive the
MaxEnt modellig processGORINEandCover databasedid not include existing viticulture locations

in England or Wales. As such this work, and others that leavployed a similar approach, for example
Moriondo et al.(2013) may not provideresults that areentirely representative of environmental
suitability. The MaxEnt process is based on the assumptiorttieatata enteed, an which the model

is calibrated provides a full sample of species distributiam order that it can fully elucidatspatial
suitability under different conditions. Furthermore it embraces the inherent assumption that species
are optimally distributed (@. in the best place) and that their current positioning ramgrepresentative

of their climatic envelopeFinally, it is noted that MaxEnt processes do not automatically assume that

adaptive capacity can be provided, in this case for viticulturimate suitability, through intervention.

Other works aimed at assessing future climate conditions under different scenarios and for different
locations have been undertaken but they have had the same model and scenario limitations.
Additionally, research hdseen restricted by model spatial dimensions, for examiptaga et al. (201}

used the commonly applied-BBS data at ~27km resolution, or by temporal data restrictions, for
example the use of the WorldClidata by Jones et al. (2009), that is only available to 288@bserved

by Bonnardot et al.(2012) spatial variability wthin short distances i this case observed in the
Stellenbosch viticulture region of South Africa) emphasizes the difficulty of validatitpyits of
atmospheric modelling witaccuracy. Bonnardot et al. (2012) showed thwortance and relevance of
increasingresolution to refine studies oolimate spatial variability and to plerm climate modelling
based ondistinguished weather typed.hese limitations contribute to results thare not necessarily

representative of vineyard areas or recent conditions. Whilst they have value as indicators of spatial and
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temporal change, for those looking to identify local vineyard impacts or opportunities higher resolution

and more contemporargata sets would provide greater benefit.

All the projections made to date indicate changes in viticultural regions, diivparticular by thermal
shifts,but none of these studies have explicitly investigated new or emerging regions and whether the
primafaciec SY STAGA 2F 4 NYAyYy 3 TFchrdle eadwlthRegards ® yiticdltired Q O 2
havebeen evidenced. Whilst migration is presented as an adaptation possibilitytter regions the

issue ofexactlywhere to migrate to has ndbeen explored in work on future climate change impacts.

To do so requires an assessment of biophysical as well as climatic pofEmisd. works are also limited

in a critical way. They predominantly assersgjgrtions about changes, particularly to tenmpture, in

30¢50 year future periods, andt local or macrescales. In other words they represeanalysis of
potential changes with coarse resolution and ower average of many decadeshd value towine
producers or those looking to invest in viticulta, and who are concerned more with nefature

localised changeSectionl.2.1) is therefore questionable. Where producers are concerned with more
imminent weather or seasonal local conditionas found through adaptation studiegsit is likely that
thisrelates to both their focusmyield and also on grape and subsequent wine qudliynate chage

impacts on wine quality havsurprisingly received littlattention (Jones & Davis 2080Jones et al.

2005; White et al. 2006)However, along with viability and yield, grape berry and subsequent wine
quality, it could be presumed, would be the very impadessment that wine producers and investors
would value most.Furthermore, as previously commented on, none of these works took into
O2yaARSNIGA2Y | RIFILGAGS OFLIOAGE 2Ny S@Ifdad GA2

Whererelationshps between climatic variables and wine prices have been ndmees & Storchmann
2001)these have beeriounded on thehypathesis that beneficial climaticonditions will improve a
g Ay SQa nd, therefokeliead tb higher pricea the shortrun. Howeveras noted by Jones (2005)
long-term consistentprice data for multiple regionand wine types over many years is not readily
avalable. Vintage ratings, on thether hand, are These can beasly obtained for many wine skys,
regions, and years and agestrong determinant of the annual economic sess of a wine regiorfor
example,while Jones & Storchman(2001)found that vintage ratingg@re not necessarily efficient
predictors of the pricesf Bordeaux wines, thegetermined that vintageatings doreflect qualitatively
the same weather factorthat have been documented to be determinants oheviquality Furthermore,
while numerous rating systems, compiled over various tipeeiods and by various sourcesist(see
Sections 2.5.1 and 23, correlations between the varigs sourcefiave been found to bstrong(r >0.9),
indicating that this subjective measure qfiality is a good quantitativeepresentation of a vintage
(Jones & Goodrich 2008)
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Viticulture productivity andvine-grapequality canbe impacted by changes to medium to letegm
conditions that are cumulative in their effect, or by shorter term acute events. Few studies have looked
at incidences or trends of acute weather impacts, intra and tatamual variability, their relationship

with climatechange, and localised environmental conditiohs.fact the application of bidimatic
indices and length of timperiods explored in existing work effectively filters out localised extreme
events. Thiss despite evidenced concerns about ieases irthe magnitude and frequency ektreme
events(Easterling et al. 2000)n this thesis the majority of work is targeted at undersiang more
localised impacts of change, in both acute and chronic conditions and changes. It is ultimately the local
effects of climate change that are going to drive producer action, and in such studies temporal and

spatial resolution is critical to elwating impacts.

Wine style, and specifically wine quality of a particular style, is what wine producinghsegie
commonly recognised fofJones & Davis 208D Jones andDavis (2008) undertook a study of
relationships betweenfour climatic variable (precipitation, sunshine hoursdays with
temperatures above 30°C and wateefitits)and wine quality in the Bordeaux region of France
covering the 19521997 period Overall the research found that the earlier the phenological events
occurred, the higher the vintagating, which was linked to higher total sugar and acid rafibs.
composfion and qualitytrends found by Jones and Davis (2@)Qvere mostly described by
increases in the number of warm days dhgriflowering and veraison (see Figure 1.3), and a
reduction in precipitation during maturatiorGrifoni et al.(2006) undertook similar research in
northern Italy andound a positiveeorrelation betweerair temperatureand wine quality, i.ewines

of the highest quality were produced during warmer years. They also found that rainfall had an
inverse relationship with wingualty. In some locations strict rules govern cultivar establishment,
GAGAOdzE G dzNBE LINI OGAOSa YR gAyS WieLISQd hyS adzOk
Pinotmeunier dominate the landscag€omité Champagne 201@&s they form the key cultivars used

in the production of Champagne. Were the meteorological conditiomghich these cultivars are grown

G2 OKIy3S o0Seé2yR (K2asS 2F W OOSLIWSRQ GAayalr3as gt
be affected. Champagne presents a good casadyof weather and climate impacts on wine quality as

only intheWTF XiRS &SI NA A& | @AY G WHek aRibt&yé is Ndslared @ €an haNP R

assumed that the meteorological conditions that contributed to it were favourable.

This presents an opportunity to examine how, under climate change scenarios, rtiti@os that lead
to these vintage years may change. Specifically, how likely they are to be repeated in the future. And,
perhaps even more relevant to this thesis, what the temporal outlook for the likelihood of those

conditions occurring in England awhles are; after all the two dominant cultivars grown in England are
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the same as those in the Champagne region. Here, therefore, this tire€ikapter &hifts its attention

from purely one of viticulture suitability, to both suitability and wine quatitpnensions; albeit under
probabilistic future conditions. An assessment of both provides a more complete picture of the effects
of climate change on the emerging wine sector in England and Wales and helps to better elucidate future

threats and opportunites, as well as those previously explored, for current times.

1.2.6. Understanding climate change modelling and uncertainty

Predictionsthe result of an attempto produce an estimate of thactual evolution of the climate in the

future ¢ usually probabilisticand projections (te responsef the climate system to forcing scenarios)
(Intergovernmental Panel on Climate Change 2@ future climates are produced thugh models

based on how the climate system works. These models are complex mathematical and physics based
representations of how the earth and atmosphere systems interact, represented through spatial and

temporal analysis of the laws of energy, mass, tnoés and momentum.

Althoughmany mportant studies of temperaturehange on different ime regions of the worldJones
2005) and more recenthEurope(Moriondo et al. 2013)examined trends using dnone GCM, for
example: HadCM3lifferent GCMs prodce regionally varying responsesulting in a rangefglausble

future climates(Watterson 2008)Varying responses could stem from model biases or uncertainties.
Climate modelganexhibit systematic errors (biases) in their outputhich can be due, among others,

to: limited spatial resaltion (holizontal and vertical)lsimplified physcs and thermodynamic processes;
numerical schemes; anthcomplete knowledge of climate system process$eis assumed that the bias
behaviour of themodel does not change with time andvere model biases are systentiias corrections

can be employed to adjust them to theof observed dataising methods such abke delta change
approach, multiple linear regressionnalogue meéhods, local intensity scaling, ougntile mapping
(Faloon et al. 2014pBiases caralsobe reduced through improved parametrizations and approaches to
RSUYAyYy3a AyAGALE O2yRAGAZ2Y dzy OSNIFAY(GASaT dzaAy:
Sources of model uncertainties range from future GHG emission uncertainty, the relative matei i
forcings, model structural differencemodel parametersand resolution/bias correctionand model
internal variabilities (Mitchell 2003sborn et al. 200)3Projections of climate change impacts require

a comprehensive understanding of uncerta@éstwhichcan be inferred from ariation between model
results(Katz et al. 2018 Where only a single GCM is employed in future climate change assessments
the range of uncertainty is not representeout model intercomparison projects (MIPand multi-
member model ensembleas used byWebb et al(2013) and-raga et al(2013a) can be used to assess

them (Taylor et al. 201
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Climate change and impact assessments treat uncertainty in quantitative terms and describe the range
of possibilities and likelihood of their occurrence to give the end user a more informed impact
probability distribution. However, whilst adopting a probabilistic approach may present opportunity for
accommodating uncertainty it does not resolve the computational expense or time of running GCMs

with multiple simulations of possible futures.

Compoundy 3 A aadzSa Faa20AFGSR 6A0GK WAAYLIE AAGAQQ Y27
climate impact work is thatvhilst future global climate change can be simulated u&@, they do

not necessarily resolvegionspecific, seasospecific, andrariablespecific changeseeded for climate

and applicationgMitchell 2001) This is primarily related to the coarser spatial resolution that limits the
GCMs' ability to capture regiondbrcings, such as orography, that play an important role in
characterizing regional climate featureSommonly therefore a process of statistical or dynahic

downscaling is undertaken to present localised imp&Qtsénol & Bonnardot 2014)

Dynamical downscaling requires running higkolution climate models on a regional sdbmain,
using observational data or loweesolution climate mdel output as a boundary conditiolhe
individual variables are physically consistent in time and space, and the differertleariae internally
consistent.These models usthe same fundamental physical principles in bofte RCM andGCMto
reproducelocal climatesThe main limitations of dynamical downscaling a#glst removing much of
the GCM biaselated to the coarse resolution, an RCM also adds its own biases to the outputeata
the boundary of the RCM domain aréets and spurious effectsccur, anddynamical downscaling is

computationally intensive

Statistical downscaling achiessimilar goals by deriving empirical relationships between the observed
surface climate and global clinga model outputs Statistical downscaling is a twgbep process
consisting of i) the development of statistical relationships between local climate variables (e.g., surface
air temperature and precipitation) and largeale predictors (e.g., pressure fields), and ii) the
application of such relationships thé output of global climate model experiments to simulate local
climate characteristics in the futu®Vilby & Wigley 1997 ptatistical downscaling is sometimes equated
with bias correction a key strength of th@rocess.Thereare many different statistial downscaling
methods available, alloiwg for substantial flexibilityout one of the key limitations of statistical
downscaling is that the approach requires/assumes a stationary statistical relationship, i.e. the
relationship must remai constant underclimate changeWhile dynamical downscaling requires high

frequency GCM outputs and large computing resources, statistical downscaling is computationally
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efficient although it demands good quality and high spatial resolution observation data over long
periods, and corresponding historical global climate simulation to dewehe empirical relationships

(Herger et al. 2015).

Computational costs relating to dynamic downscaling and lack of high spatial resolution observational
data in vineyard environmentsae resulted ircomparatively fewdownscaledsimulationsof future
viticulture climate scenariodVithout ability to carry out a very large number of simulations to estimate
future climate, it becomes difficult to assess the uncertainties in those estsr@téchell 2001). The
response of many, as evidenced through viticulture and future climate research, has been to ignore
model uncertainties and remain constrained to applying one model for a limited number of emission
scenarios (see Section 1.2.5). Dosiigresults in a presentation of only a single estimate of future

regional conditions.

In thiswork we employ a techniquegreviously usedy Webb et al (2013jo bridge this gap. The

technique is called patteracaling and is degbed further inSecton 1.2.7.

Climate change models have in the past been driven by one or more SRES scenarios (see Section 1.2.5)
as used in the Third and&rth IPCC Assessment Repof2001 and 2007)to make projections of
possible future climate changd@he scenarios ake different assumptions for future GHG emissions,
demographic, social, economic, technological, and environmental developments and the IPCC did not
state that any of the SRES scenarios were more likely to occur than others. However, the SRES scenarios
do not take into account current or future measures to limit GHG emissions. More commonly used now
are Representative Concentration Pathwaf®CPs(van Vuuren et al. 2011), the scenarios for climate
change research that constitute the basis of the IPC( FRfisessment Report (AR®f GHG

concentrations emitted by humans in the future as described in Section 1.1.2.

Grapevine phenology varies from region to region and cultivar to cultivar (Smart & Dry 1980) so the
impact that projected shifts in phenologidaming will have on viticulture could therefore be potentially
positive or negative depending on the present climate of the region, and only close examination of
localised conditions, now and for the future will improve understanding of potential clircladege

impacts.

1.2.7. Pattern scaling and climate change model ensembles
Within the framework of RCRmttern scaling is considered as a tool to generate climate projections not

directly simulated byglobal climate modelsGCM$ (Lopez et al. 2014Yhepattern scaling technique
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was first introduced bysanter et al(1990)with the goalof representng the geographical, seasonal
or/and multi-variable structure of patterns, derived from a GCM, as a {imvariant [never changing]
response to radiative forcinfatern scaling offers a means of addressing uncertainty through handling

a large number of climate models in a more rapid and computationally feasible way than dynamical
downscalingand does not require longepiods ofhigh spatial resolution observation dateeded to

undertake a statistical downscaling approach.

Pattern scaling is an attempt to estimate the anomaly in a variable for a particulab@tjdnonth or

season, and year or period that would beaibed if a GCM was forced under a selected forcing scenario.

The patterns are then scaled, typically by a glebhabn temperature changegr), simulated by GCMs
(Mitchell 2001; Osborn et al. 201Bpd KS SadA Yl S A& GKS LINRRdzOG 27¥
LJ- § { BiN¥ ilustrated in S| FigureFbr any given globahean temperature rise, the climate ahge

for a given calendar mah and climate variable can be estimated by:

nv=anT (1)

wherea is the normalised pattern for that month andnable from a selected GCM, an¥ is the feld

of climate changebtained (Osborn et al. 2015).

The response may be obtained from a GCM experiment with the same, or a different forcing scenario
(Mitchell 2003) The result is region specific, seasgpecific, and variablepecific changes for the full
range of possible future radiative forcings.A I & S& A gfmulation»f preSe@tiay climate are
typically ignored ¥ using only the climate changattern, and applying this to an observed preselaty
climatology(Osborn et al. 2015).

Where monthly or a higher temporal resolution sequence of weather is required that comprises of
climate change addedd the initial climate field\{s) andor a sequence of anomalies from tmeean
climate, ClimGersoftwarecan be usedOsborn et al. 2015 CIimGermbtainsa sequence from a monthly
resolutionobserved climate dataseDbserved record in this case havbe advantage tlat theycontain
realistic spatietemporal structures on large scales (e.g. those associated with mgdes of climate
variability), which may be poorly represented using alternatives suaheasher generators or direct

(even biascorrected)GCM outputOsborn et al. 2015)
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A future sequence of monthteatheruinder a changed climate can be generadedording taSI Figure
2:

Vi =Vo+VQ+anT; (2)

where VQis thefield of observed anomalies in yeafor the given monthnT:is now aglobatmean
temperature change specific to yegrthus it can represent a transietime seriesof warming, or if all
values are equal it can be used ¢enerate a sequence of unfordemonthly climate variability

representative of climate under a specific level of global warming

The technique rdies on the assumption that thanthropogenic climate change signal at any region
and/or any time horizon, referredo as the response patter is linearly related withhe global
temperature change athe corresponding scenario and peri¢dabré et al. 2010The spatial pattern

of change is also assumed to remain constant at any time horizon or faoémgrio(Mitchell 2003)

for examplea warming pattern for 4°C global warming is tekame as for 2°C, but twice as bin
additional assumption, inherent in the pattern scaling technigue, is thgponses to external forcing
and internal variability are independent, implying that anthropogédaicings do not modify the internal
variabilty of the climate systemAs such internalariability is assumed to be constant and is not scaled.
Whilst it could be considered unlikely thefe G S NJ/ I £ F 2 NXDintefrial vasiagbifitglibpexe2 dR A T &
2014; Osborn et al. 2015} could also be argued that GCMs themselves may not be good predictors of
variability in a highly nonlinear systerRattern scaling assessments by MitcH@003) found that
statistically significant nofinearities could be identified with careful use of ensembles of simulations,
but that the errors resulting from using pattern scaling were small compared with other uncertainties

that exist in future climat scenarios.

Pattern scalindhas been used in multiple regional impact studi€sbré et al(2010) assessed the
Wt ARAGRQ 2F (KS LlreétinigSrébiona alidatef chande sdermu@& §6ri njednS
temperature and precipitation ovesouthern South America for the 2020s and 2€5Dhar results
suggest that pattern scaling workeeell for estimating mean t@aperature changebut that the validity

of the salability assumptiorfor precipitation wasweaker Whilst theregionalmean temperature
changes were linearly related ghobal mean temperature changes they found the errofestimating
precipitation changes were comparable to those inherentthie regbna model (fifth-generation
Pennsylvanigstate UniversityNCAR notydrostatic Mesoscale Modgland to the projected changes
themselvesThey attributed thigo the large interdecadalariability evidened in regional precipitation.

In order to avoid tis limitation, instead obcaling 18/ear meansthey recommended scaling 3@ar
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means toreduce the error. They concluded that, whétme cost of performing aegional climate
simulation was consideredhe pattern scaling technique was good approacho estimating regional

scenario®f climate change for temperaturand to a lesser extent for precipitation.

Webb et al. (2013) employed a pattern scaling approach to modelling future climate analogues (2030
and 2070) of temperature and precipitation fo8 ine producing regions worldwide. Compariséos

the global warming equivalents of 1, 2, and 3°C weten from simulations of 23 CMIP3 GCNMisey
multipliedregional changes per degree of global warming by global waresingates for a given future
period to obtain the projected regional climat&heir work was limited toemasonal (summer and wiet)

and amual projections. dlike in this thesigSection 6.4) monthly projections were noalculated
separately from theGCMs Their projections were presited ata resolution of 20Q400 km. Within

their work they did not comment otimitations of the pattern scaling approach to projecting future
climate conditions. Webb et al. (201%#as the only study regarding climate change and viticulture that

was found to have employed a pattern scaling method.

More recentlyOsborn et & (2015)assessed a new approach to incorporating changes in the-inter
annual variability of monthly precipitation, simulated by climate modédo the pattern scaling
technique They diagnosed simulated changes in the shape of the gamma distributiororthly
precipitation totals and applied the patterscaling approach to estimate changes in the shape
parameter under a future scenario. They then perturbed sequences of observed precipitation anomalies
so that their distribution changes according toetlprojected change in the shape parameter. ifhe
approach cannot represent changes to the structure of climate time series (e.g. changed autocorrelation
or teleconnection patterns), but was shown to be more successful at representing changes in low
preciptation extremes than previous patterscaling methodsThe new developmentsy Osborn et al.
(2015) wereimplemented irto the ClimGen softwardsee Section 2.5)0 generatepattern-scaled

climate projectionsThe softwares used within this thesis (S&mh 2.5.

However the pattern scaling technique has not always been found to be fit for purpageez et al.
(2014)applied pattern scaling to quantify the risk of heat waves in Southern Europe and compared
model output with the original ensemble modeins they were derived from. They concluded that the
assumptions that local climate responses to changes in external forcing are linear functions of the
induced global mean temperature chang#sat model simulated changes are not affected strongly by
errors in the base climate and, that the external forcings do not modify the internal variability of the
climate system, resulted in errors large enough to mislead adaptation decisions. LopeZ2€t14)

noted, referencing the snowalbedo feedback at highatitudes that at regional/local spatial scales
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processes other than radiative transfer are important in determining local climate, and that when non
linear physical processes are invoked, models with significant biases cannot be expected to reliably
simulae plausible future changes in climateopez et al. (2014)lso noted that external forcings can
change the mean response of the natural internal variability of the climate sysfi#ing the example

of the significant contribution of ENiflo Southern Osliation to related variationsn the observed long

term warming trends over the ocean conclusiorLopez et al. (2014kcognise that deploying the
pattern scaling approach is a computationally convenient way to generate scenarios of climate change
but its use in modelling impacts, adaptation and vulnerability is problematisome casesThey
reinforce the necessity of clearly evaluating the consistency of the method before embanking

particular analyss that can otherwise end up with misleadingamhation.

Osborn et al. (2015Iso recommended additional assessmeoftdhe performance and limitations of

the patternscaling approach but noted that Lopez et al. (20fbdind reasonable agreement for the
frequency of hot summers in 3kar sequences but poor agreement when usingy&fr sequences
with only one realisatin of climate variability. Osborn et al. (20inted to changing variability of
global precipitation and the ability to generate multiple realisations of varialiitysn advantage of the
pattern scaling approaglthat they felt addressed this particulaoncern. Osborn et al. (201&Ent on

to demonstrate that the uncertainty in their approximation was less than the imedel differences

for the Coupled Model Intercomparison Project Phase 5 (CMIRy)or et al. 201ensemble, and that
their uncertainty estimate was conservative, because internal climate variability contaminates the
estimated patterns of climate change and thus enhances the difference between patterns diagnosed
from separate GCM simulations, and base pattern scaling performance can appear poor where the
CMIP5 ensemble spread is narro@sborn et al. (2015) concluded that pattern scalieghains an
important technique for generating projections, especially for probabilistic approaches to deatling wi

uncertainty.

