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CHAPTER 19

Assessing the Vulnerability of Crop Productivity to Climate Change
Thresholds Using an Integrated Crop-Climate Model

A. J. Challinor'?, T. R. Wheeler?, T. M. Osborne'* and J. M. Slingo1

! NCAS Centre for Global Atmospheric Modelling, Department of Meteorology, University of Reading, Reading
2 Department of Agriculture, University of Reading, Reading

ABSTRACT: Extreme climate events and the exceedance of climate thresholds can dramatically reduce crop yields.
Such events are likely to become more common under climate change. Hence models used to assess the impacts of cli-
mate change on crops need to accurately represent the effects of these events. We present a crop-climate modelling
system which is capable of simulating the impact on crop yield of threshold exceedance, changes in the mean and vari-
ability of climate, and adaptive measures. The predictive skill of this system is demonstrated for the current climate
using both climate-driven simulations and fully coupled crop-climate simulations.

The impacts of climate change on crop productivity are then examined using the A2 emissions scenario. Exceedance
of high temperature thresholds at the time of flowering reduces the yield of crops in some areas. The nature of this
response can be moderated by the choice of variety, and in some areas this choice makes the difference between an
increase and a decrease in yield. Therefore dangerous climate change in this context is related to temperature threshold
exceedance and the ability of farming systems to adapt to it. This will vary in a non-linear manner with the climate

change scenario used.

19.1 Introduction: Simulation of the Impacts of
Climate Change on Crop Productivity

Estimates of the impacts of climate change on crop prod-
uctivity usually rely on crop simulation models driven by
weather data downscaled from General Circulation Models
(GCMs). An important consequence of this approach is that
differences in the spatial and temporal scales of crop and
climate models may introduce uncertainties into assess-
ments of the impacts of climate change (e.g. Mearns et al.,
2001). Most crop models are designed to run at the field
scale. They can provide good simulations of crop prod-
uctivity at this scale, but not at the regional scale. However,
policy decisions on the stabilisation of greenhouse gases
require regional assessments of impacts on food systems.
Thus, to provide this information, crop model outputs have
to be aggregated to a regional scale. The assumptions
implicit in this process are a source of error in regional yield
estimation (Hansen and Jones, 2000).

An alternative approach is to design a crop model to
operate on spatial and temporal scales close to the scale
of the GCM output (Challinor et al., 2003). By using a
large area process-based crop model as part of a more
integrated modelling approach, errors in the aggregation
of yield to the regional scale may be reduced. This paper
aims to show how an integrated crop — climate modelling
system can be used to assess the impacts of climate vari-
ability and change on crop productivity. Such a system
can take explicit account of the impact of climate
extremes on crop productivity.

19.1.1 The Importance of Extreme Events and
Climate Threshold Exceedance

Many studies have shown that increases in atmospheric
concentrations of CO, will benefit the yield of most
crops, with the exception of those that have the C4 photo-
synthetic pathway, such as maize, millet and sugar cane
(for example, Kimball, 1983; Idso and Idso, 1994).
However, other aspects of climate change are expected to
have a negative impact on the yield of annual crops, and
these may partly, or entirely, offset the yield gains due to
elevated CO,. For example, warmer mean seasonal tem-
peratures reduce the duration from sowing to harvest of
wheat. This results in a reduction in the amount of light
captured by the crop leaf canopy, and hence biomass and
yield at harvest decline with an increase in temperature
(Mitchell et al., 1993; Wheeler et al., 1996a).

Even where the sensitivity of crop yields to the sea-
sonal mean climate is well known, large impacts on crop
production can also occur when climate thresholds are
transgressed for short periods (Parry et al., 2001). Floods,
droughts and high temperature episodes are likely to
become more frequent under climate change (IPCC,
2001b) and this will have an impact on crop productivity.
Important climate thresholds for food crops include
episodes of high temperatures that coincide with critical
phases of the crop cycle (Wheeler et al., 2000), as well as
changes in the sub-seasonal distribution of rainfall (Wright
et al., 1991). Experimental studies have led research in
this field and these are beginning to be understood in
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Figure 19.1 Left: mean (24 years) fractional difference between GLAM yield and an empirical fit to GLAM (Yield = b, +

b;D + b,P + b;D? + byP? + bsPD where b; are constants, D is simulated crop duration and P is precipitation during that period).
Right: correlation coefficient for the same period between GLAM yields and yields from the empirical fit. GLAM simulations
and associated weather data are taken from Challinor et al. (2005a).

terms of simple physiology (Prasad et al., 2000; Ntare
et al., 2001).

