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This paper discusses the need for a more integrated approach to modelling changes in climate and
crops, and some of the challenges posed by this. While changes in atmospheric composition are
expected to exert an increasing radiative forcing of climate change leading to further warming of
global mean temperatures and shifts in precipitation patterns, these are not the only climatic
processes which may influence crop production. Changes in the physical characteristics of the land
cover may also affect climate; these may arise directly from land use activities andmay also result from
the large-scale responses of crops to seasonal, interannual and decadal changes in the atmospheric
state. Climate models used to drive crop models may, therefore, need to consider changes in the land
surface, either as imposed boundary conditions or as feedbacks from an interactive climate–
vegetation model. Crops may also respond directly to changes in atmospheric composition, such as
the concentrations of carbon dioxide (CO2), ozone (O3) and compounds of sulphur and nitrogen, so
crop models should consider these processes as well as climate change. Changes in these, and the
responses of the crops, may be intimately linked with meteorological processes so crop and climate
models should consider synergies between climate and atmospheric chemistry. Some crop responses
may occur at scales too small to significantly influencemeteorology, so may not need to be included as
feedbacks within climate models. However, the volume of data required to drive the appropriate crop
models may be very large, especially if short-time-scale variability is important. Implementation of
crop models within climate models would minimize the need to transfer large quantities of data
between separate modelling systems. It should also be noted that crop responses to climate change
may interact with other impacts of climate change, such as hydrological changes. For example, the
availability of water for irrigation may be affected by changes in runoff as a direct consequence of
climate change, and may also be affected by climate-related changes in demand for water for other
uses. It is, therefore, necessary to consider the interactions between the responses of several impacts
sectors to climate change. Overall, there is a strong case for a much closer coupling betweenmodels of
climate, crops and hydrology, but this in itself poses challenges arising from issues of scale and errors
in the models. A strategy is proposed whereby the pursuit of a fully coupled climate–chemistry–crop–
hydrology model is paralleled by continued use of separate climate and land surface models but with a
focus on consistency between the models.
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1. INTRODUCTION
In modelling studies of climate change and its impacts,

including impacts on crop production, the climate

system is typically represented as a number of sub-

systems such as the atmosphere, croplands, natural

ecosystems and hydrology. The interactions between

these sub-systems can be treated with two different

methods. The traditional, disciplinary method is to

assume a linear cause–effect chain in which one sub-

system is simulated first, and the resulting state is then

applied as input to a second sub-system model, and so

on. For example, projections of radiatively forced

climate change and its impacts on crops, generally,

consist of such a linear sequence of simulations with

models of different components of the climate system.
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Scenarios of greenhouse gas and aerosol emissions are
derived with models, which follow scenarios of future
changes in population, technology and economic state.
These emissions scenarios are then translated into
scenarios of greenhouse gas concentrations in the
atmosphere, usingmodels which consider the processes
acting to reduce concentrations either by chemical
processes in the atmosphere or uptake at the land and
ocean surfaces. These scenarios of greenhouse gas rise
are then applied as inputs to climate models such as
General Circulation Models (GCMs), which compute
the radiative forcing due to the greenhouse gas rise and
the consequent changes in climate. The resulting
climate scenarios are then applied to further models,
which simulate the response of crops (Gitay et al. 2001).

The scenarios of future climate change simulated
with global GCMs and Regional Climate Models
(RCMs) are typically applied only to the issue of
radiatively forced climate change, in order to provide
general assessments of climate change and its impacts
q 2005 The Royal Society
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Figure 1. Present-day distribution of croplands derived from satellite remote sensing and inventory data (Ramankutty & Foley
1999).
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Figure 2. Effects of historical land cover change on near-
surface temperature (K) simulated with the HadAM3 GCM.
Difference in temperature (K) between simulations with
current vegetation and potential natural vegetation (Betts
2001).
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in order to assess the need for limiting fossil fuel
emissions. These models, generally, focus on processes
that are important for large-scale climate. However,
planning for adaptations to climate change such as
changes in farming systems will require information on
specific local climate changes. Although, this need is
partly addressed through the use of RCMs, which
provide finer-scale climate change simulations and
better resolve regional-scale processes such as oro-
graphic effects, the current generation of RCM
simulations only consider the responses to large-scale
radiative forcings. Local climatic drivers such as
human-induced landscape and water budget changes
and the physiological responses of vegetation to carbon
dioxide (CO2) rises are not routinely considered. The
models also neglect climatically induced landscape
changes, which may provide feedbacks on local climate
change. These landscape, water budget and plant
physiological changes may all be affected by crop-
related processes. If these simulations are used to
inform studies of the impacts of climate change on food
crops, the local climate changes may, therefore, be
inconsistent with the nature of cropland which would
be associated with the climate change. The resulting
predictions of crop production may therefore be
unrealistic. Sections 2 and 3 of this paper discuss the
potential implications of these omissions.

Croplands may also play a role in large-scale climate
feedbacks. Simulations with coupled climate–carbon
cycle models have suggested the potential for signifi-
cant feedbacks on climate change involving the
terrestrial carbon cycle and methane emissions from
wetlands. Since, a large proportion of the global land
surface consists of croplands and paddy rice makes
significant contribution to methane emissions from
wetlands, the strength of the global feedbacks on
climate change from carbon dioxide and methane
fluxes may depend on crop-related processes. These
are discussed in §4.

