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17.1. Introduction

Climate is constantly changing, and the signal thadicates that the changes are
occurring can be evaluated over a range of tempanmdl spatial scales. We can consider
climate to be an integration of complex weather ditions averaged over a significant
area of the earth (typically in the region of 106vkor more), expressed in terms of both
the meanof weather expressed by properties such as tempetatadiation, atmospheric
pressure, wind, humidity, rainfall and cloudineasnpngst others) and tlugstribution, or
range of variation, of these properties, usuallicakated over a period of 30 years. As the
frequency and magnitude of seemingly unremarkabénts change, such as rain storms,
the mean and distribution that characterise a paldr climate will start to change. Thus
climate, as we define it, is influenced by eventswrring over periods of hours, through

to global processes taking centuries.

Changes in climate have over the millenia been ey natural processes, and these
mechanisms continue to cause change. “Climate afaag a term in common usage
over much of the world is now taken to meamthropogenicallydriven change in
climate. Such climate change may influence agriceltin a positive way (C®
fertilisation, lengthening of growing seasons, maeenfall) or negative way (more
drought, faster growth thus shorter life cyclesl|irsaation). In this chapter we will
discus:

e Assessment of the available evidence about antlyepically driven climate
change and current thinking regarding global spatistribution of changes that
may occur;

e The internationally adopted protocols for evalugtaiimate change impacts as set
out by the Intergovenrmental Panel on Climate Cleamagd its parent/related
international organisations;

e The sources of data for conducting impact assessmaed the techniques for
regionalising data to scales smaller than the rgsmh of global circulation

models;



e Examples of quantitative models available for ass&gsclimate change impact on
bioresource industriésand protocols for their use;

e The types of impacts that should be considered whedertaking a climate
change impact assessment; and

e The development of an approach to identifying hdimate change can or should

be managed by bioresource industries, and agri@iltuparticular.

Issues that relate to the occurance of extreme tsvend particular hazards have been
considered in Chapter 7, and these are of most rapce foroperationaland tactical
planning, i.e. deciding how to do things over aipdrof 12 months or so and looking
forward for a period of maybe 5 years. In this cteapwve will consider issues that relate
to regional policy development, long-term agricuétl planning and adaptation of
production systems to changing climate, in otherdsstrategicplanning for bioresource
industries. Strategic planning has to be based tima horizon of perhaps 10 to 50 years,
which corresponds to the time concept of climate agpresents a period comparable to
human life expectancy. If complex weather condiiare changing sufficiently rapidly
that climate is changing noticeably in a life-tinvehether this is anthropogenically driven
or not, it is necessary for informaiton to be avmlbo end-users to permit suitable

strategic plans to be made.

The operational tools required for climate changpact assessment are output data from
global climate models, statistical techniques aintL$ation models of biological systems.
In gereral, organisations that have the resouraesploy personnel trained in the use of
these tools, which only require moderate trainimngbe used, will be able to conduct
climate change impact assessments. The produatsafarch and planning programmes
run at national or regional scales then have toraele available to end-users in a suitably
interpreted manner in order to be of valuevearning or planninginformation in a form

suitable for enterprise scale management.

"industries producing of fuel, feed, fibre and foasing biological methods.
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17.2 Summary of Evidence for Climate Change

Although instrumental observations commenced in eqgrarts of Europe in the 17th
century, it was the Industrial Revolution that stilated the initial growth of climate
observing networks. In the crowded coalfield citiesnorthern Europe, public health
considerations necessitated piped water infragtredb be developed. Reservoirs needed
managing, in turn requiring rainfall and temperatuneasurements to be undertaken.
Approaches and equipment gradually became starsgatdind by the middle of the 19th
century Europe and parts of North America had statlelimate observing systems. The
International Meteorological Organisation was eksiled in 1873 largely to oversee
standardisation of techniques in observing systeanms|e also taken up by its successor
the World Meteorological Organisation in 1953. Blgeh much of the globe was
integrated into a co-ordinated observational netwiocorporating oceanic and upper air
components, supplemented in more recent times thpsande and satellite observations.
Standardisation of observing procedures enabletiajjltrends to be more confidently
established and a number of global temperature sarees were developed and carefully
processed to provide confident estimates which galyeshowed good agreement that

climate was indeed changing significantly (Figuie1).
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Figure 17.1.Annual Global Air Temperature Trend (differencern 1961-90 baseline).
(Source: Broharet al, 2006)



The instrumental records show that global meanam#ftemperatures have increased by
0.6+/-0.2 C over the course of the 20th century amte 1976 a rate of increase of 0.15
C/decade has prevailed (IPCC, 2001). In recent desawarming has been most
pronounced over the land masses and as far asditeamn hemisphere is concerned the
1990s constituted the warmest decade of the warmestury of the last millennium.
Different combinations of stations are used to oidte the global average by various
scientific groups and most identify 1998 as the mvast year in the instrumental records,
closely followed by 2005. Some groups however pla@65 as equal first or clear first in
the series, which is somewhat unusual as 2005 wéaa marked El Nino year (Kennedy
et al, 2006). (El Nifio is a large-scale ocean-atpiese climate event which results in a
marked warming in sea-surface temperatures actessdquatorial Pacific Ocean. Global
average temperatures tend to be higher in the femnths after such an event whcih
typically recurs every 2-7 years).) Indeed the aamsgive years 2002-2006 all figure in
the warmest eight years on record globally, indiogia period of accelerated warming is
underway. The average global surface temperatug9db was 0.46 +/-0.1 C above the
1961-90 average (Kennedy et al, 2006), represerdalmgut 0.75 C above pre-industrial
temperature levels. The warming has been greatestglthe winter, spring and autumn
seasons (Jone®t al, 2001). Minimum temperatures have been increasatg
approximately twice the rate of maximum temperasyura phenomenon confirmed by
many national scale studies (Zhai and Ren, 1999e&wyet al, 2002; Vincent and
Gullet, 1999).

Such decreases in the Daily Temperature Range aaglicloud cover as a possible agent
and cloudiness has increased in most regions ientedecades. Associated with this,
global land precipitation has increased by 2% peerothe past century (Jones and
Hulme, 1996). However, much more spatial variapilit precipitation is occurring than

with temperature. Over most mid and high latitudentinental areas of the northern
hemisphere precipitation increases are occurringgilevin the sub-tropical Northern

Hemisphere land areas, precipitation has decrebge@l3% per decade (IPCC, 2001).
Associated with these precipitation increases ia thid to high latitudes is a tendency

towards an increase in the frequency of more indgmecipitation events (IPCC, 2001).



Such events, more so than changes in the mean tomsli are likely to provide the most

serious challenges for agriculture in the yearsaahe

Since many observing stations have been locatedriimn areas, some concerns have
periodically been voiced that global temperaturarades might have been unduly biased
by an urban heat island influence. This has beeswshto be unfounded with urban
effects only of the order of 0.05 C on global temgteire averages over the course of the
20th century (Easterling et al, 1997; Petersonle1899). Changes in solar irradiance of
about 0.1% also occur over the course of the 11r wedar cycle which has also been
implicated in recent global temperature changeugh it is now believed this
contribution is not in itself capable of explainitige changes in global temperature of the
past century (Tett et al, 1999). Uncertainties regsg the cooling influence of
atmospheric aerosols have not yet been been szbsilg resolved, and these remain a
major source of uncertainty for climate modeller@f some significance for
agriculturalists is the reduction in evapotranspiima and solar radiation receipt that
anthropogenic aerosol loading on the atmosphere Imaag induced in recent decades in
many areas, the so-called ‘global dimming’ effetgnhill, 1998). As the application of
air pollution controls becomes more widespread he future, the aerosol load may

decrease somewhat, thus exacerbating warming tifenther.

Natural fluctuations within the climate system occoun a range of timescales from daily
to multi-decadal to millennial and over a large ganof spatial scales. These variations
have been revealed by a range of palaeoclimationsttuction techniques. Documentary
sources, tree ring analysis, palynology and ice andan core analysis have revealed
windows into the past which show the longer terrmp®ral context into which present
and future changes fit. Ice cores in particular é@vovided considerable insight into the
climatic variations of the past 2 million years ahdve shown that astronomical forcing
of climate is not in itself explanation enough. @hte sometimes changes in radical
fashion within a few decades. Much more so thaneasadle ago, the capacity of the
climate system to exhibit ‘abrupt’ global-scale dgas is now better appreciated. Regime

shifts, often triggered by oceanic circulation cgas, are now known to have occurred



several times throughout the last glacial-interglhcycle (Dansgaard et al, 1993) and
there is a growing realisation that human actioresyme-activate some of these natural
ocean-atmosphere mechanisms prematurely. On aeshorte scale, decadal modes of
variability including the Arctic Oscillation (an oiex of the pressure differences between
the polar vortex and mid-latitudes), the North Aile Oscillation (an index of
‘westerliness’ in Europe) and El Nino-Southern Qlation (an index of atmosphere-
ocean circulation changes in the eastern EquatBaaific of which El Nifio is the warm
phase and La Nifia the cold phase ) are associaitédswgnificant changes in oceanic and
atmospheric circulation, all of which may impact agricultural productivity over large

regional scales.