High temperature events near flowering disrupt pol-
lination and cause yield losses due to reduced numbers of
grains or seeds at the harvest. This response has been
observed in wheat (Wheeler et al., 1996b), groundnut
(Prasad et al., 2000) and soybean (Ferris et al., 1999),
amongst others. Such studies have shown that the thresh-
old temperature above which grain-set is reduced is usu-
ally between 31 and 37°C, provided that this short term
high temperature event coincides with a sensitive stage of
the crop such as flowering. The increasing recognition of
the importance of weather events and climate thresholds
such as these is reflected in crop modelling studies (e.g.
Hansen and Jones, 2000; Semenov and Barrow, 1997;
Easterling et al., 1996).

19.1.2 Simulation Methods Used to Date

In recognition of the socio-economic nature of climate
change impacts, integrated assessments of the global
impacts of climate change to date often simulate crop
yield, land-use change and world food trade (Fischer et al.,
2002; Parry et al., 2004). The treatment of crop growth and
development in such assessments is frequently based on
empirical methods (either parameterisations of crop model
functions or direct use of statistical relationships such as
those of Doorenbos and Kassam, 1979). This is a prag-
matic way forward, but needs to be complemented with
more detailed studies of the response of crops to climate.
These more detailed studies focus on fundamental
processes such as those related to changing CO, levels,
intra-seasonal weather variability, and climate threshold

exceedance. When these processes begin to impact ser-
iously on yield, statistical relationships developed under
the current climate may no longer be valid (Challinor et al.,
2005a).

The choice of crop model has been shown to provide a
significant source of uncertainty in the simulation of yield
under climate change (Mearns et al., 1999). In the present-
day climate the use of an empirical regression (also called a
yield function) based on crop model output can produce
results that differ from direct use of crop model output. The
following analysis, based on the use of reanalysis data with
the crop model of Challinor et al. (2004), demonstrates this.

An empirical regression of model yields based on simu-
lated crop duration (which is determined by mean tempera-
ture) and seasonal rainfall is compared to the model yields
in figure 19.1. A good empirical fit to the crop model (right
panel) does not necessarily imply that the mean yields simu-
lated by both methods are similar (left panel). For example,
in Gujarat (the western-most region shown), where
simulated yields correlate significantly (r = 0.4—0.8) with
observed yields (Challinor et al., 2005a), the empirical
regression provides a good fit (r > 0.8) and yet the differ-
ence between the model yields and the regression can be
greater than 40%.

Similar issues exist in considering how to use climate
information for impacts studies. Different GCMs pro-
duce different climates, and any simulated yield changes
contingent on those climates may differ in magnitude and
sign (e.g. Tubiello et al., 2002). Hence no single simulation
can be considered to be a prediction of a future climate.
Even if the climate is correctly simulated, the statistics of
weather may not be correct. For example, seasonal mean
values of rainfall and temperature may be correct, but the
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daily values may not be realistic. Lack of confidence in
daily weather data, coupled with the coarse resolution of
GCMs has lead to the use of weather generators to gener-
ate downscaled time series for climate change scenarios.
The downscaling relationships are based on changes
between the current and future climate in the mean and
the variability of weather (Semenov and Barrow, 1997).
This method has the advantage of not relying on the cor-
rect simulation by the GCM of the basic mean state. It
has the disadvantage of relying on a set of assumptions,
embedded in the weather generator, regarding the rela-
tionship between mean climate and weather and between
different weather variables. Such weather statistics may
not remain constant as climate changes (Jenkins and Lowe,
2003) and correcting for this has inherent uncertainties. The
impact of these uncertainties could be significant since
the choice of parameters for a weather generator can
alter the magnitude and even the sign of the changes in
yield associated with climate change (Mavromatis and
Jones, 1998).