By employing several GHG emission scenarios, combined with varying climate sesgdiviteasure
of by how much the climate will warm for a given increaselimate forcing, a range of possible future
climate projections can be anagdusing the pattern scaling technigugsing the technique this thesis
incorporates the spatial variability of projected climate change and quantitatively repovisimpacts

of temperature and precipitation magffect spatial suitability and wine quality England and Wales.

The pattern scaling tools employed in this work are further discuss&eéction 2.5.6.
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1.3. Summary and research aims

The scientific community is in overwhelming agreement on key aspects of climate change, namely that
global warmiig is occurring and can be attributédpart to mankind, and that the earth will experience
further warming, potentially up to %€ above a 198@005 baseline by the end of tleirrent century

(Intergovernmental Panel on Climate Change 2014).

Commercial gowing ofVitis viniferalL. for wine production is largely controlled by atmospheric forcing,
AAYyO0S GAYS WielLlsSQs @AStR IyR ljdzrtAde FINBE adNRY
growing seasorfJones & Davis 2080Malheiro et al. 2010)There has been #ocus in viticulture ¢

climate researchon applyingaggregated bioclimatic indices to evaluate clima#i& dzA Griow anfl A G & Q
under a ange of projected climate change scenarios. Howewdrere there are strong seasonal
contrasts in climate (i.e. the midtitudes) the atmospheric conditions on a dayday basis regulate
phenological responses that ultimately determine final yield andlity (Jones & Davis 2000
Therefore in this thesis intrannual growingseason conditions and variability are examinadre

closely for England and Waless these are likely to better elucidate threats and opportunities for
viticulture. Numerous studis support the fact that warmer temperatures are affecting viticultural
processes, providing opportunities for quality improvement, cultivar adaptation and improved wine
guality in some areas; and, prioiing threats in the form of uneven phelogical eventsdecreased

quality, and crop losses in others. Most future climate changgiculture impact studies have spatial,
temporal, data and model limitationgiddressed ilgections 1.2.6 and 1.2.MNotwithstanding these, all
indicate significant potential fochange ovetime. Yet,n relation to impact studies that producers or
investors can extract decision making \&ftom there are very few studies available, not least because

few have aligned current or future climate suitability models with the biogtaydiandscape that is
paramount to commercial viticulture potentidL is a core goal of this thesis to derive value from data

analysis for those established or seeking to establish vineyards in England and Wales.

Whilst viticulture migration is toute@s a means of agbtation for those at the warnor hot end of
OdzNNBEy G OfAYFOGAO &adaAadGloAfAGe FS¢g &addzRASa KI @S
indeed the possible effects of climate change on those regi@usisequently adaptationthrough
migration is not necessarily a means of reducing risk associated with climate charggeork focusses
therefore on evaluating neweoolclimateQregions, namely England and Wales as possible,-time
dependent, migratory hospots.Here recent chages in viticulturgpresent a chance to develop a case
study of biophysical and climatithreats and opportunities iftdewQ NB 3 Hilst glso ®xpldring

potential for wine quality,as this is both tangible to evaluate and critical to investment decisions.
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Through an evaluation of relationships between sparkling wine quality and seasonal growing conditions

this thesis presents comparative future potential for England and then@hgne regions

There is little research into intr@r inter-annual variabilig or the role of other climatic factors such as
precipitation, wind, solar radiation, or extreme weather events with regard to viticulfbasterling et

al. 2000) These phenomena are all potentially influenced by climate change and besides temperature
may present challenges for existing and future regions. Although within the scope of this work there is
not the opportunity to assess eachtbkse variables in each viticulture region worldwide, using England
and Wales as a case study this work will examine recent changes and trends in thermal dynamics,
precipitation, extremes and variability, and their relationships with yield. Doing so afiowan
illustration of recent changes but also adds value to data incorporated into a suitability model for

viticulture in England and Wales, as prodddn Chapter 5

Located between the mithtitude westerly wind belt orthe edge of the Atlantic Oceaand the
continental influence®f mainland Eurog, the UK is sensitive to smalianges in the positioninof

major atmospheric pressuigystems. Therefore, laggntraannual and intefannualweather variations

may impact productivitbetween years, andmpad viticultural viability. Kennyand Harrison (1992)
evaluatedthe frequency of viticulturallguitable or unsuitablgrears (195¢1980) in Europ@nd based

their work on tre premise that the frequency 832 2 RQ 2 NJ W6 | pofantdhar aMdage A & Y
conditionsover a 3@year period. Here, it is suggestéuat, particularyA y G KS ! YQa YI NB
(Kenny & Harrison 1992yulnerabiliy to weather \ariability is a limiting factoto viticultural viability,

at annual or longer timescaleg\dditionally, we question whethiethe prima facie opportunities
presented by highelatitudes, in this case England and Walesder warming conditios, according to
bioclimatic indexvalues, mask or undstate threats from shorter ternweather conditions, extreme

events and climate variability.

Whilst much dthe research into viticulture climate and climate change relations to date has focussed

on observed or modelled trends of both climate and phenology, little research has been guided by or
RANBOGSR (G261 NRa LINPRAZOSNDA LISNDSLIIAZ2Yya 2F LINEF
Ad O2YO0OAYSR 6AGK LINERdzOS MEnQactt iSeMEdniduciang cisiead? ¥ Of
about both climate changefiects, sector risk appetite, and adaptation potent@hll of which are

critical responsemechanisms to threats that are otherwise presented as absolute. In this work an
attempthas beermadeli 2 06 NS OK (G KS WLIA LISt AySQ Y2RSt 2F &a0A
scientists work in isolation and then trsier results to potential users; theesearchhas in the first

instancebeendriven by producer@oncerns regarding weather, cliate, climate change and viticulture
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in England and Wales, and through engagement with producers regarding biophysical suitability for

viticulture.

Climate change will likely affect the organoleptic character of regional wines, terroir, and the socio
ecoromic conditions within existing wine regions. Whilst viticultural management techniques and
strategic business decisions will provide climate change adaptation potentiattdongnvestments in
vineyards will ultimately require risk analysis based omenalbility to climate variability and change.

The goal of this research is to integrate tools and approaches in an interdisciplinary framework to
qguantify the risks, vulnerability and opportunities associated with climate change for viticulture in
Englandand Wales. In doing so this work should advance understanding and contribute useful
knowledge about English and Welsh suitability for viticulture. Furthermore this research adds new
evidence for the climate sensitivity Witis viniferal. using quantitatie measures. It provides a regional
scale case study of vine yield responses to weather and climate phenomena and illustrates adaptation

potential in viticulture, and from other forms of agriculture to viticulture.

Significantly, this work @nly the seond viticultureg climate impact study (Webét al. 2013)to employ
apattern-scaledapproach to modelling future climate sceis, in this case as an ensemble, to project
future climate change threats and opportunities for viticulture at both a regiamal global scale. To
demonstrate climate change impact in a tangible way to producers and investors the patied
output is directly correlated with recent and future wine quality, as a edsdy. It should also be
explicitly stated that this is th8rst work to investigate in detad range ofveather and climate risks to

viticulture in the England and Wales.

Much of the work undertaken for this thesis is ranhbedded in the classical hyloetico deductive

model of empirical science, but in pesbrmal science grounded in geography, weather and climate
science where system uncertainties can be high and decision stakes in@edse 2011)Collectively

this research links togown climate change modeutputs and bottoradzLJ LINE RdzOSNA Q LIS N

climate risks to present an integrated risk modelling exercise for a new viticulture region.
To achieve these goals the following research aims were adopted:
1. To highlightthe relationship between weathe climate, climatechange and viticulture in

England and Walg€hapter 3by:

a. Establishing the scale and nature of recent viticulture development
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b. 5SGSNY¥YAYAY3I LINRPRdAZOSND& LISNELISOGAGSa 2F ¢
and risks
To identify theclimate threats and opportunities for viticulture in England and Wé&Bdsapter
4) by:
a. Quantifying correlatias between a bioclimatic index based on higimporal resolution
weather data and English and Welsh wine grape yield
b. Modelling spatial variabilitin a bioclimatic index across England and Wales
. To develop a tool that aids in resilience and investment planning for viticulture in England and
Wales(Chapter 5py:
a. Modellingsuitable viticulture areas in England and Wales, from biophysical and
climateperspectives
b. ldentifyingan analogue of wine producing regionaking a Fuzzy Logic approasiith
similar climatic conditions to those in the England and Wales
. To assess the impacts of projected future climate chagepatial suitability and wine quslfi
in England and Champag(@hapter 6)y:
a. Assessing historic relationships between wine quality, seasonal weather and climate
conditions in both England and Champagne
b. Using a clima change pattern scaled modellingproach to ascertain future likelihood

of seasonal conditions that historically resulted in high vintage quality
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Chapter 2
Tools Dataand Methodology

This thesis chapter introduces the data, tools and methods used to: 1) analyse relationships between
weather, climate, climate chaegand viticulture in England and Wales, presented in Chapters 3 and 4;
2) model, map and classify viticulture suitability in England and Wales, presented in Chapter 5; and 3)
model future viticulture suitability and wine quality impacts under climate cleaswenarios, for England

and the Champagne region of France, presented in Chapter 6.

Data from a wide range of sources, in different formats, and for different analytical purposes were
sourced and analysed. Whilst the majority of these data types wereenigal and formatted for
integration into Geographic Information Systems (GIS) (wine production data; meteorological and
climate data; biophysical data), others were qualitative in nature (producers perspectives of climate
impacts on UK viticulture; viti€u dzNB WadzA Gl 0 Af AdGe@Q LI NI YSGSNBRT 62
020K wierlsSaqQ 2F REGE FrOAEAGIAOSR | FdzA €t SNI I aas$

thesis within the socieconomic context invhich wine producers operate.

2.1. Tools

A host of nodelling and analytical toolg@employed in this thesis to facilitate meaningful assessment
and scientific scrutiny of variables and relationships between them. The tools used in multiple chapters
arepresented first(Sectiors 2.1.1¢ 2.1.4), followed by a chapter byhapter breakdown of datasets and

methods.

2.1.1. Bioclimatic indices

As identified anddiscussedin Chapter 1 $ction 1.2.2) the assessment dpatial suitability for
viticulture, and zoning viticulture regions is commonly aid®d the application of thermabased
bioclimatic indicegKenny & Harrison 1992; Tonietto & Canbeau 2004Ducténe & Stineider2005;

Hall & Jones 201@&nderson et al. 2012T hese are utilised as crude indicators of commercial suitability

(Hall & Jones 2010)
In this thesis thee bioclimatic indices were employe@rowing season average temperature (GST),

Growing degree days (GDD); and, the Heliothermal index of Huglif-(rther details regarding their

development and previasiuse can be founich Sectionl.2.2.
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GST was selected for application in this study because of the availability of observed monthly averaged
daily temperature data, from which it is calculated (Tablg), and because it has been widely used in
inter- and intraregional comparisons of viticulture climates and suitabi{ffghultze et al(2014) ¢
Southwestern Michigan (USAXu et al(2012)¢ Burgundy Neethling et al(2012)¢ Loire ValleyMontes

et al.(2012)¢ Chile Anderson et al(2012)¢ New ZealangdSantos et al(2012b) ¢ Europe Tomasi et al.
(2011)¢ Veneta Hall & Jone$201) ¢ Australig Jones et al(2009) ¢ Worldwide, Jones & Goodrich
(2008)¢ Western USRamos et al2008)¢ NE SpainandWebb et al.(2007)¢ Australig.

GST values have pieusly been classified into foatimate/maturity groups fo grapevinesas shown

in Figure 1.4and Table 2.1Jones 2006)This index classification correlates broadly to the maturity
potential for wine grape cultivars grown across many wine regions and provides the basis for placing
latitudinal boundaries owiticulture zones in both hemisphes (Schultz &ones 2010). Specifialtivar

WY GdzNRA G@Q LI NI YSGSNE I B ingfead) the¥eSgroapidmsRdiate Aojely id K A &
conditions in which cultivars are grown and to relationships with winelyi@ériving historical GSTs for
south-east and soutkcentral UK enabled valuable regional viticultural climate comparisons and also
provided a regional benchmark of macroclimatic conditiggresented in Chapters 3 andlfportantly,

when used in conjunain with higher spatial and temporal resolution weather data, its value as an
indicator of suitability can be further assessénl.Chapter 5 GST is calculated from monthly gridded
UKCPO09 5 x 5km data sets (1€8110)(Met Office 2015gt0 integrate into a viticulture suitability model

for England and Wales.

TheGDD and HI indices were used in this thesis to assess differences between European vineyard areas
Section5.6.1 Bothindiceshave been commonly apgpd previously (se&ectionl.2.2), and require
computation withdaily data These could be derived frothe WRF model and observatiomasources

employed
The 10year (2004;2013)climatologies of these¢hree bioclimatic indices, most relevant to the time

period in which most English and Welsh vineyards were established, facilitated a climealteyaa

approach Gection5.6) where bioclimatic similarities across regions are investigated.
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Table 21: GDD, HI and GSequations and classification(&ource Adopted from Hall & Jones

2010
Bioclimatic Time
Equation Classifications
Index period
Too cold <850
Region 1. 85Q 1389
Growing 1 Aprilc 31 Region 2. 138§ 1667
Degee S YA QYA QE Region 3. 166¢ 1944
Days (GDD AR pm October | pegion 4. 1944 2222
Region 5. 2222 2700
Too hot >2700
I AG"Ya' Q& 1 "Ya G op THCHT U
Too cool <1200
WhereKis an adjustment for Very cool = 120Q 1500
latitude/day length Cool = 150@ 1800
1 Aprilg | Tempeate = 1800; 2100
HI Latitude K 30 Warm temperate 2100¢
49 1.0552 September| 2400
50 1.0600 Warm = 240@; 2700
51 1.0651 Very warm = 270Q 3000
52 1.0704 Too hot >3000
53 1.0760
54 1.0820
55 1.0883
Cool =13 15°C
GST B "Ya dYa Ok 1 Aprilg 31 | Intermediate= 15 17°C
g October | Warm =17 19°C
Hot = 19¢ 24°C

2.1.2. Geographic infomation systems (GIS)

ArcGISESRI 2014% a geographic information system (GIS) for working with maps and geographic
information. It is used for: creating and using maps; compiling geographic data; analysing mapped
information; sharing and discovering geographic informatiomgisnaps and geographic information

in a range of applications; and managing geographic information in a datab#sis.Wwork version 10.3

was used for the purposes of Chapterg .

2.1.3. The Weather Research and Forecasting (WRF) Model

The WRF model wasegsto derive data for this thesis because it enabled the genamaif temporally
relevant (20042013) monthly gridded datasets (9 x 9 km) michimatic indices and ApiilMay air and
ground frost days for England and Wales. Although higher spatialutesol5 x 5 km)data was
avaibble, for example UKCPG8did not encompass data pc2010 and did not providée daily data
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required to calculate bioclimatic indices. As such the WRF model was selected as appropriate for
achieving the aims of this thiss The model runs themselves were not conducted by the author but by
Chris Steele from Weatherquest Ltd. (see acknowledgeméris)WRImodel is the product of a multi
agency effort to build a next generation mesoscale model with the potential for lmwdcésting and
research capabilitieéSkamarock & Klemp 2008} is employed in Chégrs 5 and 6. WRF has a high
degree of flexibility, offering a wide range of model physics andipeiptions that the user can use to
control the nodel design in a range of computing environmef8¢eele et al. 2013; Powell 2014he

model consist of two dynamical carethe Advanced Research WRRWA and the NorHydrostatic
Mesoscale Model (NMM). Both operate with terrdilowing vertical ceordinates. The ARW is
adaptable to very high rést dzii A kghi)awithotbiénvaid of telescopic nesi domains, but this is
constrainedby computer power, resolution of terrain, soil and lanse data and skill in accurate
parameterisations of physical processes in specific spatial areas (Powell 201#Apdeiéntegrates the
equations for atmospheric motion, and uses physical parameterisations for unresolved, complex, non
linear processes to predict temperature, pressure, wind fields and water vapour for-timensional
domains. For the purpose of thisgearch version 3.3.1 wased in conjunction with the RN dynamical

core. For a detailed explanation of the model formulation Skamarock & Klem2008) In model runs

for this thegs the NOAH land surface modelas usedMitchell et al. 2008)The model domain was
originally createdfor other climate applications and does not quite extend to the sew#st tip of
Cornwall. A temperature bias adjustment of +1°C was applied to the model as validation by Steele et al.
(2014) revealed a cold bias in this climatology, which was based tingonse of the YSU platasy
boundary layer schemeds their Figure 4). A similar bias was also reportetiibyet al.(2010) Steele

et al. (2014) found that the negative model bias associated with temperature (2m) simulations was a
persistent feature across all months (Mayeptember) with the monthly average bias beihgd9°C.
Although $eele et al. (2014) foundariation in themodel bias withina diurnal cyclel¢ss difference
during daylight hourgthe purpose of employing the WRF model in Sections 4.3, 5.6 and 5.7 of this thesis
wasto generate bioclimatic index valueéssed on dailpr monthly temperature averages, aggregated
across the growing season (AgriDctober).The temporal variation in WRF model bias found by Hu et

al. (2010) and Steele et al. (2014) indicates that were the model to be used for a specific examination of
daily or monthly temperatures (&) the relevant biases would need to be applied. Further explanation

of the WRF model validation for the purpose of this thesis can be found in Section 5.7.
2.1.4. Statistical analysis

Chaptes 4includes astatistical analysifinear regression and stepwisegression analysiseeSection

2.3.3 to determine correlations and the strength of relationships between weather phenomena, wine
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yield, and quality. They are also used to determine temporal dispersion in temperature andtptiEgip

time series To undertake these anais IBM SPSS statisticavsoftware was used.

2.2. Data collectionand methodologies for Chapter 3

221. 9y 3t AAK yR 2SfaK gAyS LINPRdAdZOSNBEQ LISNRELISOGA ¢
change on viticultue

This thesis was initially informealy the responses of English and Welsh grape growers / wine producers

to a questionnaire about UK climateviticulture relation$ips (Appendix A)As identified inSection

1.2, 20 ASNBI GA2yad YR ALBNOISADASYEOR2F IWLIMBABA D2 Y

weather, climate and climate change impacts. In their absence analysis would be restricted to modelled

NEfFiA2yAaKALA ANIAKAKdzy IOKSE o WANRSzy RKIF G ljdzk € AGEGA

better understanding of weather and climate factors that concerned grape growers / wine producers,

facilitated through the questionnaire and engagement with them, enabled this thesis to be targeted at

research that would be of benefit to the English and Welsne production sector. To achieve this all

grape growers / wine producers in England and Wales were invited to respond to the questionnaire that

was advertised in early 2014 through a combination of emails to producers, notices to regional vineyard

assaiations, regional vineyard manager meetings, and an advertorial in the UK Vineyard Association

publication: The Grape Pres§hese multiple communication channels were used to gain as many

responses as possible. The questionnaire (Appendix A) could h@detechin hard copy or online. Of

specific relevance to this thesis, grape growers / wine producers were asked for the following: (i) their

views on causes of specific high and low yielding years; (ii) whether climate change had contributed to

the growth d the UK wine production industry; (iii) which other factors had contributed to its growth;

and (iv) their perspectives on whether climate change is a threat or an opportunity for wine production

in the UK, and why? As with similar surveys conductdgdtiaglini et al(2009)in France, Germany and

ltaly,and byl f 2 y a2 @01h)if 8pdintiefquestionnaire provided a quantitative component in

the form of selected fixed responses to the questions posed, and qualitative components through

comment boxes.

It is the consensus of opinion and general themes presented through questionnaionsesithat have
been adopted and investigated in this thes®sponses to questionnaires were extracted into a results

database and anonymised prior to analysis.

2.2.2. Viticulture and wine production data
Grapevine phenology and yield data from individuakyards were sought at the outset of this study in

order that historic relations between meteorological conditions and yield could be analysed at a
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vineyard scale (assuming vineyard or localised weather data was available). Data was supplied by seven
vineyads in England; however, the data provided were limited in terms of historical length, robustness
and overall volume so could not be used with confidence. This lack of robust vineyard, or even regional,
specific cultivar, phenology and yield data availgbik recognised in Chapt&ras a potential risk to

investment, as it limits capability for analysis.

Regional wine yield data for souttast and soutkcentral England were not available, so nationally
aggregated data, the only official wine yield d#tat were available in the UK, were used to examine

the relationship with weather and climate parameters in these regions (Chapters 3 and 4). UK yield data
(1983;2013; hectolitres per hectare [hL/ha]) were obtained from the Wine Standards Branch of the
Foal Standards Agend§ood Standards Agency 201¥)elddata collection officially began in 1989;

data were previously voluntarily provided by producers and were not deemed sufficiently complete for
dzaS Ay GKAAa lFylrfearad | SNE Al aK2dZ R 0SS y23GSR
any vingzards in Scotland or Northern Ireland that were large enough to be required to submit harvest
information to the FSA (>0.1 ha: Food Standards Agency 2014) effectively means that national

aggregated data is derived only from England and Wales.