Another issue which requires consideration is the
direct effects of changes in atmospheric composition on
crops, for example, through CO2 fertilization or Ozone
(O3) damage, in addition to the indirect effects of these
atmospheric constituents on climate through radiative
forcing. It may also be necessary to consider the
interaction between food crops and other impacts
sectors. For example, if crop properties modify the
surface water budget, the hydrological responses to
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climate change may be modified by the responses of

crops. Furthermore, crop management activities such
as irrigation may affect other impacts sectors such as

water resources or flood risk. The implications of these

interactions are discussed in §§5 and 6.

Studies of climate change impacts on crops are also
subject to a number of practical difficulties. Although

climatemodels, generally, operate on timesteps of under

1 hour so can produce sub-daily information, this

information has been largely under-exploited because
the sheer quantity of output data can present technical

difficulties in transferring andprocessing for use as input

to impacts models. In some cases, quantities of interest

to crop research such as potential evapotranspiration or
thermal time could be calculated within GCM land

surface schemes, thus saving on data transfer and post-

processing, but this is not routinely done because such

quantities are not required for the atmospheric model.
Furthermore, the sequential approach to performing

climate model simulations first followed by impacts

model simulations later can mean that a long period of

time is required for assessments of the impacts of climate
change on crops. This can cause difficulties in

presenting a consistent assessment of the latest results

in both the climatemodelling and cropmodelling fields;

at any given time, the most recent set of crop model
results may well have been driven by output from an

older set of climate model results. These issues are

discussed in §7.



SRES A1b: 2100

SRES A2b: 2100

0.2 0.4 0.6 0.8 0.9 1

(a)

(b)

Figure 3. Two scenarios of fraction of land under agriculture at 2100, consistent with the IPCC Special Report on Emissions
Scenarios (Nakićenović et al. 2000). (a) Scenario ‘A1b’ (global population peaks mid-century; very rapid economic growth;
more efficient technologies; advancements balanced across energy sources). (b) Scenario ‘A2’ (continuous population growth;
fragmented, slower, regionally oriented economic growth). Scenarios from the IMAGE model (Alcamo et al. 1998); data
supplied by Detlef van Vuuren, RIVM.
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The above issues could be addressed through the full
integration of crop models into climate system models,
to make a climate–crop system model in which all
relevant forcings, feedbacks and synergisms are con-
sidered. However, such integration would itself be not
without its difficulties, as will be discussed in §8. This
paper concludes with a discussion of the trade-off
between the advantages and disadvantages of a fully
integrated climate–crop model, and presents rec-
ommendations for future progress in simulating
climate change impacts on crops.
2. OVERLOOKED FORCINGS OF REGIONAL
CLIMATE CHANGE
Although, the forcing by increasing greenhouse gas
emissions includes a contribution from deforestation,
this is only one means by which land cover change can
influence climate. Vegetation also influences the
Phil. Trans. R. Soc. B (2005)
surface fluxes of radiation, heat, moisture and

momentum, so if the large-scale character of the

vegetation cover is modified, changes to the climate

can result. Conversion of forest to cropland or pasture

can reduce the aerodynamic roughness of the land-

scape and decrease both the capture of precipitation on

the canopy and the root extraction of soil moisture;

these changes tend to decrease evaporation and hence

the fluxes of moisture and latent heat from the surface

to the atmosphere, which act to reduce the return of

moisture to the atmosphere for precipitation and

increase the temperature near the surface. Also, a

forested landscape, generally, has a lower surface

albedo than open land, particularly in conditions of

lying snow when shortwave radiation is trapped by

multiple reflections within the forest canopy (Bonan

et al. 1992; Thomas & Rowntree 1992; Harding &

Pomeroy 1996). Deforestation can, therefore, lead to
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increased shortwave reflection, which provides a cool-

ing influence. The relative importance of these
processes depends on the local background climatic

conditions and can vary with season and location (Betts

1999; Bounoua et al. 2002).
Deforestation of the boreal and temperate forests

would, therefore, exert a cooling influence on climate
(Douville & Royer 1997), and indeed from the global

perspective, most deforestation until the mid-twentieth
century occurred in the temperate regions (figure 1).

Model results suggest that this has exerted an overall

local cooling effect (Brovkin et al. 1999; Betts 2001;
Govindasamy et al. 2001) (figure 2). However, in more

recent decades, land abandonment in Western Europe
and North America is leading to reforestation which

would cause a warming influence. This is projected to

continue in the temperate regions in most of the
scenarios currently considered by the Intergovernmen-

tal Panel on Climate Change (IPCC), and in some
scenarios reforestation also features in other regions

such as China (Watson et al. 2000) (figure 3).
Reforestation in temperate regions would be expected

to exert a warming influence through decreased surface

albedo (Betts 2000).
In contrast, the tropical forests are, currently,

subject to a rapid rate of deforestation (figure 3), and
this would also be expected to exert different influences

on climate at both local and global scales. The effects

may be different to those resulting from changes in the
boreal forests. A large number of modelling studies

have examined the climate sensitivity to total deforesta-
tion in tropical regions such Amazonia. There is

general agreement among these studies that complete
deforestation would cause a warming of surface

temperature and reduction in precipitation, due to a

reduced level of transpiration from the deforested
landscape (Lean & Warrilow 1989; Kleidon &

Heimann 2000. See Lean & Rowntree (1997) for a
summary of several studies). The smaller flux of

moisture due to reduced transpiration causes an

increase in the ratio of sensible to latent heat fluxes
(the Bowen ratio), so the air near the surface is

warmed. Since much of the rainfall in the Amazon
basin relies on water transported from over the oceans

through the repeated cycling of water through rainfall
and evaporation (Salati & Vose 1984), the reduced

transfer of moisture to the atmosphere also decreases

the recycling of moisture across the continent.
Less moisture is, therefore, available for precipitation

in the centre and west of the Amazon basin. In
addition, an increase in surface albedo results in a

smaller heating of the surface by the net radiation

balance, suppressing ascent and hence causing less
moisture to be drawn into the region (Charney 1975).