The variety of methods used to simulate the yields asso-
ciated with future climate scenarios leads to a large range
of predictions and associated uncertainties. Luo and Lin
(1999) reviewed estimates of the potential yield impacts of
climate change in the Asia-Pacific region. Estimates of
yield for future climates using climate models varied in
both magnitude and in stated ranges. For example the two
estimates of rice yield in Bangladesh (incorporating the
CO, fertilisation effect) were ‘—12 to —2%’ and —35%.
Estimates of yield which did not include the CO, effect
tended to have larger uncertainties (e.g. —74 to +32%
for spring wheat in Mongolia). When a large range of
sites and of GCM scenarios is used, the resulting uncer-
tainty can be very large: Reilly and Schimmelpfennig
(1999) projected wheat yield impacts for a doubling of
CO, of between —100 and +234% for the USA and
Canada. Only by dealing effectively with the disparity in
spatial scale between GCMs and crop models can the
uncertainty associated with yield estimates be reduced.

19.2 An Integrated Approach to Impacts Prediction

19.2.1 Scientific Basis

The scientific basis for a large-area crop model has been
established by looking at the relationship between crop
yield and weather data on a number of spatial scales
(Challinor et al., 2003). Such a large-area model has the
advantage of addressing the issues in sections 2.1 and 2.2:
use of a process-based model which operates on the spa-
tial scale of the GCM avoids the need for downscaling of
weather data whilst maintaining a process-based model-
ling approach. Also, intra-seasonal variability can be
represented and the impact of temperature threshold
exceedance can be simulated. Further, full integration of
the crop and climate models (see section 3.4) allows the
GCM to capture feedbacks between the crop and the
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Figure 19.2 All-India groundnut yields simulated using GLAM
on a 2.5° by 2.5° grid (Challinor et al., 2004). The time trend
in the GLAM yields is taken from the (linear) time trend in
observations.

climate and also diurnal temperature variability, which is
important in determining the impact of temperature
threshold exceedance.

19.2.2 The General Large-Area Model for
Annual Crops

The General Large-Area Model for Annual Crops
(GLAM; Challinor et al., 2004) is a process-based crop
model. It has a daily time-step, allowing it to resolve the
impacts of sub-seasonal variability in weather. It has a
soil water balance with 25 layers which simulates evap-
oration, transpiration and drainage. Roots grow with a
constant extraction-front velocity and a profile linearly
related to Leaf Area Index (LAI). LAI evolves using a
constant maximum rate of change of LAI modified by a
soil water stress factor. Separate simulation of biomass
accumulation, by use of transpiration efficiency allows
Specific Leaf Area (SLA, the mass of leaf per unit area of
leaf) to be used as an internal consistency check: leaf area
and leaf mass can be derived independently of each other
and used to calculate values of SLA which can be com-
pared to typical observed values. The sowing date is simu-
lated by applying an intelligent planting routine to a
given sowing window. The crop is planted when soil
moisture exceeds a threshold value. If no such event
occurs within the window then crisis planting is simu-
lated on the final day of the sowing window.

19.2.3 Results for the Current Climate

The geographical focus of work to date with GLAM is
the tropics. Much of the world’s food is grown in this
region. Also, there is a well-documented dependence on
rainfed agriculture across much of the tropics. Farmers
rely on monsoon rains to bring sufficient water for crop
cultivation. Preliminary work focussed on simulations in
the current climate as predictive skill here is seen as a
pre-requisite for predictive skill in future climates. Figure
19.2 shows the ability of GLAM to capture interannual
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Figure 19.3 Correlation between observed and simulated
yields (Challinor et al., 2005b). Dots indicate 95% significance.
The simulated yields were formed from an ensemble mean
GLAM simulation of crop yield in Gujarat, India. Time series
of yield were formed by driving the crop model with each
individual ensemble member.

variability in yields when driven with observed weather
data. Agreement between simulated and observed yields
tends to be greatest in regions where the area under culti-
vation is greatest, and where there is a strong climate
influence on yields. Hence the all-India yields shown
mask some regional variability in skill. See Challinor et al.
(2004) for a more detailed analysis.