Data on hitoric vineyard numbers, hectarage under vine, and hectarage in production for England and
Wales was required to assess changes and sémdhe development of viticulture in England and
Wales. Requests for data from regional and national vineyard asgmsafthe United Kingdom
Vineyard Associatiog UKVA) yielded no data as they had no records of production. The only available
source of information: the Wine Standards Branch of the Food Standards Agency, had limited data that
had been compiled from hargéreturns from wine producers (English and Welsh vineyards are required

to submit a harvest declaration stating vineyard size and wine yields, on an annual basis). This data
(Appendix B)s not subject to checks or verification, but was the only sourchisibric production
information, and was analyse@&ction 3.1), for the firsttime through this thesiso assess trends and

changes in the scale of English andI$H viticulture.

2.2.3. Cultivar data

Dataregarding vine cultivars (type and volume) grownmnglgnd and Wales is not readily available. For
this thesis historic data wasompiled from theonly accessible sources, tiWine Standards Branch
Vineyard Registers (1990, 1999, 2007 and 2@h8)datapublisted in Skelton (2008, 2018nd 2014).
Data for ntervening years were not availabl®nce compkd it was subjected to a trendnalysis to

identify recent trends in cultivar production acrosggiamd and Wales, segection 3.1.
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Cultivar information preceding 1990 was collected by the then MinistrygoicAlture, Fisheries and
Food (MAFRhrough voluntary surveys but wamt deemed sufficiently coprehensive to present in
this thesis Yield data from 1989 is however referred toSection 4.6as thereis no evidence of a

significant change in dominantiltivars in poduction between 1989 and 1990.

2.2.4. English andNelsh vineyard locations

b2 W2FFAOAIT{Q RIGFIOFIAS 2F @GAYySeérNRA Ay 9y3Ifl yR
(Skelton 2015)although not independently verified, was deemed the most reliable antbtgate
(November 2015) source and was used to obtain vineyard address and size (ha) information. Postcodes
from this list were often found, using Google Eai@oogle 2015a)o relate to the business premises
(buildings) and not the pecise vineyard location, s@ tensure model accuracgach(367) individual

@Ay S e Ihd)as @isyally located, where possible, utilising a combination of Google Earth (Google
2015a), Google Maps Street Viéoogle 2015h)and DigiMap RoarfiEdina 2015)

2.3. Data collectionand methodlogies for Chapter 4

2.3.1. English and Welsh historic weather and climate data

Previous viticulture; climate studies have used local weather station d@énceWard et al. 2007;
Jones & Goodrich 2008; Bonnardot et al. 20d2)elatively bw spatial réd 2 € dzi A2y O xHp 1Y
climate data(Webb et al. 2008Jones et al. 2010; Fraga et2013), to undertake viticultureg climate
analysis. However the proximity of weather stations to vineyards (not specified in Blardoet al.

2007 or Jones &oodrich 2008and the resolution of models ed may mean that the data was not
entirely representative of vineyard mestimates (Anderson et al. 201Eraga et al. 2018. At the
outset of this study data from weather stations in vineyards in England and Wales were sought from
producers as these wddi have provided highly localised information from which to analyse
relationships with viticulture phenomena. However, none of theeyards in England and Wales that
were contacted had sitepecific weather data records available for analysis. This wgalyaattributed

to the relatively newlestablished nature of vineyards.

In the absence of sitepecific weather data, Met Office regional data (for sea#ist and soutkcentral

9y It FYyRO F2NJ Y2YGKE& | @SNIF IS {FyaniSraidfall HEREII3) Y2 v
was sourced for use in calculating growing seagqguril ¢ October) averages and totals, identifying
extremes, trends, and variabilityRegional (soutleast and soutkcentral England) monthly
temperatures and precipitation totals had been derived from the mean of the gridded product, see

below, providing anacroscale climatic dataset used to calculate results in Chapter 4.
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The Met Office regional monthly average temperature and precipitation volume data are derived from
station daily means (fhax + Tmin)/2) and summed daily totals respectively. The densitstations

varied through time, and for the different climate variabtedor example, for temperature the number

of stations rose from about 270 in 1914 to 600 in the 11890s, before falling to 450 in 20@Met

Office 2015h. The station data haldeen subjected to multiple regression and invedistance weighted
interpolation techniques to generate values on a reggrid (5 x 5 km}aking into account factors such

as latitude, longitude, elevation, terrain shape, coastal influence, and urbdrutse. This alleviated the
impact of station openings and closures on homogeneity, but did not remove it entirely, especially in
areas of complex topogphy or sparse station coverag®erry & Hollis 2005)in the viticdture
suitability model (Chapter 5) monthly temperature data for a 18110 period was used, obtained

from this UK Climate Projections 2009 (Met Office 2015a) 5 x 5 km gridded dataset, to calculate growing
season average temperatures (GST) and their iatewual variability (expressed as standard deviation
¢{50 YR RIF&8&a 2F FANJI FNRA&AG oXn2/0 Ay ! LINAf | YR
file point-data with latitude / longitude coordinates, was imported into ArcGIS v10.3 (ESRI @&id 4
converted into a 5 x 5 km gridded raster (see Section 2.4.5). The2@81 period is a commonly used
climatological averaging period (Met Office 2015c), and encompasses the period in which English and

Welsh vineyard area started to increase (sediSe@.1).

Boththe regionally averaged and gridded prodsmtere freely availabléMet Office 2014; Met Office
20159 and of a suitable length for the purposes of this study.

To enablea comparison between regionalgveragel and gridded temperature dataand insitu
vineyard temperature, 15 temperature data loggers (Tiny Tag Talk4DZ¥ Gemini(2015) were
established in a vineyard in East Sudsgxhe author as part of the Adapting Viticulture to Climate
Change(ADVICLIM 2015)roject. Hourly minimum mean and maximum temperatur€Q) were
recorded (April 2015 April 2016) by the loggers, and downloaded to facilitate a comparative analysis.

Results are presented irer&ion 5.7.

In the viticulture suitability model (Chapter 5) monthly temperatureadfdr a 198%2010 period was
used, obtained from the UK Climate Projections 20@8t Office 201585 x 5 km gridded datasetip
calculate growing season average temperatures (GST)haidinter-annual variability (expresseas
standard deviatiort{ 50 X | Y R R &°&) in2APril dndh N\, AdaBsEfigladd Y& pd Wales. The
data, provided as text filpoint-data with latitude / longitude coordinatesyas imported into ArcGIS

v10.3(ESRI 2014)nd converted int@ 5 x 5 km gridded rastesdeSection2.4.5. The 1982010 period
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is a commonly used climatological averaging pe¢idt Office 2015); and encompasses the period in

which English and Welsh vineyard area started to incresese ction 3.J.

Sunlight and radiation energy are also identified as important climatic variables in the cultiva¥iis of
viniferaL. (@apter 1). Whilst solar radiation can be estimated in ArcGIS v10.3, accurate cloud cover data
is required to extend the modé€Dlsen et al. 2011)eyond the theoretical. In the absence of such data
historical sunshine data (duration of bright sunshine during the marttburs per day) for 1982010

was obtained from the UKCPQ9 dataset &xab km gridded produ¢Perry & Hollis 2005)

Rainfall data (198422010), used in Chapter 5 for suitability modelling, was derived from monthly 1 x 1
km Gridded Estimates of Areal Rainfall (GEHEAR{Centre for Ecology and Hydiogy 2014; Tanguy et

al. 2014) which itself is derived from a national databasehidtorical Met Office weather ahrain

gauge observation@eller et al. 2015yhe UK network of rain gauges grew from around 450 in 1860 to
approximately 3500 by 1900 and peaked at around 628®ifd, by 2009, data were recorded at 3285
sites (Keller et al. 2015The natural neighbour interpolation methodology, including a normalisation
step based on average annual rainfall, had been used to generate the monthly rainfall grids. To derive
the morthly estimates, rainfall totals from monthly and daily (when complete month available) rain

gauges were used in order to obtain maximum information from the rain gauge network.

2.3.2. Regional focus

Chapter4 of this thesis addressviticulture ¢ climate relatonships in the soutieast and soutkcentral

region of England, covering the counties of Berkshire, Hampshire, the Isle of Wight, Kent, Surrey, East
and West Sussex and Wiltshire. Since 1989, these regions have represent@&d%506f national
vineyard aregSkelton 2001; Skelton 2008; Food Standards Agency .28@@)\er, vineyard locations
(Section 3.1, Figure 3)2nd potential viticultural opportunities are more spatially diverse and therefore

the attention of this thesis then extends in Chapters 5 and 6 particularly, to a larger geographical area,

covering all of England and Wales.

2.3.3. Climat-yield relations

Numerous factors can affect yield, but analysis in this thesis is limited to weather and climate. Here,
yield and average temperature (growing season and monthly), and yield and frost days (April and May),
were subjected to linear regreism analysis to elucidate relationships, and then vyield, average
temperature (growing season and monthly) and total precipitation (growing season and monthly) to

stepwise regression analysis to determine the independent variable(s) that produce(s) mattieds w
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statistically significant Ralue P = <0.05) and the highest coefficient of determinatiof).(Two time
periods (19882003 and 20042013) were distinguished for analysis because cultivar changes play an
important role in yield, because of their dpasting climatic suitability; from one time period to the next,

there was a change in mix of cultivars grown in the UKFggdre 3.3

The combinatiorof regionally averaged weather/climate data anational, nonrregionally specific yield
data could lad to some distortion of climate wine yield relationships, but national yield values were
deemed indicative of those in thregions of interest because of their significgnb0;50%)contribution

to total UK vineyard area, sddgure 3.2 and Table 3.lh this thesis therefore relationships between
regionally averagedveather/climate dataand national wine yield data were analysed. The use of
nationally averaged weather/climate dateould havedisproportionally includd areas where few or no

vineyards ext.

2.3.4. Recent climate change

Anomalies and comparisons of growing season monthly mean temperature and rainfall f@20&38
against a 19641990 baseline period were calculatbldm the Met Office regional dataset (Met Office
2014b)to illustrate climate trends in southeast and soutkcentral England. This baseline has been
widely used in climate change research and in previous climate and wingMuarke et al. 1999\Vebb

et al. 2008 Giorgi & Lionello 2008Met Office regional air frost (<0°C) data (1§8@13) for days with

air frost in April and May, the critical months for budburst and initial shoot growth, were used to

calculate trendsand quantify variability for the same geographical region.

2.3.5. Weather variability and extremes

Inter-annual weather variability in Chapter 4 was quantified as the standard deviation (SD) and
coefficient of variation (CV) for GST and precipitation in seatst and soutkcentral England. The CV
was used to enable a comparison between the relative variability of temperature and precipitation. To
assess changes to the degree of variability, the results forZB3B were compared to a 1961990
baseline period The range of growing season monthly average temperature and monthly total

precipitation was calculated for the periods 128990 and 198€62013.
Usingbox plots (Figures 4.6 and 4.% show the degree of dispersion allows for an illustration of

changego monthly average temperaturand total precipitation They also enable conditions during

critical phenological periods to be more closely examined.
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To illustrate the spatial and inteannual variability in growingegason air temperature (2m), GSacpss
England and Wales (20€2013) based on dynamically downscaled outputs from the WRF model

climaology, created bysteele et al(2014) at 9km resolutionare presented in Figure 4.3

Inter-annual weather variability (GST and growing season rainfall) was incorporated into the isgitabil
models presented inggtions 5.3and 5.4.1t was calculated as the SD for the 13010 period of data

included in the model.

2.3.6. WRFmodel bioclimatic and spring air frost data integration into ArcGIS

To enable a comparative assessment of bioclimatic values (GST, GDD, and HI) acrossdhethés
European wine growing areaSettion 5.6), bioclimaticand spring (April and May) air frosalues for
2004¢2013(9 x 9 km resolution) were producéam the WRF model outpuThese were generated in
text file format with corresponding latitudena longitude ceordinates. Values were imported to ArcGIS
as point data, transformed to the operating layer-eainate system (WGS1984) and exported as
shapefiles before being converted from point to raster layers for analysis. During this procesgn to ali
the WRF derived curvilinear poidata (Lambert Conformal structure) to the ArcGIS rectilinear{one
dimensional) grid structure the poitb-raster conversion required that attributed grckll size was
increased from its 9,000 origin to 10,000m, seguFé 2.1, to ensure all cells had valueBy assigning
the cell type to mean, where cells overlapped, the output value was the mean of the inputs. In doing so

whole domain coverage was provided but soareas of data accuracy reduced.

St

WRF point data (Geographic Co-ordinate WRF 9km grid projection (Spatial reference WRF 10km grid projection (Spatial
System - WGS1984) — British National Grid) reference — British National Grid)

Figure2.1: WRFmodel data integration into ArcGIS through a point to raster grid conversion

and a 9x 9km to 10x 10km cell resampling.

58



2.4. Data collectionand methodologies for Chapter 5

2.4.1. Vineyard mapping

Once vineyards were locatedege ®ction 2.2.4 coordinates(British National Grid (BNG)) of their
approximate centres were imported as point features into Arc@l8.3 (ESRI 2014)o enable
subsequent analysis of their existing spatial distribution, validate suitability model alignment, and
evaluate thei 2 RSt LI NI YSGSNBE® hT GKS oyn xm KI @AySetl
total of ~23 ha), could not be found using this visual identification process and were therefore excluded
from the mapping and analysis exercise. The inability tothede vineyard sites was mainly attributed

to their unplanted or newly planted status and therefore omission from the various base imagery used
due to its age (20031 nMp 0V ® ¢ KS NBYI| Ay Aypbtted and shavi i FigureNgRRa x|
accounted for 180 ha of land under vine, almost 93% of vineyard land in the BritisH $ekon 201%

To facilitate a climate analysis and further climate agak approach to viticulture climate suitability
Y2RStfAy3d GKS 062dzy REFNAS&E 2F Mo fFNAHSNI dxup KIO
(ESRI 2014)singthe ArcGIS ditor tool, and saved asgbygon features Details of cultivars grown in

these vineyards were provideby producers and they were subsequently related to bioclimatic values

integrated into the model usingréGIS Spatial Analytstols.

Defining viticulture suitability through spatial zoning is not uncomr@@ones et al. 2010; Fraga et al.
2013) and the geepolitical boundaries utilised in the process provide an artificial but useful meians
depicting the appropriateness of relatively large areas. In this work, in the absence of any appellations
or defined viticulture zones, Unitary Authority (UA) boundafi@sdnance Survey 201@)re used as a
means of representing spatial suitability for viticultue# a regional scaleand to define model
classifications in Chapté&r. Unitary Authorities provide services for counties and district counaild
although they vary in scale their g@olitical nature was relevant to the modelling purpose as it provides

outputs that could inform Unitary Authority larase policy.

2.4.2. Eurgean vineyard areas

Chapters 5 and 6 present analogue approaches to modelling viticylttlnmate suitability, now and in

the future, by comparingoioclimatic variables and cultivars betwegimeyard locations in Denmark,
England and Wales, France, Genyiand Switzerlandsee 8ction 2.4.3 Locations in the latter three
countrieswere identified from the CORINENd Cover 2012 18.4) raster datasetCopernicus 2012)
which includes a vineyard class. Location identification for England and Wales is previously dascribed
Section 2.2.4and for Denmark vineyard sites were obtained from mapped locations prad\igehe

Danish Vineyard AssociatiDanskevingaarde 2015Jhe Corinéand Cover map (2012) did not contain
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vineyard data for England and Wales, or Denmark indicating aofagkcurate representativeness of

these regions.

2.4.3. European vineyard data integration

2004¢2013 mean bioclimatic values for England and Watksived from the WRF modelyere
compared with the Champagne Region in France, MBaakRuwer and Franken in @Gwany,
Neuchatel in Switzerland and Eastern Denmark. Vineyard locations in France, Germany and Switzerland
were identified from the CORINEand Cover 2012 18.4) raster datsset (Copernicus 201)2which

includes a vineyard class, overlainto the WRF domi in ArcGIS. Th@orineLandCover map did not
contain vineyard data for England or Denmark, these were identified visually from an ArcGiSdpase
overlain with semtransparent WRF 9 xl@n grids. Cultivars grown in these areas were obtained from

(Johnson & Robgson 2001)and from the Danish Vineyard Associatibanskevingaarde 2015)

2.4.4. English andVelsh biophysical data
Biophysical data applied to the viticulture suitability modhgliprocesses in this thesis included sail,

elevation, aspect, percent slope, land cover, and designated areas.

Soil

b2 2yS LINBAONRLIIAGS WARSIFHEQ aSiéi 2F a2Aft LINRPLISN
range is presented as being s&bte under different environmental circumstances, and for different
rootstocks, clones and cultivars, as outlined#ation 1.2.3 However, in an attempt to best represent

the range of soil characteristics deemed desirable for viticulture three soil elstagere initially

consideredo evaluate their suitabilityn reflecting soil properties in English vineyarsiseSection5.1.

The results from this initial data triabeeSection 5.1, leadto the selection of the Soilscapes (Landis
2015) dataset thaincorporates the key factors of texture, drainage, acidity, and soil depth through 27
simplistic soil descriptors (Figube3), 11of which were adopted for the suitabilitpjodel in this thesis

The Soilscapes data series provides a useful, concise, ieémipreted and applicable description of the

soils of England and Wales with simpbeunderstand soil information at a 1:250,000 scale. The soil
suitability analysis in this thesis (Chapter 5) does not discriminate against specific texture, pH values o
soil depth, and does not specifically include soil organic matter content, due to the lack of threshold
data and its omission from the Soilscapes dataset descriptors. Instead it applies Soilscapes descriptors

for existing vineyards and models viticultseitability based on their occurrence.
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Topography

The key viticulture topographic parameters of elevation, aspect, and slope were derived from the freely
available OS Digital Terrain Model (DTM) 50 x 50 m gridded open source database 2015)for

England and Wales. This dataset is composed of a series of ASCIl (American Standard Code for
Information Interchange) 10 x 10 km tilesntaining mean elevation in 50 x 50 m grids. OS Terrain 50

has been compared with GPS points in a range of sample areas to paoRiolete Mean Square Error

value for the height points in each geographic areaaneans of validation

Thereisno stipll i SR WARSItQ StS@lLFGA2Y F2N) GAySe&l NRa A\
vineyards would be best sited below 100 and not aboverhgS&kelton 2014), and with betweenBD

m the preferred range (Skelton personal communication, 2015). Currenthhitjieest established
vineyard in England and Wales (Holmfirth Vineyard in West Yorkshire) is just oven B8O it is
established with cold resistant hybrid varieties that are not permitted in the English and Welsh Quality
Wine Schemes (QWSs) (DEFRA, 201H9 QWSs exclude wines produced from -N@is vinifera

cultivars and vineyards higher than 220m, a limit selected to encompass all English and Welsh vineyards
at the time the initial QWSs were establishedl992 (Skelton 2010), rather than an indicatioh
WadaAaGlroAfAG2Qd 9ftSQOIFGAR2Y adzZAidloAftAdGEe A& NBAaGNR
greater potential for wind exposure (Skelton 2014). In this work ami®levation suitability restriction

is applied see Table 2.2.

Duing the course of this thesii KS | Y 3J2@FSNYYSy (i Qa 5SLJ &l RuBay (i T 2
Affairs (DEFRAg¢leased LIDAR (Light Detection and Ranging) data for public use. This was investigated
as it offered 1 x 1 m resolution topographical imagery and hergbtmation, however it was found to

only cover ~70% of England and Wales and was therefore not suited to the viticulture suitability

evaluation across England and Wales.

At higher latitudes (in the northern hemisphere) south facing slopes have greatet dolar radiation

gain potential (Coombe & Dry 2004; Jackson 2014) due to their reduced angle of incidence (the angle
0SG6SSy GKS adzyQa o6SIFY FyR Yy AYFIAAYINE fAYyS |
ripening period when the sun is higha the sky, and are deemed favourable for vineyards (Jackson
2014; Skelton 2014). They are also conducive to reducing the lag phase during which a site heats up and
dries out after a cold night (Jackson 2014). The azimuth angle of the slope (the ditectibiich the

slope is oriented) was set at 18@&Gouth) for highest viticulture suitability, with an acceptable range of
90¢27( (eastwest), see Table 2.2The slope, calculated using ArcGIS was derived using the D8
algorithm (ESRI 2015a).
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The angle oklope also affects the quantity of diffuse radiation but ideal slopes for viticulture are
considered to be &.5% (Jones et al. 2004) and within this range angle was considered unlikely to have
any significant effect on diffuse radiation capture. Because potential for mechanical vineyard
management activity becomes limited on slopes above 10% (Jackson 2014) and erosion risk increases,
and because below 1% there is an increased risk of cold air accumulation and potential frost damage,

angle suitability s restricted to §15% see Table 2.2.

Land cover

Land cover information for England and Wales was obtained from the Centre for Ecology and Hydrology
(CEH) Land Cover Map (LCM) 2007. Thissdtaontained 25 x 2B raster grids of 23 different land

cove types.The LCM2007 land parcels come from generalised digital cartography refined with image
segments, whereas its predecesgdrCM2000, uses only image segmeiitsnse selected for use in the

suitability model are listed in TabR2.

Designated areas

It was assumed in this work that where land areas had been awarded a special designated status, e.g.
{AGS 2F {LISOALE {OASYOGAFAO LYyGSNBad o{{{LOZ I y]
be available for viticulture. Spatially repredative data of designated areas in England and Wales were
obtained from a variety of sources (s€able2.2) and integrated into the suitability model, in order that

they could be excluded from suitability analysis.

Table2.2, belowshows the data typesource, and where integrated into the suitability model, suitability
parameters and model membership type of biophysical d&tction2.4.5 of this chapterdetails the
modelling approachesised. The parameter values and suitability model membership typese
selected based on guidance from Jones (2004), Skelton (2014), and Skelton (personal communication,
2015).
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Tabe 2.2 Environmentalkuitability model biophysical constraints, data source, type and resalnfi

and model membership types.