A reduced frictional drag exerted by the deforested
landscape will also act to reduce this moisture

convergence. All these mechanisms will tend to reduce

precipitation (figure 4). Assessments of the impacts of
climate change in the tropics should, therefore, also

take account of the effects of changes in land cover on
climate. Simulations of the impacts of climate change

on crop production in both temperate and tropical
regions should, therefore, take account of the effects of
Phil. Trans. R. Soc. B (2005)
the associated changes in land cover on climate (Pielke
2002; Pielke et al. 2002).

Irrigation can also increase the surface moisture flux
and hence reduce the Bowen ratio, exerting a cooling
influence on local near-surface temperatures. Boucher
et al. (2004) introduced present-day patterns of
irrigation into the LMD GCM and found a simulated
surface cooling of up to 0.8 K in some regions (figure 5).

A further anthropogenic climate forcing which is
often overlooked is the direct effect of CO2 on plant
physiology, which can affect the surface energy and
moisture budgets and hence influence climate.
A number of studies have shown that plant stomata
open less under higher CO2 concentrations (Field
et al. 1995), which directly reduces the flux of
moisture from the surface to the atmosphere (Sellers
et al. 1996). If this were to occur on scales of
hundreds of kilometres or more, this could have a
significant impact on the surface water balance of the
landscape, affecting the supply of moisture to the
atmosphere. In regions where much of the moisture
for precipitation is supplied by evaporation from the
land surface, reduced stomatal opening may also
contribute to decreased precipitation (Betts et al.
2004) and increase the Bowen ratio. A decrease in
stomatal opening may, therefore, cause an increase in
near-surface air temperature through this physiologi-
cal forcing alone (figure 6), independent of any
radiative forcing. Sellers et al. (1996), Betts et al.
(1997) and Cox et al. (1999) simulated temperature
rises of 0.4–0.7 K over land under doubled CO2 as a
result of physiological forcing alone. This compares
with the radiatively forced land warming of 1.7–3.1 K
in these models. The temperature response to
doubling CO2 was, therefore, increased by between
12 and 41% due to physiological forcing.

In climate models, the non-uniform patterns of
warming associated with reduced transpiration also
modify atmospheric circulation patterns (Betts et al.
2004). This combines with changes in the surface–
atmosphere moisture flux to modify the large-scale
patterns of precipitation (figure 7), in addition to the
precipitation changes expected as a result of radiatively
forced climate change.

Although stomatal responses may be partly offset by
increases in leaf area, this offset may not be total (Betts
et al. 1997; 2000). The study by Betts et al. (2004)
included such effects, and still found a physiological
influence on climate. While it is yet to be established
whether such responses are universal, it is therefore
possible that rising CO2 concentrations could exert two
forcings on the climate system: (i) radiative forcing of
global climate modifying atmospheric circulation
patterns and (ii) physiological forcing modifying near-
surface temperature and also reducing the supply of
moisture for precipitation. The latter may depend on
the nature of the vegetation. Climate system models
simulating the effects of increasing CO2 should there-
fore consider both of these forcings (Pielke 2002), with
appropriate levels of detail on the types of vegetation
including crops. Climate simulations would benefit
from improved representation of this process, as would
crop model simulations driven by these climate models.
Full consistency of the crop and the overlying climate
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will require a close coupling of the crop physiological
processes and atmosphere.
3. BIOGEOPHYSICAL FEEDBACKS ON
REGIONAL CLIMATE CHANGE FROM
CROP RESPONSES
Changes in ecosystems under climate change may
themselves exert further effects on climate, with
changes in leaf area and crop canopy height modifying
regional climates through the surface energy and water
budgets.

Lawrence & Slingo (2004) showed that the season-
ality of vegetation could exert significant influences on
climate, in agricultural areas as well as naturally
vegetated areas. In the central USA, for example, the
large-scale replacement of fixed annual-mean veg-
etation characteristics with seasonally varying leaf
area (figure 8) affected both summer and winter
climates. Winters were colder with seasonal vegetation
(figure 9), because the absence of vegetation cover
resulted in an increased surface albedo when snow was
present on the cultivated landscape (figure 9).
Summers were also cooler but for a different reason;
the higher summertime leaf area of the seasonal crop
led to an increased proportion of the available energy
being transported away from the surface in the form of
latent heat instead of sensible heat, which acted to cool
the air near the surface (figure 10). Furthermore, the
increased return of moisture to the atmosphere with
seasonal vegetation led to an increase in summertime
precipitation and improved the timing of the seasonal
peak in precipitation in comparison with observations
(figure 11).

The effect of vegetation seasonality on climate is
important in a climate change context because climate
change already appears to be modifying the phenology
(timing of key stages of the seasonal cycle) of many
species. In temperate regions, there is a general
tendency towards earlier bud-burst and leaf-out, and
a later leaf fall. Overall, the growing season appears to
be lengthening (Chmielewski & Rotzer 2001)
(figure 12). Continued climate change may, therefore,
lead to further changes in the seasonal cycle of crops,
modifying the patterns of change in land surface
characteristics and hence providing a feedback on
climate change.