GLAM has also been used with seasonal hindcast
ensembles (Challinor et al., 2005b). This study showed
that an ensemble of crop yields can contain useful infor-
mation in both the mean (figure 19.3) and in the spread
(not shown). Probabilistic methods of yield estimation are
relevant to future as well as current climates, since they
provide a tool for the quantification of the uncertainty
outlined in section 2.2.

19.2.4 Fully Coupled Crop-Climate Simulation

Full integration of crop and climate models is the logical
progression of the work described so far. Advantages of a
fully coupled crop-climate model include:

® Resolution of the diurnal cycle would enable more accur-
ate simulation of temperature threshold exceedance.

® Feedbacks between the crop and its environment can
be simulated. This may have a significant impact on
yield for irrigated crops.

® Integration of management decisions such as sowing
date allows an assessment of the vulnerability of farm-
ing systems to changes in the mean and variability of
climate.

Accordingly, the crop growth and development formula-
tions of GLAM have been incorporated into the land
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Figure 19.4 Observed FAO groundnut yield statistics
(red line) with simulated mean values (black line) and
spatial standard deviation (grey shading).

surface scheme of the Hadley Centre atmospheric GCM,
HadAM3 (Osborne, 2004). Crop growth is determined
according to the GLAM parameterisations in accordance
with the simulated weather and climate of HadAM3.
Dynamical crop growth within the land surface scheme
alters the important surface characteristics for the determi-
nation of fluxes to the atmosphere such as leaf area, albedo
and roughness length, while the simulated rates of surface
evaporation (soil evaporation and/or plant transpiration)
will affect the humidity of the crop environment.

Initial evaluation of the coupled crop-climate model
has focused on the simulation of groundnut by GLAM
throughout the Tropics. Figure 19.4 shows the simulated
and observed yields for India. GLAM was not regionally
calibrated for these simulations, yet the mean and vari-
ability of yields compare well with observations.

The coupled model HadAM3-GLAM was forced with
observed interannual variations in sea surface tempera-
tures which play a large role in determining interannual
variations in climate; e.g. ENSO variations. Figure 19.5
illustrates the capacity of HadAM3-GLAM to simulate
interannual variability of crop growth simulations in
response to the simulated variations in climate for two
regions in India.

Sowing of the crop is dependent on the onset of the
monsoon and exhibits considerable interannual variability
at both regions. Subsequent crop biomass production
requires the transpiration of considerable amounts of water
and is therefore dependent on the amount of water in the
soil profile. Consequently, variability in the amount and
distribution of the rainfall results in the large range of crop
biomass simulated at harvest. For the NW India region, the
duration and amount of rainfall is only sufficient to grow
one crop. In contrast, the temporal distribution of the rain-
fall in SE India is more bimodal, allowing a second crop to
be sown in 8 out of the 17 years. However, these growing
seasons are terminated by the model due to water stress in
January or February, indicating a need for supplemen-
tary irrigation. These results illustrate the potential of the
coupled model to assess the vulnerability of crop produc-
tion to climate.
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Figure 19.5 Time series of simulated groundnut biomass at two HadAM3 grid points in India. Coloured lines represent

growth of the crop during each year from 1979-1995.