Suitability
52%:5@ Suitable parameter values d(;'[f;;g:e Data source merrnnz((jaihip
type
Soll M Shallow lime rich soils over chal 1:250000 | LandIS 2015 | Boolean
or limestone polygons
1 Freely draining limeich loamy
soils
1 Freely draining slightly acid
loamy soils
1 Freely draining slightly acid but
baserich soils
T Slightly acid loamy and clayey
soils with impeded drainage
1 Freely draining slightly acid
sandy soils
1 Freely draining sarydBreckland
soil
1 Freely draining acid loamy soils
over rock
9 Freely draining very acid sandy
and loamy soils
1 Slowly permeable seasonally w
acid loamy and clayey soils
1 Slowly permeable seasonally w
slightly acid but baseich loamy
and clayey soils
Elevation | 1¢150m 10x 10 (Edina 2015)| § Fuzzy
km ASCII 1 Type: Near
tiles 1 Mid-point:
52.5m
1 Spread:
0.001
Aspect | easttwest (90¢270) Derived from| 1 Fuzzy
elevation 1 Type: Near
using ArcGIS| §  Mid-point:
V10.3 Spatial 180°
Analysis f Spread:
0.001
Slope 1¢15% Derived from| § Fuzzy
gradient elevation 1 Type: Near
using ArcGIS| §  Mid-point:
V10.3 Spatial 50
Analysis 1 Spread:
0.001
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Land cover| I Arable & Horticulture 25x 25m | Centre for 1 Boolean
1 Improved Grassland raster Ecology and | 1 Type:
f Rough Grassland layer Hydrology Boolean
1 Neutral Grassland Land Cover AND
{ Calcareous Grassland Map 2007
Designated| 1 Registered battlefields Shapefiles Historic 1 Boolean
areas | Registered parks and gardens England 1 Type:
1 Country Parks 2015; Boolean
f  World Heritage Sites Natural AND
f Local and national nature England
reserves 2015;
1 Sites of Speci&cientific Interest Natural
f Special areas of conservation Resources
1 Special protected areas Wales 2015

2.4.5. Viticulture suitability model construction

In this thesis two suitability model stdets (biophysical and climatic) were constructed using both fuzzy
membership with imposed anchor points, and Boolean logic for defined variabledimited range

(e.0. land02 BSNJ Of  AaAFAOF A2y 0 2NJ 6 KSNBEBI tyged, and GhénS LIG S |
combinedto produce a spatial suitability model for viticulture in England and W#leg.steps of the

model construction process are satt in Figure 2.2.
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‘ Biophysical model ‘ Climate model
\
0S DTM 50 m (elevation)
\
Reclassified to 1 = 150 m grid cells only

UKCPO9 5 x 5 km grid latitude/longitude
point-data for mean temperature, air
frost days, and sunshine hours (1981 —
2010) imported into ArcGIS and converted
to a5 x 5 km gridded raster layer (point-

| Aspect | | Slope | to-raster conversion) (Table 2.3)

GST mean and SD
1 calculated using
ArcGlS Cell Statistics

— - | — D April — October sunshine
Reclassified to 90 - 270 Reclassified to 1 -15% hour monthly total and

‘ April and May days of air

Reclassified DTM and reclassified frost were calculated using
Aspect combined (Boolean AND) ArcGIS ras‘ter calculator.
| CEH — GEAR 1 x 1 km gridded
Combined with reclassified Slope monthly rainfall estimates (1981 —
(Boolean AND) 2010) were imported as NetCDF files
‘ (Table 2.3) and April — October were Growing season
Reclassify converted into raster layers (ArcGIS || rainfall total and SD
SoilScapes to Boolean AND Multidimension Make NetCDF calculated using
11 suitable | | (Topography layer Raster Layer). Total growing season ArcGlS Cell Statistics
‘types’ (Table with Soil) and June rainfall were calculated
22 ‘ using the ArcGIS Map Algebra Raster
Calculator
Reclassify Land Boolean AND (with
Cover to 5 ] Land Cover)
suitable ‘types’ Layers were resampled to 50 x 50 m
(Table 2.2) grids (Spatial analyst resample)
Boolean AND . I .

Create (Designated Area _Resultl.ng layer was overlain on the
Designated o mask] blophysma! mode.l to enc9mpass only
Area mask. areas biophysically suitable for

Table 2.2 viticulture using ArcGIS Boolean AND

Result: A raster layer containing only grid
cells (50 x 50 m) that met all biophysical
suitability requirements). Figure. 5.4

All layers were subsequently
fuzzified according to the
| membership types in Table 2.3
Resulting Elevation, Aspect and Slope
layers fuzzified (Table 2.2) and
overlain (Gamma 0.5).

Biophysical and Climate model Fuzzy Overlay (Gamma 0.5)

Viticulture suitability model

Figure. 22: Viticulture suitability model construction flowdiagram of key steps and ArcGIS tools

employed.
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Biophysicadata

The biophysical model itself was formed from OS Terrain 50 DTM ASCHiile2015) imported into

ArcGIS andatonverted to rastedatasets using the ArcGIS v1@8nversion toolThe OS Digital Terrain
Model (Edina 2015) (DTM) 50 x 50m grid structure was retained for all data variables and analysis. The
50 m resolution was deemed more meaningful at a laage scale than the available 5 x 5 m resolution
dataset(Edina 2015)which would have been significantly finer than the coarser resolution datasets

employed in the suitability model.

Using theArcGIS V10.81osaicto New Raster tool theséles were then mosaickedto a new raster
dataset, i.e. all the raster DTM tiles were merged into one large datageth wasprojected to the
British National Grid (BN@pordinate systemand then reclassified to¢150 m. The reclassification
process used in the del@ment of this suitability model was undertaken to exclude 50 x S@iok

cells with values outside é1¢150 mrangeby attributing themWb 2 5 | { | Q ing tfidffrdnEh® f dzR
model. The remaining cel{those with an elevation between 1 and 150 m), weveaeded a alueof 1

during the reclassification proceasdwere subsequenthymultiplied with the original dataset to obtain
their elevation values. From thizew raster layer slope and aspect were calculated usingAheGIS
v10.3Spatial Analysgeoprocessing Aspect and Slopaols. Aspect is derived in ArcGIS by identification

of the downslope direction of the maximum rate of change in value from each cell to its neighbours, i.e.
Aspect can be thought of as the slope direction (ESRI 28Ipe is caldated as the rate of maximum
change in zvalue from each cell (ESRI 2015). $ame reclassification and delimitation processs

then applied to aspect andope as was applied to elevatioffo identify 50 x 50n gridcells with
combined (elevation, aspe and slope) topographic suitabilitisee Table 2.2)he Spatial Analyst

Y. 22t Sy | b5 Q .Hrsiaeddidn and aspdctiayesmieSdbina to identify only those

50 x 50 m grid cells that contained botlg 150 m elevation and 9§ 270° Asgect. Then the resulting
layer was combined with the slope layer to identify and delineate tirdgecells which also had a slope

of 1 ¢ 15 %.Multiplying the resulting grigtells with their original dataset values produced three new

raster layers

The nodel was progressed from the resulting topographic layer by removing cells that did not contain
prescribed soil and/or landover values (Table 2.2), using the Boolean AND prote6sS mmMm & 2 A f
SyO2YLl 484SR [ttt SEAalGAYy3d GArAySel NRa oxm KF0O Ay
described by the data as being seasonally wet or with impeded drainage. Accepting that vineyards on
ddzOK az2ifa Yle yRi1G&S OfazarABSNBRE WNYREBSE A& &dzm

suitability with and without these and other soils.
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Biophysical suitability for viticulture in England and Wales was also refined by constraining the model to
land classified in the 2007 Laa€over Map (LCM2007; Centre for Ecology and Hydrology (CEH) 2011) as:
Agriculture, Horticulture, or Grassland. Doing so excluded areas classified as woodland, urban,
suburban, montane, rocky, or that were wet or coastal (fen, marsh, swamp, bog, saklowhter). The
LCM2007 was developed using a range of data sets including satellite imagery, national cartographic
products, agricultural census data, ground reference data, digital elevation models, soil data sets, and
urban extent. It was selected for @sn this work as, when validated by Rowland et al. (2011), it was

found to have a high level of correspondence between ground reference points and classifications.

Finally designated areas were converted from individual shapefiles to a single rasteudageArcGIS
conversion tools and a mask was created for areas with no designated area status. Boolean AND was

again used to refine the model and delimit suitable grid cells.

Biophysical modeldzzification

Once all biophysical layers had been refineahly contain cells which encompassed all the suitability
parameter values prescribed in Table 2.2 ghevation, slope and aspect raster layamre individually
subjected to fuzzy membership functioivs order that they could be attributed a suitabiligalue
between 0 and 1 (0 = low suitability; 1 = high suitabilityle ArcGIS Fuzzy membership tool, used in this
process/eclassifies or transforms the input data to a O to 1 scale based on the possibility of being a
member of a specified set. 0 is apgd to those locations that are definitely not a member of the
specified set, 1 is assigned to those values that are definitely a member of the specified set, and the
entire range of possibilities between 0 and 1 are assigned to some level of possibleersbip (the

larger the numbe, the greater the possibility) (ESRI 2015)

For elevatiora Near membership typéESRI 20153 imposed on the data with a migoint of 52.5m
(25¢80 m medianvalue) ard a spread value of 0.001 (se&ble2.2 and Figure 3). The Near functiofs
defined by a midpoint defining the centre of the set, identifying definite membership and therefore
assignedh 1.In this case 1 was assigned to grid cells with a 52.5 m elevasovalues move from the
midpoint, in both the positive and negative directions, membership decreases until it reaches 0, defining
no membershipin this case for cells below 1 m oraale 150 m The spread defines the width and
character of the transition zondhe 0.001 spread was selected for this mddedllow a wide transition

zong illustratedin Figure 2.3Doing sajave a broader spread of values across all grid cells than say a
spread of 0.1 which would give much lower values to cells only marginally outside of the 52.2 m mid
point. The broad spread in this model indicates that an elevation of say 25 m or 80 m may not be

significantly less suitable than 52.2 rRigure 2.3is an illustrative example of the Fuzzy Near
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transformation function using three spread values with a mddnt of approximately 15@Gnd a range
of 10¢ ~ 330.

— Near(150,0.1)
— hear(150, 0,01
— hlear(1 50, 0.001)

Fuzzy Membership

10 110 210 310
Crisp Value

Figure 23: Nearfuzzy membership functiondESRI 2015b)

Theelevation fuzzynembership parameterssed in this modelere selected following a sensitivity test
with Small fuzzy (sigmoidal) (Fig@d) membership types, mighoints of 50¢ 80, and spread values of
5¢ 10, and a Gaussian membership application with spread valueg 0f0b.
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Figure 24: Small fuzzy membership functiofgESRI 2015b)

The Small membership functiavastested to assess its suitability in awarding higher values to land at
lower elevations. The functioassigned increasingly steep fuzzification around the-poicht (non
linear) and higher suitability values to land under the 1p@int. Howeverwhen the fuzzification models
6SNB aaS3aaSR 6AGK SEAalGAYy3I @GAySel NRa oxHp KI
suitability values (mean: 0.92 and Standard Deviation (SD): M1&her words the Small membership
function was not found tdoe suitable in distinguishingariation inW & dzA (. Fubtdefmbré eéved with
aspreadof " & | g NRSR aAIYyAFAOFyGfe KAIKSIIMEEvdEdn | 6 A f
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thana 50 m elevation which was not in agreement with parametet®aein Table 2.2. As can be seen
in illustrativeFigure 2.4with a range of &, 100 and a migpoint of 40, a spread of 5 awards much higher

values below 40 than above.

0.9 -
0.8 -
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -

—Gaussian1l, 1
— Gaussian 10, 0.1

Gaussian 10, 0.05

Fuzzy Membership

0 5 10 15 20

Crisp Values

Figure 25: Gaussian fuzzy membershipnctions(ESRI 2015b)

Similarly the Gausmn membership(Figure ), which transforms values into a normal distribution,
allowed for little discrimination between values and awarded a mean fuzzy membership of 0.05 with a
SD of 0.2.

The Near membership function gave a more even spread of diitigaloneang 0.5) and wider SD (0.3),

from which to assess suitability.

Sope aspect and angldatasetswere alsotransformed andntegrated into the fuzzy model using the
Near function with spread values of 0.001. Slope was imposed with almidA y{iiA YWRdd G A2y Q
and aspect with 180 see Table 2.2

Subsequently theskizzified datasets were integrated using the Fuzegraytool in ArcGIS v10.3he

Fuzzy Overlay toatombines fuzzy membership rasters data together atidws the analysisf a
phenomenon in this case biophysical suitability for viticulture, which belongs to multiple datasets (ESRI
2015b). For the purpose of this analysis the Fuzzy Gaf@aamag 0.5) overlay type waselected to
establish the relationships between the multiglgout criteria and award cell values-iretween the

fuzzy Product (multiplied values) and Sum (an increasing linear combination), awarding a broader range
of values (ESRI 28b).
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Climaticdata

Temperature is accepted as being the main climatic variaffecting the viability and quality of
viticulture (Jackson & Lombard 1993; Jackson 2@E4X has the greatest effect ahe physiological
behaviour of grapevines and on berry chemical composifbonietto & Carbonneau 2004; Jackson
2014) However, other meteorological and climatic phenomérave also been shown to affect both
yields and grape berry quality (seecion 11.1), andthe viticulture suitability model presented in

Chapter 5 of this thesis thereforecludes sixlimate variables identified in Table 2.3.

Table 2.3Environmentalsuitability model weather and climate constraints, data typegusrce and

model memberkip type

Climate Data type Source Model
variable membership type
GST Gridded 5 x5 | UKCPO09 1 Fuzzy
km txt file membership
i Type: Linear
Mean Gridded 1 x1 | CEHGEAR 1 Fuzzy
growing km NetCDF fileg Monthly summations membership
season total 1 Type: Small
precipitation f Spread: 5
June Gridded 1 x 1 CEHGEAR CHEHGridded 1 Fuzzy
precipitation | km NetCDF files Estimates of Areal Rainfall membership
(CEH; GEAR) 1 Type: Small
Mean June rainfall  Spread: 5
GST and Gridded 5 x5 Inter-annual variability 1 Fuzzy
precipitation | km txt file expressed as thstandard membership
inter-annual deviation (SD) 1 Type: Small
variability ! Spread: 5
Spring air Gridded 5 x5 | UKCPO09 1 Fuzzy
frost km txt file 5F-éa 2F CANMNI 1 membership
April and May 1 Type: Small
1 Spread: 5
Sunlight Gridded 5x5 | UKCP0O9 1 Fuzzy
km txt file membership
1 Type: Linear

GSTand precipitation interannual variability (expressed as SD, see bgléwpril and May air frost
values, and sunlight datdJKCPQ9 point datg Section 2.3.1) were converted into gridded raster
products at 5 x 5 km resolution usingtheNO DL { @mn ®o dierdidnyodl. Thedutputwasi S NI
resampled to 50 x 50 using the Spatial Analyst resple function. Inter-annual variability isalculated

through the Standard Deviation (SD) (the average distance of values to the mean) of temperature and
rainfall (198%2010) variables. However, the use of SD does not indicate the relative magnitude of the

standard deviation and the Coefficient of Variation (CV) would potentially illustrate the relative
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variability more clearly The use of CV as a means of calculating -emteiual variability was not
undertaken in this work as no CV function was availabl&rcGIS V10.3 but it may deliver slightly
different results as gridells with a higheSD could have a low CV and weesa. Therefore in section
7.3 it is recommended that further refinement of the suitability model incorposa®® to compare

results.

High levels of rainfall, usually accompanied by reduced sunlight, can negatively affect vine growth, berry
guantity and quantity through associated issues such as increased disease pressure, reduced flowering,
millerandage(where grape bunches contain s that differ greatly in size and maturity, sometimes
NBEFTSNNBR (2 I Jcodndekiandrs faiyto setyaridl ark Shgdaat or after flowering), and
sugar/acidityimbalance However specific thesholds of precipitation totalhat constitue problematic

2N WSEGNBYSQ O2yRAGAZ2YE Ltyyddttes 2SN GKS 3ANZ
(Gladstones 1992, Jones 2012) and are not drawn on IEEHGEAR rainfalflata (1 x 1 km) as

imported into ArcGIS v10.3 fromseries of anmal NetCDF files with extractable monthly data. Using
GKS adzAf GARAYSYyaAzy Wal 1S bSi{/ 5 QOatobel) indhthly fata SN
extracted for each year (1982010) as individual raster layers and exported as 50 x 50m grid cells to
the climate suitability model. The mean growing season and June precipitation totals for20981

were calculated using the Map Algebra Raster Calculator tool.

Hourly sunlight data (19&82010) from theUKCPQ09 datasé€Perry & Hollis 2005yvas integrated into

the climatic suitability model using a Linear fuzzy membership funciiablé 23).

Wind can cool air temperatures through perception (wind chill), not physically, and disrupt vine canopies
and the flowering proces, hampering vine management and potentiallyeetihg grape yieldSkelton
HamnX WFOlaz2y wnmnod /2y@SNASteE& WoNBSI SQ OFy o
humidity and associated fungal disease risk (Skelton 2014; Jackson RE@)gh both positive and
yS3AlLGABS STFSOUa 2F 6AYyR 2y GAYyS&8lI NR& FNB R2O0dz
wind speed is, which makes incorporating it into a viticulture suitability model very challenging.
Compounding thisalthoughhistoric wind speed data for 16 above ground is available (UKCPQ9) for
England and Wales, data representative of vine canopy height was not. Therefore in this model the
awarding of lower fuzzy membership values to higher elevation land was relied on asatonodf

likely wind exposuréWhilst elevation is not a prescriptive surrogate for wind speed the UKCP09 wind
speed data(availedble as a 5 x 5 km gridded product) was unlikely to be representative of complex

patterns of wind speed created by terrain \aility at vineyard scaléor suitability assessments. In
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Section 7.3 its recommended that the 10 m wind speed dataset is subjected to a logarithmic or power

law correction to estimate canopy height wind speed.

All climatic variables were derived fronKWvide datasets so were subsequently clipped to a Unitary
Authority boundary mafOrdnance Survey 2018yer using the Raster Processing Clip tool to limit
them to England and Wales. For the purpose of viticulture suitability analysis they were further
subjected to the Boolean AND function to restrict output solely to the areas ilaithgnd Wales that

had been considered biophysically suitable. Data wadassified (value 0 = NoData; value 1 = 1) and

multiplied by the original dataset to give final cell values

Climate model fuzzification

The climate datasets wefazzified usinghe Small and Linear fuzayembership types indicated in Table

2.3. The Small function has been described previously in this section. The Fuzzy Linear transformation,
used for the GST and Sunlight datasapplies a linear furtion between theminimum andmaximum
valuesof the datasetGrid cells with the highest GST or Sunshine hours will be awarded a value of 1, and

those with the lowest a value of O.

Once the fuzzification process was compldie tlimate datasetsvere integratedinto a modelagain

usihg the Gamma overlay functipwith a Gamma of 0.5

Suitability model subset integration
The resulting fuzzy biophysical and climate suitability models were combined using the Fuzzy Overlay
Gamma function (Gamma0.5) and viticulture suitability factomsere subsequently derived from both

individualand combined models using the Spatiablyst Zonal Statistics tool.

Unlike some viticulturelimate studies that present bioclimatic values for zones or regions which in
reality are not entirelybiophysially suitable, for examplélall & Jones (2010) anfebb et al.(2013)

the spatial viticulturesuitability analysipresented in Chapter 5 is restrictéd values only from cells
that fall within the biophysical suitality parameters of this study. This way both regional and localised

suitability can be more accurately determined.

The suitability model presented in Chapter 5 was subjected to validation by using a comparison between
vineyard biophysical observations, pped elevation, aspect and slope, and model output for the 13
largest vineyards in England and Wales. A full description of the validation parudgsitcomes are

presented in 8ction 5.5
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WRF model validain, previously referred to ineStion 2.1.3 andSteele et al. 2014, was extended
further through an analysis of downscaled experiments and their relationships with observed
temperature data in a Sussex vineyaRksults are presented ire&ion 5.7 and form part of an initial
investigation into the redibility of high resolution WRF model output for analysis of localised historic

modelled weather data.

2.4.6 Viticulture and Sugar beet finance

Section 5.8®f this thesis presents a rudimentary analysis of the potential for land conversion from sugar
beet production to viticulture. The analysis employs the biophysical suitability model to illustrate spatial
potential, and it employs high level financial data to present an econoaritparison. The aim within

the Section (5.Bis to illustrate, as a castudy, the additional push and pull factors (in this case financial)
that could be used to complement the viticulture suitability model and which form an essential part of
the decisioamaking process regarding viticulture suitability, beyond those of hisjglal and climatic
realms. Where the suitability model is employed by those within agmnomic policy or land use
sectors, or indeed by land owngor potential investorsdata regarding financial viability of viticulture

is likely to be highly valuahle

Conversion opportunities for land dedicated to sugar beet were estimiayaalerlaying the biophysical
suitability model with locations of sugar beet producers, using data provided by British Sugar. The sugar
beet grower locations were provided as a esétoordinates (latitude / longitude), from which point data
could be extracted using ArcGIBcGIS Spatial Analyst was subsequently used to calculate how many

sugar beet producers fell within land deemed suitable for viticulture.