These feedbacks may occur naturally through direct
effects of meteorological changes on crops, or via the
responses of farmers to observable changes in the
growing season. Changes in mean climatic conditions
may also exert an influence by altering the viability of
particular crops in a given region. For example, a
milder UK climate could favour new crops which are
not currently widespread, such as grapes or maize. If
significant numbers of farmers move towards different
crops as a consequence of climate change, this would
modify the physical properties of the landscape and act
as a further feedback on climate change. As well as
modifying properties such as aerodynamic roughness
and albedo, changing crop types may also lead to a
shift in the proportion of vegetation undergoing C3

and C4 photosynthesis. Wheat, for example, under-
goes C3 photosynthesis while maize undergoes C4
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photosynthesis. These photosynthetic pathways lead
to different responses of transpiration to changes in
CO2 so may affect the physiological forcing of climate
as discussed in §2.

The integration of crop models into GCM land
surface schemes would therefore appear to be crucial
maintaining consistency between the overlying
seasonal climatic conditions and the seasonal state of
the cropped landscape (Tsvetsinkaya et al. 2001a,b),
both of which may change as a result of climate
change.
4. BIOGEOCHEMICAL FEEDBACKS ON GLOBAL
CLIMATE CHANGE FROM CROP-RELATED
PROCESSES
Enhancement of photosynthesis by increased CO2

plays an important part in the response of the climate
system to anthropogenic carbon emissions (Conroy
et al. 1994; Mauney et al. 1994; Kimball et al. 1995;
Gitay et al. 2001; Prentice et al. 2001). Along with
increased uptake in the oceans, this increased uptake of
CO2 by enhanced photosynthesis provides a partial
buffer against the anthropogenic emissions, such that
the atmospheric CO2 concentration, currently, rises at
approximately only 50% of the rate of emissions
(Prentice 2001). This ‘airborne fraction’ of emissions
is a crucial component of projections of future CO2

rises, and any changes in this fraction could signifi-
cantly influence the rate of CO2 rise. A saturation of
photosynthesis at high CO2, as observed in experimen-
tal studies, would contribute to an increase in the
airborne fraction. Moreover, the return of carbon
dioxide to the atmosphere through plant and soil
respiration is observed to increase exponentially with
temperature (Knorr et al. 2005). These responses have
major implications for climate change, as the current
50% airborne fraction may be providing only a
temporary buffering of the full effect of anthropogenic
CO2 emissions.

Cox et al. (2000) incorporated models of non-
agricultural land and marine ecosystems into a climate
model to create a coupled climate model with a fully
interactive carbon cycle. Cox et al. (2000) found the
saturation of photosynthesis and increase in respiration
to significantly increase the rate of CO2 rise and hence
the rate of global warming (figure 12). In a simulation
driven by the IPCC IS92a emissions scenario without
climate–carbon cycle feedbacks, the atmospheric CO2

concentration rose from 280 ppmv in 1850 to approxi-
mately 750 ppmv by 2100, with a mean warming over
land of approximately 5 K. When the feedbacks were
included, the same emissions scenario resulted in CO2

rising to approximately 1000 ppmv by 2100 with
global land mean warming being approximately 8 K.
Friedlingstein et al. (2001) and Thompson et al. (2004)
also found positive feedbacks from the carbon cycle on
climate change, but weaker than those found by Cox
et al. (2000)

Cox et al. (2000) considered only potential natural
vegetation, whereas Friedlingstein et al. (2001)
assumed present-day vegetation distributions through-
out the simulation. However, in all these studies, the
particular responses of croplands were not explicitly



Figure 4. Effects of total Amazonian deforestation on precipitation in the South American region (mm dK1) simulated with the
1993 version of the Hadley Centre GCM. Difference in precipitation (mm dK1) between simulations with totally deforestated
Amazonia and current forest (Lean & Rowntree 1993).
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considered. The nature of the crops and associated

management practices such as irrigation, fertilization

and tillage may all affect the local carbon budget

and its response to CO2 rise and climate change. With

croplands covering such a significant proportion of

the Earth’s surface, crop-related processes should be

included in coupled climate–carbon cycle models.

Croplands may also play a key role in the response

of methane emissions to climate change. In a climate

model including wetlands and methane emissions,

Gedney et al. (2004) found methane emissions from

wetlands to increase as a consequence of climate

change, mainly as a result of rising temperatures but

partly owing to increases in wetland area (figure 13).

The additional emissions and associated radiative

forcing were of a similar magnitude to those expected

as a direct consequence of human activity in the

emissions scenario, suggesting that the standard

projections may only account for half of the future

methane emissions (Gedney et al. 2004). Rice

cultivation may play a significant part in this feedback,

with the extent of paddies, the choice of cultivar and

other aspects of the management practice all being

important. The explicit representation of paddy rice
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within climate system models may, therefore, be
important.
5. SYNERGISTIC IMPACTS OF CLIMATE CHANGE
AND CHANGES IN ATMOSPHERIC COMPOSITION
Section 2 noted that as well as exerting a radiative
forcing on the climate system, increasing concentration
of atmospheric CO2 may also exert a forcing through
direct effects on plant physiology. In addition to
modifying transpiration, photosynthesis generally
increases with CO2 concentration, a mechanism often
termed ‘CO2 fertilization’.