19.3 Regional Crop Modelling Study for India
2071-2100 Under the A2 Scenario

19.3.1 Methods

Parameterisations of the impacts of high temperature
episodes (see section 2.1) have been added to GLAM
(Challinor et al., 2005¢). These methods are based on the
mean 8am—2pm temperatures (74,,) during the flowering
stage of the crop. Only flowering that is associated with
subsequent pegs and pods (and therefore yield) is con-
sidered. Accumulated thermal time is used to determine
the start and end dates (#; and 1,) of flowering. Daily T4,
is examined for the period #; —6 to ¢, +12. Temperature
threshold exceedance is defined as T, > 34°C (sensitive
variety), 36°C (moderately sensitive variety) or 37°C
(tolerant variety). For each day (i) during the flowering
stage, these high temperature events are characterised
according to their timing relative to i and their duration in
days. Only one of the high temperature events impacts
yield. For each event, the following is carried out: (i) two
critical temperatures are calculated as a function of the
timing and duration of the event; (ii) The fraction of pods
setting as a result of the flowers forming on day i (P;) is
reduced linearly from one to zero for values of T,
between these two critical temperatures; (iii) The total
fraction of pods setting (P,,,) is determined as a sum over
all days in the flowering stage, using a prescribed frac-
tion of total flowers forming each day (F;). The lowest
value of P,,, is then used to reduce the rate of change of
harvest index. Steps (i) and (iii) include parameters
which vary according to the crop variety (sensitive, mod-
erately sensitive, or tolerant).

Challinor et al., 2005c did not account for the impact
of water stress on pod-set. Hence step (iii) in the descrip-
tion above has been modified accordingly:

1. .
_ 2
Pfot - Zi:rl PiF;'mln

Sy (1)
S

cr

where §; is the soil water stress factor (ratio of available
water to transpirative demand) and S, is a threshold
value of S; below which pod-set is affected by water
stress. In sensitivity tests, three values of S, were used
(0.2, 0.3 and 0.4) and yields were found to be insensitive
to the value chosen. S, = 0.2 was used for all the simu-
lations in this study.

A regional climate simulation from the joint Indo-UK
program on climate change was used to drive GLAM for
the study presented here. As part of this program the PRE-
CIS regional climate model (http://www.metoffice.com/
research/hadleycentre/models/PRECIS .html) was run
using boundary conditions derived from global climate
models: a coupled general circulation model (HadCM3)
was used to simulate changes in climate, and these
changes were added to the baseline (current) climate of
the atmosphere-only model HadAM3. In order to under-
stand the role of sulphate aerosols, simulations both with
and without the sulphur cycle were carried out (see IITM,
2004). Availability of data at the time of the present study
limited the scenario used to a 2070-2100 A2 simulation
without sulphur. The A2 scenario is one of the most
extreme scenarios, with emissions rising monotonically
from present-day values (<10 Gt of carbon) to over
25 Gt in 2100 (IPCC, 2001a). Hence the impacts on crop
yield presented here are not predictions, but rather a
demonstration of both the methods used and of one
potentially plausible future scenario.

19.3.2 Results

Use of the modified version of GLAM driven by, but not
coupled with, regional climate modelling data allows the
importance of extremes of temperature and water stress
to be assessed. Also, the water-stress parameterisation
can be turned off, allowing an assessment of the impact
of temperature alone. When used to drive GLAM, the
PRECIS simulations of the A2 scenario project an increase
in the importance of temperature and water stress near
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Figure 19.6 Mean fraction of setting pods in groundnut for 1960-1990 (left panel) and 2071-2100 (right panel) as simulated
by GLAM, driven by the Hadley centre PRECIS model under the A2 scenario. Both panels show a variety which is moderately

sensitive to high temperature stress near flowering.
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Figure 19.7 Number of years from the period 2071-2100 (Hadley centre PRECIS model under the A2 scenario) when the total
fraction of pods setting in groundnut simulated by GLAM is below 50% when temperature stress only is considered. The left
panel shows a variety which is sensitive to high temperature stress near flowering and the right panel shows a variety which is

tolerant.

flowering (figure 19.6). In particular the north of India
shows very little impact on the mean number of pods set-
ting in the current climate, but a significant impact in the
2071-2100 projection.