The current scientific consensus attributes moghefrecent warming to anthropogenic
activities associated with increasing atmosphewnaoentrations of greenhouse gases
(IPCC, 2001). The primary contribution has been mag CQ which has increased from
pre-Industrial Revolution levels of 280 p.p.m.v.afts per million volume) to current
levels of over 380 p.p.m.v. This is a concentratibat has not been exceeded during the
past 420,000 years and most likely not during tlast20 million years (IPCC, 2001). A
significant contribution to the atmosphere’s greemée gas loading also comes from
methane. Methane concentrations have already ddubben their pre-industrial levels
with anthropogenic sources contributing over doutbie natural contribution. Over half
the anthropogenic contribution comes from actigti@associated with bioresource
exploitation. Due to its relatively short residentime in the atmosphere removing a
tonne of methane from the atmosphere today woulttrdoute 60 times as much benefit
to reducing global warming over the next 20 yeass@moving the same amount of €0
(IPCC, 2001).

17.3 Summary of IPCC protocol for climate change inpact assessment

Climate change impact assessments have tradityoh&én carried out by developing
regionally specific scenarios and then using thesdrive models in particular sectors of
interest. Thus for example a Global Climate Mod8lQM) might be downscaled using a

Regional Climate Model (RCM) or Statistical Downsng (SD) approach to generate



high resolution data for input to a hydrology modela crop growth model, or a farm
management model. To achieve this assessment sthargtions made at the outset for
the GCM are crucial. Central to this is the assumptof what future greenhouse gas
emissions projections are likely to occur and whaure sulphate aerosol loading the
atmosphere is likely to exhibit. In March 2000 tHRCC approved a new set of emissions
scenarios based on assumptions regarding future ogephic, economic and
technological ‘storylines’. These were presentedanSpecial Report on Emission
Scenarios (SRES) and the family of SRES projectiares widely used to provide the
input for GCM runs (Nakienovi et al, 2000). The scenario-driven impacts can then
examined and further questions of adaptation, walbdity and risk management

addressed.

This conventional ‘top-down’ approach yielding atl#tmon and vulnerability estimates is
increasingly seen as somewhat restrictive. It mayHat a particular result is the starting
point and the steps necessary to either attairvoidait form the objective of the exercise.
For example an impact involving the melting of ti&eenland ice-sheet might be
considered catastrophic for coastal flooding and fitenarios necessary to avoid this
elucidated by a ‘bottom-up’ approach. Climate ad#iph policies may be developed
from either or both approaches (Figure 17.2). Madaptation policies show top-down
emphases whereby emission models drive scenaricelmaghcih in turn drive impact
models. For agriculturalists a more individual, tooh-up, reponse is common, involving
concepts of capacity, finacial considerations asll assessment. Farmers are well aware
of the basic tenets of risk management or avoidarered frequently show great
willingness to adapt to changing circumstances. gsible risk management approach
for agriculturalists based on United Nations Deyetent Programme (UNDP)
Adaptation Policy Framework (Lim et al., 2005) isavn in Figure 17.3.
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17.4 Sources of climate change data

17.4.1 Global Climate Model Outputs

Global Climate Models (GCMs) provide the major pillfor the provision of future
scenarios with which to assess the likely impactsciimate change on agriculture.
Initially these were relatively crude representatiof climate with gross simplifications
of key processes and limited incorporation of aspexf the climate system such as the
oceans, cryosphere and biosphere. Coupling of thesgonents, and the incorporation
of many more sub models, has been a major advahttee@ast three decades facilitated
by exponential increases in computer power. Inghst, runs of a model were often done
on an equilibrium basis i.e. to compare a futur@nelte mode, such as that after a
doubling of CQ, with the present. The ongoing processes and amngvolved in
reaching this point, such as gradual increaseg@emghouse gas loading, or deforestation
trends, were not simulated in any detail. Sophéagian of these models has also resulted
from an improved understanding of the underlyingnelte processes involved, so that,
today, transient models incorporating many commerponents of the climate system
are operational. Using combinations of models andtiple simulations from a single
model further enhances the utility of GCMs. PreggenGCMs are able to provide
successful simulations of many aspects of curreithate, an attribute that gives

confidence in their ability to provide plausibletéwe scenarios.

Typically a GCM in 2005 had a grid size of about®Bkm, approximately 20 levels above
the surface over land areas or below the surfags ogeanic areas and a time step of 10-
30 minutes. There are four primary equations désog the movement of energy and
momentum, together with the conservation of masd water vapour across the three
dimensional surface created. For many climatic peses, such as convective cloud
formation, the resolution of several hundred kildres is too coarse and simplifying
representations are made. Inevitably, these lihst ¢ffectiveness of GCMs, particularly

for users such as agriculturalists who need loealismformation.

GCMs provide an initial indication of key regionallnerabilities for agriculture. In the

developing world such vulnerabilities compound attg existing problems such that
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adaptive potential is inevitably less than in thevdloped world. In sub Saharan Africa
GCM rainfall change projections are inconsistentileen the various models, with some
projecting decreases and others slight increasesefally though, reductions in cereal
potential of up to 12% are expected by 2080 (Dagiet al, 2003). Egypt for example
faces reductions of 11% in rice and 28% in soyalselay 2050 (Eid and El-Marsafawy,
2002). Some areas, such as the uplands fare Hetter a lengthening of the growing
season and in some regions livestock productivilgynncrease. However, for many
areas, food producing potential seems set to dectmd Parry (1999) suggests that an
additional 60-100 million people may be vulnerali® malnutrition by 2080. The
complex interplay between socio-economic and climebnditions renders African food

security highly vulnerable to harvest failures otlee coming decades.

Projected warming in Asia is most pronounced in thimter (Giorgi and Francisco,
2000). During winter, precipitation amounts are egied to decline significantly over
many monsoon areas although GCMs do not suggestlibasummer monsoon rainfall
will decrease in reliability significantly (Lal el, 2000). Extreme events in Asia pose the
greatest problem for farmers and there are some&ations that extremes are already
increasing in frequency (Lal, 2003). Rice yield® qurojected to decline by 5-12% over
India and China with a further 2 C rise in tempena&t (Lin et al, 2004) and overall rice
production in Asia could fall by just under 4% bye end of the present century
(Murdiyarso, 2000). Wheat yields are also projectedfall in a similar manner and
livestock farming will become difficult in some aae as pasture becomes less productive

and migrate northwards (Christensen et al, 2004).

Global climate models are sophisticated and highdgensive to develop. As a result they
are maintained at only a relatively small numberre§earch centres. Presently these
include three locations in the United States, twd-rance, Japan and Australia and one in
each of the UK, China, Canada and Germany. Amoegdist known are HadCM3 (UK),
CCSM (US), CSIRO2 (Australia), ECHAM5 (Germany) a@f5CM2 (Canada). GCM
outputs are readily available through IPCC sourmesmost models (Intergovernmental

Panel on Climate Change, 2006), and detailed ietivas for downloading data can be
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found at the websites of Program for Climate Mod#hgnosis and Inter-comparison
(2006) and World Data Centre for Climate (2006).

17.4.2 Regional Climate Models for regional anddbscale bioresource applications
The limitations imposed by computer processing cétganeans that GCM grid sizes are
inappropriate for policy makers and are especiatigppropriate for agriculturalists.
Farmers are well aware of the importance of loeatbrs such as soil differences, slope,
aspect and shelter which can be key determinantyay yield. Many hazards, such as
hailstorms or intense convective rainfall typicalyccur at sub GCM grid scale.
Downscaling of GCM output to a finer mesh resolutizas thus become a major research
objective, and achievement, of climate scientistgrothe past decade. It is of course
inevitable that downscaling introduces a furthet s& uncertainties in the climate
scenarios produced (Giorgi, 2005; Wilby et al, 1999

Regional Climate Models (RCM) are produced by negt secondary model within one
or more of the grid spaces of the GCM. Outputs frtira parent GCM, such as pressure,
wind, temperature and water vapour, at varioudwales for the area bounding a specified
domain of interest, are used to drive the RCM. Witthis domain more spatially detailed
output may be produced by the functioning of theNRO ypically RCMs offer resolution
of approximately 20-50 km. Even this may be too rs@afor agriculturalists. In addition,
the RCM suffers from any inherent deficiencies lre fparent GCM since only a one-way
influence (GCM-RCM) is allowed. Multiple GCMs and ensemble-baspgra@aches are
increasingly used whereby weightings are attributedndividual GCMs depending on
their ability to reproduce present climate (WilbgdaHarris, 2006).