Cramer et al. (2001) used six Dynamic Global
Vegetation Models (DGVMs) to simulate vegetation
responses to a scenario of climate change and CO2 rise
over the 21st Century. They found CO2 fertilization
and climate change to interact non-linearly in their
influences on natural vegetation. By 2100, climate
change alone, generally, led to a negative net atmos-
phere–land carbon flux or net ecosystem productivity
(NEP) which is the difference between the carbon
uptake by photosynthesis and the release through plant
and soil respiration. However, CO2 increase alone led
to positive NEP. The linear sum of these effects was a
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Figure 5. (a) Present-day water vapour flux from irrigation (kg mK2 yrK1). Data from Döll & Siebert (2000, 2002) as presented
by Boucher et al. (2004). (b) Effect of present-day irrigation on surface temperature (K) in the LMD GCM. Difference in
temperature (K) between simulations with and without irrigation. Boucher et al. (2004), copyright Springer-Verlag.
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Figure 6. Effect of physiological forcing (reduced stomatal
opening under higher CO2) on global temperature patterns
(K) simulated with the HadSM2 GCM. Difference between
simulations with stomata experiencing doubled CO2 and
present-day CO2. Both simulations are subject to doubled
CO2 radiative forcing. Betts et al. (1997), British Crown
Copyright.

–0.4 –0.1 –0.05 –0.01 0.01 0.05 0.1 0.4

Figure 7. Effect of physiological forcing (reduced stomatal
opening under higher CO2) on global precipitation patterns
(mm dK1). Difference between simulations with stomata
experiencing CO2 projected for the 2080s (IS92a scenario)
and present-day CO2. Both simulations are subject to CO2

induced radiative forcing projected for the 2080s. Betts et al.
(2004), British Crown Copyright.
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general increase in NEP, but in simulations driven by

both CO2 and climate change together, negative NEP

was simulated in many parts of the tropics (figure 14).

Synergistic effects of climate change and CO2 rise are

already considered in many assessments of future
Phil. Trans. R. Soc. B (2005)
changes in crop production (Matthews et al. 1997;

Gitay et al. 2001).
Another atmospheric constituent which directly

affects plant productivity is ozone (O3). Excessive O3

concentrations near the surface can damage plant cells

and therefore reduce productivity, with the risk of

decreasing crop yield (McKee & Long 2001; Morgan

et al. 2003, 2004) (figure 15). As an illustration of this,
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Sitch et al. (2005) used an offline vegetation model

driven by changes in climate, CO2 and O3 consistent

with the IS92a emissions scenario, and compared the

terrestrial carbon storage in simulations with and

without O3 physiological effects. Ozone concentrations

were projected to increase by 10–20% over the most

populated parts of the temperate and tropical regions,

and this was simulated to reduce terrestrial carbon

storage by up to 4 kg C mK2 in the eastern USA,

Europe, north and southeast Asia and the tropics, a

reduction of approximately 25% (figure 16). When O3

effects were investigated with and without CO2 effects,

it was found that O3 damage was reduced under higher
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CO2 concentrations as a result of CO2-induced
stomatal closure reducing the flux of O3 into stomatal
cavities. However, in the one case where this synergism
was investigated with a field experiment, this ameliora-
tion of O3 effects by CO2 was not observed (S. Long,
personal communication).

The various human perturbations to the climate
system therefore have the potential to produce major
impacts either individually or in combination. The
combined effect of these perturbations acting together
may be very different to the linear sum of the individual
perturbations acting in isolation. Crop models used for
climate change impacts assessments should therefore
consider the other effects of changes in atmospheric
composition which act directly on crop physiology.
Phil. Trans. R. Soc. B (2005)
6. INTERACTIONS BETWEEN LAND USE
CHANGE, CROP RESPONSES AND OTHER
IMPACTS SECTORS.
Sections 2 and 3 discussed how crop changes can

modify the surface water budget. As well as affecting
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climate, surface water budget changes will also affect

hydrology, so changes in crop characteristics may

modify the hydrological impacts of climate change

such as the risks of drought and flooding. Changes

between forest and cropland, changes in the seasonal

cycle of crop leaf area, and changes in stomatal

conductance may all influence the hydrological

responses to climate change in addition to the better

known effects of changes in precipitation and evapor-

ation arising from radiative forcing.

Major changes in land cover such as conversion of

forest to croplands or pasture have been shown to
Phil. Trans. R. Soc. B (2005)
potentially impact evaporation and precipitation, so it

follows that such activities would also impact runoff.

Lean & Rowntree (1993) found an 8% reduction in

simulated runoff from Amazonia following complete

deforestation, as a result of decreased precipitation

outweighing the decrease in evaporation. However,

surface runoff was simulated to increase by 27% at the

expense of sub-surface runoff, because infiltration rates

were assumed to decrease after deforestation. Infiltra-

tion rates in forest soils were assumed to be high due to

the presence of litter and tree root systems, while

infiltration in land deforested for pasture was assumed
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to be low due to soil compaction during the

deforestation process and by the presence of livestock.

Similarly, Twine et al. (2004) found conversion from

forest to cropland in the southern USA to increase

runoff by up to 45% in winter, while conversion from

natural grassland to cropland was found to decrease

summer runoff by 25% in the northern USA. Since
90N

(a)

(b)

GPP 2100 kg C m–2

GPP 2100; CO

0 2×10–8 4

45N

0

45S

90S

90N

45N

0

45S

90S
180 90W

Figure 16. Simulated gross primary productivity at 2100 under cli
concentrations and (b) varying according to the emissions scenar

Phil. Trans. R. Soc. B (2005)
land cover changes such as deforestation for cultivation

or pasture are included in the generation of climate

change scenarios through their contribution to emis-

sions and uptake of CO2, a consistent approach to

hydrological impacts studies in agricultural areas will

require consideration of the effects of converting

between forest and croplands on runoff.