To provide a rudimemry analysis of production economics and returns, finance data for sugar beet
produdion was obtained fromthe National Farmers UniofNational Farmers Union 201@nhd an

existing sugar beet groweH(ghMason. Pers. comm2016). Theeconomics of viticulture and wine
production in England and Wales has received very little attention, perhaps surprisingly as the sector
has shown ecent significant growtlg see &ction 3.1. For the purpose of this thesis production costs

and potential eturns were obtained from the only available sourc&kelton (2014). The data within
Skelton (2014) were derived from the authors own experience of working assultant with many
Englishand\ 8t 8 K @Ay Seél NRa I yR I NB @hoBidiaboFiaddsBy ret@ised’2 F T

data exists.
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2.5. Data collection and methodologies for Chapter 6
2.5.1. Wine quality

Chapter 6 is underpinned by an assessment of the likely repetition of high quality and high value vintages
in the Champagne region and Englanéfiling and selecting historic vintages from the Champagne
region, for which growingseason meteorological conditions are analysed, involved obtaining vintage
ratings from several sources. No one source of information has overall authority on what cesséitu
WKARAE f AGRQ GAYyGFraASd !'a &adzOKXZ KAIK ljdzr f AG& @Ay
NI GAy3a o0& WSELISNI&AQ® Ly (GKAa Ol asS GKS F2tft26Ay
Robinson Purple PagéRobinson 201} Robert Parker Vintage Ratin@g&arker 2015)The Wine Society
VintageChart(The Wine Society 201,3)ecanter Magazine Vintage Guid&ecanter 2015)The Wine
Spectator Wine Ratind3he Wine Spectator 201%nd, Berry Bros. & Rudd Vintage ChéBsrry Bros.

& Rudd 2015)A similar process of identifying high quality vintages was used by Jones & Goodrich (2008)

although they only use one sourgehe Wine Spectator.

2.5.2. Champane vintage quality determination

Vintage ratings are commonly declared through a process of sensory evaluation by judges or a panel of
2dzR3ISaz 6K2 dzaS SELISNASYOS yR SELISNI 2LAYAZY
ofastyle.@zYdzt 6 A @St & G(KSaS o0daAfR (2 3INBSYSyd 2N RA
grape harvest) quality. Where there is alignment in perceptions of high quality, amongst various judges
2N LI ySta 2F 2dzR3ISEAz |y WityO® &hisives RAXhougly someévhai A 2 y
subjective it is the general consensus of expert opinion that drives wine and vintage ratings, and which
ultimately contribute to wine value. Where agreement is reached on regional quality of a vintage there

is opportunily to investigate the weather conditions that occurred during that growdagson, as all

else being eqal these likely contributed to vintagguality, and an opportunity is presented to employ

future climate scenarios to assess the likely repetition obtheonditions.

Vintage ratings are representative of the whole Champagne region and not specific vineyards, by
O2YO0AYAYy3a RIGFE FTNRY RAFFSNBYy(U a2dzNOSaz ye Ll2as
reduced. For the purpose of assessiogditions in only the best vintages those with the highestres

were selected, see Table 2.4
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Table 2.4198%2008 Clampagne vintage quality ratings

The Wine Berry Bros | The Wine Decanter Japcis Robert Parker
Vintage Society and Rudd Specttor (5= Robinson (96100

(Notable (10 = (95-100 = excellent) (19.5+/20 = extraordinary)

vintages) | outstanding) classic) Outstanding)
1989 \Y 9 90 5 - 95
1990 \Y 10 97 5 Y 93
1991 - 4 - - - -
1992 - 7 - - - -
1993 - 6 87 - - 88
1994 - 5 - - - -
1995 \Y 9 94 - - 95
1996 \Y 8 96 5 \Y; 97
1997 - 7 87 - - 90
1998 \Y 8 91 - \Y 93
1999 - 6 89 - \Y 92
2000 - 6 89 4 - 92
2001 - 4 - 3 - 88
2002 V 10 94 4 Vv 95
2003 - 6 88 3 - 88
2004 - 8 92 4 - 90
2005 - 7 90 4 - 88
2006 V 7 94 3 - -
2007 - 5 89 3 - -
2008 V 8 - 5 - -

1990, 1996, and 2002 are all years in which at least 4 out of 6 ratings award a top possible score or

classificationVintage ratingpost 2008 were not available.

A closer examination of the monthly mean tempemres and precipitation totalshat occurred in the
Champagne region during the growing seasothese yeargsee &ction 2.5.3), and the growing season

of high and low yielding yearsg@&ion 4.1) in the viticulturally dominant areas of England (Figure 3.2)
enables a projectionf future likely repetitionof relevant monthly conditiondoth in the Champagne
region and in Englah To undertake sucimodelling a pattern scaled approach was usseke 8ctions
1.2.7and 2.5.6 Additionally historic analysis of monthly growing season mearptrature and rainfall
volumes in the Champagne region and viticulturally dominant areas of England allow for a comparison

between regions.

2.5.3. English and Champagne historic and future climate data

To first derive historicgrowing season monthly mean tempeure and monthly precipitation values for
the Champagne region &franceand south-eastEngland he CRU TS 3.2B901¢2014) dataset(Harris
et al. 2014)was usedThe CRU TS 3.23 gridded dataset follows updates to the earlierdsiglution
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(0.5 x 0.5 latitude/longitude) observedmonthly datas¢s (Mitchell 2003) CRU TS 32provides a
globally complete (except the Antarctic) thonly dataset for commonly used surface climate variables
(mean temperature, diurnal temperature range, precipitation, wiely frequency, vapour pressure and
cloud cover), although for the purpose of this study mean temperature and precipitation wemnthe
variables used. Infilling, to make the dataset as complete as possible, took place based on more distant
station data or on relationships with other variables. If no infilling was possible, the value for that
variable for the grid box in question islaxed to the 19641990 average (Harris et al. 201K{pwever,

most infilling was required for centrdifrica and areas within the Southerrefdisphere. Europe was

considered most complete (Craig Wallaers. comm.2016).

To model likely repetition afrowing season conditions found in histo@bampagne vintage years and
high yielding English and Welsh wine years, using a pattern scaled app8sation 2.5.6) regional
patterns representingchanges in temperature and precipitation were taken from wdations of 12
CMIP5 GCMs (resolution of 0.5 x°0ditude/longitude &33x 33km); see Table 2)5 These particular
model simulationswere selected for use as they were promotedrough the Coupled Model
Intercomparison Project Phase GNIIP5)Yused inthe IPCC ARSEt of experimentsModel output was
derived from the spatial climate scenario generator Glim@&sborn et al. 2015; Osborn 2016)JimGen
is based on the pattern scalirgpproach to generating spatial climate charigeormation and was
principally designed to explotbe considerable vaation between different AOGCMBurther scientific
details are provided irOsborn et al.(2015) ClimGen requireddata from allfour representative
coneentration pathways (RCPs) (see Section ]1.@.Take the patterns for the GCM which wehen
scaled byRCPs 2.6 and 8t8 get the final outputOnly 12 models were used becaumly 12 centres
made their data available (vtae CMIP5 portal) for all fodlRCP$Craig Wallacepers. comm.2016).

2.5.4. Emissionscenarios

The IPCC use a series of greenhouse gas RCPs to provide a framework for climate model scenarios. The
pathways desdbe four possible climate futures, which depend on the concentration of greenhouse
gase®emitted in the future, thain turn depend on likely pathways of human development until the end

of the 21st century, covering a feasible range of uncertafmn Vuuren et al. 2011RCP2.6, RCP4.5,
RCP6.0, and R&B, are named after a possible range of radiative forcing values in the year 2100 relative

to pre-industrial era values (+2.6, +4.5, +6.0, and +8.5 ¥Vfaspectively)In this thesis only RCPs2.6

FYR yodp 6SNB SYLX 28 SR {2 cendd JobrgdintiveforSng. (Fa exargpR, W6
the radiative forcing in RCP8.5 increases throughout the twérdiycentury before reaching a level of
8.5Wm? by 2100. In RCP2.6 radiative forcing reaches a maximum near the middle of the-finsnty

centurybefore decreasing to an eventual nominal level of 2.6%\(faylor et al. 2012)Global surface
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temperature change for the end of the 21st century is likely to exceed 1.5°C relative tQ1B®&0for
all RCP scenarios exteRCP2.6CMIP5 expements are integrated using atmosphearean global
climate models (AOGCMs), that respond to specified, 4narging concentrations of various

atmospheric constituents (e.g., greenhouse gases) and include an interactive represemtatioe

atmosphere, ocean, land and sea {d@aylor et al. 2012)

2.5.5. Climate models

The World Climate Research Programme's Working Group on Coupled Modelling is responsible for
CMIP5, and the climate modelling groupstéd in Table 2.5) produced and made available their model

output. Other modelling groups provided data to CMIP5.

Table 2.5Global climate models used to pject future growing season conditions in Champagne

and southeast England

Modelling Centre (or Gsup) Institute Model Name
Beijing Climate Ce_nt.er, C_hlna Meteorological BCC BCECSMA 1
Administration
. : CCsM4
National Center for Atmospheric Research NCAR CCSMLCAMS
Commonwealth Scientific and Industrial Resear
Organization in collaboration with Quedasd CSIREYCCCE CSIR&Mk3.6.0
Climate Change Centre of Excellence
NOAA Geophysical Fluid Dynamics Laborator] NOAA GFDL GFDICM3
. . GISE2H
NASA Goddard Institute for Space Studies NASA GISS GISE2R
, " MOHC
Met Qﬁlge Hadley'Centre (addlt'lonal HagGEE/B (additional HadGEMES
realizations contributed by Instituto Nacional de o
Pesquisas Espaciais) realizations by
q P INPE)
. . . IPSECM5ALR
Institut PierreSimon Laplace IPSL IPSECM5AMR
Atmosphere and Ocean Research Institute (Th
University of Tokyo), Nationaistitute for
Environmental Studies, and Japan Agency fol MIROC MIROCS
Marine-Earth Science and Technology
Norwegian Climate Centre NCC NorESMiIM
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2.5.6. Pattern scalingnean monthly temperature and precipitation volumes in Champagne and
south-east England

Ciitical to the analysis of climate in the Champagne region of France, and of climate in England, is that

the projected future changes in temperature and precipitation are not spatially unifbtatheiro et al.

2010. To demonstrate projected chaeg for 2022040 (.e., 20 yearsentred on 2030) and 2041

2060 @0 yearscentred on 205pa pattern scalingpproach was adopted. A descriptiofthis approach

can be found in&tions1.2.6and 1.2.7 Pattern scaling was selected for use in this thesis due to limited

availability of time and resourcesee Section 1.2.6urthermore,Section 1.2.60f thisthesis identifies

limitations within many existing climatchange and viticulture studies due to single or limited climate

change models being employed. Where that was the case the inherent uncertainties across models were

not demonstrated. The value in taking a mutbdel gproach, as done in this workZ GCM) was

realised through multmodel output presented in Chaptérthat addresses issue ohcertainty.

In this studythe observedCRU TS v.2.23 gridded tirseries datase{1901¢2014)(Harris et al. 2014)

was usedor historicmonthly growing seson tempeature and rainfall ifhigh quality Champagne years
(1992, 1996,and 2002) and high and low yielding years south-east England(2006 and 2012
respectively) Theobserveddata were extracted fromCRU TS v2.23 usiimGen(Section 1.2.7)In
ClimGen CRTS 3.23 was also used as the 1&®P0 baseline from which observed anomalies and the
pattern of change were simulatedy GCMgHarris et al. 2014; Osborn et al. 2015). Subsequently
ClimGenwas rerun for all RCPs and GCMs for future years upQ802Like other patternscaling
approaches, ClimGen attempts to emulate the results of more complex GCMs by separating the
geographical, seasonal and multivariate patterns of climate change from their amplitude, with the latter

represented by the globahean tempeature change.
Values from the 24 model outputs (12 for mean monthly temperature and 12 for monthly precipitation

totals) were then extracted from the grcklls (0.5° x 0.5°) that coverglde majority of vineyards in

southreast England and Champagnsee Figure 6.1.
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Chapter 3

Recent trends in English and Welstticulture and an

~

FaaSaayYSyd 2 ¥ peespeytites il dReddtgs B C

This chaptelis comprisedof work published in theAustralian Journal of Grape and Wine Research
(Neshitt et al. 2016)with some additional material. ftresents resultsrom agathering, analysis and

review of datainto the emergnce, scale and distribution eécent wine production in England and
Wales, and an assessment@Bped N2 6 SNBA k GAYS LINPRdIdzOSNAQ LISNA LI
climate change impacts, risks, and oppaities for English and Welsh viticulture. Tledings offeran
Fylrfeaira 2F NBOSyd aSOG2N) aINRsGKXEI F2NJ GKS FAND
observations regarding the relationships between sector growth, yields, and perspectives on climate
change. These results form an initial assemstytompiledfrom the only availableaw data, of a young

emerging agriculture sector in England and Wales, and steer the directtbe tifesis.

3.1. Recent trends in English and Welsftticulture

Evidence opast English and Welstiticulture ¢ climate comections(Sction 1.1.4) is independent of
assumptions regarding historic wine quality, but does sugtest in periods of warmer conditions

increased viticulture potential would follow.

The revival of English and Welsticulture began in the early B®s, and the planting of a vineyard (0.4
ha) in 1952 at Hambledon in Hampshire (Skelton 2014), marked a turning point in the history of grape
growing in England and Wales. This vineyard was the first commercial vineyard planted in England since
the CastellCoch, South Wales vineyard sevefite years earlier(Skelton 2001) but which was
subsequently grubbed up. Hambledon vineyard, established by Magoeral Sir Guy Salisbulgnes,
was conceived fol2 6 Ay 3 SELISNAYSyiGa o6& whkeé . FNNAy3I(G2Yy
{GFrGA2y QS 6KAOK KS 1 dyOKSR Ay monp G2 G8at &K
grown in the existing climate, for the production of wine (Skelton 20B4)ck, in the preface to
WYw S L2 Ngh daii AR@ 2] D NI LIS &(19K9y), notedti2 £S /FEISK Yol B3 t t & a0
02YYSyiGa 2y DNILS&aé¢s NBFSNNAy3d G2 GKS NBOSA O
grapes outdoors in England. Brock hadio I A y SR C NJ y ddankiibok RrbViti¢ultuge dios t £ |
Victoria (Australia) (de Castellal981) which contained observations on growing vines in cool
regions and he setut to disprove such perceived wisdom. Over ay2ar period Brock trialled over
600 different table and wine graprultivars(Skelton 2001)
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From 1951 up until 1993, the volume and spatial distribution of UK vineyards incré2issitbn 2010)
However,analysis of Food Standards Agency data (AppendpeBprmed for this thesisshows that
from 1993to 2004 a 29% decline in both vineyard total afea)and number occurredThis decline can

be seen in Figurd.1 It hasbeen attributed to an overwhelming combination of issues including sub
optimal cultivars for the climatic conditions, poor vineyait selection, poor winemaking, poor quality,
high costs, low yield, international competition and marketing difficulties (Skelton 2010). The reduction
in vineyard area, area in production and vineyard numleerdenced irFigure3.1, indicatea grubbing

up or abandonment of vines during 192904 but since then a significant increase in area under vine
has been accompanied by an increase in vineyard nunfbems 333to 448 in 2013as illustrated in
Figure3.1 The Food Standards Agency (FSA) data alaila\ppendix B indicates 470 vineyards were
registered with the FSA in 2013 hihirough anecdotal conversations with wine producénis figure
wasdeemed inaccurateBy 2014 the FSA recorded 466 registered vineyards in England and Mdalés
Standards Agency 2014and by2016 English Wine Producers estibed there werenearly B0
vineyards(English Wine Producers 2016tking the present number above the previous peakd i

in 1993.

Bmea under vine (ha)
Number of wineyands

Figure 3.1 Areaunder vine in the United Kingdony{, area in productiony), and vineyard numbers
(1989;2013) € I, based on data from the Wine Standards Branchlod Food Standards Agency (see
Appendix B)

Further data (Appendix Bpalysis also demonstrates thaterage vineyard size has also risemfrd.24

in 2004 to 4 ha in 2013 andea in production, showin Figure 3.1lags total area. It rose until 1998
before dropping 14.3%0 722 ha in 2004 and subsequently started to @gmin. By 2013, total UK
vineyard area(1884 ha)was greater than that of another emerging cool climate sparkling wine

producing region: Tasmania (ca. 1500 ha) (Wine Tasmania 2014). Thaesmoreduction in UK
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vineyards between 2008 and 2009 follows Igields in 2007 and 2008€eFigure4.8), but the precise

reason for the decline is uncertain. In 2009/10, the Wine Standards Branch of the Food Standards Agency
reOF 6§ SI2NAASR GAySel NRa Ayidi2 WO2YYSNDAIf @adnyR ¥
vineyard number, presented irigure 3.1, relatsolely to commercial vineyards and may partly explain

the reason for the decline (Stephen Skelton, pers. comm., 2014).

An analysis of vineyard plantimgcords performed for this thesj from datafound in Skeltor2001,
2008, 2010, an@014 showed that ecent vineyard plantings have predominantly occurred in southern
9 y 3t I y RN) with minepards in soutkast (East and West Sussex, Kent, and Surrey) and-south
central (Berkshire, Hampshire, the Isle of Wight, and Wiltshire) Englandrdctpior approximately
820and2 n KI 2F GKS tesperivelydadinoEe% dfiRe tdtaNBdations ofiineyards
XL ha, and their sizbased on vineyard location details and scale data from the UK Vineyaf@dgakbn
2015) are presentedn Figure 3.2and Unitary Authorly vineyardhectarage in Tabl8.1. Figure 3.2
shows that the majority of larger commercial vyseds are positioned within soutbast and south
centralEngland howeverthe overall spatial distribution of vineyargsthin England and Walés much

larger.
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Numbers denote Unitary Authoritiegdentified in Tabé 3.1.

Table 3.1Englishand St a K @A y ShettakBe by binisary Kilithiprityn November 2015.
Source: UK Vineyards List (Skelton 2015)

Vineyarc Unitary Authority Figure 3.} Vineyarc Unitary Authority Figure 3.} Vineyarc Unitary Authority Figure 3.
area (ha reference | area (ha reference | area (ha reference
313.¢ Ken 8 15.2 Buckinghamshit 21 4.€ North Somerse 14
310.z West Susse 6 14.5 Wiltshire 14.! 12 4.€ Rutlanc 38
258 East Suse» 7 14.4 Lincolnshir 4C 4.2 Leicestershir 37
221.1 Hampshir 1C 12.¢ Staffordshire 36 4.1 West Yorkshir 47
121.¢ surrey 9 12.4 Worcestershir 29 2.€ Gwyned( 33
100.t Esse 23 11.5 Shropshir 34 2.€ Isle of Anglese¢ 44
69.7 Devor 2 11.1 Nottinghamshir 41 2.4 Ceredigiol 32
62.€ Dorse 4 10.4 Isle of Wigh 5 2.1 Central Bedfordshil 26
49.¢ Gloucestershir 19 8.8 Monmouthshire 18 21 East Riding of Yorksh 46
31.1 Oxfordshire 20 8.4 Cambridgeshire 25 1.€ Bath & North East Somer: 13
30.1 Suffolk 24 6.5 North Yorkshir 48 1.€ Telford & Wrekil 35
29.€ Cornwal 1 6.3 Vale of Glamorge 15 1.z Derbyshire 42
25t West Berkshir 11 5.7 Warwickshirt 28 1.z CheshiraWest & Cheste 43
22.2 Herefordshire 3C 5.2 Powy: 31 1 Pembrokeshir 16
19.¢ Somerse 3 5 Hertfordshire 22 1 Carmarthernshir 17
18.7 Norfolk 39 4.7 Northamptonshire 27 1 South Yorkshir 45
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Cultivars

Analysis of historigineyard cultivar recordsséction2.2.3) indicatethat the dominant cultivars during

the period 199Q2003 (MdullerThurgau, Seyval Blanc and Reichensteiner) were superseded during
2004¢2013 by Chardonnay and Pinot noir, as presentefigure3.3. Thischangeis indicative othe

wine production sector shifting increagily tosparkling wine productiorfor which thesdatter cultivars

are usedChardonnay and Pinobir are also the dominant cultivars of the Champagne re¢@omité
Champagne 2016pnlong with Pinot meunieg also used in Champagne and English Sparkling Wine
(Table 3.2)It is potentially also indicative of the prigms suggestetly Skelton (2010pssociated with
quality and marketing of traditionally dominant cultivars, iMiller-Thurgau, Seyval Blanc and

Reichensteiner

Proportion of UK vineyard area (%)

3 A -_
o - D' G
3 al A

Figure 3.3Changing distribution of dominantvine cultivars (1992013), MillerThurgau € ¥,
Reichenstaier (¢ ), Seyval Blanog( ), Pinot Noir { ). and Chardonnay( ¥ in the UnitedKingdom, as
a proportionof total vineyard area.SourceWine Standards Branch Vineyard Registers (1990, 1999,

2007and 2013) and Skelton 2008, 2010 and 2014

Despite agrowing dominance of Chdonnay and Pinot @ir cultivars,it remains the case that a broad
range of cultivars are growin England and Walesvidenced irTable 3.2 Thiswvide range may reflect

a particulr brand focus or market demandr represent vineyardsstablished when such cultivars were
WA Y @alideda@al crop¥itis viniferal. grapevines are perennials and are commonly planted with
a >3byear lifespan(Jackson 2014 hiscould lead tgoroduction inertia whergroducer ancorandare
synonymous with specific cultivars and wine stypotentially making change both difficult and

expensive.r addition, the broader range of cultivars found ac@&ngland and Wales may represent a

GFNBSGAYy3a 2F OdzZ GADFNBR WadzAildlofSQ G2 GKS 6SI 4K

they are grown.
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Table 3.2 Top 15 cultivars in 2013 by vineyard areaknglandand Wales (Skelton 2014)

Cultivar Hectarageg(2013)
Chardonnay 327
Pinot noir 305
Bacchus 131
Seyval blanc 92
Reichensteiner 80
Pinot meunier 69
Muller-Thurgau 56
Rondo 47
Madeleine Angevine 46
Schénburger 35
Ortega 35
Pinot blanc 25
Regent 24
Pheonix 24
Pinot noir Pécoce 20

b2 |dasSaayvySyid 2F GKS WNIGA2YlIE£SQ 0SKAYR atdzOK
towards Chardonnay and Pinobin, and a large presence of Pinotemmier, indicates market demand

for Sparkling Wine, and suggesis increasing¥W & d#&fiA ®e Q F2NJ adzOK Odzt G A G
determined by their mere presenceéAs discussed irgection 1.1.1climate, and growing season
temperature in particular, areritical determinants of viticultural and cultivar suitability. The observed
changein dominantVitis viniferalL. cultivars in England and Wales may also be an indicator of changing
climate conditionsjnfluencing what is being plantedhis observation and interesting hypothesis is

analysed further in Chapter 4.