Due to their increased spatial resolution, RCMs éavany advantages over GCMs for
assessing climate change impacts on agriculturedlise data, elevation, rainfall events
and soil conditions may all be better representgdR€CMs than by GCMs and some
processes such as convective cloud behaviour canungntly be simulated satisfactorily
on GCMs, but may be simulated more effectively 08Ms. Resolution is crucial. If it is

too coarse, important fine scale processes suahoasl formation and local winds, may
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be lost. If too fine, mesoscale features, suchtagss, may not be adequately handled by

the model.

Regional Climate Models are much less expensiveutothan GCMs and so have been
developed for many countries. In some cases nuraleneather forecasting models have
been adapted to provide an RCM product. Often RQlgge been developed for specific
areas and output data can be difficult to obtaimeGsuch source of regional climate
model data for the UK and Ireland exists at the witb of the UK Climate Impact

Programme (2006).

17.4.3 Statistical downscaling of GCM outputs faoresource applications

Even the improved spatial resolution of RCMs is rmatequate to inform decisions in
farming. A grid cell of 20 km would after all encgrass a large city or a wide range of
farming landscapes. Therefore, a number of alteraapproaches to downscaling have
been developed to address this problem. The me&shehtary involves pattern scaling
whereby the projected changes of the GCM are simtpyslated equally to each data
point within the domain of interest. For examplegojected warming of 2 C from the
GCM would be added to each data location point witthe domain. This however
freezes any geographical variation within the damamneaning that the present climate
spatial pattern remains immutable. It is an apphoaich is also rather unsuitable for
some climate parameters such as rainfall. A reducin rainfall predicted by the GCM
could by this method produce an output of negatia@fall in some instances as well as
failing to capture changes, for example, in rainslay drought lengths for particular

locations.

A family of approaches collectively described as iinical Statistical Downscaling has
become widely used where high spatial and tempogablution climate scenarios are
required. The principles of statistical downscaliage based on the development of
mathematical transfer functions or relationshipstween observed large-scale
atmospheric variables, such as upper air obsemstiand the surface environmental

variable of interest. The relationship is initiallgstablished using present day
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observational data, and then ‘forced’ using GCM puuitin order to derive climate
scenarios for future time-slices. Statistical Dowsaling is done to a point location and
may be achieved for a range of variables such asdwspeed, sunshine hours,
precipitation and temperature, depending on thacghof predictor variables. This form
of downscaling requires substantially less compatet! resources and produces results
that are comparable to that of output from RCMs.a&Asonsequence, the use of statistical
downscaling methodologies to produce climate sdeeafrom GCMs is now the

favoured technique for many researchers.

The use of statistical downscaling requires thatuamber of assumptions are made, the
most fundamental of which assumes that the derretationships between the observed
predictor and predictand will remain constant undenditions of climate change and that
the relationships are time-invariant (Yarnal, 200t)also assumes that the large-scale
predictor variables are adequately modelled by@@M for the resultant scenarios to be
valid. Busuioc et al. (1998), in their verificatiarf the validity of statistical downscaling
techniques, found that in the case considered, G@Me reliable at the regional scale
with respect to precipitation in their study areadathat the assumptions of validity of
predictor-predictand relationship held up underrged climate conditions. Von Storch
et al. (1993) suggested that if statistical dowtiscpis to be useful, the relationship
between predictor and predictand should explaiargd part of the observed variability,
as is the case with temperature, and that the d@rpgezhanges in the mean climate should
lie within the range of its natural variability. keever, due to the influence of ‘local’
factors on precipitation occurrence and amounts,rétationship between the large-scale
predictors used when calibrating the statisticadelcand site specific variability is often
obscured and hence, only reflect a small part & #ttual observed variability. This

situation is further complicated in areas with sfgrant relief effects on precipitation.

In addition to the regression based method, a nurabether downscaling techniques are
included in the family of statistical downscalinghese include approaches based on
weather pattern classification and weather genesaiWeather pattern methods involved

the characterisation of atmospheric circulationaxding to a typology such as the Lamb
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Weather Type (Lamb, 1972). The weather variablguestion would then be matched to
each type or category and changes in the futureiweace of these used to rebuild the
climatology for the variable for that future timeSWeeney, 1997). An important
assumption of this approach is that the presenati@iship between the variable
concerned and the circulation typology is robusttfee future e.g. that the rainfall yield
on westerly winds at present will be the same asfa#l yield on westerly winds in the
future. This may not always be a valid assumptidfeather generators output realistic
time series of a climatic variable according to sopredetermined statistical constraints.
Again these can be tailored to present conditionigally and then used to simulate future
conditions constrained by GCM output. Such an applois useful for producing large
volumes of output data, desirable when examiningeres or sequences of particular
weather types such as dry spells, heat waves andleys.

17.4.4 Reliability of Extreme Event Prediction

Developing robust future climate scenarios from tdehniques described above involves
a pathway littered with uncertainties. Uncertaigtien the emission scenarios,
uncertainties in the internal functioning of the @€, inadequate or non existent
parameterisation of various physical processesraglected or badly handled feedback

processes all constitute part of a cascade of uaicey (Figure 17.4).

This means great caution is needed in interpretivgreliability of scenarios for policy
formulation purposes. This is especially relevanthwreference to changes in the
frequency of extreme events. Such changes oftemi@atic and a very wide range in
estimates may occur with even slightly different siebruns. Despite this, it is important
that likely changes in extreme event frequencies|bantified as far as possible to enable
protective measures or alternative actions to bdregsed. For example, if a farmer was
appraised of a change in the precipitation regiswgh that the once in a decade drought
might change to a two year return period, econoappraisals might suggest alternative
crops or management practices. Once a farmer hadearof the risk of an extreme event
occurring, the potential severity can then be cdestd. For climate change

considerations, an objective method of risk analysan therefore provide a way of
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placing potential climate hazards in the contexittier hazards and enabling decision

makers to choose when and where to react to patigntoblems.

ocio-economic

Emissions scenarios

Concentration projections

T

Radiative forcing projections
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Climate scenarios

=) NN

Climate change impacts

Increasing

Uncertainty

Figure 17.4. The cascade of uncertainty associated with evaigaitnpacts of climate

change.

One way of extracting probability estimates of extre events from GCMs is to
undertake multiple runs with slightly different tral conditions. Each run will produce
the same trend, but a slightly different pathwayedo internal model variability, and
slightly different end points. These ensemble ryprsvide a basis for constructing
probability distribution functions (PDFs) which pride a ‘best guess’ as well as a
confidence estimate for extremes (Figure 17.5). PidFs may be further processed,
multiple models may be added to the mix and ultielatexpert judgement used to
characterise the reliability of an estimate of atireme climate event occurring over a

fixed time period.
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Figure 17.5. A hypothetical Probability Density Function indit@g a range of possible
global temperatures change for doubling of gob&egthouse gas concentration (climate

sensitivity) based on multiple or ensemble runsi@fimate model.

Reliability of extreme temperature prediction froBCMs is considered good and a
number of studies show that the models performsgatiorily in predicting current
maximum/minimum temperature climatologies as wallvearm/cold spells (Kharin and
Zwiers, 2000; McGuffie et al.,1999). Reliabilityf precipitation extremes is however
much less than with temperature. This is to be exge given the great spatial variability
precipitation exhibits and the typical grid size @&CMs and even RCMs. Where
projected daily precipitation amounts were correthtvith grid box average observations,
more success was apparent (Hennessy et al., 189uld appear though that reliable
extreme precipitation projections will be dependemt greatly improved grid size
resolution by GCMs. This is currently occurring amdll also further aid testing of

climate change scenarios on crop, animal, forgstogluctivity and management.
17.5. Models for evaluating climate change impacts

Top-down evaluation of climate change impacts (Fggl7.2) can be undertaken by three

main approaches:
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(i) Using conceptual or theoretical conceptsqualitatively assess how climate change
might influence agriculture. For example, if we kmdhat a certain minimum amount of
rainfall is required to fall in a particular timeepiod for a crop to grow, we can use this
concept to evaluate whether, based on global cteut model predictions, the crop will
still be viable in the medium-term. This approachsithe advantages that (a) an expert
can integrate many concepts and form an overviepr@ssion of the situation; and (b) it
requires very little hard-data to apply to a regiohhe disadvantages include (a)
interacting effects are difficult to balance; (bdunter-intuitive concepts will not be
considered; (c) the real magnitude of the impadtifScult to judge; and (d) for complex
systems it is almost impossible for a single personuggle all the concepts involved.
The complexity of agriculture and most other biaresce industries, all of which have
significant spatial and temporal interactions, medmat using a qualitative approach to

evaluating climate change is not all that valudlioleend-users.