A further mechanism through which croplands may

modify hydrological impacts is via the response of the

crop transpiration to elevated CO2 concentrations.

Reduced transpiration implies an increase in the

proportion of water remaining at the land surface,

and this implies an increase in runoff as a consequence

of the physiological impact of rising CO2 on vegetation

(Wigley & Jones 1985).

In simulations with DGVMs including hydrology

under the IS92a scenario of CO2 increase, ignoring any

associated radiatively forced climate change, Cramer

et al. (2001) found all but one of their models to

simulate an increase in global runoff due to the

physiological effects of CO2 rise alone. The simulated

changes in runoff ranged from K3 to C47%
 s; CO2 vary, 03 = 0.0

2 vary, 03 vary

×10–8 6×10–8 8×10–8

0 90E

mate change and CO2 rise, with (a) ozone fixed at present-day
io. Sitch et al. (2005), British Crown Copyright.
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(figure 17). It should be noted that the simulations
included dynamic vegetation, so the physiological
forcing could also exert an impact through changes in
leaf area and vegetation distribution. This is important,
because such changes in vegetation structure may affect
climate through changes in land surface properties as
well as through stomatal closure (Betts et al. 1997). The
changes in runoff, therefore, arose from physiological
impacts on plant stomata, leaf area and vegetation
distribution.

With the DGVMs driven by climate change alone
without CO2 physiological forcing, Cramer et al.
(2001) simulated a change in runoff of K1 to C9%.
When both climate change and physiological forcing
were included, the changes in runoff were C1 to
C45% (figure 17). This suggests that rising CO2 could
increase global mean runoff more through physiologi-
cal forcing of transpiration than radiatively forced
climate change. In regions where radiatively forced
climate change does not significantly increase local
precipitation, increased runoff may still occur as a
result of physiological forcing.

Cramer et al. (2001) only considered the effects of
natural vegetation responses on hydrology, using
models which simulated potential vegetation which is
often forest in regions which are currently under
agriculture. The importance of stomatal resistance in
determining the overall flux of moisture between the
land and the atmosphere in a given location may vary
according to the character of the land cover, particu-
larly its aerodynamic roughness length. A forested
landscape with a high roughness length may induce a
high degree of turbulence and hence contribute a small
aerodynamic resistance to the turbulent transfer of
moisture, and hence changes in stomatal resistance due
to CO2 changes may be more significant for a forest
than for croplands which generally have a relatively
small aerodynamic roughness length. The processes
investigated by Cramer et al. (2001) should therefore
be further studied with models of the interactions
between climate, land cover and surface hydrology.
Moreover, the stomatal response to CO2may itself vary
according to the particular crop type present.
Therefore, assessments of the hydrological impacts of
CO2-induced climate change, such as changes in
drought and flood risk, should consider the physio-
logical responses of vegetation including crops.
7. DIFFICULTIES WITH APPLYING CLIMATE
MODEL OUTPUT TO OFFLINE IMPACTS STUDIES
As well as omitting a number of key processes as
described in §§2–6, the current practice of applying
GCM or RCM output to separate (‘offline’) crop
models presents a number of practical difficulties.
In particular, the quantity of output data is vast.
A typical GCM will output approximately 200
variables on more than 15 000 grid points with 20–60
atmospheric layers at each point. The models typically
use a 30 min timestep and perform simulations of up to
250 years in length, with large numbers of simulations
being employed to examine multiple forcing scenarios
and investigate model uncertainties with multi-
member ensembles of 16–128 simulations per scenario.
Phil. Trans. R. Soc. B (2005)
Contemporary modelling studies produce several tens
of terabytes of output, and with current technology this
quantity of data is not easy or cheap to store, transmit
and process in its entirety.

This difficulty can be partly addressed through the
use of spatial and temporal averages and statistics on
the extreme values. However, crop models often
require input data at a high spatial and temporal
resolution. For example, short periods of heat stress
can be critical (Matsui & Horie 1992; Ferris et al. 1998;
Vara Prasad et al. 2000), but may not be adequately
represented in averaged data. Short-time-scale detail is
often regenerated from the average GCM and RCM
output with ‘weather generator’ software which uses
information on the statistics of weather variability
(Soltani et al. 2000). The high temporal resolution data
produced by the climate models is, therefore, often
effectively discarded and then regenerated using
statistical techniques. However, this technique relies
on the assumption of stationarity in the climate system
which may not always be valid (Challinor et al. 2005) so
the resulting crop simulation may not be the same as
that which would be obtained by driving the crop
model with the original high-resolution climate data.
This would be avoided if the crop processes were
simulated within the climate model itself.

A further issue is that output variables produced by
climate models do not always include the input
variables required by crop models, meaning that
further processing of data is required in order to
translate climate model output into crop model input.
This may present problems when the processes are
non-linear, such as potential evapotranspiration (Plen-
tinger & Penning de Vries 1996) or thermal time
(Challinor et al. 2004), as the use of mean data may not
adequately represent the true implications of the
original high temporal resolution climate model data
(Loomis & Connor 1992; Osborne 2004). In many
cases, such processes could be simulated by the climate
model itself, but often are not because they do not
directly affect the climate. Again, this problem would
be avoided if the climate models were used to generate
output variables of direct relevance to impacts studies.