3.2. English and Welshgrapea N2 4 SNBA Kk @6AYy S LINRRdzOS
weather, climate and climate change impactssks, and opportunities for

English and Welshiticulture

Anecdotal divers behindthe recentexpansion & English and Welshiticulture, presented inSection

3.1, induded increased wine quality and improved marketabibfyEnglish wines and changes in climate
altering cultivar suitability(Skelton 2014)However, no actual evidence wasailable or research
published prior to this thesis, to elucidate and explairetbbserved changeis cultivars and sector
expansionWithout such informationproduction risks associated with weather and climate cannot be
elucidated, and threats and opportunities relating to future climate scenarios cannot be analysed.
section of the thesispresents results from aurvey of English and Welsh wine produceee@fppendix

A) designedd illuminate their perspectivesf weather and climate impacts oEnglish and Welsh
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viticulture. This was thefirst attempt to better understandthe drivers behind sector growthand
demonstratethe impacts of weather and climate oariticulture viabilityin England and Walegurther
evidence of relationships between climate change and increasing vineyard presence in England and

Wales is presented in @pter 4.

Survey results

All 448 grape growers / wine producers in England and Wales were invited, via means outlined in Section
2.2.1,to respond to the surveyThe survey resulted in 42 responses from producers (9.4 %) responsible
for 313 ha of vineyardgl7 % of the UK total). The response sample was édampresentative of the

sector as mst of the respondents (31) were from sowutlast and soutkcentral England where most
vineyards were located (Section 3.1 and Figure Bv®were from southwest Emgland,onefrom Wales,

two from East Anglia, anthree from the Midlands.All respondentsowned or managed vineyards

ranging in size from just over 1 to moreath20 haSurvey responses can be summarised as follows:

t NE RdZOSNE Q @A S g &coriputedl to hé graddn of fhe WKiwin prad&tion industry.
Of the survey responses, 66% stated that climate change had, or maybe had, contributedeoethie r
growth of the industry; 2% stated that it had not or were doubtful that it had contributexthd6% did
not know(Figure 3.4).

Don't know
6%

N

Figure 3.4Producer§SNBS & L2 y

585 (2 GKS IjdzSadAzyyY Wila OfAYE
KS !

Y 6AYyS LINRRAzZOGA2Y AYyRdza{NEKC

c

t N2 RdzZOSNE ¢ SNB aWhatnthd] zfoys hidvecontriute§tR ivs gl K K Q
Responses, shown in Table 3.3, providedhe insight into the structural adaptation associated with

expansion of the sector. The majority concerned increasing awareness of qualigssociated awards;
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further marketing; increasing cultivar suitdityi; education andetter managementand support for

Wo dze t

¢l-ofS

20t Qo

odoY t NPRdAdzOSNARQ NBaLRyaSa

02

iKS

Factors contributing to the growth of the UK wine production

industry

Responses

=4 =4 =4 =4 =4 -8 -8 -8 -8 -89

Increasing awareness of quality, awards and more market
Increasing varietal suitability for the UK

Education and better management

Increasing investment

The fashion for the style of wines produced in the UK
Support for 'buy local'

Mechanisation and imgination

Limited space in France

Vineyard scales

Competitiveness

Maturing age of vines

PR RPRRPRRP WOWNQOG O

j dzSad a2y

t NE RdzZOSNE Q LIS NE Ldénatd dhaheds azhyeat o ir®ppértBrity foP winerpduction

Ay GKS

'YS FYR 6KEKQ

Of the responses, 64%ought climate change was a threat to wine production in the UK; 29% viewed

climate change as both a threat and an opportunity, and 7% saw it as an opportunity. Reasons for

attributing threats and opportunities are presented Trable3.4. These may seemugprising results

considering the significant increase in viticulture in the UK, and an assumed positive relationship with

climate change expressed in answers to the first question. This apparent contradiction might be

SELX Ay SR

i K NP dz3 éhs dfiN@eRsiizg 8/&lEge tenhd&r MiDeShediglaccompanied by

extreme weather events, which they attribute to climate change, contributing to low yield in gears.

This is discussdd Sction3.3and isa key driver for this research.

Table 3.4Produced @sponses to the questioL & Of AYIF 4GS OKFy3aS | GKNBI
LINE RdzOGAZ2Y Ay G(GKS !'YS FYyR #Ke&KQ
Threats Responses OpportunitieResponses

Inter-annual variability in climate suitability 7
Extreme weather 5
Increased disease pressures due to warm and wet weather g
Weather during critical periods of flowering and maturation 4 Later harvest dates and increased 1
Unpredictable weather 4
Increased disease pressures doenild, wet winters and lack of 3

winter frost

Wind affecting physiological development

ripening potential

10-20 years

One year #Hecting the next
Gulf Stream may end

2
Increasing gulf between good and bad years 1
1
1

Weather may settle over time

Warmer growing season weather 3
improving yields and quality
More viable varieties

2

Average temperatures will go up ir 1

1

86



Producers were also asked about factors that they thought had contributed to high angidtwing
years.Historic (1989 2012) English and Welstine yield data was sourced from the Wine Standards
Branch of the Food Standards Ageridppendix B)and presented to producers for commegtsee

Appendix A and Figui@5.
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Figure 3.5Wineyield data presented to producers in the questionnaire (Appendix Bata supplied
by the Food Standards Agency (2013)

t NERAdZOSNEQ LISNELISOUAGSa 2y NBré gredehtdd irfEaiNd 3BiigA K |y
yielding years Kigure 3.5;1996, 2006 aR HAMAn 0 GSNB LINAYFNARE & | G0NR
temperature and weather conditions at flowering and fruit set, both in the seasons referred to and in

the previous season. Warm springs, autumns and growing seasons, and the absence of frosts were also
given as reasons. Low yielding yedig(re 3.51997, 2007, 2008 and 2012) were primarily attributed

to wet and cold weather during flowering and fruit set, wet and cold growing seasons, low levels of

sunlight, poor summers in preceding years and spinosfs.

Table3.5t N2 RdzOSNBR Q LISNELISOGAGSa 2y NBlFazya 72

Yield , : .
Year (hlZha) Attributed causes of high or low yield Responses

High yielding years
Optimum temperature and moisture at flowering and frat
Goodweather between flowering and fruget in 2009
Long warm growing season
Large and plentiful inflorescence
Warm autumn
Warm spring
No frosts and good weather during flowering
Good all round summer
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2010 27.73

2006 | 33.85
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1996 | 33.65 | T No frosts, good wether during flowering and good 1
management of diseases
Low yielding years
Poor flowering due to weather
Poor fruitset due to weather
Wet and cold growing season
Low sunlight levels
Cold wet summer
Cold wet spring
Wet and cold during flowering
Poor summer in 2007
Low bud numbers
Cold spring and late frost
Wet weather in flowering
Poor fruitset
High yield in 2006
Spring frost (May)
11 year solar cycle low

2012 | 5.98

=
(o]

2008 | 12.80

2007 | 14.30

1997 | 8.17

= .| —a .| —a & e _a —a —a _a _a _a
PR PRPRNRPREPRERRPNDWOGOG

3.3. Discussion

Thischapter highlights both a lack ekistingvineyard and wine production data for England and Wales,
and an absence of any prior analysis of lingted datathat is available. When collateghd analysed

for the purpose of this thesis, firesents evidencef a rapid and significant expansion Bhglish and
Welshvineyard numbes, an increase in vineyard scale, and an increase in overall hectarage under vine.
It also showsa recent (2004) change in dominaviitis viniferalL. cultivars establisheih Englishand

Welsh vineyardsThese findings require explanation as they suggest a growth in confidence in the
sector, increased investment and, superficially, an improved climatic suitability for the establishment of

Vitis viniferal, particularlyChardonnay an@inot roir.

The survey of English and Welsh wine producers sbaahe light on reasons for sector growth. Whilst

the responses received identified the critical roles ofsliling, marketing and investment, climate
changewas highlighted as a contributp factor. Howevernearly all wine producers / grape growers
who responded to the survey did not perceive climate change entirely as a positive factor. Key threats
were an increase in intennual variability, extreme weather and increased disease pressiue to

warm and wet weather, and weather during the critical periods of flowering and maturation. Key

opportunities related to the potential for warmer growing season weather improving yields and quality.

The perceptions that climate change presentghbthreats and opportunities, but that it had driven
sector growth, and the observation that it was largely irgeasonal weather conditianthat affected

yields present® mixed picture of viticulture suitability, and of production risks. These meritdtdr
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researchas the trajectory of viticulture sector growth indicates thatinarease knowledgebasecould
usefully underpin investment decisions and vineyard managementites to raise yields and sector

sustainability.

As evidenced irfection 3.1, the change in dominant cultivars to those used for Sparkling Wine
production indicates a significant shift in production andevstyle that is presumablriven by market
demand. Growers / producers themselves commented, through the questionnairet aboncrease in
guality and recognition through awards for wines. A combination of increased production and quality
could lead to grevth in product demand, which in turoould fuel further investment in the sector.
However, the spatial distribution of veyards in England and Wales (FigB1® is notbeing guided by

a comprehensive analysis of climatic or biophysical suitability for viticulture in England and Wales, and
potentially there is a failure to optimise viticulture positioning which could ledddh investment risks.
Chapter 5 is therefore dedicated to a first assessment of viticulture suitability in England and Wales, and
builds on findings from analysis of weather and climate relations with viticulture, presented in Chapter
4.

Through the surey producersecognised both low and variabhéstoric wine yields, furthermore they
attributed these to weather and climate conditions during the growing season. These results drive a
closer analysis of historic relations between weather, climate ane wialds in England and Wales,
presented in Chapter 4, to help identify for the first time both threats and opportunities that growing

season conditions in England and wales present for the viticulture sector.

Dominant survey feedback regarding climateansge threats elicits further investigatiorand the
seeming contradiction between positive and negative attributions of climate change and viticulture in
England and Wales requires further research. Chapter 5 explores recentf0d%} temperature and
precipitation changes in the main viticulture areas of see#fst and soutkcentral England. Future
changes in these variables are explored in Chapter 6 to assess climate change model predictions against
producers concerns of change and variability. Furtheenthe issue of wine quality, raised by survey
respondents, but which receives little research attenti@ction 1.2.5, under future climate change
scenarios is also explored in Chapter 6, with specific reference to the dominant cultivars of both the

Champagne region of France, akagland; Chardonnay and Pinotir.
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Chapter 4
Impacts of recent climate change and weather variability on

the viability of viticulture in England and Wales

This chapter comprises of work published in estralian Jarnal of Grape and Wine Reseafblesbitt

et al. 2016), with some additional material.

Weather variability and associations with climate change were raised by producers as threats to
viticulture in England and WaleSettion 3.2). Beforethis thesis detemineswhether potential future
climate change may make viticultuneore or less viable in EnglanddaWales thishapter first analyses
sensitivity to past climate variabilityt presents results from a quantification of averages, extremes,
trends and vaability in growing season (ApcilOctober) temperature and precipitation since the revival

of English and Welsh viticulture (192013), in the main grape growing regions, seatst and south
central England (Figure 3.2). It also employs modelled gmpséason temperature data (2062013)

for all of England and Wales to explogeLJ G Al f @I NAlF yOS® wSadzZ G§a Ay
perceptions of weather and climate risks through a statistical analysismferature and precipitation
relationshipswith available wine yield data (1982013). Italsoevaluates the reliability of GST as a
bioclimatic indicator of English and Welsh viticultural suitability, and establishes a relationship between

GST, wine yield and dominant English and Welsh vineatgti

4.1. Temperature and precipitation trendsn south-east and southcentral

England(1954;2013)

Temperature and precipitation trends were calculatesing Met Office (2014b) data as described in
Section 2.3.1For 1982003, mean GST was 13.7°C, amd2004;2013 was 14.0°C, both within the
woz22ft Of A Y ulit goufing Pones2@gseelFigure 1.4). The equivaldlS NRAageRaged
growing season precipitation totals were 416 and #42W, respectively. Over th60year period (195¢
2013),linear trend lines reveah Yy ONB I aAy 3 D{¢ O0CAIdz2NE nodm0O I by A (K
its relationship with time, and a slight decrease in precipitatidowever these trend lines mask far

from lineartemperatureand precipitation trendsevidenced in Figure 4.1.
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Figure 41: GST( };and growing season precipitation; (% for southeast and southcentral England
(1954;2013) withlinear trends for GST. (). and precipitation ¢ .
GST, y =0.0216x + 12.67470.3153; precipitation, y =0.0271x + 421.52, R= 2E05. Data source:
Met Office (2014b)

The standard deviation of inteannual GST (1982013) is0.7°C, reflectingariability between years
that prior to 1993hastaken GST perilously close below the critical threshold of 28 (Jones 2006
see Figure 1)Strong interannual variability (standard d@&tion = 96 mm) in growing season
precipitation is also visible, but no positive or negative linear trengrecipitation totalsfor the 1954,

2013 period was found.

4.2. Southeast and southcentral England growing season precipitation and

temperature aromalies for 19892013 against a 19&11990 mean

When GST and precipitation for individual years during the period (IBB are presented as
anomalies against a 1961990 baseline of 13°C and 406un, respectively, as in Figure 4.2, all years,
except 1991 ad 1993¢ potentially influenced by the Mount Pinatubu volcanic erupt{®arker et al.

1996) were wamer than the baseline average. However a relatively even spread of positive and
negative precipitation anomalies was found, typically +30% (excluding the wet outliers in the years 2000
and 2012) sggesting little change in totalr variability. Since 200@ years have had a GST of >1°C
above the 13°C cool climate/maturity baseline deemed suitable for-tpigtiity wine production, with

a peak in 2006 of 15.1°C, just reaching the intermediate classification (Jones 2008, s#0Figure

1.4).
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Figure 4.2Southeast and southcentral England growing season precipitation (%ayis) and
growing season temperature (°C:axis) anomalies for 1982013 against 19641990 means of 407
mm and 13C, respectively. 0.0 = 13°C0 = 14°C and 2.0 = 15°C GST. DatacsoitetOffice (2014b)
Growing seasons in subsequent years (2014 and 20502 NRS R D{ ¢ Q& régedvelyy dc |
and precipitation totaloof 461 and 413nm respectively, i.e. both growing seasons were wetter and

warmer than the 19641990 means.

4.3. GST for @04¢2013 over England and Wales

GST is a commaonbsed bioclimatic index&ction1.2.2)and the nonlinear changes to growing season
temperature, observed in Figure 4.1, suggests an increase in viticultural suitability inesmiithnd
south-central England if GST is considered abddi indicator of suitabilityMaps based on WRF model
output (Figure 4.3), described &ction2.1.3, show GST for 202013 and illustrate inteannual GST
variability over the wider England Wales geogragriea. This series, with alk®n resolution, depicts
temperature in some years above 13°C in areas well beyond s@ghand soutkcentral England. The
@8SINA Hnnc FYR HAMHI ARSYGAFTFASR o0& [dSaidAaz2yyl A
respatively Gectiono dH 0 X OFy 068 aSSy (2 NBYIAYy WSEGNBYSQ
regional GSTs can be seen for seedist, southcentral and eastern England. Southern areas with
greater coastal proximity can also be seen to have higlg¥<Gn general, with cooler areas showing in
northern England, central Wales and central sewtsst Englandinterestingly, Figure 4.3 also indicates
similar or slightly higher GSTs in parts of East Anglia, to those found inesmsitiind southcentral
Ergland
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Figure 4.3GST (20022013) over England and Wales [WRF model output]
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4.4. Southeast and southcentral England spring air frosts

Average growing season (Apql October) conditions obscure shorter periods of fluctuation in
temperature and precigpation, which are significant for grapevine phenology and potentially for yield.
One thermal phenomenon deemed potentially limiting to viticulture and identified by producers
(Section3.1) as negatively affecting yields is spring air frost. Damage caysgding airfrosts not only
LldzGa 4 NAR&A]l GKS OdaNNByld aShkrazyQa ONRLI odzi |+ f:
influence te productivity of vines for two to thregeasongTrought et al. 1999)Air frost, measured at
1.25m above ground levéMet Office 2016)representdemperatures below @C at a height above the

vine bud and fruiting zone, usually around;80 cm in English and Welsh vineyards (Skelton 2014). It is
these areas of the vine that are critically sensitive tefting temperatures during the phenologically
sensitive months of April and May when buds are bursting and shoots eméigingght et al. 1999)
Spring radiation frost normally results in lower temperatures at lower heifffidenmersmith 201430

it might be that the vie experiences a frost when the 1.25m temperaturkigher than 0C.Whilst the
likelihood of air frosts within a vineyard will partly depend on site topogyaand cold air drainage
(Hammersmith 2014)observed occurrence (interpolated and regionally averadéet, Office 2015b)
provides a signal of regional risk. Analysis of the number of days in April and May, ireasutind
southrcentralEngland, when air frostsalve historically occurred (1962013) provides an indication of
both scale of risk and trends in frequency over time. It can be seen from Figure 4.4 that the number of
days with air frost is both higher €8 days) and more variédin Aprilthan in May (<1 day). A slight
linear trend line indicates a reduction in air frost days over time, particularly in April, but no significant
decreasing trend in the frequency of air frost days was found in either month. A downward trend has
also been observed in annual air frost day frequency (£2607) for UK regions (Jenkins et al. 2008).
During the recent period of interest (1982013) to this thesis, combined April and May air frost days
have ranged from 0.6 in 2011 to 7.4 days in 2018 an average of 3.6 days. It is acknowledged that
air frost severity and the length of an air frost event could also be important factors, and that spring air
frost risk is largely dependent on localised climate and vineyard topography, but these aiscusised

here as the relevant data was unavailable. Furthermore it is recognised that means of frost protection
are available to producers to help mitigate rigklammersmith 2014)Here, it is regional inherent risk

that is presented in order to assess trends and relationship with national wine yielGesten4.6.
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Figure 4.4 April (¢ ¥;and May (¢ ¥ air frost frequency (19642013) acrossauth-east and soth-
central England witHinear trends for April { and May ( ).
April, y =-0.0087x + 3.6946, R 0.0046; May, y =0.0069x+ 0.8171, R= 0.0221 Data source: Met
Office (2014b).

Air frost occurrence, under radiation conditions @iaky and little air movemerfHammersmith 2014
Trought et al. 1999)is likely preceded by a ground frost (temperatures ¢fét 3.5cm above ground
level (Met Office 2016), which whilst not indicative of immediate risk to the grapevine fruiting or bud
zone, could, if allowed to accumulate, reach the critical height4@@m) to cause damag&round
frost observation data is less easiyailable than air frosdlata butsimulatedground frost (WRF model)
demonstrates in Figure 4.5patial andtemporal variability imPApriland May(2004;2013) over Enghd
and WalesFigure 4.5 generally indicateg B air frosts in April and My (combinedper year in south
eastand southcentral England. These findings are slightly higher than air frost recme observed in
Figure 4.4 whichsuggests 210 air frosts per yeapotentially indicative of the point that ground frosts

are likely higher in number than air frosts.
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From Figure 4.5 it is interesting to note that areas with lower April and May ground frost occurrence,
such as Norfolk, souttvest England, and west Wales, have éowineyard numbers (see Figure 3.2).
This suggests opportunities for viticulture in areas less exposed to spring frost risk than the currently
dominant areas of soutkast and soutkcentral England.The existing spatial distribution and

opportunity for vticulture expansion are expred and discussed further irh@pter 5.

4.5, Southeast and soutkcentral England monthly temperature and

precipitation change for 198¢2013 against a 1961990 mean

While calendar months do not equate directly to phenolobgtages in grapevines, they are used in this
thesis as temporal indicators because no data of any length was available for analysis that provided
time-stages or phenology dateSectiond4.1 examined changes in mean growing season temperature
and total preipitation. In this sectionindividual growing season months are examined for change
between two periods, 19641990 and 19882013 the later period being that for which wine yield and
production data was available for analys&dtion 2.2.2). This highetemporal resolution focus, on
monthly data, allows for an analysis of relationships betweemthly temperature and precipitation

phenomena, and wine yield®ction4.6).