(i) Using small-scalequantitative simulation models, which can be either statistigall
based on mechanistic, to predict crop responsedirttate change. In this case we might
define a conceptual model of how a crop grows aoev it interacts with weather and
soil, and then build a series of mathematical/statal equations that describe the
conceptual processes. This approach works weltémsidering primary interactions with
climate, which are concerned largely with biophgdicssues such as crop yield. The
main advantages of this approach are (a) complégractions can be more readily
handled; (b) a formal sensitivity analysis can badertaken; (c) the uncertainty
associated with the model can be quantified; (duantified result can be presented; and
(e) a formal experimental design can be used tom @ad undertake the exercise. The
disadvantages are that (a) quite large volumesatd dre required; (b) the models have to
be tested and calibrated and doing this for futciienates can be difficult; (c) it can be
difficult to assess the tenability of model assuimps for future climate predictions; (d)
the model might be amplifying uncertainty in thencate scenario data; and (e) it is
difficult for untrained end-users to treat precig@antitative output data as having
associated uncertainty. The output of this apprdactliimate change impact assessment

can be very useful to end-users, but can perhapsiskading unless placed within an
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interpretive framework or considered in terms 8f @rder interactions which encompass
whole systems rather than just the primary yieldhponent. It is possible that the impact
of climate change on a complex mixed farming systaay be relatively small, i.e. the
system has the flexibility to adapt to the chaniget it may be quite significant in terms
of individual crop yields. Rosenzweig and Igles{@998) provide a review of the use of

crop models for climate change impact assessment.

(i) Using system-scale quantitative modelling, iain can be mechanistic, empirical,
statistical or, more likely, a combination of aliree. Such an approach to climate change
impact assessment has the advantage that it shiulilgl consider enterprise-scale
interactions but the amounts of data required ama tenability of assumptions can be
limiting. In general when using system models sqmes of the system will be modelled
in detail, often mechanistically, and others wikk lept very simples. For example, the
CERES family of crop models (Jones and Kiniry, 1986nsider crop phenology in great
detail but treat the soil as a simple bucket. Imzast the CENTURY model considers
soil carbon and nitrogen dynamics in detail butateethe crop in a more generalised

manner (Parton et al., 1992).

A State-Pressure-Impact-Response-Adaptation (SPIRAQdel (Figure 17.6), as
suggested by McCarthy et al. (2001), which is efifesly a top-down approach, can be
used to direct a impact assessment using the tmetbods described (qualitative, small-

scale mode, system model).

For global scale evaluation, Parry et al. (1999020used a technique of developing

statistical transfer functions to predict yieldsterms of predictors such as temperature
and available water. This was achieved by usingbcaled simulation models to evaluate
yield response to climate parameters. The resultragsfer functions can be used to
undertake spatial analysis of yield when spatiaimeke datasets (monthly data) are
available. The crop yield results were interpretgdParry et al. (2004) using a global

economic model. The statistical transfer functigpeach was also used at the national

scale by Iglasias et al. (2000) to spatially evéduehanges in wheat production in Spain.
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This woks on the basis that once a model has bedibrated and tested using current
climate data, it can be used to run “experiments” predict yield with changes in
temperature, available water and atmospheric.Clbe results are then used to derive

predictor equations that can be used without resetw daily weather datasets.

State
Status of food, fibre, feed, biodiveristy
associated with agriculture

=
Pressures Impacts/Responses
Climate change = Change in (examples only):
(for example: temperature, rainfall S e phenology
amount and distribution, winds, e productivity/yield
radiation, atmospheric COQextreme e nutrient demand
events) e water demand
Others e husbandry requirements
(for example: economic policy, social e production costs
change, population structure)
i\ f
Adaptation options

Examples:

selection of different livestock/crops
modification of production systems
changed timing of events
imporoved resource use efficiency
diversification of outputs

e o o o o

Figure 17.6.The SPIRA model (adapted from the example in McBpet al., 2001) is a

framework for making climate change impact assesgme

It is beyond the scope of this chapter to consither full social and economic impacts of
climate change on bioresource industries, partitylagriculture, where families are
intimately linked to land management in a way tighot found with enterprises such as
forestry. There are two main views regarding thegantation of results from a climate
change impact assessment programme. On the one heswlts can be expressed in
biophysical terms — changes in yield, predicteduisgments for system adaptation — and
on the other hand, results can be expressed in@omnterms —the crop/system’s ability
to yield more or less profit. In this chapter welwnot consider economic and policy
scenario testing but will focus on the models aahbié for biophysical system simulation.
Parry et al. (1999 and 2004) provide an exampleaaflobal approach to evaluating

socioeconomic impacts.
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A further consideration is the issue raised by Helet al. (1999) who advocate that in
order to avoid drawing erroneous conclusions froimate change impact assessment
with models, an attempt should be made to identtig nature of “natural climate
variability”, derived by using global circulation odels without climate forcing, and
“climate change” derived using the same model bithwlimate forcing. They contend
that in some circumstances natural climate varigbilill be more important to end-users
than climate change impacts. From an operationdl management point-of-view it is
perhaps irrelevant to worry about whether the ctods predicted to be encountered in
the future will be driven by anthropogenically inckd climate change or natural climate
variability — all that is required are clear picas of whatis most likely tohappen and an

estimate of the uncertainty associated with thedjoteon.

17.5.1. Crop models

We will not discuss all crop models that are avil&afor simulating crop growth, but will
consider some examples that have been used bytstgetihroughout the world, and will
consider some desirable characteristics for a enmulel to be used for climate change

impact assessment.

For a crop model to be useful as a climate changpact assessment tool it has to (i)
reliably predict yield as a function of weather iables; (i) have a relatively limited
number of essential variables and parameters — feodieveloped to express
understanding derived directly from research aré particularly suited to practical
application where limited data might be availabte parameterisation, calibration and
testing; (iii) be available to users in a robust jlexible package that readily facilitates
implementation; (iv) have a CQesponse equation in the simulation; and (v) ofeerd

suitable spatial and temporal scales.
A review of literature for regional studies condedtusing the CROPGRO (reviewed of

the model: Hoogenboom et al., 1992), CERES (usenual Goodwin et al, 1990) and
SUBSTOR (described in: Singh et al., 1998) mode&geals a predominance of work
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conducted for more developed countries (perhapsiee the necessary data of suitable
quality are available for these regions). Impadsessed mainly focus on the effects of
elevated CQ temperature, precipitation and radiation on yjéddt some authors have
examined how these factors influence crop suithbéind changing spatial distributions
of crops (e.g. Iglasias et al., 2000; Rosenzweiglet2002; Jones and Thornton, 2003).
While workers tend to conclude that increases ieldjiare likely they discuss issues of
importance like timing of water in Indian monsooausing reduced yeild (Lal et al,
1998; 1999), the uncertainty of the yield foreca@sybean and peanut yield increases,
maize and wheat yield decrease) in the SoutheastdBA (Alexandrov and
Hoogenboom, 2004), the potential effect of the daye vs. night-time rise in
temperature (Dhakhwa et al., 1997) who suggestedsgmmetrical change with greater
change at night-time would have less impact ond/telan a symmetrical change, and the
potential significance of cultivar selection (Alenxdrov et al., 2002, Kapetanaki and
Rosenzweig, 1997). There have been studies forcAfaind other developing regions (e.g.
Jones and Thornton, 2003) but authors recognisieatimaodel to predict yield changes is
unlikely to capture the true impact of climate clgagnon small-holders and non-

mechanised farmers in these regions.