One possible adaptation to climate change is the culti-
vation of crops more tolerant to high temperatures.
Simulations were performed using two crop types, one

that is sensitive, and one tolerant, to high temperature
events. The contrast between these two sets of (figure 19.7)
shows the potential importance of crop variety in provid-
ing adaptation options for high temperature stress. The
choice of variety makes the difference between an increase
and a decrease in yields in the north-east of the study
region.
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19.4 Discussion

19.4.1 Adaptation to climate change

The choice of crop variety is only one amongst many pos-
sible options for adaptation to high temperature threshold
exceedance. Changes in planting date and irrigation levels
provide alternative methods of continuing to grow the
same crop in a climate with increased incidence of high
temperatures. Broader adaptation options include a change
to another crop type altogether. Furthermore, adaptation
to climate change implies adaptation not only to tempera-
ture extremes, but also to other changes, such as those in
rainfall, mean temperature and ambient CO, levels.
Adaptation to these changes may involve the use of a crop
with different thermal time and/or water requirements.
Adaptation to CO, increases may involve changes in
applied nutrient and irrigation levels, since the magnitude
of the CO, fertilisation effect may depend upon these
decisions (Tubiello and Ewert, 2002).

It is clear, then, that in determining effective adaptation
strategies, it is important to consider all the impacts of CO,
increases. The range of possible adaptation responses to
these impacts depends upon the resources available and
upon the uptake time for technological change (see e.g.
Easterling et al., 2003); only when these factors are taken
into consideration can vulnerability to climate change be
assessed (Reilly and Schimmelpfennig, 1999). Ultimately,
it is farmers who will have to adapt to climate change, and
studies of potential adaptation measures need to be con-
sidered within the full socio-economic context of local
farming practices (e.g. Easterling et al., 1993). This may
mean that adaptation is considered in the context of
responses on seasonal timescales (e.g. Gadgil et al., 1999;
O’Brien et al., 2000; Kates, 2000).

19.4.2 Research needs and opportunities

The choice of crop model, and the way in which climate
change simulations are used to drive the crop model, are
an important factor in determining the results of an agri-
cultural climate change impacts assessment (section 2.2).
Crop models that simulate the impact of key processes,
such as high temperature stress, provide an opportunity to
quantify the relationship between greenhouse gas emis-
sions and crop productivity (section 4). In particular, off-
line studies present a pragmatic way to create the crop
yield projections that are associated with climate change
projections. Fully interactive crop-climate simulation,
whilst being more computationally expensive and less
widely tested, provides a tool for the investigation of the
impact of coupled vegetation-atmosphere processes and
of the diurnal cycle.

Whichever crop modelling methods are chosen, obser-
vations of crop yield are critical to the assessment of the
accuracy of crop simulations. Many studies use proxies
for observed yields, such as yields simulated by a crop
model using observed weather (e.g. Hansen and Indeje,
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2004). This is clearly problematic if we are to quantify
the uncertainty associated with our projections. Ground-
truthing of both crop and climate projections for the com-
ing years and decades has an important role in ensuring
the reliability of the scenarios that are developed.

19.5 Conclusions

An integrated approach to crop-climate modelling provides
tools for the estimation of the vulnerability of food systems
to climate variability and change. A number of recent
advances have been highlighted: firstly, the simulation of
yields under the current climate using the General Large-Area
Model for annual crops is presented as a necessary condition
for the simulation of the impacts of climate change using
GLAM. Secondly, fully coupled GLAM-HadAM3 simula-
tions allow simultaneous estimation of the impact of climate
change on farming practices and on yield. Thirdly, off-line
studies have shown the importance of crop variety as a
means of adaptation to climate threshold exceedance. Fully
coupled studies of the impact of climate thresholds would
allow the impact of diurnal variability of temperature to be
explicitly represented.

The further research needs and opportunities outlined
in section 5.2 highlight the potential of both fully coupled
and off-line large-area integrated crop-climate model-
ling. Key processes such as the impact on crop yield of
high temperature stress, changes in rainfall and CO,, and
changes in management strategies, can be simulated
using such a system. The assessment of the accuracy of
yield simulation in current and evolving climates, and the
associated data sets of observed yields, have an important
role in the development of reliable yield projections with
quantified levels of uncertainty.
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