Southeast and soutkcentral England mean temperature and total precipitation ealdgor individual
growing season months in 1961990 and 19882013 are presented using box plots to reveal changes

in quartile values and extremes. Figures 4.6 and 4.7 refer to temperature and precipitation, respectively.
Median temperature values rose all growing season months except Octob€x.3 °C). The greatest
median increase occurred in May (+1@), which also saw its interquartile range move entirely into the
upper quartile of the 19641990 period. Interquartile median temperature rose mosjoril (+1.2°C),

a month that also saw two positive temperature outliers in 2007 and 2011. Additionally, the interquartile
temperature range expanded 106 in April, as well as in October. These changes in April and May occur
at a sensitive time when budibst and initial shoot growth occur. Outlying and extreme low temperature
values in May and June 1996 were not identified through questionnaire reSattsqn 3.1), and 1996

was identified as a high yielding year, evidenced in Figures@dgesting tempatures in May and June
were not defining variables for yieldConversely, the low yielding years of 1997 and 2007 both
experienced outlying high temperature values in August and April, respectively. Producers attributed
the low 1997 yield to frost (Figu.4) and the poor 2007 yield to wet conditions during flowerng
Section 3.2. There appears to be little correlation between outlying or extreme temperature and yield

at this monthly scale.
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Figure 4.6Southeast and southcentral England growing seas monthly mean temperature
dispersion for 19641990 (/) and 198€2013 (0 @ ~ = 2dzif ASNJ 6 mdp o E 02E
length). Data source: Met Office (2014b)

Between 19641990 and 19862013, October precipitation totalsose in all quartés. Median
precipitationrose 16% (10.8nm). Precipitation during October can be particularly problematic due to
the potential for increased disease pressure during the harvest period. April and July saw the greatest
increasein maximum precipitation(44.2 aad 32.9 mm, respectively). April also experienced an
interquartile precipitation range expansion of 88. Significantly, little change was observed to the
interquartile range or overall distribution (including the 2012 outlier) of precipitation in Juriagithre

critical flowering period. The years 1997, 2007 and 2012 were low yielding (Figure 418cddne

precipitationin the top six of the last 100 years.
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4.6. Wine yield

Wine yield (1986§2013) in England and Wales exhibits marked hatemual variation, with a standard
deviation of 8.5hL/ha and a range from 5.98 (2012)37.7 hL/ha (1992) (Figure 4.8). Average yield for
the period was 21.5 hL/ha. When examined for 1&8%03 and 20042013 [periods distinguished by
cultivar differences%ection3.1 and Figure 3.3)], mean yield was 21.43 and 20.70 hL/ha, respectively.
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Figure 4.8Wine yield(left axis)in England and Wales/j) including the average in 1982003 ( - - -)
and 2004,2013(- - - -), with GSTright axis)for south-east and southcentral England¢ ¥ Data
source Met Office (2014b) and English Wine Producers (2015b).
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The interannual variability in English and Wle wine yield and soutkast and soutkcentral England

GST can be seen in Figure 4.8, but the relationship between them is not immediately clear. For example,
1993 had the lowest GST (12©) and the fifth highest yield (32.8 hL/ha) for the 1833 peiod,

whilst the highest wine yield (37.7 hL/ha) was in 1992 when the GST°(Bwas the sixth coldest.

To help determine the form and strength of relationship between GST and wine yield, and subsequently
the value of GST as an indicator of viticultwaitability expressed through yield, GST values and wine
yield were subjected to a standard linear regression analysis for the periods;2088Pand 20042013

two periods dominated by two different sets wiftis viniferal. cultivars Eigure3.3). Table4.1 shows

that a significant relationship was established only for the period 22043 inwhich 44% of wine yield
variation can be accounted for, with a positive linear correlation and a statistical significance of 0.038 (P
=<0.05). When periods wererther analysed, again using standard linear regression, but this time by
individual growing season monthly temperature averages, significant relationships, presented in Table

4.2, were found.

Table 4.1 Linear regression results between GST and wine yi#88%2003, and 20042013)

Period P-value  r?(%)
19892003 .070 23
2004c2013 .038 44

Table 4.2 Significant linear regression results between monthly temperature and wine yield (989
2003 and 20042013)

Period Variables P-value r2(%)
1982003  Augus .034 30
2004c2013 July .018 52

These results indicate that, stronger than GST, the average temperatures in August and July account
best for the variation in wine yield within the two respective periods. While the July tempergietd
relationship ispositive, the August temperatugyield relationship (198&2003) is negative. Possible

reasons are examined Bection4.7.

The relationship between days with air frost, in April and May, and yield was also analysed using a
standard linear regression ftle 19832013 period; no relationship, however, was found. The inability

of the regional air frost data to represent higésolution spatial occurrence, severity and length, and

the potential ability of some producers to protect against frost may go somg @ explaining this

result. To further investigate the relationship between climatic conditions and yield, GST, growing
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season precipitation totals, growing season monthly average temperature and monthly total
precipitation values for the different timperiods were subjected to multiple stepwise regression
analysis. In addition, three exceptionally high yielding years (1996, 2006 and 2010) and four
exceptionally low yielding years (1997, 2007, 2008 and 2@dé)tified because they fell outside of the
interquartile yield rangewere also subjected to the same statistical analysis. Where significant
relationships were identifiediesults are presented in Table 4.3. For all other variables, no discernible

linear relationship between yield and any of theedictors was found.

Table 4.3Significant stepwise regression relationships between GST, monthly temperature,
monthly/seasonal precipitation and wine yield for 1982013, 19892003 and 20042013.

Period Variables included Indicators and relaibnship | P-value r2(%)
19892013 1. June precipitation (negative) .002 34.7
1. August temperature
GST, monthly (negative) .034 30.1
temperatures,
198%2003 ser?]soc;r:sll and 2. August temperature and tota .002 64.6
onthly seasorprecipitation
precipitation (negative)
2004c2013 1. June precipitation (negative) .005 64.1

Table 4.4Growing season average temperature (GST) and precipitation variability (£2690 and

19892013)
. . Standard Coefficient of
Variable Period deviation variation (%)
1961¢1990 0.6°C 4.3
Variability in GST
198%2013 0.5C 3.8
o o 1961¢1990 81 mm 20
Variability in total precipitation 19892013 112 mm 57

For the full 19882013 period and the 20@2013 period June precipitation had a significant negative
relationship with yield, that is # greater the precipitation the lower the yield. It was found to be the
single statistically significant variable explaining 34.7 and 64.1% of the variability in yield, respectively.
During 19892003, August mean temperature (a negative relationship) atal seasonal precipitation
(when combined with August temperature also a negative relationship) explained 30.1 and 64.6% of

the variability. Bssible reasons are discussadection4.8.

Results demonstrate that when precipitation and higher tempaoeslolution temperature data are

AyOt dzRSR Ay G(KS adl GAadAOrE Fyltedara D{¢ A& y2i
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4.7. Weather variabilityand extreme weather

hyS 2F (GKS LINPRdzOSNAE Q LIS NIhEhghSdRandivkaesS (Tabl@Bwas? & A
weather variability. GST and total precipitation variability were compared for B3 against a
baseline period of 19611990 to identify degrees of variability and any recent changes. -araval
variability in GSTs was found to have decreasgd 5% between the periods, whilst precipitation
variability had increased by 7% (Table 4HMpwever, these findings stem from a comparison in
variability in periods of different lengths, 25 and 30 years respectilrelyection 7.3 it is recommended

that to overcome this limitation future research pe2018, be undertaken to provide a comparison of

20 or 3@year periods.

Producers also expressed concerns about threats from extreme weather associated with climate change
(Table 3.4). Although extreme weathwas not defined by survey respondents it was restricted in this
thesis toconsideration ofApril and May air frosts, and growing season monthly mean temperature and
total precipitation outlier and extreme years, identified in Figures 4.6 and 4.7. Chiarte occurrence

of air frosts are presented in Section 4@utlying ard extreme monthly temperatures, presented in
Figure 4.6, were relatively evenly distributed between periods (£2820 = 10, and 1982013 = 8) but

again changes to extremes hereeainappropriately reliant on two differing time periods and are

therefore inconclusive.

4.8. Discussion

Sixtysix per cent of grapgrowers and wine producers who responded to the questionnaire stated they
thought climate change had contributed to theogrth of the viticultural sector in England and Wales
(Section 3.2). Evidence presented in Figures 4.1 and 4.2 shows a warming of climate ieasuénd
south-central England, during the grapevine growseason (19542013 as dinear trend, and 1989

2013 as anomalies against a 198990 climatic normal), supporting the majority of questionnaire
responses. The climate in the sotghst and soutkcentral England, and more widely in other parts of
England and Wales (Figure 4.3), has reliably exceeded ti® GST base of a cool climate maturity
grouping since 1993.h€ 196%1990 average for southast and soutkcentral England was 13°C, but

four years duringthe 198% nmo LISNA 2R 6SNB x mndoc/ I YR mn @&
of another sparkling wine producing region, Champagne, its ¢8I0 GST wa$4.3°C (based on
historic climate data from one station [Reir@®urcy] byBriche et al. (2014who regarded the stabn

data as being representative of the climate of Champagne), that is 40% of growing seasons-@asbuth

and southcentral UK during 1988 nmo KFR |y F @SN 3S (SYLISNI lGcdzZNB 0o
1990 Champagne average. The hypothesis th&vicl the observation of warming during the growing
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season is one of increased viticultural suitability. If suitability is, however, to a degree, determined by
wine yield (hL/ha) then its relationship with GST needs explaining because as Figure 4.8 @dd1Tabl

illustrate GST does not closely correspond to yield in all years.

In the context of Champagne, English and Welsh wine yields are low (yield maxima in Champagne are
artificially fixed for any given year, and planting density is generally higheyjdidtcan be up to 146
hL/ha, as in 2004 [Stevenson 2008]). Mean English and Welsh wine yield was 21.42@093@nd

20.70 hL/ha (20022013). The small reduction between these two periods may in part be due to the
extremely low yield in the cool and w2012 growing season (6 hL/ha); excluding 2012 the average yield
for the period is 22.3hL/ha. In addition, during the latter period, there was an increase in young vines
coming into productiorassociated with an increase in area under vamel the changen dominant
cultivar mix Figure 3.3); initial production yields are likely to be lower than in more established
vines/vineyards, potentially influencing the overall mean yidibdwever,the change in dominant
cultivars since 2004 (Figure 3.3), to thosevgn predominantly for sparkling wine production, may also
play a role. Since the mitB90s, but more clearly since 2004 (through this analysis), the relationship
between GST and yield becomes clearer and without consideration of precipitation or indiriolwaig
season monthly average temperature, and GST has a statistically significant relationship with yield
during the 20042013 period, explaining 44% of yield variation (Table 4.1). Most significantly, this

change in dominant cultivars appears to haveréased sensitivity to temperature variability.

While there is no significantvidence for change in the variability of int@nnual growing season
temperature (Table 4.4), these results suggest that following the Z20¥3 trend, all else being equal,
years with lower GST can expect to experience lower yield. Before the change in dominant cultivars, in
years with a lower GST such as 1991, 1992, 1993, 1994 and 1996, yield remained above the average for
the period. The lack of a clear relationship betweggld and GST across the whole period of interest
appears to be explained in part through an analysis of higher temporal resolution temperature and
precipitation data. Median monthly temperature has increased in all growing season monthg; (1989
2013) agaist a 196%1990 norm, except for a small decline in October. The spring months of April and
May have seen relatively large increases in temperature that are significant because this is a time when
budburst and initial shoot growth occur. A warmer temperatat this time indicates advancement and
lengthening of the grape growing season. The 100% expansion of the interquartile range for April
suggests increasing intannual variability during this important month. Where a warmer temperature
occurs in Aprilthere is the potential for May air frost events to cause greater damage. Without
considering precipitation, temperature in July for the 2QR@13 period explained 52% of yield

variability (Table 4.2). This could be related to more suitable flowering ¢onditin years where
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flowering occurs in July, or as a result of cool weather during years with protracted floweringngsulti
in coulure or millerandage (see Figure }4.Bs most common cause stems from poor grape flower
fertilisation, caused by cold amdet weather during the flowering stagdackson 2013)It is, however,
likely that the significance of this relationship depends on other growing seasather events and

viticultural impacts.

Figure 4.9 Grape berryCoulure (a), and Millerandage (b).

The negative relationship between August temperature and yield, for the ZI®® period, cannot be
rationally explained by August temperature aéorAll else being equal a warm temperature in August
would support maturation. Earlier season weather conditions, perhaps contributing to disease pressures
exacerbated by August temperature, may play a role in this relationship, but a closer examination of

conditions during years in this period would be required to fully elucidate it.

Total precipitation during the growing season has increased from 407 {1980) to 420mm (1989

2013). The 16% rise in median precipitation during October (Figure 4.7)aantlibute to increased
disease pressure during the harvest period. Importantly, the critical flowering month of June has seen
no significant change in precipitation range or dispersion but has a significant negative relationship with
yield for the whole1989%2013 period and the 20@2013 period (Table 4.4). This result confirms
LINE RdzOSNB Q O2YYSyida NBIFNRAYy3I NBlFazya F2N 25
flowering. The recent outlying precipitation event in June 2012 (138mm,; the weltest since 1910)

and corresponding lowest yield on record, demonstrates that damaging precipitation at this sensitive
phenological time remains a critical threat. May 2007 witnessed ftieHighest precipitation totasince

1910, followed by the sth highest precipitation totain June, since 191et Office 2015h)Combined,

these conditions were attributed by producers to the Igigld. June precipitatiom 1997 was the fourth
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highest since 191(Met Office 2015h)This followed the acute frost event in May 1997 (discussed later)
and could have further reduced yield. Most significantly precipitation during this critical phenological
stage has a strongeelationship with UK yield and explains more of the variability than GST or the
monthly temperature of the individual growing season. Notwithstanding acute events, June
precipitation is shown to be the single most determining variable in English cliswtability for

viticulture, when expressed through wine yield.

Furthermore, the negative relationship between August temperature and total growing season

precipitation and yield, for 1982003 (Table 4.4), also suggests that precipitation during theseas

a whole, is a critical yield determining factor. This possibly supports growers/producers comments
(Section 3.2) about the effects of precipitation and temperature on disease and yield. Seven of the 15
years during the 1982003 period were both waner and wetter than the 19641990 norm (Figure

4.2).

Producers expressed concerns about increasing variability. It can clearly be seen from Figures 4.1 and
4.2 that GST inteannual variability is high, and as previously determined for the more recec20

2013 period, affects yield. Interquartile temperature ranges have risen 100% in April and October,
suggesting increased variability in these months, but ranges have decreased to date in May, July and
August. Interannual variability of GST has droppe8&%, from 4.3 (196:1990) to 3.8% (1982013),

but the shorter time of the latter period does not allow for equitable comparison. There was a 7%
increase in the variability of the total growing season precipitation between the periods. The October
interquartile precipitation range has always been greatest, and where high precipitation events do occur
this could affect harvest conditions.rially, the lack of significanthange in temperature and
precipitation variability in June suggests that the thre&dsflowering and fruitset posed by June

precipitation events and weather conditions remain unchanged.

Producers also stated that air frosts had significantly affected yield, citing the early May air frost in 1997
as an example. The GST in 1997 was €C3ja%t above the 1982013 average of 13.8°C, but yield was

low (8.7 hL/ha) (Figure 4.8). A closer examination of historic Royal Meteorological Society weather logs
for May 1997 reveals that a short heat wave at the beginning of the month (27 and 266Gdon on

GKS H YR o alé&sx NBaLSOIAoStey ¢l a F2tit26SR oe@
7 May (Royal Meteorological Society 1997his demonstrates how ¢hacute nature of short frost
events is unlikely to be easily detected through seasonally averaged temperature but could significantly
affect yield, depending on their temporal and spatial occurrence. In this case the air frost event may

have contributed ® a higher level of wingrape damage than would have been the case had the
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preceding temperature been lower, that is phenological development is likely to have been advanced
due to warmer spring temperature. The number of days (£2013) in which an aifrost occurred
during April and May indicates sifjnant spring frost risk in soutbast and soutkcentral Englandhat

could affect yield where protection strategies (including site positioning) are not employed. While there
is an apparent downward trenish April and May air frost days, it is not significant, and no years have
been without a day in which a frost event occurrédsubsequent examination of Met Office regional
data for 2014 and 201%Met Office 2015b)confirmed thatthere were 1 and 2 days of air frost

respectively.

It should be noted that the lowest yielding year during the 1@8®1 3 period (2012) was not attributed
to a frost event. Rather, as can be seen in Figures 4.1, 4.2, and 4.8 amticated in questionnaire
responses&ection 3.2, this was due to the wet and cold spring. Combined, these weather conditions

remain a threat to productivity.

One of the aims of the analysis presented in this chapter was to assess the ability of&éigdjuately
describe viticultural suitability in the UK. It was found that while it can act as a general indicator of
thermal suitability, in the sense thaVitis viniferaL. is grown within a cool (£35°C) GST
climate/maturity grouping (Jones 2006, 2Q0key results all indicate that when precipitation and higher
temporal resolution temperature data are included in the statistical analysis, GST is not the most
L2 6 SNF dzf WLINBRAOG2ND 2F &ASt RO

Results presemd in this chapterprovide an analysis of higic growing season temperature and
precipitation conditions in soutkeast and soutkcentral England, where most vineyards are established,
and their relationships with historic wine yield. Where yields are so low and so variable (Figure 4.8) they
indicateinherent exposure to weather or climate risks. At a monthly scale some of those risks have been
elucidated through results in this chapter. Depictions of GST and ground frosi,@Z®), presented

in Figures 4.3 and 4.5, indicate climatically similaredtdy viticultural opportunities outside of south

east and soutkcentral England. The rationale behind the existing spatial distribution of viticulture in
England and Wales is discussed in Chapter 5, but from results in this Chapter it is hypothesibedthat
may be opportunities for increased sector resilience to climate variability, spring air and ground frost
occurrence, rainfall during flowering, and GST, through establishment of viticulture in areas with higher
degrees of climatic suitability. Tot@ano analysis of spatial variability in climatic suitability for viticulture

in England and Wales has been undertaken. Such an analysis is seemingly even more critical given the
observation that whilst trends in demand for English Sparkling Wine hawvendai cultivar change to

Chardonnay and Pinot Noir, their sensitivity to weather and climate conditions places the sector at
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greater risk of low yields than previously observed. Chapter 5 of this thesis therefore builds on results
from this chapter to intgrate weather phenomenon and variability associated with threats to
productivity into a model of climatic and biophysical suitability for viticulture in England and Wales.
Although biophysical factors regarding viticulture suitability have not been arthigshis chapter, their
relationships with climatic suitability, for example frost risk and precipitation, are likely to affect

viticulture suitability and productivity.
Subsequently the subject of future climate scenarios and relationships with bathlitite suitability

and wine quality can be discussed (Chapter 6) relative to knowledge obtained in this Chapter and
Chapter 5.
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Chapter 5
Modelling spatial variability of biophysical and climatic

suitability for viticulture in England andVales

This thesis, through Chapters 3 and 4, has presented research into key climatic enablers for the growth
of the English and Welsh wine production sector, and threats to yields poseddoyterm weather

events and interannual climatic variability (Section 4.6), over the last ~25 year¥et despite the
apparent association beteen recentwarming of growing season (ApcilOctober) GST and monthly
meantemperatures, and sector growth, average English and Welsh wine yields have remained relatively
low and highly variable from year to ye&e€tion4.6). Thissuggess an inherent exposure to weather

and climate risks that could affect the sustainability of production.

Having identified, at a monthly scale, both the acute (e.g. spring air frostsaaridll during flowering)

and chronic (e.g. relatively low growing season temperatures, and -ameual variability)
meteorological conditions that can negatively affect yield, and conversely the growing season conditions
that help realise potential foviticulture, there was an opportunity to incorporate those findings into a
spatial suitability model for viticulture in England and Wajgsesented in this chapter. Based on the
premise that biophysical (topography, soil and larsgt) and climatic suitality for viticulture is spatially
variable (see Figures 4.3 and 4.5), a viticulture suitability model could aid the growth of the English and
Welsh wine production sector by informing decisions about where to establish vineyards. Identification
of areas m England and Wales that are biophysically suitable but which are less vulnerable to inter
annual weather variability, spring air frosts, low growing season mean temperatures, relatively high
volumes of rainfall (seasonal and in June), and more aligngmbsdive climatic variables including
sunlight(Gladstores 1992; Downey et al. 2006; Kemp et al. 2@ those identified irgections 1.1.1

and 4.6, enables more optimised distribution of viticulture to boost sector resilience to weather and

climate risks.

The viticulture suitability model for EnglanddaWales, developed for this thesis, is a valuable research
tool but its endpoint is envisaged to be as a commercial ontemource as part of gackage of weather
and climate services, to benefthe English and Welsh wine production sector. The stmattu
methodologies (data integration and employment of Fuzzy Lagfection 2.4.5) applied in its
development are novel to viticulture suitability modellinipe quantification of spatial variance in

growing season climatic conditions and biophysical bilitg in England and Wales are new, and the
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integration of interannual weather variability into viticulture suitability models is unique. High
biophysical model resolution (50 x $0) waschosento provide accuracy in determination of land
suitability far viticulture (Table 2.2), and 5 x 5 km gridded climatic variables (Table 2.3) to provide
indicative values of viticulturally relevant climatic condicfor land within a givegrid-cell. The model

is not a microscale portrayal of vineyard site speaifimatic suitability, but rather a mesoscale

assessment of variability and land availability designed to inform sector development.

The grape growing to wine production continuum is influenced by climatic, biophysical, cultural, and
economic factors. Thelimate and biophysical consideratiotisat influence the process include
matching a given grape cultivews an appropriate climate, and selectingneyard sits with optimum
elevation, slopeandaspectcharacteristicsandsuitablesoil properties, allbf which playcritical rolesin

grape quality and yieldsSéction 1.2.3). While some regions, globally, have had hundreds or even
thousands of years to define, develop, and understand their best combinations, newer regions, in this
case England and Waldmve typically faced a trial and errphaseof finding the best cultivar, climate

and site matchJones et al. 2@). Through results presented in this Chapter it is anticipated that the
WOANRFE YR SNNBNR aidl 3S NFB T sShdedeRandinforméddhroyg v S &
employment of contemporary mapping techniques, incorporating findings from Chaptensl 3}, to

model viticulture suitability.