Other crop models have been used for climate chamgect assessment. EuroWheat
(Harrison and Butterfield, 1996; Hulme et al, 199®y wheat crops; Hurley pasture
model (Thornley and Cannell, 1997) for grass; GL¥CI(Haskett et al, 1997) for

soybean; and CropSyst (Stockle et al, 1994; Tubietlal., 2000) for various C3 and C4
crops, mainly cereals. A characteristic of the wptlblished in scientific literature is that
most models are not well adapted to subsistencel@andnput production systems and
therefore example studies tend to focus on agnialt production in more developed
countries where mechanisation and husbandry inpués a significant part of the

production systems used.
17.5.2. Animal models

A review of literature reveals that there are marrpp models available for climate

change impact assessment, but there are few aninoalels that have been used to
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evaluate the impact of climate change the animal Most work focuses on how climate

change impacts on animal production systems, wdhigular regard to the supply of

nutrient to the animal (e.g. production of grasaflaelated environmental impacts (soil-

water models). Two examples that can be found eliferature are:

SPUR (Wight and Skiles, 1987). Simulation of Productiand Utilization of
Rangelands is an ecologically based model desigoetelp optimize rangeland
management systems. By considering hydrology, ptantvth, animal physiology
and harvesting the model can forecast the effe€tenwironmental conditions on
range ecosystems in addition to the animal simatatbased on the Colorado Beef
Cattle Production Model. The detail and complexfythe animal model means that it
may be excessively detailed for climate change ichpeork (Mader et al, 2002). The
inputs for the animal component include breedingssm, calving season, castration
date, and day of weaning. Animal parameters inclbotth weight, yearling weight,
mature weight, milk production, age at puberty, agebtation length. The climate
data required are precipitation, maximum and mimmiemperature, solar radiation,
and wind run. The SPUR model can also be regarded asystem model as it
simulates soil, plant and animal interactionsslpiaced under the category of animal
model because it has been used for climate chamgmat assessment for animals
(Hanson et al., 1993; Eckert et al.,1995)

National Research Council Nutrient RequirementsBefef Cattle(NRC, 1996).
Published as a book reviewing the literature onfluedtle nutrient requirement, the
accompanying computer models utilize current knalgke of factors which affect the
nutritional needs of cattle and enables the useletiine these factors to customize the
situation for a specific feeding program. The modeks information on diet type,
animal status, management, environment and thesféedhe diet. The effect of
temperature on voluntary feed intake (VFI) is a¢ ttentre of the model. The model
uses climate variables, primarily average daily pemature, to generate an estimate of
daily VFI. Based on daily VFI, estimates of prodiact output (daily body weight
gain) can then be produced. The model was usedrbgk-et al. (1999) to evaluate

climate change impacts on animals in the USA.
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The testing of validity of assumptions, parametatitsn and calibration of animal models
for less-developed countries is of particular inaoice given the forecast of drought and
heat stress on animals in tropical, semi-arid aneldNerranean regions and the potential

constraints that might resist adaptation in thesesions.

17.5.3. System models

Decision Support System for Agrotechnology TrandSAT) is a good example of a
system modelling tool, currently available as vers#.0, which has been used for the last
15 years for modelling crop (type and phenotypeail, sweather and management or
husbandry interactions (International ConsortiumAgricultural Systems Applications,
2006), and has been used to assess climate chamggcis (e.g. Holden et al., 2003;
Holden and Brereton, 2003).

The minimum dataset required for DSSAT is: ¢ije weather datgstochastic weather

generators are provided to create daily data ifyomonthly mean data area available)

describing maximum and minimum air temperaturenfal and radiation; (ii)site soil

data (basic soil descriptions can be used to paranstes soil based on examples

provided) describing horizonation, texture, bulkndty, organic carbon, pH, aluminium

saturation and root distribution and (iilnanagement datgplanting dates, fertiliser

strategies, harvesting, irrigation and crop rotasio Additional detail can be used as

required by the research programme. The system #ikws the user to define a

crop/management scenario using a series of modules:

e Land Modulel- defines the types of soils and fields when thstey is being used
for site specific work. Can be generalized for ciite change impact assessment.

e Management Module- deals with planting, crop husbandry, rotation ragement,
fertilizer, irrigation and harvesting

¢ Soil module- a soil water balance sub-module and two soitagen/organic matter
modules including integration of the CENTURY mod€&br climate change impact
assessment much of the detail can be ignored ihble data do not exist.

e Weather module reads daily weather datagr generates suitable data from monthly

mean values

24



e Soil-Plant-Atmosphere moduealeals with competition for light and water amotig
soil, plants, and atmosphere

e Crop growth simulation modules specific crop models, CROPGRO, CERES and
SUBSTOR, each of which is well established in tlogestific literature, are used to
simulate the growth of 19 important crops (soybepeanut, drybean, chickpea,
cowpea, velvetbean, faba bean, pepper, cabbageatdorbahia grass, brachiaria

grass, rice, maize, millet, sorghum, wheat, baday potato).

The DSSAT systems can be regarded as a flexibleesysnodel, but there have been a
number of other specific system models developednynwith a view to understanding
more about climate change impacts. Typically theselels focus on a combination of
agricultural production and biogeochemical cycliiggamples include:

e PaSim(Riedo et al, 1998; Riedo et al., 2000). The Pest8imulation Model is a
mechanistic ecosystem model that simulates dry engitoduction and fluxes of
carbon (C), nitrogen (N), water, and energy in panmant grasslands with a high
temporal resolution. PaSim consists of sub-modetsplant growth, microclimate,
soil biology, and soil physics. It is driven by hidy or daily weather data. Site-
specific model parameters include the N-input fronmeral and/or organic fertilizers
and atmospheric deposition, the fractional cloventent of the grass/clover-mixture,
the depth of the main rooting zone, and soil phgkigsarameters. Different cutting
and fertilization patterns as well as different grag regimes can be specified as
management options.

e Dairy_sim(Fitzgerald et al, 2005; Holden et al., 2006). Baisim, was designed to
assess the interactions between climate and mare&gem spring-calving milk
production systems based on the grazing of grastupas. The simulator comprises
three main components: a grass herbage growth madelintake and grazing
behaviour model, and a nutrient demand model. Tlueleh has been improved to
better account for soil water balance and fieldficability, but does not explicitly
consider biogeochemical cycles. The level of deteals specified as appropriate for
climate change impact studies, but is probably@aeglly constrained to the Atlantic-

Arc of Europe and areas with similar climate.
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CENTURY (Parton et al, 1987; 1995). The CENTURY model siates carbon,
nutrient, and water dynamics for grassland and dbexosystems. It includes a soil
organic matter/decomposition sub-model, a watergeticdub-model, grassland and
forest plant production sub-models and functions doheduling events. The model
computes flows of carbon, nitrogen, phosphorus asadphur. Initial data
requirements are: monthly temperature (min, maxd average in degrees C),
monthly total precipitation (cm), soil texture, planitrogen, phosphorus, and sulphur
content lignin content of plant material, atmospbeand soil nitrogen inputs and
initial concentrations of soil carbon, nitrogen,gaphorus and sulphur.

EPIC (Williams et al, 1990). The Erosion Productivitmpact Calculator (also known
as Environmental Policy Integrated Climate) modealswlesigned to assess the effect
of soil erosion on productivity by considering teffects of management decisions on
soil, water, nutrient, and pesticide movements tiredr combined impact on soil loss,
water quality, and crop yields for areas with horengous soils and management.
The model has a daily time-step and can simulatéo000 years and has been used
for drought assessment, soil loss tolerance asssgsrgrowth simulation, climate
change analysis, farm level planning and water igpianalysis. Examples of its
application include Mearns et al. (2001) and Broand Rosenerg (1999).

DNDC (Zhang et al, 2002). The Denitrification-Decomgasi model is a process-
oriented model of soil carbon and nitrogen biogemuistry. It consists of two parts
considering (i) soil, climate, crop growth and degaosition sub-models for
predicting soil temperature, moisture, pH, redoxgmbial and substrate concentration
profiles driven by ecological drivers (e.g., clireasoil, vegetation and anthropogenic
activity) and (ii) nitrification, denitrification ad fermentation sub-models for
predicting NO, NO, N,, CH; and NH; fluxes based on modelled soil environmental

factors.

17.5.4. Forest models

There are a large number of forest and related risotteat have been used to evaluate

climate change impacts on natural and commerciadtwy. Some examples will be used

to illustrate the tools available.
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ForCLiM is a simplified forest model based on the gap dyies hypothesis (so called
“gap” models) that was designed to use a limitednber of robust assumptions and to be
readily parameterised so that it could be used diimate change impact assessment
(Bugmann, 1996). It has a modular structure thatsiders environment, soil and plants
separately but interactively, and was tested bylwating whether it could simulate forest
structures related to climate gradients. Examplésit® use include Burgman and
Solomon (1995) and Lindner et al. (1997).