Another problem with using crop models driven by
climate model output is that the crop models often
represent some of the same processes as the climate
models, but with different methods. For example,
atmospheric models simulate surface moisture fluxes in
order to maintain a conservative water cycle (e.g. Cox
et al. 1999). Many crop models also simulate surface
moisture fluxes, but often at a higher spatial resolution
and/or with different treatments of the details of
processes such as transpiration (e.g. Trevasso &
Delécolle 1995). If the moisture fluxes simulated by a
crop model are different to those simulated by the
atmospheric model from which its input data is
derived, the meteorology may be inconsistent with the
crop simulation. These inconsistencies can be reduced
if the crop and climate simulations are at the same
resolution (Hansen & Jones 2000; Challinor et al. 2003;
Donner & Kucharik 2003; Donner et al. 2004) or
avoided altogether if the crop model forms an integral
part of the climate model land surface scheme
(Osborne 2004).
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The use of separate climate models and impacts
models, with large quantities of data being trans-
ferred in between, can lead to a long delay between
producing climate model output and obtaining
impacts results. Since both fields are evolving rapidly
in parallel, this creates difficulties in producing an
internally consistent assessment of the state-of-the-
art projections of climate change and its impacts.
For example, the IPCC assessment reports for the
physical science and impacts aspects of climate
change are written concurrently, which means that
the impacts projections being assessed may not have
been produced with the climate models being
assessed at the same time. Although this is a
recognized problem and steps are taken to ensure
maximum consistency under the current constraints,
this problem would be easier to address if there were
a shorter delay between the production of climate
model output and impacts results. The use of a crop
model implemented within a climate model would
eliminate this delay.
8. CHALLENGES FOR A COUPLED
CLIMATE–CROP MODEL
Sections 3–7 have demonstrated the need for a more
integrated approach to the modelling of climate change
and its impacts on crop production. The most
complete integration would be achieved by full
coupling of a crop model to a climate model with
sufficient resolution and complexity to adequately
represent climatic processes such as precipitation
which are critical to crop production, therefore,
allowing for the full range of interactions described
above. However, this is not trivial as there are a number
of potential difficulties associated with such
integration.

One difficulty is that complex climate models such
as GCMs and RCMs require significant computing
resources to perform even one simulation, with
century-scale simulations requiring between 1 and 6
months of real time depending on the computing
platform. This may, therefore, impose a practical
constraint on the number of simulations which can
be performed, limiting the ability to explore the
implications of uncertainties in the driving scenarios
or model formulation. It will often be necessary to
explore uncertainties associated more directly with the
crops than with the atmosphere, such as uncertainties
in future management practice, crop modelling
Phil. Trans. R. Soc. B (2005)
methodology or crop model parameter values. In a

fully coupled climate–crop model, exploration of such
uncertainties would require multiple simulations of

the entire climate modelling system, and implemen-
tation of different crop models or model versions

within the climate model. This would require
significant investment of resources for programming

and significant periods of time between implemen-
tation and final results. In many cases, it may be

judged more efficient to seek initial guidance on the
importance of the uncertainties through the use of a

crop model separate from the GCM and driven by
GCM output data.

Another difficulty is that climate models often

feature significant biases in their simulations of
present-day climate in comparison with observations,

particularly at the regional scale (Slingo et al. 2003).
In offline impacts modelling studies, this is typically

addressed by taking the simulated climate change
anomalies from the climate model and adding these

to observed climatology, to generate bias-corrected
data which is then provided to the impacts model.

The biases are usually identified in climate model
output data averaged over periods of days or months,

rather than in the timestep data, since observational
data are more, generally, available and easier to

process at daily and monthly time-scales. Although,
this approach relies on the assumption that the bias

in the present-day simulation represents a systematic
bias which continues into the future simulation,

which may not actually be the case, it does provide
one means to avoid the generation of unrealistic

impacts simulations at the present-day. Such a
correction technique may be difficult to apply to a

fully coupled climate–crop model because it would

involve the identification of biases in the timestep
data which would require large quantities of

observational data at the time-scale of minutes to
one hour.

A further issue is the disparity in temporal and
spatial scales between typical examples of climate and

crop models (Osborne 2004). As noted above, climate
models typically operate on timesteps of minutes

(5–30 min in current examples) whereas crop models
often require daily or monthly data. Conversely, the

spatial resolution of climate models is, generally, much
coarser than that of crop models, with current climate

models operating at resolutions of 50 km to 28 while
crop models are often designed to operate at scales of

metres or a few kilometres. Tsvetsinkya et al. (2003)
and Carborne et al. (2003) found that crop models can

produce significantly different results at different spatial
scales. Offline impacts studies usually down-scale the

climate data to a spatial scale appropriate to the crop

model, generally, assuming uniform relationships
between large-scale and small-scale features of climate

and weather. Full coupling of climate and crop models
must either find some way of calibrating these scale

relationship at the level of the climate model timestep,
or use models which are specifically designed to

operate at common scales (Hansen & Jones 2000;
Donner & Kucharik 2003; Donner et al. 2004;

Challinor et al. 2004).
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9. OPTIONS FOR A MORE INTEGRATED
APPROACH
Given the potential difficulties with coupling crop
models to climate models, the challenge is to find the
most appropriate method or combination of methods
for modelling the impacts of climate change on crop
production which are both realistic and practical. The
methods need to capture the interactions between the
physical and chemical states of the atmosphere, land
surface properties, crop physiological processes, soil
processes and hydrology at the appropriate spatial and
temporal scales, and also represent direct human
interventions such as land cover conversion and crop
management.