The conventionally deemed temperature limited latitudinal extreme for commercial itifieuis 50°N
(Jackson 2014¥%ection 2.2.4 and Figure.3 showthat the majority of vineyards are located closer to

51°N, northward of 50°N, anda majority are clustered arounsbuthreast and soutkcentral England.

This spatiatlistribution isattributed to relatively warmer and drier growing conditions in these regions
(Skelton 2014)However, this attributiomf viticulture site selection in England and Wales has not been
exposed toa regional or national scale biophysi¢abil, slope, aspect, elevation and lacaler) or

climate suitability analysis; suitability of land for viticulture in England and Wales is presently decided
onacasdy-Ol &S o6l aAa a2YSiAYSa assessisyeharattSigicsINudéroug LIA y A
overviews exist that detail vineyard site selection criteria in gen@tddstones 1992; Coombe 2004)

or for specific regionéSmart & Dry 1984 Australia; Jones & Hellman 20@®Dregon)and focus mostly

on climate, topography, and soil facto@thers have addressed site suitability issues as a collection of
factors thatrevealA Yy a A A KGa Ay d2 | NXBbje& ok 2000¥rias @ntegsurddd ( Sy
prediction for new areas to plant in existing regiofiones 2004)These studies, combined with
experience, can help inform decisiomaking about where to best establish a vineyardthar cultivars

whicht NE Y2ad tA1Ste (G2 WIKNAGSQ Ay | 3IA @iésyaref 2 Ol
adopted for England and Wales, site analysmsainson an adhoc basislackingan illustration of spatial
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comparativenesswvhich couldhelp direct investment, strategy, and policy relevant actiovalue
judgements and site specific assessmerggarding suitability are inevitable and can merit serious
consideration, but using techniques that minimise bias and improve the objective merit of suitability
evaluations is both complementary and beneficial at local, regional and national scales. These
techniqueshave been employed in other fields, for example: for the identification of suitable locations
for maize productior(Braimoh et al. 2004 )photo-voltaic site suitability assessmer{tSharabi & Gastli
2011) and sustainable development planni@omano et al. 2015and they form the basis of this

chapter.

When the viticulture suitability parameters of local environmental characteristics (biophysical land
properties, climate, and inteannual weather variability) are defined, higisolution spatial and
temporally representative da can be mapped, overlaidnd analysed, and results classified and
visualised to spatially illustrate viticulture opportunities and land value. Elements of such spatial
modelling resources exist for more established wine producing regions, focussingilyrimmaclimatic

potential for viticulture and zoning of varietaliitability (br example: Irimiaetal. 20kl dz=0 A Z w2 Y I Y
Hall & Jones 2010Australia; Jones et al. 2006Oregon, USA), but a detailed and integrated viticulture
climate and biophsical suitability model for England and Wales has not previously been develdped.
chapter presents the first biophysical, climatic, and combined viticulture suitability analysis, derived
from a GIS model that employed Fuzzy Logic and Multi Criterigi@eénalysis (MCDA¥(tion2.4.5),

for England and Wales.

The viticulture biophysical suitability model presented in this chapfection 5.2) benefitted from
validation, undertaken usingo  f F NAS o0 xHp KIF 0O @Ay Sel NPaie mbdél 9y 31
output with mapped conditions, and through discussions with vineyard managers of the respective sites
regarding soil properties. Results from three of these 13 validation exercises are prese8sation

5.5. Validation of climatic variablesere not undertaken within the scope of this thesis as the 5 x 5 km
gridded and freely available datasets used had previously been subjected to independent testing and
validation(Perry & Hollis 2005)However, 2015 Aplir temperatures were recorded in one east Sussex
vineyard using a series of 15 temperature sensors &aation 5.7 and Figure 5)1&8nd were used to
illustrate the effect of slope and cold air accumulation on vineyard radiation frost risks, and to help
validate a WRF model downscaling exergigeom 9 x 9 to 3 x 3 to 1 x 1 km grids. Results from this
exercise were not integrated into the viticulture suitability model, but are presentegkation 5.6.1
because it is anticipated they will inform futurdtioulture suitability model development, i.e. the

integration of higher spatial resolution recent meteorological variables. Additionally, as part of the same
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exercise, a single case of a spring air frost at a vineyard in Suffolk, was used to corrdimBaied km

grid WRF model output for ground and air frost occurrerfetjon5.6and Figure 5.1)6

To place modelled climatic suitability for viticulture in England and Wales in the context of existing
vineyards and other codallimate wine producingegions of Europe this thesis chapter also presents
results of an analogue modelling exerogsgection5.6. The recent (20022013) bioclimatic (GST, GDD,

and HI) mesoscale (9 x 9 km) valuesfifee2 ¥ GKS fFNHS&AG o6xup KIFIO Sadl
(Section 5.6.1), and for other coetlimate viticulture regions in norteastern Europe (Champagne,
MoselSaarRuwer, Franken, Neuchatel and Eastern Denmark (ZeatgBet}tion 5.6.2) were deduced

from WRF model simulated climatologies using ArcGIS v10.3 Ssdimon 2.3.6 for methods).
Subsequently, an analogue between biogltin values (20022013) of the fiverineyards in England and
similar or higher values in otheridphysically suitable areaseapresented &ection 5.6.1). Likewise
bioclimatic values from other coalimate viticulture regions of norteastern Europe could be
compared with modelled values in biophysically suitable areas of England. The aim of this approach is
to present, for thefirst time, recent (20042013) bioclimatic values for viticulture in England and Wales,

to comparatively illustrate bioclimatic suitability for viticulture, and to provide an indication of cultivar
suitability and adaptive capacity by identifying cultivam®wn in vineyards and areas with similar

bioclimatic values.

Modelling viticulture suitability in England and Wales provides an indication of spatial risk and
opportunities for production. However, where physical and climatic potential for viticuituapparent,

it is without a commercial context. That is to say the economic case for viticulture is not present in the
suitability model. To illustrate opportunities for conversion from one crop to another, in this chapter,
sugar beet producing areas aexplicitly examined for viticulture suitability, complemented with an

evaluation of rudimentary economic viability of both crofsdtion’5.8).

When the three elements of this chapter (the viticulture suitability model, the climate and cultivar
analogue,and the basic economic assessment) are collectively considered it provides defaied

model of spatial risk for those considering investing in English and Welsh viticulture. Furthermore it
delivers the modelling structure, initial validation, and gesphic assessment required to underpin a

tool that will help identify suitable vineyard locations.

5.1. Soil dataset evaluation

To develop a biophysical model of viticulture suitability in England and Wales a soil database

representative of vineyard conditis was required3ection 2.4.4). Three soil datasets were acquired
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and examined for model applicabilitthe Harmonised World Soil Database (HWSD) v1.2 (FAO 2015),
the Countryside Survey (CS) of Sp2607 (Countryside Survey 2015), and the Nationas&kes Map

of England and Wales (LandIS 2015). All three datasets were imported in to ArcGIS v10.3 and overlain
with English and Welsh vineyard locatioabgad ofa visual model assessment of soil properties for
known vineyards and subsequent discussiaith vineyard managers regarding the representativeness

of the datasets A Boolean method of imposing strict pH rangesd8)%nd soil texture descriptors to

the suitability model was employed using data from @euntryside SurvefFigure 5.1) andHWSD

(Figure 5.2) respectively. This approach immediately resulted in several well established vineyards in
England being excluded from the suitability analysis as the HWSD and CS soil values for the vineyards
gSNBE 2dz0aARS 27F (K2aS uRSf Set SRiondV2daindl 20 #4.SHawee NJ O
subsequent communication with those vineyards established that some of the data values applied from
either datasets were not actually representative of their vineyard soils. Furthermore, of the 10
producers cordcted all had engaged in aspects of soil amelioration and carefuktook selection to
YAGAIFGS az2iaft GFNRIFofSa GKIFG O2 dzhige obtle videgayds A RS N
contacted were growing vines on soils with a pH ofg@24, theoretically unsuitableSection1.2.3), but

growers had mitigated the risk by growing on vine rstuicks that vere alkaline tolerant. Another three

KIR &4dz00SaatdzZ te SadlofAaKSR @QAYySeélINRa O0F2N 20
draining, but had found little problem with water logging or vine growth, attributed by one producer to

both a sloping site and the implementation of land drains. As noted by Skelton (20eyards in

England and Wales have been established on a wide rarlgok f Wi & LJSaQ | yR | YSE A

mitigate potentially negative sodharacteristics
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locations
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Following this initial exploration of the appropriatenessiud three soil datasets two were found to be
unrepresentative of conditions in existing vineyards, and subsequently the SoilScapes set (Figure 5.3)
was employed for use in the suitability model. It was found to usefully describe soils of established
vineyads and provide a broad soil descriptor from which suitability analysis could be perfdemed
Section2.3).

5.2. Biophysical suitability results

Following model developmentriteria set out inSection 2.4.5, 17% of land area in England and Wales
(15,316,232a (Office for National Statistics 20)3yas classified tlough the model as biophysically
suitable forviticulture (Figure 2.2, i.e.excluding climatic suitability, equating to 2,616,920 ha. The model
threshold for biophysical suitability is any 50 xmQgrid cell that contained soil and land cover and
elevaton and aspect and slope parameters identifie@etions 1.2.3 and 2.2.4, and listed in Table 2.2

as being suitable for viticulture. Where a grid cell does meet any of these requirementis was
excluded from the moddFigue 2.2. Mean modefuzzy bbphysical suitability was 0.4 (0 = not suitable;

1 = highly suitable) with a range of 0q@999. Limiting soil suitability in the model to areas that were
classified as having freely draining soils, or shallow-fictesoils over chalk or limestone reduackand
suitability to 6.5% (1,002,885 ha) and 1.6% (252,554 ha) respectively. When the biophysical model was
restrictedtol NS & OdzZNNBy Gt e Of | aaAFASR (Figue 2§ judtbverhad 2 NJ
of the land area remained, suggestititat 1,435,867 ha of land dedicated to arable or horticulture
production has potential for conversion to viticulture. Of this 549,270 ha was on soil classified as freely
draining, and 179,852 ha on shallow limeh soils over chalk or limestone. Hampshatone was shown

to have 27,384 ha of suitable land on shallow lirod soils over chalk or limestone, slightly less than

the Champagne viticultural area (33,500 ha), which is also predominantly over (Joalkson &
Robinson 2001 Norfolk and Lincolnshire conmad had a slightly larger are88,382 ha of biophysically

suitable land on shallow limech soils over chalk or limestone.

Results by Unitary Authority (UA), presented in Table 5.1, showdhan all suitable land use categories

are included in the madel Devon has the largest area of biophysically suitable land (206,776 ha),
followed by North Yorkshire (162,393 ha). Howewaspectively these two WAonly account for 3.6%

and 0.3% of existing English and Walsh y S & | NR 0 x gnh& possibilityNBat-tiiese Nipare & A Y
limited by factors other than biophysical suitability.
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Table 5.1 Top 20 biophysically suitable Unitary Authorities (UA) by area (ha), their proportion of

land suitability, and their mea fuzzy value

Rank , ) Suitable % of UA ) ) Mean
order Unitary Authority hectarage land Unitary Authority suitability
area
1 Devon 206,776 31.2 Norfolk 0.54
2 North Yorkshire 162,393 14.8 Essex 0.52
3 Cornwall 118,502 32.8 Suffolk 0.52
4 Norfolk 117,231 21.3 Kent 0.47
5 Hampshire 110,172 29.5 North Yorkshire 0.45
6 Wiltshire 108,692 33.4 Lincolnshire 0.45
7 Cumbria 108,288 15.1 Dorset 0.44
8 Lincolnshire 98,095 16.0 Hampshire 0.42
9 Northumberland 95,947 18.9 Cornwall 0.41
10 Shropshire 94,240 29.5 Cumbria 0.41
11 Kent 86,842 23.9 Herefordshire 0.39
12 Dorset 86,270 33.5 Oxfordshire 0.38
13 Oxfordshire 82,299 31.6 Devon 0.37
14 Herefordshire 76,440 35.1 Gloucestershire 0.37
15 Essex 75,049 20.3 Wiltshire 0.36
16 Staffordshire 71,692 27.3 Shropshire 0.36
17 Suffolk 70,119 18.2 Northumberland 0.35
18 Gloucestershire 69,272 25.6 | Northamptonshire  0.35
19 Leicestershire 66,084 31.7 Leicestershire 0.33
20 | Northamptonshire 65,370 27.6 Staffordshire 0.32

As well as depicting volume of biophysically suitable land area in England and Wales, through
employment of a Fuzzy Logic methodologsction2.4.5) grid cells (50 x 50 m) were classified according

to Fuzzy value. Such a classificationl®ad areas of higher or lower suitability to lEentified. Figure

5.4 illustrates the spatial distribution and classification of biophysical viticulture suitability, from the
model, across England and Wal@&sg(re5.4A) and at a regional level (UnitaAuthority ¢ Kent),
including existing vineyard$-igure5.4B). It also demonstrates model application at a much higher
resolution local scaleF{gure5.4C), the value of which is subsequently demonstrated in the model
verification and analysis of 13 indivdzl f @A y S &SectitR55). Fgune 5.Killustrates the value

of such a model in identifying viticulture potential at different scales; at higher resolution (Figure 5.4C)
site specific parameters can be examined, whereas in Figure 5.4A and Bategidgability can be
analysed and quantified. This scaling enables the model to be applied for different purposes, for example

vineyard site assessments or to inform regional land use policy.
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FHgure 5.4:Biophysical suitability at national (A), UnitgrAuthority (Kent) (B), and local (C) scales.

At a Unitary Authority scaJavhen all suitable land use categories are includdéatfolk, with the fourth

highest area of suitable land (117,231 ha), also has the highest mean fuzzy suitabilitp &y@ble
pdmMO T odzi 2yteée O2yiGlAyada m> 2F GAYySelINR 6x MKI O
FdZd T & &daAaGlroAftAGe GltdSa 2F nopuz O2yitAy podo |
hand Kent, with 16.6% of existiig0lo 0 @AYy S& | NR & IoWwBrimean kyuzzyvéaluevof 0K4T. &
Whilst not yet including climatic variables these results suggest scope for spatial adaptation and
expansion of the English and Welsh viticulture sector to biophysically suitable areas mftside
dominant Kent, Sussex (East and West), Hampshire and Surrey viticultural regions (T&hleZally,

it may be the case that biophysically suitable land in East Anglia is utilised for other crops, such as sugar

beet, foreconomic reasons.

Detaled analysisob A 2 LK@ aA Ol f &adzAGlroAftAGEe | ONRr&aa SIOK 27
and Wales was not undertaken within this thesis. However, using the visually prescribed approximate
centre of these vineyards as a rudimentary guide @eetion2.4.1),when overlain with the biophysical

Y2RSt> Al ¢l a LRaaArAoftS G2 aKz2¢g GKIFIG GKS OSydN
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O2NNBaLRYRSR 6AGK Y2RSt adaAadloArAftAradted ¢KFG Aa 3
on land that was notleemed, by the model, to be suitable for viticulture. Of the vineyards that were
within the model suitabilityrange,their mean fuzzy membership value was 0.51. These results suggest

room for improvement in the biophysical positioning of vineyards in Eagiand Wales.

336 of the 367 vineyards fell within the prescribed I0maximum elevation height for vineyard
suitability, with a mean elevation of the approximate centres of all 367 vineyards bein66iily 231

of the 367 vineyards had approximatentres (50 x 56n grid) within the prescribed suitable 270
aspect. Whilst the approximate centres of vineyards are not necessarily representative of entire
vineyard sites this finding, along with elevation, is indicative of why so many virsshegdirdutside of

the suitability model. The approximate centres of 344 out of the 367 vineyards fell within model

suitability for slope (415%), with 15 being <1% and the remainder betweet2450.

¢KS (2L FAOS a2Af WwWielLlSaoaxT WSEAAKAY R BOKRE If RR 3
AYLISRSR &pd AHEASKE WCNBSt & RNJI@yyA yoH ofxfoAra KU tfe2 glf G
seasonally wet slightly acid but basidh OK f 21 Y& ky R &Ofdi'd2 82 -rigpshifoteiQz ¢ f
OKIFf1 2NkdH YE@EHE2Y SQC NES lod & R NI2I® {5%)A A furthev &neyards

GSNB LRaAGA2YySR 2y az2ifa OflaarATASR Fa o08Ay3a U
a2AfaQd ¢KSaS NI a dzpraximated cdzdires Sfi the 367Kvindyard® Tdentifiéd Sand |- LJ
analysed, 45% are positioned on soils classified by the SoilStapedS 2015)ata as having impeded

dNF Ay F3S 2NJ 60SAy3a atz¢gfte LISN¥YSIo6ftS |yR aSrazyl
viticulture due to their negative association with disease pressures and impact on vine (ieadjton

et al. 2004)

O

aSly tlyR O208N] Of FaaATAOIGA2ya 2F @157 BE%)NR
WLYLINE GSRCENT 28b YRR Ww2BRE INIR 3W0H §d@NI (1%), 3 NI

indicating that the majority of vineyards were positioned on land either previously used for crop

ax

production or potentially for hay or ley farming. The remainder were positioned on land that could have
been used for silge, hay or pasture or that was deemed lgnoductivity grass or senmatural sites

(Centre for Ecology and Hydrology 2Q007)

Modelled biogysical suitability was calculatédK N2 dz3 K2 dzi Mo @AY Se&l NRA& XHp
of 0.6, with a range of individual vineyard mean values from 0.34 to 0.74 was found. Two vineyards had
maximum cell values of 0.99 indicating very high suitability. An analysis of biophysically suitable land

with >0.74 fuzzy suitability values across England and Wales resulted in a further 1,592,749 ha of land
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being identified, i.e. land with a higher valeating than the mean of the 13 largest vineyards in England

and Waes. Perhaps of greater significantcethis thesis was that 284,110 ha were in the counties of

East and West Sussex, Kent, Surrey, Hampshire and Wiltshire, where the majority of ldngel3
vineyards were locatedas this indicates existing climatic suitability and opportunities for irégaonal
expansion Elevation ranged from thre® 124m across the 13 sites with the average of all 13 vineyard
means being50¢ = | Il Ay SMYIKIAY GNISH IMRNIG 2F GKS Y2RSt ® a
vineyards was 15§southsouth-east) and slope was 5.6% with a range of @.08.5%, just outside the
Y2RSt adaadroAftAde ftAYAOGD ¢ KS -rivhsdilsioveR@IYIAlY | 2/ND fareWn§g
F2t{f{26SR 0& WCNBSfe& RNIAyAy3a atAirAakate | OAR 21
Of  aaAFASR a FNBES RNIAYAY3a 2NJ 208SNJ OKFE1 2NJf;
wet slightly acid but basgcK f 2 Y& | yR Ofl&Se &2Aft&aQ 2NJ W{fA:
AYLISRSR RNIAYIFI3ISQd ¢Sy 2F (KS mMo @GAySel NRa ¢SNE
or Horticulture under the LCM (2007), two were on land classified as improvedigmad and one on

rough grassland.

Whilst the assessment of biophysical characteristics in existing vineyards provides a benchmark of
physical factors that contribute to the current state of viticulture in England and Wales, it is only when
complemented vith viticulturally relevant climatic variables that suitability and potential for expansion
can be fullyclarified Biophysical suitability alone does however allow for an assessment of site suitability

andidentifiesareas that may become suitable undeture climate scenarios.

Biophysical model verification is addresse@&gntion5.5, and was undertaken prior to the incorporation

of climatic parameters to develop the model further.

5.3. Climatic suitability results
In Section 4.6 GST was found to posiyivearrelate with yields (20@2013) (Table 4.1), and June rainfall

had a statistically significant negative relationship with wine yield (Table 4.1). In Section 3.2, Table 3.5,

low yielding years were attributed by producers to April and May frost everdshggh levels of rainfall

during the growing season. Low sunlight levels were also attributed as a causal factor in low yielding

years (Table 3.5). These analysis were used to choose the parameters used in this section to determine
climatic suitability ad they were subsequently integrated into the viticulture suitability model as

described in Section 2.4.5 and showrHigure 2.5.

The overall distributions of 1982010 mean GST, growing season rainfall, June raiafail,and May

air frostsspring fro$ and growing seasoiright sunshine within England and Wales, derived from the
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UKCPQ09 5 x 5 km gridded datas&dction 2.1.1), were calculatednd mapped using Arc&Iv10.3.

Results are presented in Figure54,. B, C, D, and E respectively.

Although asingle grid cell with the highest mean 192010 GST (14°8) was found located in
Hampshire, the counties with the highest average GST means were Essex and the Isle of Wight, both
with 19812010 means of 13°€. These were followed by Cambridgeshire§X3), West Sussex, East
Sussex and Kent, all highly populated with vineyards (seeeR3dg?), and each with mean GS3 13.6C,

along with Suffolk, which only currently hosts 17 vineyards. Figiw ghows, in general, lower GST

on higher land (North \Ales, the Pennines, and Lake Dgtin Cumbria), and higher GSih south

central, southeast and eastern England, particularly on the south coast. However, the Severn estuary
and southern coastal areas of Detgan also be seen to have G3Tthe 13.§14.5°C range, similar to

those observed in southentral, southeast and eastern England.
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Figure 55: 1981¢2010 mean viticulture climate conditions in England and Waleg, BSTC)(5 x 5
km); B¢ Growing season rainfall (mm(1 x 1 km) C¢ April andMay air frost days(5 x 5 km) D¢
Growing season hours of bright sunligf x 5 km) and E¢ June rainfall (nm) (1 x 1 km)Data

sources: CEH 20TRainfall)and Met Office 2015¢Temperature, Frost and Sunshine)

Throughout the growing season (AgyiDctober) the county with the lowest average mean rainfall was
Essex (346 mm), followed by Cambridgeshire (356 mm), and Suffolk (362 mm). During the month of June
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