Forska/Forska 2(Prentice et al. 1993) simulate the dynamics ak&t landscapes with
phenomenological equations for tree growth and emmental feedbacks. Establishment
and growth are modified by species-specific funetidhat consider winter and summer
temperature, net assimilation and sapwood respmadis functions of temperature, €O
fertilization, and growing-season drought. All dfet trees in a 0.1 ha patch interact by
competition for light and nutrients. The landscaigesimulated as an array of such
patches. The probability of disturbance on a pagla power function of time since
disturbance. This model does not explicitly consideil fertility but assumes uniform
patch conditions and simulates the effect of nuifrigmitation using maximum biomass

curves. It was also used by Lindner et al. (1997)

It is necessary to recognise that forest modelshinigpt simulate meaningful changes
over periods of 20-40 years from baseline due ®diificulty in capturing responses for
complex ecosystems for relatively short time pesio@ihe impact of climate change is
more likely to be visible over periods of 75-150ays. For commercial, monoculture
forestry the impact of changing atmospheric chergjstirought and high winds may
become detectable by simulation modelling for argérotime period because the system

is more readily modelled.
17.5.5. Other bioresource models

While most models used by the agricultural commyrtit its broadest sense) to assess

impacts of climate change can be directly relategrtoduction aspects, there are models
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available that look at wider environmental issueattoverlap with agricultural activity. A
good example of such a model is SPECIES: Spatialiation of Climate Impacts on the
Envelope of Species (Pearson et al. 2002). Thésssale-independent model that uses an
artificial neural network model coupled to a clireatydrology model to simulate the
relationship between biota and environment andssful for examining the impact of
climate change on the distribution of species aod this might change (e.g. Berry et al.
2002). The approach requires quite intensive olsems in the region being examined
and thus is most useful where there is a well dgghbd and dense meteorological
observation network. The SPECIES model has alsonbesed to evaluate forest

responses to climate change (Berry et al., 2002).

17.6. Preparation for climate change impact assessent

17.6.1. The global context

Growth in world agricultural production during thast three decades of the 20th century
averaged 2.2% per annum, a rate of growth expetdddll to approximately 0.8% per
annum by 2040 (FAO, 2005). This slowdown refleetglecline in population growth
rates and an attainment of medium to high per eagbmsumption rates in many
countires, which will reduce the rate of increasedemand for agricultural products;
China has a patrticular influence. The deceleratbpopulation growth is expected to be
rapid, approaching 0.4% by mid century (UN, 200&8sulting in greater food security
globally and a fall in the numbers currently exgting malnutrition (projected to
decrease from current levels of 800 million peopdeless than half this value by mid
century (FAO, 2005)). When viewed spatially, thectpre of less dependency on
agriculture and other bioresources is less encongagvith many sub-Saharan countries
not being lifted by this ‘rising tide’ of food pradttivity. Climate change is likely to
exacerbate food production difficulties primarily the areas with unreliable rainfall in
the tropics in the period up to 2040, and as witbstnatural hazards, it is the poor who

are most vulnerable and also the most constrainegedrims of their options for adaptation.

17.6.2. Factors to consider for study design
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When undertaking analysis to evaluate the potentigact of climate change and to

prepare for climate change effect there are a nurobéactors that should be considered

when designing the study:

1.

The vulnerability of the human community the area food secure? Furthermore,
is the community dependent on locally produced fodaes it require significant
food imports or is it a net exporter of some prottuand importer of others? An
evaluation of post-production food miles might ray/eomething of the nature of
the community as might an economic analysis to extd whether there is money
available to diversify production and still survive

The likely climate change that might occdihis can be considered in two ways:
are changes going to be gradual shifting of mealues with little change in
extremes and ranges or will there be more extrements; and how much
uncertainty is there regarding the nature of tharade? In areas where the only
data available are the outputs from GCMs then #solution at which evaluations
can be made is quite coarse. RCMs and statisticalndcaling (provided suitable
field observations exist) permit the spatial resiwn of the evaluation to be finer;
The likely socio-political situation of the aredf there are a range of possible
economic and policy scenarios, can suitable moadglframeworks be developed
to account for them, or can a theoretical framewfwk analysing the results be
established? Economic uncertainty is probably aparant as climate change
uncertainty when interpreting the data collected & climate change impact
study;

The availability of suitable modets simulate primary and secondary impacts on
agricultural systems. Models for subsistence aongitial garden crops tend to be
lacking, and reliable simulation of G@ffects and complex interactions can also
be troublesome; and

The uncertainly associated with parameterising aodlibrating modelsto
evaluate impacts. There is a trade-off with thisuis in that it is desirable to model
interactions that occur within a production systésy. elevated temperature and
CO, impacts on yield and the interaction with pestsl ahseases), but as more

detail is included in the model it becomes mordidiflt to be sure that the output
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of the study has captured a climate change impaitter than a result associated
with uncertainty related to input parameter valu€kere is perhaps a case for
keeping the quantitative modelling quite simple ateVeloping a comprehensive
yet qualitative interpretive framework rather thiaying to capture all interactions
in a simulation system. A study design that prowde “response-envelope” is
perhaps the best way forward in areas where dagasearce or associated with

great uncertainty.

The impact predicted as a result of the study vdépend on the combination and
interaction of vulnerability, physical environmergocial environment and the hazard,
which in this case will be climate change. Whennerability and hazard coincide in an
environment that resists adaptation then an advienpact can be expected. The major
climate hazards that might be expected, and theeggmature of their impact are
considered in the following sections to provide rarhework for initial impact study
design, but it must always be remembered that eésV&€Q and other environmental

properties will have interactions with these fastor

17.6.3. Specific weather related effects

Temperature effect¥he effect of changing temperature as a resulfioi@e change can
be interpreted in terms of a number of interactiovith crops and animals. Care should
be taken when preparing scenario data for use witmodel and when planning a
modelling experiment to work out how temperatureaces are likely to occur. If mean
monthly temperatures increase due to increasesimimmm temperature (e.g. at night-
time) the consequences for a crop may be very diffeto the same change being caused
by an increase in day-time temperature. Rising tighe temperature can lead to
decreases in yield (Kukla and Karl, 1993), wher@asreasing day-time temperature
might increase yields in northern latitudes (by reesing growing season length) but
decrease yields in middle latitudes (due to earlipening) (Droogers et al., 2004).
Impact assessment relying on mean monthly temperatata for future scenarios (e.qg.

Holden et al, 2004) must be used carefully, when stochastjcalkriving daily

30



temperature data from monthly means. It is importanunderstand the consequences of

using mean monthly data as opposed to mean montiimum and maximum data.

When choosing a model and designing an experimeapgiroach it is necessary to
consider the nature of the likely temperature intgata given crop. If a crop is sensitive
to temperature thresholds, such as a requirementftow temperature vernalization
period (e.g. winter wheat) or has a critical maximtemperature for survival (e.g. 32
for cotton fruit survival, Reddt al.,, 2000), the modelling scenario has to be serssitiv
these issues. It is perhaps easier to capture tsffde overall elevated growing season
temperature, but the simulation model used show@dbsénsitive to the know effects of
thermal accumulation (normally expressed as growilegree days, e.g. Keane and
Sheridan, 2004). If growing degree days accumulatae rapidly then the crop will
normally progress through its growth cycle fastaddhe growing season will be shorter.
For most crops elevated temperature causes a fieduatyield as there is less time for
the capture of light, water and nutrients by thargl (Lawlor and Mitchell, 2000). It is
important to try to capture the effects of temparat sequences during critical
vernalization and growth periods when simulatingmelte change impact. Elevated
temperature during early growth stages will oftem liieneficial, but during the time of
maximum growth can be detrimental due to shorteriinig period. An understanding of
the development of the plant is crucial to devetapa meaningful simulation experiment

to capture climate change impacts.

Temperature increases will also have some dirensequences for animal productivity.
Increased thermal stress will reduce animal eaéing grazing activity (Mader and Davis,
2004) and can cause reductions in yield and feytiThese consequences are likely to be
most severe in tropical, semi-arid and Mediterranezgions rather than temperate areas
where neutral or positive effects might be seen.evé¢hcold limitations are removed in
temperate areas productivity might even increas@rtler to capture the potential impact
of climate change it is necessary to model the p&ard animal part of animal production
systems where it is envisaged that temperature gggmight cause stress to the animal.

In general, higher temperatures during the grovsegson will be associated with higher
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radiation and a demand for more water, which alomigh elevated CQ@ are major

interactions that have to be considered in any icbpasessment exercise.

Water availability. The availability of water is fundamental to agritude. The impact of
climate change can occur through three major routesught — a lack of water for a
period of time causing severe physiological stresplants and animals; flooding — an
excess of water for a period of time causing phimyecal and direct physical stress to
plants and animals; and timing of water availagiltwhen severe lack or excess of water
does not occur but its availability through the yeadanges so as to no longer be suitable
for current agricultural practices, crops or animaWhen evaluating climate change
impacts in areas typically using irrigation, theadysis of water availability must consider
how the supply is buffered/stored for irrigationeudrrigation demand is likely to rise in
most regions with temperature increases due tcessxd evapotranspiration and possibly

related decreases in rainfall at critical timesidgrthe growing season.