One option, the online impacts approach, is to
implement a crop model as an integral component of a
climate model (Osborne 2004). This is probably the
only way to account for feedbacks from crop changes to
climate, and is also an effective means of overcoming
the difficulty in transferring large quantities of timestep
data between models. If other impacts models, such as
hydrological models, are also implemented in the
climate model, this also facilitates an integrated
treatment of climate change impacts on crops and
other sectors. Furthermore, the online approach would
allow impacts results to be obtained at the same time as
the climate change results, rather than some time later.
However, some method is required for dealing with the
disparity of scales, such as designing a crop model to
operate at climate model scales (Challinor et al. 2003).
Furthermore, the biases in the climate simulation
either need to be corrected while the simulation is in
progress, or their presence simply accepted. In the
latter case, the trade-off between these biases and the
biases arising from neglecting feedbacks needs to be
judged (Osborne 2004).

Another option is to continue with the offline
impacts approach, but with greater focus on the end
product. This involves ensuring that the climate model
outputs meet the input needs of the crop models, and
also that the experimental design is appropriate to the
question being addressed. The output data needs can
be addressed as part of the development of the climate
model by considering the crop models to which the
output will be applied and implementing code to
diagnose the appropriate quantities in the climate
model while the simulation is in progress. For example,
potential evapotranspiration and thermal time can
easily be simulated/calculated within the climate
model land surface scheme. The experimental design
should be drawn-up with full consideration of the
reason for performing the impacts study; if the purpose
is to assess the impacts of radiatively forced climate
change alone, then the climate models can be driven by
scenarios of greenhouse gas and aerosols concen-
trations. If, however, the purpose is to assess climate
change impacts in the context of other aspects of global
change, these other aspects must be taken into account
in the experimental design. Section 2 discussed the
need to consider land cover change as a driver of
climate change, especially at the global scale. This can
be accounted for in GCMs and RCMs by modifying
the vegetation distribution and properties within the
land surface scheme, according to scenarios of future
Phil. Trans. R. Soc. B (2005)
land use change which are often implied by the

emissions scenarios (Feddema et al. in press; Johns
et al. 2005). The regional climates provided to offline

crop models would therefore be consistent with any
changes in croplands and other land cover implied by

the global change scenarios used to provide emissions.
While the offline approach neglects any feedbacks

from crops to climate, and may still present difficulties
in transferring large quantities of data, it is more

flexible than the online approach in allowing more crop
model simulations to be driven with one climate model

simulation. This is valuable for investigating the
robustness of simulated crop responses efficiently,

assuming that crop–climate feedbacks are of secondary

importance for this robustness. The offline approach
also allows biases in the climate simulation to be

accounted for more easily.
Current offline impacts studies typically neglect the

interactions between different impacts sectors because
separate models (usually developed by different

research groups) are used to study each sector.
However, this need not necessarily be the case, as a

number of impacts models could be implemented in a
land surface model outside of a GCM. If such a model

were driven offline by climate model output, this would
offer the advantages of the offline approach whilst also

allowing an integrated treatment of a number of
impacts sectors such as crops, hydrology and natural

ecosystems as discussed in §6. This would allow for the
models of the different sectors to consider the

constraints imposed by the other sectors; for example,
the available water may need to be shared amongst the

crop, water resources and natural ecosystem models
with the demands of each affecting the supply to the

others.

The use of a land surface model as a framework for
impacts modelling would potentially allow greater

consistency between the treatments of processes in
the impacts and climate models. If the underlying land

surface model were the same as that used in the
climate, albeit with some additional processes

included, the simulation of the key surface processes
is likely to be similar in the offline model and climate

model. This would help to reduce the problem of
inconsistencies discussed in §7. With careful exper-

imental design of both the climate modelling and
offline land surface modelling aspects, the use of a crop

model within an integrated offline land surface model
could also address the issue of land cover change

forcing discussed in §2 and the synergistic drivers of
impacts discussed in §5.

Nevertheless, the integrated offline model would still
neglect feedbacks between crops and climate, so the

climate and crop simulations may not be truly

consistent with each other. The issues discussed in
§§2 and 4 would, therefore, remain. Ultimately, a fully

coupled climate–crop model with minimal biases
would be expected to provide the most comprehensive

and internally consistent simulation of global change
impacts on crops. The availability of computing

resources would provide the main limitation on a full
exploration of uncertainties in predictions with such a

model.
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10. CONCLUSIONS AND RECOMMENDATIONS
A more integrated approach to climate–crop modelling

would increase the robustness of projections of the

impacts of climate change on crop production and also

the projections of climate change itself. There are,

currently, a number of challenges in coupling crop

models to climate models, but such a coupling is the

only way to achieve a fully consistent view of the effects

of global change on crop production. We, therefore,

require a strategy for progress towards a fully integrated

climate–crop modelling system in parallel with the

production of new insights using more practical and

immediately accessible tools.

On the basis of the arguments presented here, I

recommend a strategy consisting of three parallel

streams of model development and application.

(i) The first stream consists of the further develop-

ment of global and RCMs for use with offline

crop models, taking full account of the end use

when developing the outputs of the model and

experimental design of the simulations. This

could allow for other climate forcings such as

land cover change and provide specific outputs

for driving crop models.

(ii) The second stream involves the implementation

of crop models into offline land surface models,

to allow interaction with models of other

impacts. Careful use in conjunction with the

climate models of stream 1 could allow for

multiple stresses on crops and consistency

between cropland changes and climate.

(iii) The third stream involves the implementation of

crop models within climate models to allow a

fully interactive representation of global change

impacts on crops (e.g. Osborne 2004). This is

more complete than the models developed in

streams 1 and 2, but present its own drawbacks.

In practice, progress is likely to be best maintained

by pursuing all three streams in parallel.
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