Theoretically G crops should require less water per gram of carassimilated than £
crops (Young and Long, 2000) and this means thapsiike sorghum and maize should
be more tolerant of water stress than other cewabs. In reality maize suffers
irreparable damage due to water stress comparsdrighum (Doggett, 1988) and is less
suited to drought conditions due to its morphologpd physiology. Interestingly,
sorghum is also more tolerant of temporary wateygked conditions than maize. There is
evidence that soybean yields suffer with both eantygl late water stress in the growing
season (e.g. Jonext al, 1985) and therefore timing of water availabilitgight be
important. These brief examples illustrate the imaoce of choosing the best possible
model for the intended impact assessment. A moldail tannot account for species or
plant breeding effects may mis-represent the impafctlimate change in a region,
however the cost of such detail in the model isallgua need for large amounts of data in
order to parameterise and test the model. The teatpesolution of a model is also
important because it should be sufficient to capttransient extreme events. Studies in
the USA indicate that predicted decreases on y&tkl more extreme where short-term

weather events are simulated than when predictielyson mean data (Rosenzweig et al.,
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2002). Recent examples of extreme temperature asdcgated drought could be used to
test the suitability of a model for climate changgpact assessment. The 2003 drought in
Europe (Ciais et al., 2005) and droughts sincerthié 1980s in Africa (e.g. Desta and
Coppock, 2002) provide quantified evidence for teeting of models in these regions

prior to future prediction of climate change impsct

Wwind effectsWind can affect crops, forests, animals and the, smieach case having a
direct impact on the productivity and perhaps sinsthility of a system of production.
For most field crops wind is important as a regaftabf evapotranspiration and as a
modifier of canopy structure. While agriculturalogr models will tend to capture
evapotranspiration effects, morphological influencare usually regarded as being
unimportant and are not explicitly modelled. Thecooence of a relatively continuous
moderate wind is advantageous for the control ofisidiseases in crops such as potato
(Mercer et al., 2004) but such issues are veryicift to capture in a meaningful way by
most modelling exercises. Wind can have both pesitand negative influences on
production livestock. In areas with cold stress eviamplifies the problem, particularly
for young animals. When heat stress is a problenmdwcan effectively raise the
temperature at which production declines by incieg$eat loss from the animal. It has
been stated that wind is the most important weatremiable influencing forestry in
Western Europe (Ni Dhubhdin and Gardiner (2004),uscgg physiological,
morphological and anatomical impacts. The impacirdfequent and quite short-term
storm events will be quite different to long-termrginuous wind. Short-term high wind
speeds cause wind-throw while long-term continuairsd (of between 7-15 ni?) can
cause deformation and stunted growth. In areas etsail is poorly structured and
dominated by silt or fine sand, continuous wind>df0 m §' can cause erosion to occur.
Consideration should be given to whether such emrmental consequences are likely to
be important in a given region when designing a elbdg experiment for impact

assessment.

The most important question to ask when assesdintate change impacts is whether it

is necessary to capture wind effects and if itudether this can be done reliably. The
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question relates to the two types of impacts: sienn high winds (e.g. hurricanes,
tropical storms, tornadoes); and long-term charigebe wind climate (e.g. progressive
but slight increase or decrease in mean wind spee@ change in wind direction

distribution). For situations where wind will effedrying rates and soil water content,
which in turn will influence crop production and ehand for water, then wind climate

must be considered, but might be captured in teaha change in evapotranspiration
rates. Where wind might have a devastating effexfy.( monsoon regions and the
Caribbean) it is necessary to at least interpretrésults of crop models in terms of the

likelihood of a complete loss of crop output.

Photosynthetically active radiatiorPhotosynthetically active radiation (PAR) is that
proportion of solar radiation (about 50%) that sety drives photosynthesis
(wavelengths between 0.4 and @uh). Monteith (1977) established that biomass growth
could be expressed as a function of PAR, the foactdf PAR intercepted by foliage
(fPAR), the radiation use efficiency of the plaRJE) and time. Most models driven by
weather data require an estimate of either incidstar radiation, (usually expressed in
terms of energy per unit area per unit time) or shine hours (for conversion using a
suitable empirical formula) in place of a PAR value terms of photosynthesis it is
actually the number of photons per unit area peit time that is important because all
photons in PAR have a similar ability to drive ligkeactions in photosynthesis (Finkle et
al., 2004). The main issue to consider when simuogatlimate change effects causing
changes in PAR, is whether the plant is growinganditions of saturated irradiance. If
the plant remains in saturated conditions then ange in PAR will not have any effect,
however if PAR decreases to the point that the p[amtosynthesis becomes related to
photon flux density it will be necessary to captutes in the simulation model. The
nature of the relationship between photon flux dgnsnd photosynthesis, and the
amount of energy required for photosynthesis isnplgpe (particularly @ vs. &) and
cultivar specific. For intensively managed monouatdt crops and forages there is little
need to consider plant competition for light withneate change, but for agriculture that
is currently sustained by (semi-) natural ecosystecthanging plant competition for PAR

may be very important, as might interactions wit®£ nutrient and water availability.
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Elevated CQ effects It is widely recognised that elevated atmosph€@, will have an
“fertilisation” effect increasing crop biomass, gidy crop yield, but not necessarily
crop quality. Climate change impact modelling mtedte account of these effects, and
preferably what is known of CQinteractions with other factors. The direct effedf
increased atmospheric G@oncentrations on plant productivity are substntin ideal
conditions photosynthesis can increase by 30-5090(8 plants and 10-25% for C4
plants (Ainsworth and Long, 2005). Such increases rat readily translated into crop
productivity, however. In the real world, soil catidns, nutrient availability, pests and
diseases, and competition from weeds and otherscrepder yields much reduced from
these figures. Experiments with food crops growingenriched CQ chambers suggest
that doubled C@concentrations enhance wheat and rice yields b13% and potatoes
by 30% (Derner et al, 2003). Grasslands show amemse of 15-20% in productivity
(Nowak et al, 2004). Similarly, positive resultseapbtained for many forest crops,
especially many commercial species, if fertilisease used (Wittig et al, 2005).
Interestingly, many potential biofuel crops suchrascanthus and willow also thrive
under enhanced GConcentrations (Veteli et al, 2002). Less confiderexists that any
increases in crop yields will automatically be tséated into increases in nutrient quality
and some experiments suggest reductions in mimaraients and protein content may
occur (Wu et al, 2003).

By the period 2010-2030 it is estimated that yielddl increase for many crops
(CSCDGC, 2002): rice:15%; cotton: 19%; wheat: 15faize: 8%; beet: 8%; and
tomato: 12%. On average a 17% increase in yieldbss all crops might be expected
when atmospheric COreaches 550 ppm (Long et al., 2004) which is polesbefore

2050 (Houghton et al., 1992). Such a simplistic @geh to impact modelling is however
unacceptable for situations where the resources nateintensively managed, most
specifically for open and rangeland grazing. In ghesituations the elevation of
atmospheric C®is likely to cause changes in the quality of foadailable to grazers
(e.g. protein content) and the types of food (cheso plant communities) (Ehleringer et

al., 2002). While major impacts such as thermaéstrand drought are likely to over-
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shadow a CQinfluence on plant communities in tropical, senmieaand Mediterranean
climates, a change in plant communities and foodligytmay need to be captured when
modelling extensively managed grazing systems inpierate situations. Changing plant
community interactions will probably extend to pesind diseases and the interaction of
elevated C@ and warmer temperatures will probably result ire@per crop loss due to

these factors (e.g. Stacey and Fellows, 2002).

Irrespective of the theoretical benefits of €©On agriculture and bioresources, the
secondary influences of climate change, namely emapire and precipitation change,
will frequently be counterproductive. The extenttbich these secondary influences will
negate the positive direct influences of £fertilisation is not at all clear however, and
further research is necessary to establish whiflnemce dominates yield outcomes. The
result is also likely to vary spatially as well der specific crops and management
practices. Certainly, higher temperatures will extehe growing season in mid latitudes,
signs of which are already apparent (Sweeney €2@0p2), and increase substantially the
potential crop yields in high mid latitude locat®mand permit the agricultural margin to
move to higher altitudes. Frost damage will be dabsally reduced at some locations
(Howden, 2003). Greater warmth in summer may atghuce greater heat stress.

17.7. Assessing the effect of climate change on bésource industries
The Intergovernmental Panel on Climate Change eéefia standardised approach for
climate change impact assessment (Parry and C4868; McCarthy et al., 2001). It is
probably best for most impact assessments to bedoas these types of defined formats,
however other approaches have been used in thatsimditerature. There are a number
of issues that need to be considered when examiti@gnpact of climate change. These
can be grouped under the headings:

e Spatial resolution — do you want to address issuea regional, national, catchment,
or farm scale? At larger scales there is little igoin choosing an approach that
requires detailed model parameterisation and vastumts of data for testing and
running the models. At smaller scales there iddigoint in using very detailed

system simulations if they are: (1) not very semsitto climate drivers and (2) there
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are only poor climate data available for the sintida site. Care must also be taken
when crossing scale boundaries if generalising @cdming more specific in the
interpretation of the results;

Temporal resolution — do you have suitable datatok at daily, weekly or monthly
time-steps? Is the time-step appropriate for thgesy of impact envisaged for the
system and to drive suitable models? There is ewdethat suggests predicted
impacts are less severe when using coarser tempegalution data (e.g. Carbone et
al., 2003; Doherty et al., 2003) but if finer restibn data are not directly available
then care must be taken to assess the uncertagstyceated with data manipulation.
If the expected responses are very time-depenaegt ¢hanges in timing and rate of
change of growth during crop development) thenrfitemporal resolution data (e.g.
daily) will be needed. A simulation model that reps sub-daily time-step weather
data will probably not be suitable for climate clggnimpact assessment due to the
uncertainty associated with moving form GCM, to R@Ghatistically downscaled
data to achieve the fine temporal resolution;

Uncertainty — how certain can we be about the rssof climate change impact
studies? There is a cascade of uncertainty (Figurd) associated with the process
of assessing impact on agriculture which startshwite GCM, progresses through
the regionalisation (RCM or statistical downsca)infgeds into the components of
the yield or system model that is used (ie. solgm, water, nutrient modules may
interact and have different sensitivity to the mashmate drivers) and finally
influences the interpretation in light of the regal policy, social, political,
infrastructure and economic framework. As the intpassessment becomes more
guantitative and the models used more complex utiheertainty becomes less clear.
It is necessary to choose tools for impact assessthat capture the essence of the
systems of production in the region but do not negundue levels of detail in order
to run the models.

Sensitivity — how sensitive is the model to thentdite drivers? Most modellers will
assess overall model sensitivity to input variables part of the process of
undertaking a modelling exercise. For complex systmodels it is desirable to

evaluate the sensitivity of each major competentnardule in order to understand
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how the model sensitivity may influence the intexfation of the results. For

example if a model is used that has a plant develept component that is very

sensitive to weather data but a soil component idabt, then the predicted impacts
of water supply may be biased. For climate changpact assessment it is important
that the model is insensitive to less importantgmaeters and variables, particularly
those for which data are not readily available.

e Socio-economic environment/trade buffers — congiien must be given to the
framework in which the results are to be assessadncrease/decrease in yield will
only be regionally important if (i) the region begrassessed is very dependant on
agriculture as a source of income and alternatinggps cannot be found; (ii) if the
region is food insecure and cannot import or grave&itutes and (iii) if the product
does not grow in any other region.

e Adaptation options — having evaluated the impactlahate change on agriculture
for a specific region or crop type the consequdnfilow-up is to consider the
adaptations that are possible. There are a numberags of doing this ranging from
using simulation models to expert knowledge. Ad#éptes can be viewed at a range
of scales (global region, national, regional, lIqckrm) and in terms of strategic

adjustments and tactical adjustments (example geggnted in Table 17.1).

Scale

Global National Region Local Farm

¢ Shifting centres| ¢ Land allocation Type of farming

of production | e Labour supply/demand Rotations
¢ Balance of food and non-food e Crop “mixes”

crops ‘ Balance of cash vs. food crops
e Policy to support farm-level |e Water management

adaptations e Varity selection

¢ Plant and animal breeding for heat and drought e Animal breed
tolerance ‘ e Timing of
| | activity
o Water
conservation

Table 17.1. Examples of potential agricultural a@ipns to climate change at various
scales
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17.7.1. A proposed action plan for climate changgact assessment

Having considered the necessary issues for thenpignof a climate change impact
study, a series of questions detailed in Table Jbrd®ide a route towards a suitable plan
of action. These questions require detailed comatiten in light of local knowledge and
data availability. Initially the most important gston is whether a study has the capacity
to access and manipulate global climate model dlata manner meaningful for the
intended impact assessment. Even if global clinmbelel data can be accessed, this does
not mean that the data are automatically goinge&aubeful for impact assessment if the
region has a number of distinct agroclimatic zorthat need to be considered. If
gualitative or semi-quantitative approaches havedaised then significant work can still
be undertaken that can be of value to end-users.Méry important that the results of the

assessments undertaken are interpreted and prdser@enanner useful for the end user.

17.8. Closing observations

This chapter should provide a good starting poiat tindertaking a climate change
impact assessment. It provides information on cpitgéhat have to be considered during
the planning stage, sources of information and datadelling tools and other concepts
for estimating impacts, and a structured framewtfwk developing the process. These
ideas are of course somewhat transitory in thatemtrthinking in this area is rapidly
evolving. Consultation with the latest Intergoveremtal Panel on Climate Change (2006)
publications and the academic literature is essérmtfior to commencing any impact
assessment exercise to evaluate what is alreadwkiand to establish the state-of-the-art
with regard to approach and methodology. Havingedtiis, the type of study undertaken
will be dictated by the quality and resolution dfroate forecast data and the availability
of field data in the region for model parameterigat calibration and testing prior to
making impact forecasts. Provided a structured platined approach is taken, and data
are interpreted in light of stated assumptions dindtations, useful results should be

produced.
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Do you have Global Climate Model data for your regiand a means to use them?

NO

YES

(a) Estimate climate change impag

map data considering: temperatu
precipitation, PAR, wind and CQO

eavailable)?

t€an you downscale to a finer resolution using RagloClimate Models o
from available global and regional Statistical Downscaling (do you have the tools agrbund truth datd

elevation expected for the foreca

st NO

YES

time period

(b) Collate information on climate
policy, trade, social and econom
factors

(c) Define a series of forecag
scenarios and define a series
response envelopes within whig
current production systems c4
continue to function

(d) Make qualitative and semi
gquantitative estimates of the types
impacts that might occur

(e) Do the future scenarios evaluat
suggest that current productia
systems remain within the respon
envelope?

NO: What other options are there?

Go back to step N1.3 and evalug
them

YES: Will production be sustainablefr

NO: What other options ar

there? Go back to step N1.3 and

evaluate them

YES: Continue. Publicise th
results. Alert farmers an
producers in the region i
adaptation is necessary, provi
information to policy makers tg
ensure a sustainable producti
environment is fostered for th
future

You must be aware that
, quantitative predicted
Cimpacts can be less when
using coarse-resolution
tclimate data (e.g. Carbone
Okt al., 2003; Doherty et al.,
h2003). A computer
iMmodelling experiment can
be undertaken but should
- run in parallel with a
Ohualitative/semi-
guantitative analysis.
EProceed using a suitable
Ncombination of steps from
BN1 and Y2.

?
te

?

D

i
f
e

DN

(a) Consider whether to use output from a
single GCM or a range of models; how many
emission scenarios? Compile climate data a
derive daily values as needed by the simulati
models chosen (downscaled output or
stochastically from monthly mean values)
(b) Collate information on climate, policy,
trade, social and economic factors
(c) Define forecast scenarios and a series of
response envelopes within which current
production systems can function. Define
optimisation rules for finding the best system
(this will be necessary if considering more
detail than a primary yield response). Define
the scope of the study.
(d) Design a simulation experiment to evalual
the climate change impact. An iterative proce
may be a good idea. Consider factors such a
parameterisation, calibration, testing,
availability of data, sensitivity analysis,
cascading uncertainty (Figure 17.4). Try to
capture the range on possibilities in the regio|
commence with a generalized approach and
develop specificity. Evaluate what can be left
out and omit as much as possible. Some fact
are perhaps best dealt with qualitatively.
(e) Select a suitable model - use the simplest
possible model that captures the system
function. Test model sensitivity for properties
lacking quantitative parameter values.
(f) Quantify the impacts as the difference
between a standard baseline (1961-1990) an
the forecast period. Evaluate whether the
response is a significant signal with respect t
the model sensitivity, any uncertainties that G
be identified and natural variations
(g) Evaluate the impacts with respect to the
defined forecast scenarios and envelopes of
response. Do the future scenarios evaluated
suggest that current production systems rem
within the response envelope?
NO: What other options are there?
YES: Will production be sustainable?
NO: What other options are there?
YES: Continue. Publicise the results. Alert
farmers and producers in the region if
adaptation is necessary, provide informati
to policy makers to ensure a sustainable
production environment is fostered for the
future

te

ors

o

|=)

ain

bn

What adaptation will be required?

Table 17.2. Questions to ask as a route towardgldging a climate change impact

assessment project.
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